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Abstract

Distribution design for databases usually addresses the problems of fragmentation, allocation
and replication. However, the main purposes of distribution are to improve performance and
to increase system reliability. The former aspect is particularly relevant in cases where the
desire to distribute data originates from the distributed nature of an organization with many
data needs only arising locally, i.e., some data are retrieved and processed at only one or at
most very few locations. Therefore, query optimization should be treated as an intrinsic part
of distribution design. Due to the interdependencies between fragmentation, allocation and
distributed query optimization it is not efficient to study each of the problems in isolation
to get overall optimal distribution design. However, the combined problem of fragmentation,
allocation and distributed query optimization is NP-hard, and thus requires heuristics to
generate efficient solutions.

In this thesis the foundations of fragmentation and allocation in databases on query pro-
cessing are investigated using a query cost model. The considered databases are defined on
complex value data models, which capture complex value, object-oriented and XML-based
databases. The emphasis on complex value databases enables a large variety of schema frag-
mentation, while at the same time it imposes restrictions on the way schemata can be frag-
mented. It is shown that the allocation of locations to the nodes of an optimized query tree
is only marginally affected by the allocation of fragments. This implies that optimization of
query processing and optimization of fragment allocation are largely orthogonal to each other,
leading to several scenarios for fragment allocation. Therefore, it is reasonable to assume that
optimized queries are given with subqueries having selection and projection operations ap-
plied to leaves. With this assumption some heuristic procedures can be developed to find
an “optimal” fragmentation and allocation. In particular, cost-based algorithms for primary
horizontal and derived horizontal fragmentation, vertical fragmentation are presented.
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Chapter 1

Introduction

Database distribution design is an important research area because it is critical to the suc-
cess of applications that facilitate organizations to provide access to and sharing of data and
information to users from different geographical locations. The investigation of distributed
databases systems (DDBS) started in the 1970s [29, 98]. This chapter presents a brief context
for the study of database distribution design. In the following of this chapter, the definition of
a distributed database and motivations for developing distributed databases will be reviewed
first. Further, two main distribution design techniques, fragmentation and allocation, will be
briefly defined, followed by design strategies and objectives. Furthermore, a fundamental dis-
tribution design dilemma will be discussed to show the efficiencies of studying fragmentation
and allocation for complex value databases. Finally, the contributions of this thesis will be
listed and the structure of the thesis will be presented.

1.1 Distributed Databases: Definition and Motivation

What is a distributed database? Ceri and Pelagatti [26] defined a distributed database as
a collection of data that logically belongs to the same system but is spread over the sites
of a computer network. Özsu and Valduriez [93] gave a similar definition: that a distributed
database system is a collection of multiple, logically interrelated databases distributed over a
computer network. A distributed database management system (DDDMS) is then defined in
[93] as the software system that provides the management of the distributed database system
and makes the distribution transparent to the users .

Ceri and Pelagatti [26] emphasized that the data at different sites must have properties
that tie them together, and that access to the files should be via a common interface. Özsu and
Valduriez [93] explained that the logically related files, which are individually stored at each
site of a computer network, are not enough to form a distributed database. There needs to be
a structure among them. They explained that physical distribution means that data does not
reside at the same site in the same processor. It is pointed out in [93] that physical distribution
does not necessarily imply that the computer systems are geographically distributed. The sites
among the network could even have the same address. They could be in the same room, but
the communication between them is done over a network instead of shared memory, and the
communication network is the only shared resource.

With the technological advance of communication, hardware, software protocols and stan-
dards, developing distributed database systems become more and more feasible and needed.
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1.1. DISTRIBUTED DATABASES: DEFINITION AND MOTIVATION Hui Ma

To meet the requirement, almost all major database system vendors offer products to sup-
port database distribution, e.g., IBM, Oracle, Microsoft, Sybase [67]. The motivation for the
development of distributed databases can be briefly described as the properties below:

– Reliability and Availability. Reliability refers to the ability to tolerate faults. Availability
refers to the probability that a system is available during desired time periods. Improved
reliability and availability are potential advantages of distributed databases, which cen-
tralized databases lack [26, 93]. When replica of data have been placed at different sites,
the crash of one site or the failure of the communication link would not necessarily make
the data inaccessible. When the system crashes and the communication link fails, even
though some of the data will not be accessible, the distributed database system still
provides limited services [26, 93].

– Organizational Reasons. With the advances of telecommunication techniques, for many
organizations, especially global organizations that are decentralized, implementing infor-
mation systems in a decentralized way might be more suitable [7, 26, 53].

– Interoperability of Existing Databases. For organizations in which there already exist sev-
eral databases and there is the necessity of executing global applications, integrated dis-
tributed databases are the natural solution, being designed bottom-up from existing local
databases [67, 93].

– Expandability. It is easier to accommodate increasing database sizes in a distributed en-
vironment if an organization grows by adding new and relatively autonomous branches
or warehouses, with the minimum degree of impact on the existing system [26, 93].

– Local Autonomy. This refers to the fact that data in a distributed database can be placed
to the site that users work and local controls can be allocated to local users to enable them
to take partial responsibility for information management in the distributed database [93].

– New applications. Many new applications rely heavily on distributed database technol-
ogy, including computer-supported collaborative system, tele-conferencing and electronic
commerce, and workflow management [67].

– Performance. This refers to the ability to reduce query response time and increase
throughput by improving data localization which, in turn, can reduce the size of data
that need to be transported and reduce contention for CPU and I/O services [92]. Mean-
time, inter-query parallelism and intra-query parallelism can be achieved.

– Economic reasons. It normally costs much less to put together a system of smaller com-
puters with the equivalent power of a single big machine due to the advance of worksta-
tions and PCs. In the meantime the communication cost can be reduced when distributed
databases are implemented. If databases are geographically dispersed and the applications
accessing them are at the intersection of dispersed data, it will be much more economical
to partition the relations and the applications so that data processing can be done locally
at each site [26, 93].

The above list shows many reasons for developing distributed databases. The full benefit of
improved performance and reduced communication overheads can only be achieved by proper
database distribution design.

Database distribution design was first discussed in the context of the relational data model
(RDM), then in the object-oriented data model (OODM). With computer-based systems pen-
etrating all areas, there are increased demands for the non-conventional applications, such as
computer-aided design (CAD), geographic information systems, image and graphic database
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systems, etc., and distributed complex database systems are required to model complex valued
data required at different locations. Also, with the current popularity of web information sys-
tems, there are increasing needs for distributed database systems to provide back-end support
for web-based database applications. In particular, this applies to non-relational database sys-
tems such as object-oriented databases [103], object-relational databases [109] or databases
that are based on the eXtensible Markup Language (XML) [1], which are used more and
more for advanced database applications. This leads to the challenge of database distribu-
tion design for complex value databases, which covers the common aspects of object-oriented
databases, object-relational databases and XML. The focus of this thesis is to investigate
distribution design techniques with the aim of improving system performance for complex
valued databases.

1.2 Database Distribution Design

1.2.1 Design Techniques: Fragmentation and Allocation

Distribution design is one of the major research problems whose solution is supposed to
enhance performance of a distributed database. It involves data acquisition, fragmentation of
databases, allocation and replication of the fragments, and local optimization. Fragmentation
and allocation are the most important elements of a distributed database design phase. They
play important roles in the development of a cost efficient system [93].

Fragmentation is a design technique to divide a single database into two or more partitions
such that the combination of the partitions yields the original database without any loss
or addition of information [96]. This reduces the amount of irrelevant data accessed by the
application, thus reducing the number of disk accesses. The result of the fragmentation process
is a set of fragments defined by a fragmentation schema. Fragmentation in the RDM can be
either horizontal, vertical or mixed.

Horizontal fragmentation partitions a relation or a class into disjoint unions (fragments),
which will have exactly the same structure but different contents. Thus a horizontal fragment
of a relation or class contains a subset of the whole relation or class instance. Vertical frag-
mentation results in attributes and methods being partitioned into different fragments and
therefore reduces irrelevant data accessed by local applications [102].

Allocation is the process of assigning a node on the network to each fragment after the
database has been properly fragmented [93]. When data are allocated, it may either be repli-
cated or maintained as a single copy. The replication of fragments will improve the reliability
and efficiency of read-only queries. The intention of allocation is to minimize the data transfer
cost and the number of messages needed to process a given set of applications, so that the
system functions effectively and efficiently [62, 93, 107]. This thesis will not consider replica-
tion. Once a non-redundant allocation schema is obtained, some approaches can be applied
to replicate fragments in a distributed database system [64, 93].

The purpose of fragmentation design is to determine non-overlapping fragments which
could be the logical unit of allocation [26]. The individual tuple or attribute of a relation
cannot be considered as the unit of allocation because the allocation problem would become
unmanageable. The fragments are constituted by grouping tuples or attributes that have the
same “properties” from the viewpoint of their application [26]. This is based on the idea that
two elements in the same fragment that have the same “properties” will be accessed by the

3
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applications together. Therefore, the fragments obtained in this way are the appropriate units
of allocation [26]. The reasons for fragmenting databases are discussed in [11, 47, 93]:

– Applications are usually based on the views of subsets of relations. Thus the applications
often access any subset of an entire relation locally. Therefore, fragmentation can reduce
irrelevant data accesses and increase data local availability;

– If there is a relation on which many application views are defined at different sites, storing
a given relation at one site will result in an unnecessarily high volume of remote data
accesses. Storing a given relation at different sites will cause problems in executing updates
and may not be desirable if storage is limited;

– The decomposition of a relation into fragments permits many transactions to be executed
concurrently and results in the parallel execution of a single query by dividing it into a
set of sub-queries that operate on fragments.

However, on the other hand, fragmentation may cause the following problems [93]:

– Applications whose views are defined on more than one fragment may suffer performance
degradation when the relations are not partitioned into mutually exclusive fragments.

– When the attributes participating in a dependency of a relation are decomposed into
different fragments and stored at different sites, the task of checking for dependencies
would result in chasing after data in a number of sites.

1.2.2 Alternative Design Strategies

The design of a distributed database system involves making decisions on the architecture of
DDBMS. Two major strategies proposed by Ceri and Pelagatti [26] for designing distributed
databases are: top-down approach and bottom-up approach. In the case of tightly integrated
distributed databases, design proceeds top-down from requirements analysis and logical design
of the global database to physical design of each local database. In the case of distributed
multidatabase systems, the design process is bottom-up and involves the integration of existing
databases. But real applications are rarely simple enough to fit nicely in either of these
approaches. The two approaches may need to be applied together to complement each other
[93].

Top-down Approach. In the top-down approach, the process starts with a requirement
analysis that defines the environment of the system and elicits both the data and processing
needs of all potential database users [113]. The requirements analysis also specifies where
the final system is expected to stand with respect to the objectives of the DDBMS. The
objective is defined with respect to performance, reliability and availability, economics, and
expandability (flexibility).

The requirements documents are the inputs to two parallel activities: view design and
conceptual design. The outputs of view design are the interfaces for the user, and the outputs
of conceptual design are entity types and relationship types which are used to construct an
external schema.

In a distributed database environment, the objective of distribution design is to design the
local conceptual schemata by distributing the fragments. The fundamental issues in top-down
design are fragmentation and allocation [93].

The last step in the design process is the physical design, during which local conceptual
schemas are mapped to the physical storage devices available at the corresponding local sites.
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Bottom-up Approach. Ceri and Pelagatti [26] and Özsu and Valduriez [93] stated that
top-down design is suitable for the systems which are developed from scratch. But when the
distributed database is developed as the aggregation of existing databases, it is not easy to
follow the top-down approach. The bottom-up approach, which starts with individual local
conceptual schemata, is more suitable for this environment [26, 93]. Ceri and Pelagatti [26]
explained that the bottom-up approach is based on the integration of existing schemata into
a single, global schema. Integration is the process of the merging of common data definitions
and the resolution of conflicts among different representations that are given to the same
data. The global conceptual schema is the product of the process [93]. Ceri and Pelagatti [26]
concluded that there are three requirements for bottom-up design:

1. the selection of a common database model for describing the global schema of the
database,

2. the translation of each local schema into the common data model, and
3. the integration of the local schemata into a common global schema.

In this thesis the focus is on top-down approach which aims at developing fragmentation
and allocation schema of complex value databases.

1.2.3 The Objective of the Design of Data Distribution

Several objectives that should be taken into account in the design of distribution are presented
in [26]:

– In a distributed database system one of the major costs is associated with communication.
To minimize communication costs, one goal of DDBMSs is to achieve processing appli-
cations locally. The degree of local processing can be maximized by distributing data,
therefore minimizing transaction costs. To achieve this goal, the data should be kept as
close as possible to the applications which use them. The advantage of processing applica-
tions locally is not only the reduction of remote access costs, but also increased simplicity
in controlling the execution of the application.

– The availability and fault-tolerance of read-only applications can be improved by storing
multiple copies of the same information at different sites. When one site of the database
is down or the community link for that site is broken, the system can still execute the
applications by accessing the other copies of the information.

– Distributing workload over the sites is done in order to take advantage of the different
powers of utilization of the computers at each site, and to maximize the degree of par-
allelism of execution of applications. But the trade-off between processing locally and
distributing workloads should be considered in the designing of data distribution.

– Database distribution should reflect the cost and availability of storage at each site. Even
though the storage cost is not relevant when compared with the cost of input or output
(I/O), central processing unit (CPU), and transmission costs of the applications, the
limitation of available storage at each site should be considered.

During the design process of fragmentation and allocation, minimizing communication
costs is the main objective. With the advance of current computer power, storage cost is not
a big concern any more. The other two objectives, improving availability and fault-tolerance
and distributing workload, can be achieved when databases are fragmented and distributed
properly among the network.
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1.3 Distribution Design Dilemma

Fragmentation and allocation for distributed databases are the key issues of database dis-
tribution design. The research in this area often involves design methods (e.g. mathematical
programming) in order to minimize the combined cost of storing the database, processing
transactions against it, and communication [93]. It is practically impossible to study database
distribution design together with other problems because each of the problems is difficult
enough to be studied by itself.

1.3.1 The Complexity of the Problems

The combined problem of fragmentation and allocation is proven NP-hard [18]. Both fragmen-
tation and allocation are distribution design techniques used to improve system performance.
Each of the problems has an immense search space for optimal solutions.

In the case of horizontal fragmentation, if n simple predicates are considered to perform
primary horizontal fragmentation, 2n is the number of horizontal fragments using minterm
predicates. If there are k network nodes, the complexity of allocating horizontal fragments is
O(k2n

). For example, using 6 simple predicates to perform horizontal fragmentation results
in 26 = 64 fragments. To find the optimal allocation of the fragments one needs to compare
all the 464 ≈ 1039 possible allocations. This is practically incomputable with the power of
current computers.

In the case of vertical fragmentation, if a relation has m non-primary key attributes, the
possible fragments are given by the Bell number which is approximately B(m) ≈ mm. With
this number of possible fragments, the fragment allocation using a suitable cost model is of
the complexity O(km

m
), with k as the number of network nodes. Heuristic approaches are

proposed in the literature for vertical fragmentation to reduce the complexity. For example,
the affinity-based approach that uses an objective function proposed in [88] is of complexity
O(m2 · logm), while graphical approach proposed in [89] is of complexity O(m2).

It is computationally infeasible to use a cost model to evaluate all possible fragmenta-
tion schemata resulting from using minterm predicates or all possible vertical fragmentation
schemata. Indeed, using affinity to group attributes or predicates can reduce the number of
fragments in the resulting fragmentation schema. However, due to the problems of affinity-
based approaches for both horizontal and vertical fragmentation, as shown in Chapter 7, the
possibility of obtaining optimized distribution design on the step of allocation is reduced.

To evaluate system performance, distributed query trees should be considered. Allocation
of intermediate nodes should be coupled with the allocation of leaves, which may be fragments.
To improve overall system performance, we need to allocate intermediate nodes of all the
queries that are taken into consideration. This further increases the complexity of allocation.
Assume the average number of intermediate nodes of the input queries is h, then the allocation
space is increased by O(kq·h), with q as the number of queries.

Due to the complexity of both fragmentation and allocation problems, allocation is often
treated independently from fragmentation. In the literature, most of the allocation approaches
assume fragmentation has been done already. The output of fragmentation is input to alloca-
tion. The motivation to isolate fragmentation from allocation is to simplify the formulation of
the problem by reducing the decision space. However, the isolation actually contributes to the
complexity of allocation models. Both steps take user applications as input information and
aim at improving system performance; they differ only in that fragmentation works on global
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database schema while allocation works on fragments. Therefore, the application information
and relationship between fragments need to be specified again while doing allocation. It would
be reasonable to develop a methodology to reflect the interdependence of fragmentation and
allocation [27, 92].

1.3.2 Interdependencies with Query Optimization

Designing distributed database systems is a fairly complex task as several other issues are also
involved, including query processing and optimization, data replication, concurrency control,
directory management, reliability, and recovery. Among these problems, query processing and
optimization is a closely interrelated problem with fragmentation and allocation. Distributed
query optimization depends on how data are fragmented and allocated, since query processing
schedules define the sequence of operations of queries and the allocations of the operations
according to the allocation of fragments. On the other hand, optimal fragmentation and
allocation of data depends on query processing strategies used to execute queries.

An optimal database distribution design should incorporate query information, which
can be represented using query trees. After fragmentation, query trees need to be adjusted to
include only those fragments that are needed for processing the queries [93]. The consideration
of distributed query processing makes the allocation of fragments even more complex. The
allocation of intermediate nodes is interrelated to the allocation of fragments. If a query has h
intermediate nodes then the complexity will be O(k2n

· kh) for the case of primary horizontal
fragmentation, and O(km

m

· kh) for the case of vertical fragmentation. To obtain an optimal
design of a distributed database we need to consider total query costs of the most frequently
issued and important queries, usually taking 20% most frequently queries as heuristics. Then
the complexity will increase to O(km

m

· kh·q) for the case of vertical fragmentation, with q as
the number of queries considered.

In summary it can be concluded that:

– It is infeasible to get real optimized distribution design because of the number of possible
fragments and the search space of optimal allocation of fragments.

– The optimization of fragmentation and allocation has to be homogenized with query
optimization because query optimization requires knowledge about fragmentation and
allocation while to get optimal fragmentation and allocation requires knowledge of queries.

– In addition, it is desirable to achieve stability of fragmentation and allocation. This re-
quires that small changes in input information should not affect the solution of fragmen-
tation and allocation.

1.3.3 Ad Hoc Solutions

In the literature, to reduce the complexity of the problem and to increase the problem
tractability researchers often employ the following approaches:

– Fragmentation and allocation are often treated separately as two different steps. Fragmen-
tation is performed first without considering how resulting fragments will be allocated;
while allocation is performed with the assumption that fragmentation has been decided
already. Allocation is studied with the assumption that a fixed query optimization method
is used to generate processing schedule; while the study of query optimization is conducted
with an assumption of fixed data allocation [18].
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– Either simple query environment or query site strategy is often assumed while studying
allocation. With the first assumption, network information is not considered. With the
second assumption, queries are not considered to be processed in a distributed way. There-
fore, query trees are not employed and allocation of intermediate nodes is not considered.

– Query optimization is disregarded while studying data allocation. A real fragment al-
location can only be achieved when distributed query optimization is performed after
fragmentation.

While some ad hoc solutions are proposed in the literature to lead to effective solutions to
parts of the overall system design, ignorance of interdependencies between individual problems
makes this approach inefficient in the sense of obtaining optimal database distribution design.

1.4 Contributions

The objective of this thesis is to generalize distribution design to complex value data models,
i.e. capture complex value, object-oriented and XML-like databases [1, 103, 109], with the con-
sideration of distributed query optimization such that a performance increase by distribution
can be really achieved. The goal is to define fragments and allocate them in a way such that
the overall query processing costs are minimized. This goal can be approached in two ways.
The first one, which will only be sketched briefly, maps databases and queries to a relational
model and then exploits known results for the relational model [74]. It is doubted that this
approach is applicable in general, as the relational storage of complex value databases may
not always be the best idea. The second approach uses directly the complex value data model
and the query trees defined for it. Both approaches lead to similar optimization problems.

In this thesis we consider constructors for sets and lists as fundamental constituents of
complex value data models. By studying complex value data models on the basis of a type
system one does not need to deal with individual data models but can focus on the impact
of particular type constructors on the database research problem under investigation. We
will discuss query languages, a cost model for estimating the costs of query processing, and
fragmentation techniques in the presence of the set and the list constructor. Firstly, queries
can be formalized using a generic query algebra that incorporates theses constructors. Queries
formulated in such an algebra give rise to query trees [72, 93] which form the basis of a query
processing cost model in the relational data model. We extend such a cost model to cover size
calculations for complex value data. Major activities of query optimization can be regarded
as tree manipulations. These include algebraic, tableaux and join order optimizations. We
like to mention that queries given in other query languages can be mapped to queries over
the chosen algebra. However, the question of how such a mapping can be achieved is beyond
the scope of this thesis and left for further investigation. Finally, once such an algebra is at
hand the generalization of common fragmentation operations from the relational data model
is rather straightforward. As mentioned in [103], sets require more care with respect to vertical
fragmentation as one typically requires the presence of an embedded key dependency or the
introduction of an artificial key attribute (surrogate). In addition to horizontal and vertical
fragmentation known from the relational data model we also study a splitting operation which
basically replaces an embedded component by a reference, cf. [102].

The first major contribution of this thesis is a novel approach to discuss the optimization
problem of fragmentation and allocation incorporating query information with the following
strategies:
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– Considering the most relevant queries with the assumption that optimized query trees
and optimized allocation of intermediate results are given;

– Investigating necessary changes to the query trees in the case of one fragmentation oper-
ation to analyze new allocation of fragments, new allocation of query nodes after another
round of query optimization;

– Analysis of the effects of fragmentation for complex value databases with the aim of
searching for tractable solutions for the combined problem of fragmentation and alloca-
tion.

With the approach above the following observations, which are important to support
the consideration of separating the two NP-hard problems, distributed query optimization
and database distribution design, but have never been mentioned by previous work in the
literature, will be shown.

– The allocation of intermediate nodes of query results in the case of running a query on
a distributed database is orthogonal to the allocation problem for fragments, i.e. the
decision regarding which network nodes should be assigned to the nodes in the query tree
does not depend on the allocation of fragments.

– We can concentrate on simple sub-queries provided. As a consequence, we may assume
optimized query trees with optimal assignment of nodes. Using these trees the effects of
fragmentation on these query trees can be investigated.

– The data models that the fragmentation and allocation are studied for mainly impact
on sizes of leaves and intermediate nodes. That means there is no fundamental difference
if fragmentation and allocation are studied in the context of complex value data models
rather than in the context of the RDM.

The second major contribution of the thesis is a discussion of a heuristic approach to the
optimization problem of fragmentation and allocation. This heuristic approach includes a set
of algorithms, listed below, for fragmentation and allocation of complex value databases. To
set a framework for studying fragmentation in the context of complex value data models,
formal definitions and correctness criteria of fragmentation operations are presented to cover
complex data types.

– An algorithm to reduce the number of selection predicates that are needed to perform
primary horizontal fragmentation;

– A cost-based algorithm for primary horizontal fragmentation, which produces a reasonable
number of fragments that meet the requirement of data local availability;

– A cost-based algorithm for derived horizontal fragmentation, which can be performed
either on an owner database type or a member database type;

– A cost-based algorithm for vertical fragmentation, which incorporates query information;

At the end of the thesis, in the conclusion, several open problems for future research are
identified.

1.5 The Outline of the Thesis

In this chapter fundamental problems of database distribution design for complex value
databases have been addressed. The remainder of this thesis is organized as follows.
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Chapter 2 will give an overview of related work on database distribution design. After a
state-of-the-art summary on familiar distribution techniques such as horizontal and vertical
fragmentation, and allocation, several deficiencies of existing approaches are highlighted. The
motivation for the research undertaken by the author and reported on in this thesis is then
to overcome some of these deficiencies in the context of complex value data models.

In Chapter 3, fundamentals of complex value data will be discussed. For this, a type system
will be introduced that allows the recursive application of record, set and list constructors to
a collection of base types. In addition, a query algebra, query trees and a query processing
cost model for complex value data will be presented.

Chapter 4 will concentrate on fragmentation techniques for complex value databases. Split-
ting, horizontal and vertical fragmentation will be defined, along with application rules for
fragmentation operations.

In Chapter 5, the effects of fragmentation on query trees will be investigated for given
queries that have been optimized before fragmentation. For each of the three fragmenta-
tion techniques (splitting, horizontal and vertical fragmentation) different scenarios will be
discussed.

Chapter 6 will present a cost-based approach for horizontal fragmentation. Based on the
cost model from Chapter 3, algorithms for primary and derived horizontal fragmentation will
be provided.

Chapter 7 will focus on a cost-based approach for vertical fragmentation. Based on the cost
model from Chapter 3 algorithms for vertical fragmentation will be presented that incorporate
relevant query information, including information on the frequency of queries and the locations
where the queries are issued.

Finally, Chapter 8 will provide conclusions of this work, and discuss open problems for
future research.
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Chapter 2

Literature Review on Distribution

Design for Databases

Fragmentation and allocation are two main database distribution design techniques. Since the
1970s database distribution problem has been studied, first as the problem of file distribu-
tion, then as the problem of distributing relations or relation fragments in the context of the
relational data model. With the emergence of the object-oriented data model, the existing
approaches of fragmentation and allocation have been adopted to the object-oriented data
model by taking into consideration the features of the object-oriented data model. In recent
years, with the popularity of web information systems, which often have backbone databases
with XML as the database model, researchers have started to study fragmentation and allo-
cation for XML but with little work done in the literature [6, 19]. To get a whole picture of
the state-of-the-art of database distribution design, in this chapter I present an overview of
previous work in database distribution design: horizontal fragmentation, vertical fragmenta-
tion, and allocation. For each of the design techniques, we will see how it is developed while
the flavor of data models changes with time.

2.1 Horizontal Fragmentation

There are two types of horizontal fragmentation, primary and derived. Primary horizontal
fragmentation of a relation or a class is performed using predicates of queries accessing this
relation or class, while derived horizontal fragmentation of a relation or a class is performed
based on horizontal fragmentation of another relation or class.

2.1.1 Primary Horizontal Fragmentation for Relational Databases

In the context of the relational data model, existing approaches for horizontal fragmentation
mainly fall into following two categories:

– minterm-predicate-based approaches: which perform primary horizontal fragmentation
using a set of minterm predicates, e.g., [25, 45, 93].

– affinity-based approaches: which first group predicates according to predicate affinities
and then perform primary horizontal fragmentation using conjunctions of the grouped
predicates, e.g., [16, 31, 94, 114]. The way of grouping predicates is either graph-based or
using an objective function.
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For the ease of reviewing related works in the literature, some terms that often occur in
the literature are listed below [25, 26, 93] .

Definition 2.1. [93] For a given relation R = {A1 : D1, . . . , An : Dn}, a simple predicate is
in the form of

pk : Ai θ V alue

with Ai as an attribute defined over domain Di, θ ∈ {=, <, 6=,≤, >,≥} and V alue ∈ Di. A
set of all simple predicates defined on relation R is denoted by Pr = {p1, p2, . . . , pm}. ut

Definition 2.2. [93] Minterm predicates M = {m1,m2, . . . ,mz} over a set Pr of simple
predicates are the conjunctions of simple predicates and their negations:

M = {mj|mj =
∧

pk∈Pr

p∗k}, k = 1, . . . ,m, j = 1, . . . , z.

where p∗k = pk or p∗k = ¬pk. Note that all simple predicates in Pr appear (positively or
negatively) in each minterm predicate. ut

Definition 2.3. [93] A set of simple predicates Pr is said to be complete if and only if there
is an equal probability of access by every application to any tuple belonging to any fragment
that is defined according to Pr. ut

Definition 2.4. [25, 93] Let mi contain pi, and let mj be obtained from mi by replacing pi
by ¬pi. Let Fi and Fj be fragments defined according to mi and mj, respectively. Then pi is
relevant if and only if

acc(mi)

card(Fi)
6=

acc(mj)

card(Fj)

where acc(mi) and acc(mj) denote the access frequencies of minterm predicate mi and mj ,
card(Fi) and card(Fj) denote the cardinalities of fragment Fi and Fj .
If all the predicates of a set Pr are relevant, then Pr is minimal. ut

Definition 2.5. The predicate affinity between each pair of simple predicates pi, pj is the
sum of frequencies of the queries accessing both predicates together. ut

Using minterm predicates to perform horizontal fragmentation was first proposed in [25]
to fragment file horizontally to optimize the number of accesses performed by the application
programs to different portions of data. They state that the minterm fragments contain records
that are homogeneously accessed by all transactions and therefore are the proper units of allo-
cation. Ceri and Pelagatti [26] then proposed to use minterm predicates to fragment relations.
To perform primary horizontal fragmentation, a set of disjoint and complete selection predi-
cates should be determined. Firstly, using application information derives simple predicates
P = {p1, . . . , pn}, which should satisfy complete and minimal properties, in order to guaran-
tee that elements in the same fragments share the “same properties” in terms of allocation.
Then a set of minterm predicates are constructed from P . A set I of implications among the
p∗i can be used to determine (and remove) these unsatisfiable minterms. Note that to test the
completeness of the set of simple predicates, the probabilities of access by applications need
to be compared. However, often the size of the set of simple predicates is big, and the cost
of computation might be too expensive. Also, if resulting minterm fragments of a predicate

12



2.1. HORIZONTAL FRAGMENTATION Hui Ma

are relevant and accessed differently by queries at the same site, they may still be allocated
at the same site. That is, the fragmentation is not necessary and the predicate is not needed
for fragmentation.

Follow the line of [25], Özsu and Valduriez [93] first presented an iterative algorithm,
COM MIN, to generate a complete and minimal set of predicates Pr′ from a given set of
simple predicates Pr. The algorithm checks each predicate pi in the given set of simple
predicates Pr to see if it can be used to partition the relation R into at least two parts
which are accessed differently by at least one application. If pi satisfies the fundamental rule
of completeness and minimality then it should be included in Pr′. If pi is nonrelevant then
it should be removed from Pr′. But this algorithm is not practical because checking pi can
not be defined with machine readable language. An algorithm named PHORIZONTAL is
introduced to describe primary horizontal fragmentation. It uses the algorithm COM MIN
and a set of implications I as inputs to produce a set of satisfiable miniterm predicates M . If
a minterm predicate mi is contradictory to an implication rule in I, then it is removed from
M . Minterm fragments are defined according to the set of satisfiable minterm predicates M .
But the set I of implications is hard to define.

In fact, the algorithm is not very practical, as it will always result in a subset Pr′ of Pr,
the set of minterm predicates M ′ determined by Pr′ and the corresponding set of fragments.
Simple predicates are omitted from Pr if they do not contribute to the fragmentation, i.e.
they only violate the minimality principle. This results in considering just the simple pred-
icates Aiθvi in the most important queries and to take all satisfiable minterm predicates.
This obviously leads to fragments that are accessed differently by at least two queries. The
algorithm further does not give executable rules for eliminating the unsatisfiable minterm
predicates. The major problem, however, is that the number of fragments resulting from the
algorithm is exponential in the size of Pr. In practice, it would be important to reduce this
number significantly, which would mean to re-combine some of the fragments. In fact, this
implies giving up the completeness principle and replacing it by optimization criteria based
on a cost model.

Several researchers have adopted affinity-based vertical fragmentation algorithms to hor-
izontal fragmentation. Due to the complexity of checking completeness of the set of simple
predicates used for horizontal fragmentation, Zhang [114] adopted an affinity-based vertical
fragmentation approach to horizontal fragmentation. This approach takes predicate usage
and predicate affinity matrix as input and employs the bond energy algorithm to cluster
predicates. However, the fragments in the resulting fragmentation schema may overlap each
other and therefore cannot satisfy the correctness criteria of fragmentation. Ra [94] presented
a graph-based algorithm for horizontal fragmentation, with which predicates are clustered
based on the predicate affinities. To remove overlapping, an adjust function is presented to
merge two overlapped fragments if merging can reduce transaction costs using cost functions.
However, the cost function does not show how costs are computed. Using predicate matrix as
input, Cheng et al. [31] proposed a genetic algorithm-based clustering approach, which treats
horizontal fragmentation as a traveling salesman problem (TSP). Horizontal fragmentation
is achieved by performing selection operation using the set of the grouped predicates, which
are grouped according to the distances. The distance of each pair of attributes actually mea-
sure the access frequencies of transactions that do not access the pair attributes together.
Additional analysis is needed to simplify the clusters of predicates. Obviously, none of the
affinity-based horizontal fragmentation approaches takes into consideration of data locality
while clustering predicates.
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There are other approaches in the literature besides the affinity-based and minterm-based
approaches. Chang and Cheng [30] proposed a methodology of decomposition based on map-
ping user views onto a global schema. However, there is neither clear procedures for process-
ing decomposition no evaluation of the result decomposition. Shin and Irani [104] proposed a
knowledge-based approach in which user reference clusters are derived from the user queries to
the database and the knowledge about the data. Their paper mainly emphasizes the extension
of first order logic calculus without any procedure or algorithm on how to perform horizontal
fragmentation procedurally. Also, the completeness of the knowledge base is a critical issue
for the correctness of the final fragmentation. Shin and Irani [105] extended the work in [104]
by presenting an example to illustrate how fragmentation can provide enhanced control over
data replication and reduce costs on selection operations. However, the discussion is infor-
mal without based on any cost model. Considering the purpose of horizontal fragmentation
is to minimize the total number of disk accesses, Khalil et al. [65] introduced a horizontal
transaction-based partitioning algorithm, which takes as input a predicate usage matrix. How-
ever, the aim of fragmentation for database distribution design is to reduce not only the total
number of disk accesses but also data transportation costs, which dominate the total query
costs.

2.1.2 Primary Horizontal Fragmentation for Object Oriented Databases

Generalizations of horizontal fragmentation techniques to object-oriented databases (OODBs)
have been proposed since the 1990s. Algorithms proposed in the literature are mainly cost-
driven and affinity-based.

Karlapalem et al. [63] proposed to use predicate affinities to perform horizontal fragmen-
tation. However, there is no detailed method on how to perform fragmentation. Following the
line of [63], representation schemata for horizontal fragmentation were presented in [59, 61],
followed by a solution for supporting method transparency in OODBs. Bellatreche et al. [15]
studied horizontal class partitioning as a process of reducing the number of disk access to
execute queries by reducing the number of irrelevant object access. Predicates are extended
from that in the relational model by considering predicates defined on methods. Predicates
are clustered according to the extended tree from the predicate affinity matrix. Some clusters
of predicates are extended to include some predicates defined on the attributes that are not
used by the cluster. The resulting set of clusters of predicates are of the same length in terms
of number of simple predicates and are defined on the same set of attributes or methods.

Bellatreche et al. [12] stated that the effect of horizontal fragmentation should be measured
by evaluating the performance of the applications in a distributed database system. Cost-
Driven Algorithm is presented to find a scheme that lead to the lowest total query cost
based on a cost model. However, in the cost model CPU costs and network communication
costs are disregarded because only centralized databases are considered. Therefore it cannot
be applied to distributed databases, where network communication cost predominant total
costs. Moreover, complexity of the cost-driven horizontal partitioning algorithm is too high
and makes the algorithm computationally intractable.

Bellatreche et al. [16] have studied horizontal class partitioning with input as queries
which contain either simple and component predicates, the primary algorithm (PA) is based
on a graph theoretic algorithm which clusters a set of predicates into a set of HCFs. The
complexity of this algorithm is O[l ∗ n2 + α(r + u)], where n, l, α, r, u represent the number
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of predicates, the number of queries, the number of HCFs, the number of attributes used by
the queries, and the number of methods used by queries, respectively.

A taxonomy of the fragmentation problem in a distributed object based system is presented
in [44] to include four realizable class models, simple attributes and methods, complex at-
tributes and simple methods, simple attributes and complex methods and complex attributes
and methods. For one of these class models, simple attributes and methods, a set of detailed
horizontal fragmentation algorithms are proposed. Continuing the work in [44], Ezeife and
Barker [45] presented a comprehensive set of algorithms for horizontally fragmenting over all
the four realizable class models following [93]. Ezeife and Zheng [43] have proposed an Object
Horizontal Partition Evaluator (OHPE), which contains two components, the local irrelevant
access cost and the remote relevant access cost. However, both components only measure the
number of instances of a fragment without taking into consideration of size of the object and
network information. A class is fragmented using all predicates from the queries accessing
the class directly, predicates of all queries of all the descendants of the class that access the
class, and predicates of all its containing classes accessing the class, and predicates of all its
complex method classes. An example is presented to show how to compute the performance
of the object horizontal fragmentation schemata with proposed OHPE. However, it is not
shown how the horizontal fragmentation schemata are achieved and how fragments are allo-
cated. An algorithm is proposed to re-fragment the class once input information is changed,
including the user query access pattern and frequencies, changes in class hierarchy, change in
class composition hierarchy, and change in the instance objects of classes.

Nwosu [91] discussed distribution design technique on complex objects and focuses on
method induced partitioning, which considers the impact of method behavior on partitioning
schemes for object-oriented databases. Based on types of instance variables accessed, methods
are first classified as value-based or object-based. Then a set of partitioning schemes for each
type of the methods are enumerated. Some implementation and design issues regarding how
to support method induced partitioning of object-oriented databases are addressed, e.g., how
to support fragmentation transparency. However, there is no discussion on how horizontal
fragmentation is performed if transaction information and other input information are given.
From our point of view, the definition of different kinds of fragmentation can be more precise.
Baiõo et al. [9, 10] adopted the algorithm proposed in [87] and take predicate affinity matrix
as input to build a predicate affinity graph that is used to define horizontal class fragments.
Again, the resulting horizontal fragmentation schema only reflects the togetherness of data
accessed by transactions or queries but cannot reflect the affinities between data and network
sites, that is, data locality. Also taking predicate affinity as input, Cheng et al. [31] performed
horizontal fragmentation by clustering predicates according to the distance between predicates
formulated as a traveling salesman problem (TSP).

2.1.3 Derived Horizontal Fragmentation for Relational Databases

Derived fragmentation in the RDM refers to horizontal fragmentation defined on a member
relation r of a link according to fragmentation of one of its owner relations s [24, 93]. Derived
horizontal fragmentation can be performed by applying semijoin operations.

ri = r n si, 1 ≤ i ≤ w

where w is the number of horizontal fragments of relation s, and si = σϕi
(s) with ϕi as the

selection predicate.
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In [24], a link among relations is introduced to depict the binary relationship between
relations. A direct link is drawn between relations that are related to each other by an equijoin
operation. The direction of a link shows a one-to-many relationship. It is assumed that the
join attributes for a link include the primary key of the owner of the link. Note that, in our
complex value data model an owner type is actually a component of a member type.

In [93] it is emphasized that care should be taken with the relations that have more than
one link to the owner relations. The two criteria in [93] suggest choosing the fragmentation
with better join characteristics or choosing the fragmentation used in more applications. How-
ever, there are often situations for which it is not straightforward to choose an owner relation
using the two criteria. Further, how to deal with owner relations if their member relations
have been horizontally fragmented using predicates but there is no predicate defined on the
owner relations is not discussed. Furthermore, there is no explanation why derived horizontal
fragmentation can only be performed on a member relation according to fragmentation of one
of its owner relations.

2.1.4 Derived Horizontal Fragmentation for Object Oriented Databases

Unlike the relational model situation the definition of derived horizontal fragmentation is not
straightforward in the object-oriented data model. In the literature different definitions have
been presented:

– In [44, 45], derived horizontal fragmentation refers to fragmentation on member classes of
links according to the fragmentation of its owner class, where subclasses are owner classes
of a superclasses.

– In [12, 15, 62], derived horizontal fragmentation refers to fragmentation of a non-leaf class
fragmented on fragmentation of a leaf classes.

– In [59], derived horizontal fragmentation is defined as a horizontal fragmentation of the
domain class of an object based instance variable based on horizontal partitioning of a
value based instance variable. In addition, associated horizontal partitioning is introduced
as horizontally partitioning a class based on the class hierarchy of the domain class of an
object based instance variable of the class.

– In [9] owner and member relationships are defined based on paths that an operation nav-
igates through, where a member class is always defined at the “1” side of the relationship
link. Owner and member relationship is not defined for many to many relationship.

In [15], derived horizontal fragmentation of a class is performed using component predi-
cates that are defined with path expressions. This may result a set of overlapped fragments.
The last step is then to remove overlap between fragments according to the sum of the fre-
quency of accesses of the fragments. The overlapped objects are removed from the fragments
that are accessed less frequently. However, it is not necessary to distinguish between simple
attributes or complicated attributes. Similarly, it is not necessary to distinguish simple pred-
icates and component predicates. The derived fragmentation is defined as using component
predicates, the sink of which is an attribute of another class. The proposed algorithm uses
logical connectives (∨,∧) but does not mention when each connective should be used. Also, a
predicate defined on a path does not always mean that the predicate has a sink as an attribute
of another class.

In [16], derived horizontal partitioning of a class Ci is performed based on the qualifica-
tion clauses of class Cj that has been primarily partitioned into α horizontal class fragments
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(HCFs), each of which is defined by a qualification clause clj . When the fan-out between
Ci and Cj is bigger than 1, an extra algorithm is applied to remove the overlapping. The
fragments that are accessed more frequently keep the overlapping instances. Two potential
complications, multiple primary horizontal partitioning candidates and multiple derived hor-
izontal partitioning candidates, are discussed. Multiple primary horizontal partitioning refers
to a class being partitioned based on another one of the classes, which is already horizontally
partitioned, at lower levels in a class composition hierarchy. Four ways of selecting possible
candidates are proposed, as below:

1. share candidate: The share candidate approach selects a candidate Cj which has the
minimum share with Ci.

2. frequency candidate: The frequency candidate approach selects the member class that has
the maximum frequency of the queries that access it.

3. number of HCFs candidate: The number of fragments solution approach selects a candi-
date that has the smallest number of HCFs.

4. fusion candidate: The fusion solution approach perform derived horizontal partitioning
based on all candidates and then merging all HCFs that are accessed together by some
queries.

When a class Cj is partitioned and there is at least one path containing more than one
class, from a root class Ci to Cj , multiple derived horizontal fragment candidates try to select
a candidate class to be derived fragmented to achieve the least total query costs. To locate
fragments needed by a query, the routing algorithm is proposed. A routing module can be
added in a query processing methodology for the horizontally partitioned classes. Once object
instances are updated, some objects may migrated from one HCF to another HCF. For this
an object migration algorithm is proposed.

However, regarding multiple derived horizontal fragment candidates, it should be possible
to have more than one class along the path to be fragmented to get the minimum query
cost. Also, regarding multiple primary horizontal partitioning candidates, it is proposed to
use the cost model to choose one that has the minimum cost from the four candidates resulted
from the four proposed approaches. However, the complexity of doing this can be very high
due to the complexity of the fusion approach. The cost model proposed in [12, 13] measures
the number of disk page accesses. Transportation cost, which measures the cost of network
communication among different nodes, is not considered at all because databases considered
are centralized.

In [45], derived horizontal fragments of a class are generated according to primary frag-
ments of its subclasses, its complex attributes (contained classes), and/or its complex meth-
ods. Heuristics are proposed to choose the most appropriate primary fragment to merge with
each derived fragment of the member class. At last, derived fragments are merged with a
primary fragment that has the highest affinity with it. However, this approach leads to over-
laps between resulting derived fragments. Inheritance links are considered in the process of
horizontal fragmentation. It is assumed that a pointer is contained in an instance of a storage
structure for a class in the class hierarchy. However, storage structures are not implemented in
most object DBMS products. How to choose a owner class for a member class if the member
class have several owner classes is not mentioned. Further, it is not clear how to calculate
affinities between each pair of primary fragment and derived fragment of the same class. Fur-
thermore, there is no evaluation of the proposed algorithms regarding how it will improve the
system performance.
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In [10], derived horizontal fragmentation of each member class is performed according
to its owner class in frag(owner, member) list, which is based on the owner-member classi-
fication. Derived horizontal fragmentation is implemented with a semijoin on the attribute
used by the most frequent navigation operations from the member class to the owner class.
However, it is not clear how to decide the owner classes to be used for fragmentation. The
resulting distributed database schema is analyzed to show improvements in system perfor-
mance. However, the analysis neither considers queries as distributed queries nor uses any cost
models. Moreover, in practice, objects or object variables are often accessed by a big number
of queries. There is no algorithm presented to incorporate query information to achieve proper
fragmentation schemata.

2.2 Vertical Fragmentation

Vertical fragmentation can be applied to different areas: file partitioning in centralized envi-
ronment, data distribution among different levels of memory hierarchies of a database, and
data distribution in distributed databases. For applications accessing fragments on different
memory levels, the costs are dominated by the cost of retrieving data from secondary storage
to main memory while for distributed databases, query costs are dominated by remote data
transportation costs. We need to be aware that vertical fragmentation techniques for physical
database design with different memory levels cannot be applied to distribute databases in a
straightforward manner. The following reviews the work done regarding vertical fragmentation
for relational databases.

2.2.1 Vertical Fragmentation for Relational Databases

Vertical fragmentation has been studied since 1970s. There are two main approaches:

– The pure affinity-based approach takes attribute affinities as the measure of togetherness
of attributes to fragment attributes of a relation schema. Research work includes [31, 57,
69, 70, 86, 88, 89, 93].

– The cost-driven approach uses a cost model while partitioning attributes of a relation
schema. Research work includes [28, 33, 38, 41, 106].

Definition 2.6. For a given pair of attributes ai, aj of a relation schema R = {a1, . . . , an}
that is accessed by a set of queries Q = {q1, . . . , qq} affinity is defined as

affh(ai, aj) =

q
∑

k=1|use(qk,ai)=1∧use(qk,aj)=1

acck

with acck as the total accesses of a query qk and use(qk, ai) = 1 when query qk accesses
attribute ai. Computing affinities for each pair of attributes results an n × n matrix, called
attribute affinity matrix [88]. ut

Affinity-Based Approach Affinity-based vertical fragmentation was first proposed by Hof-
fer and Severance [57], who used Bond Energy Algorithm (BEA) to cluster attributes accord-
ing to the affinities between attributes. Since then the affinity measure has been widely used
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for solving the problem of fragmentation. Navathe et al.[88] extended the BEA approach in
[57] by proposing algorithms that produce non-overlapping fragments and overlapping frag-
ments. This approach minimizes the number of fragments accessed by transactions while
considering storage cost factors involved in storing the fragments. This approach consists of
two steps:

1. In the first step the given input parameters are used in the form of an attribute usage
matrix (AUM) to construct an attribute affinity matrix (AAM) on which clustering is
performed.

2. In the second step estimated cost factors, which reflect the physical environment of frag-
ment storage, are considered to further refine the partitioning schema.

This paper [88] discusses vertical partitioning problem in three contexts: a database stored
on devices of a single type, a database stored in different memory levels, and distributed
database. Allocation of fragments in distributed databases targets at maximizing the amount
of local transaction processing. At the first stage, the same objective function are used for
both contexts, single site one memory level, and single site with multiple memory levels. The
objective function for distributed databases is designed with the consideration of the ratio
of the transaction volume satisfied by the upper block to the total transaction volume and
the ratio of the size of the fragment defined by upper block to the size of the object. At the
second step, an objective function is presented to include cost factors, each of which is of
different weight in different contexts. However, there is no justification of the values of the
factors. Also, the transportation cost factor is fixed for all transactions between any pair of
network nodes.

Navathe and Ra [89] improved the previous work on vertical partitioning by proposing a
vertical partitioning algorithm using a graphical technique. The major feature of this graphical
approach is that all fragments are generated by one iteration in a time of O(n2), which is better
than O(n2 log n), the complexity of vertical partitioning algorithm in [88]. In the meantime,
there is no need of an arbitrary empirical objective function for the algorithm of partitioning.
This graphical approach starts with an attribute affinity matrix, based on which, an affinity
graph is constructed, then a linearly connected spanning tree is formed. Affinity cycles, which
are the candidate partitions, are constructed simultaneously with the growing of the spanning
tree. Partitions are made according to the weight of the edges comparing with the weight of
each edge of candidate cycles. The output of the algorithm is a set of vertical partitions of
a given relation. However, the resulted number of fragments is not related to the number
of nodes over a distributed network. If the resulted number of fragments is bigger than the
number of network nodes, fragment recombination needs to be performed. In addition, there
is no evaluation of goodness of the resulting vertical fragmentation schema as to how it will
improve the distributed database system performance.

Lin and Zhang [70] pointed out that the restriction of an affinity cycle results in formaliza-
tion is an NP-hard problem and therefore the claimed properties in [89] cannot be guaranteed.
A new graphic algorithm is proposed by using 2-connectivity instead of affinity cycle to con-
struct nonoverlapping fragments, which is later allocated to distributed network nodes. Lin et
al. [69] continued the work in [70] by presenting an algorithm for the construction of overlap-
ping fragments. Cheng et al. [31] formulated the database partitioning problem in distributed
databases as a traveling salesman problem (TSP), for which a genetic search-based clustering
approach is proposed to achieve high system performance. Again, this approach is affinity-
based, which clusters attribute according to the distance among attributes. Site information
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is not taken into account while performing fragmentation. The objective of this approach is to
group attributes such that the difference between the average distance within groups and the
average distance between groups is minimized. However, there is no proof that this approach
can indeed minimize the total query costs.

Cost-Driven Approach Cost-driven vertical fragmentation approaches use cost functions.
Cornell and Yu [38] and Chu [33] discussed vertical fragmentation for relational databases
and considered that the response time of transactions is impacted by the number of disk
accesses by the transaction. Considering the utility of vertical fragmentation is to minimize
the number of disk accesses, Cornell and Yu [38, 41] proposed a two step methodology that
consists of a query analysis step to estimate the parameters and a binary partitioning step
that can be applied recursively. With the cost model proposed, the result from [88] is eval-
uated to show that the solution from the affinity-based algorithm does not always lead to
a reduction in the number of disk accesses. Chu [33] presented two procedures to solve the
attribute partitioning problem to improve system performance by transferring small segments
instead of big unpartitioned relations between the primary and the secondary storage. He first
defined two concepts, sufficient and support, on which two procedures, MAX and FORWARD
SELECTION, are proposed which are targeted at maximizing the value of ν = α + β − φ,
the total reduction of costs which are expressed in terms of the number of disk accesses. The
important characteristic of these two procedures is that they treat the transactions instead
of the attributes as the decision variables. Therefore, the run time of these procedures does
not depend on the number of attributes and can be efficiently executed when the number of
attributes are very big. However, this approach may not be suitable to the situation when
there are a large number of transactions but a small number of attributes over a relation.
Also, this approach only discusses the problem of attribute partitioning for two memory levels
on one disk. The objective function only counts the the number of disk accesses. Approaches
in both [38] and [33] are not suited for distributed databases.

Chakravarthy et al. [28] argued that there should be a way to measure the goodness of a
vertical fragmentation schema. For this purpose they set up an objective function, Partition
Evaluator (PE), for evaluating different vertical fragmentation algorithms using the same cri-
teria. The PE consists of two components, irrelevant local attribute access cost and relevant
remote attribute access cost. However, relevant remote attribute access cost reflects the num-
ber of relevant attributes in a fragment accessed remotely with respect to all other fragments
by all transactions. Therefore, the PE cannot be used in distributed databases because neither
size nor network transaction cost factors have been considered.

Cheng et al. [31] proposed a genetic search-based clustering algorithm for data partitioning
to achieve high database retrieval performance (with the partitioning problem being formu-
lated as the traveling salesman problem). Son and Kim [106] argued that vertical partitioning
problem should consider the number of fragments finally generated. They discussed n-ary
vertical partitioning problem which are more flexible than the optimal partitioning. Their
novel contribution is an objective function which aims at minimizing not only the frequency
of query accesses to different fragments but also the frequency of interfered accesses between
queries. In the objective function, data localization is not considered because queries are not
distinguished between sites.
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2.2.2 Vertical Fragmentation for Object Oriented Databases

In the context of object-oriented data model, fragmentation algorithms are mainly affinity-
based, with different affinities used as parameters, e.g., method affinities, attribute affinities,
or instance variable affinities [17, 46, 63]. An increasing demand on the performance of object-
oriented database systems has resulted in the adoption of vertical fragmentation techniques
from the relational databases. The features of the object-oriented data model (such as inher-
itance, encapsulation, ISA relationship and the presence of method) add to the complexity
of the partitioning problem [32]. Based on the existing work for vertical fragmentation for
object-oriented databases, a taxonomy is proposed in [32] which has two categories, method
based and attributed based. In [50] different approaches are classified into a hybrid affinity
cost-based and pure affinity-based approach.

Further to the work in [63], Karlapalem and Li [59] discussed the foundations of vertical
fragmentation by giving a formal representation of vertical fragmentation. Issues regarding in-
ternal representation and reconstruction of fragments are discussed. In addition, approaches
for supporting ISA relationships and methods are briefly mentioned. There are neither al-
gorithms for horizontal, path and vertical fragmentation nor discussion on when vertical
fragmentation should be applied to schema or to methods. Karlapalem et al. [61] presented
guidelines for method induced partitioning in object-oriented databases. Karlapalem and Li
[60] extended the work done in [59] and [61] through detailed discussions of the method-
induced partitioning on different types of methods in terms of instance variables accessed,
and the complexity of the methods, with the focus on single method partitioning. There is
no algorithms proposed in the paper.

To study the effectiveness of vertical partitioning in OODB, Fung et al. [52] presented
a cost model to measure the number of disk accesses for query processing. Two algorithms
for deriving optimal and near-optimal vertical class partitioning schemes are proposed. One
is cost-driven algorithm, which provides an optimal vertical class partitioning by exhaus-
tively enumerating all possible vertical fragmentation schemata to get a schema which leads
to the least costs, using the cost model that calculates the number of disk accesses. Due to
the complexity of the cost driven-approach, the other algorithm, hill-climbing heuristic al-
gorithm (HCHA), is proposed. It takes as input the result from the affinity-based algorithm
to improve it by further reducing the total number of disk accesses, following a set of proce-
dures, left merge, right merge, and split new, to get a set of possible vertical fragmentation
schemata. Then the cost model is utilized to find the optimal one. Note that the heuristic is
an iterative procedure, the complexity of which is the complexity of algorithm in [89] plus the
complexity of HCHA. However, the cost model focuses only on the number of page accesses
and therefore does not suit distributed databases. Fung et al. [51] improved the cost model in
[52] by considering extra processing for dealing with the composite objects generated from ver-
tical partitioning and propose a comprehensive analytical cost model that supports the main
OODB features, including subclass hierarchy and class composition hierarchy. However, nav-
igation operations may not benefit from fragmentation because relationships between classes
are not considered during the process of fragmentation. Overall, the participation algorithms
do not suit distributed databases.

Treating relational database as a special case of object-oriented databases, Malinowski
and Chakravarthy [83] generalized the work for relational databases in [28] to object-oriented
databases. Vertical fragmentation is performed using Transaction-Method Usage Matrix,
Method-Method Usage Matrix and Method-Attribute Usage Matrix. A partition evaluator
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function for object-oriented databases, PEOO, adopted from the relational databases, is used
to evaluate all possible combinations of attributes with the number of fragments varying from
one to the total number of attributes in the class. However, without considering the size of
data transferred among network nodes, the PEOO actually measures the number of irrelevant
local accesses and relevant remote accesses rather than real total query costs.

Based on the classification initially presented in [45], Ezeife and Barker [46] discussed
vertical partition for the most complex object model, consisting of complex attributes with
complex methods. Ezeife and Barker [47] emphasized that the network communication costs
dominate query processing costs. Vertical fragmentation is discussed with reference to four
different class models, consisting of simple or complex attributes combined with simple or
complex methods. Fragmentation of a class is processed to group all attributes and meth-
ods of the class that are frequently accessed together by applications accessing either the
class itself, its subclasses, its containing classes, or its complex method classes. For different
models affinity matrixes are computed by incorporating all the object-oriented features, e.g.,
inheritance links and subclasses. For each of the class model a formal vertical fragmenta-
tion is presented. Method affinities of a class are calculated by summing up the frequencies of
queries that access both the methods simultaneously, either directly or through this subclasses
or containing classes. The partitioning algorithm in [88] is used. However, all the algorithms
presented aim at splitting a class such that attributes and methods accessed most frequently
are grouped together. However, there is no proof that the partitioning algorithm can indeed
minimize remote transportation costs. Actually, site information are lost while building affin-
ity matrixes, which means that data localization is not considered. The evaluation of proposed
algorithm is based on the Partition Evaluator proposed in [28], which does not really measure
the total query costs.

Treating attributes and methods in a uniform and undistinguished way, Baião [10] adopted
the graphical approach in [89] and [87] to object-oriented databases. The process of vertical
fragmentation contains two steps, building an element affinity matrix and building an element
affinity graph. However, during the process of building the element affinity matrix, data local
requirement information is lost. Therefore, there is no link showing that vertical fragmentation
using element affinity can improve data locality which in turn can reduce irrelevant remote
data transportation costs.

2.3 Mixed Fragmentation

Navathe et al. [87] proposed a mixed fragmentation methodology for initial distributed
database design. The process proposed simultaneously applies horizontal and vertical frag-
mentation on a relation. The input of the procedure comprises a predicate affinity table and
an attribute affinity table. A set of grid cells are created first which may overlap each other.
Then some grid cells are merged such that total disk accesses for all transactions can be
reduced. Finally, overlap between each pair of fragments is removed using two algorithms for
the cases of contained and overlapping fragments. However, the merging algorithms are based
on a model which measures times of disk access (I/O). Network factors are not considered.
For distributed databases, it is important to not only reduce disk access but also reduce the
data transportation between sites.

Adopting some developed heuristics and algorithms in [87] to fragmentation in object-
oriented databases, Baião and Mattoso [8] proposed a design procedure which includes a
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sequence of steps: analysis phase, vertical and horizontal fragmentation. In the first step, a
set of classes that are needed for horizontal fragmentation, vertical fragmentation, or non-
fragmentation, are identified. In the second and third steps, vertical and horizontal fragmen-
tation are performed on the classes identified in the first step, using algorithms extended from
the one in [87]. All fragmentation algorithms are affinity based. The evaluation of the resulting
fragmentation are not based on any cost model. Baião et al.[10] considered mixed fragmen-
tation as a process of performing vertical fragmentation on classes first and then performing
horizontal fragmentation on the set of vertical fragments.

2.4 Allocation

In the literature, allocation problems are first raised for file allocation. Chu [34] presented a
simple model for a nonredundant allocation of files. Casey [23] proposed a model which allows
the allocation of multiple copies. Queries and updates are distinguished in the model. In addi-
tion to file allocation, allocation of application programs are considered in [68]. Mahmoud and
Riodon [82] proposed a model for studying file allocation and the capacity of communication
capacities to obtain optimized solution which minimize storage and communication cost.

Since the early 1980s data allocation has been studied in the context of relational
databases. Due to the complexity of the problem of data allocation, different researchers
make different assumptions to reduce the size of the problem. Some works do not consider
replication while making decision of allocation [5, 24, 37, 39, 64, 85], while some others do
not consider storage capabilities of network nodes [7, 18, 58, 100]. Some assume the query site
strategy that shifts all data needed by a query to site required them [11, 14, 18, 37, 58, 82, 107],
while others only consider communication costs as data volume in the cost model with an
assumption of the simple query environment [7, 18, 24, 39, 40, 84, 85, 100].

2.4.1 Simple Query Environment

Many researchers presume the simple query environment (as defined in [56]) which assumes
a fully connected, geographically distributed network with identical transmission cost factors
among any pair of sites, no storage constraints at sites and negligible local processing costs.

Ceri et al. [24] proposed an optimization model for non-replicated data allocation with the
objective function to minimize total transaction processing cost. A horizontal fragmentation
schema and transaction execution strategies are needed as input for the fragment allocation
model. It is assumed that the unit transmission cost is the same among any two nodes. Due to
the complexity of the problem, decomposition heuristics are presented. A greedy algorithm is
proposed to comprise replicated allocation of fragments of the whole relation. However, only
predefined schedules consisting of basic operations are considered. This approach cannot be
extended to vertical fragmentation because of the number of possible vertical fragments of a
relation.

Aper [7] pointed out that the main differences between the file allocation problem and the
allocation problem in a distributed database is that query processing should be considered
while making decisions of fragment allocation. The study of fragment allocation is based on
query processing strategies which treat non-redundant and redundant allocation of fragments
in a uniform way. It is shown that the problem of determining a non-redundant optimized
allocation for fragments is NP-hard. Using static and dynamic processing schedules, heuristic
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and optimal algorithms for minimizing total transmission cost are investigated. A heuristic
algorithm is proposed based on the assumption of there being a copy for all fragments for each
query. However, the heuristic is still too complicated for practical use because the variables
that need to be decided include not only the number of fragments but also the number of
copies. Aper’s dynamic processing schedules are more reasonable but infeasible to be applied
by practical applications because of their complexities.

Cornell and Yu [39] proposed an allocation strategy which integrates the problem of rela-
tion allocation with query strategy to optimize performance of a distributed database system.
However, the linear programming solution is complicated for practical application. To sim-
plify the problem it is assumed that networks are fully connected with equal bandwidth for
each link. To extend the work in [40], March and Rho [84] proposed a comprehensive cost
model which takes into consideration replication, operation allocation, and concurrency con-
trol. However, there is no algorithm presented.

Sarathy et al. [100] considered the problem of allocating relations or fragments and their
copies as a contained nonlinear integer model which is proved NP-hard. Based on linearization
and subgradient optimization, an algorithm is developed for solving this model. Menon [85]
extended the integer model in [100] by including storage and processing capacity constraints
in the model. At the same time he simplified the integer programming formulations to study
the non-redundant version of the fragment allocation problem. Both [100] and [85] simplify
the problem by assuming a constant transportation cost between any pair of sites. Therefore,
the problem of minimizing the total cost of data transmission is the problem of minimizing
the total data transmitted.

Teorey [108] discussed database distribution with examples to show how to apply some
fragmentation and allocation strategies. The strategies for fragmentation are not based on
quantity information but on analysis of the relationship between transactions and relations.
Two variations of the all beneficial sites method, one-step and cumulative, can not guarantee
global optimal solutions. Ra and Park [95] developed a scheme for PC-based distributed
database design which is based on mixed partitioning technique using a grid approach. Grid
cells are merged to get mixed fragments, which are allocated for a PC based distributed
database using transaction mapping information. However, there are no algorithms but some
rules on how to perform allocation. Fragments requested from only one site are allocated to
the site requested while fragments not requested would be allocated to a server for future use.
Commonly accessed fragments can be allocated to a database server or to all sites requesting
them. The determination depends on the trade-off between the transmission cost if it is
allocated to a database server and update cost if it is allocated to all requesting sites.

2.4.2 Query Site Strategy

Some other researchers simplify the allocation problem by assuming that queries are processed
using a query site strategy that shifts all data needed by a query to the site issuing the query.

Corcoran and Hale [37] proposed the use of a genetic algorithm (GA) to solve some
combinatorial problems. They compare GA and greedy heuristic in obtaining optimal and
near optimal fragment placements for the allocation problem with various data sets. A cost
model is proposed first to measure the transmission cost between sites. A objective function
is used to evaluate the fitness of each solution. Whenever an infeasible solution, which exceeds
the capacity of any site, occurs a penalty will be incurred. The penalty depends on the number
of sites. How to decide the penalty is not mentioned in the paper. However, this approach
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neither considers distributed query execution plan nor considers transportation cost factors
while calculating the costs. Moreover, replication is not considered in this paper.

Tamhankar and Ram [107] proposed an integrated methodology incorporating replication
and concurrency control costs for fragmentation and allocation. This methodology consists
of four steps: primary distribution, secondary distribution for response time, secondary dis-
tribution for availability, and secondary distribution for storage space. In step one, analysis
is carried to explore all distribution options. Based on some guidelines and a simplified cost
model, a distribution matrix is obtained to identify the sites of allocation for each relation or
fragment and its synchronized and unsynchronized copies. However, for fragmentation, there
are few guidelines that one can follow without the presence of any detailed design procedure.
It is suggested that vertical fragmentation be used to move the accessed data to the site of
transaction. However, there is no further discussion on how to perform vertical fragmentation.

Bellatreche et al. [14] adopted the allocation approaches in [13] and discussed methods
and class allocation problems by taking into consideration complex interdependencies among
queries, methods and classes. A cost model is proposed to measure the total data transfer
incurred in processing a given set of queries. By using the cost model, an iterative approach
generates a near-optimal solution for the combined methods and class allocation problems.
Distributed query processing is not considered. The costs are computed as the costs of trans-
ferring data to sites of methods. The cost model consists of three parts: data transfer cost due
to method-class dependency, method-method dependency, and the possible remote execution
of method(s), respectively.

Barker and Bhar [11] stated that fragmentation is a process of grouping programs and
data based on the locality of accesses shown by application access behavior. Based on the
assumption that the data accessed by the method are ’shipped’ to the site of the method,
an algorithm is proposed to get a “near optimal” non-redundant distribution of fragments by
exchanging or moving fragments between every pair of sites. An initial allocation is obtained
based on the available space at each site and the applications that reference objects in the
fragments. Fragmentation and allocation are considered as two orthogonal problems which
are actually closely interrelated [93]. This approach works best for two sites. However, with an
increase in the number of network sites, it becomes increasingly difficult to obtain a pairwise
optimality, and this is less likely to be a globally optimal solution.

Huang and Chen [58] discussed fragment allocation in distributed database design with
the consideration of replication by distinguishing retrieval and update queries. Using a cost
model, two heuristics are proposed to minimize the communication cost as much as possible.
Both heuristics have an initial allocation involving sending a replica to each site that needs
it. The first heuristic removes replica one by one by exploring all the possible orders. The
second removes replica according to the update costs the replica at each site caused in a
descending order. Two experiments are conducted, with one comparing performance of the
proposed heuristics with the optimal solutions under a hypothetical environment and the
other validating the cost model through a simulation. However, how the results for the optimal
solution under each case are computed is not presented. Distributed query execution is not
considered by this approach while calculating query costs.

Gavish and Pirkul [53] studied the problem of location of computing resources and
databases in a wide-area network. Blankinship et al. [18] proposed an iterative solution method
as a heuristic to simultaneously solve the two NP-hard problems, data allocation and query
optimization. An algorithm is proposed in [18] to allocate fragments to the site requesting
them most frequently.
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2.4.3 Others

Karlaplem and Pun [64] considered that a major cost of executing queries in distributed
databases is the cost of transferring data between different sites that store the multiple data
objects or fragments which are accessed by the queries. A site dependency graph is developed
to model the dependencies among different fragments accessed by a query. Fragmentation
design is assumed complete before allocation. With a fragmentation schema as input, an initial
allocation schema is obtained by using the max-flow min-cut formulations of the problem
with query-site query execution strategy. Then the second step, for the move-small query
execution strategy, the initial allocation schema is refined iteratively using the hill climbing
algorithm, considering dependency among fragments. However, it is not reasonable to set the
capacity constraint of a site as the biggest number of fragments that can be stored at the site.
Rather, it would be reasonable to set the capacity constraint of a site as the maximum data
volume. Moreover, the costs of evaluating distributed queries should also contain the costs
of transporting data between intermediate nodes of a query tree rather than just between
fragments. This approach only suits the situation when fragmentation has been completed
before allocation and the number of fragments is small.

Sacca and Wiederhold [99] assumed that network and processing capacities are limited
and considered only transmissions between fragments as total query costs. Using the cost
model proposed in [64], Ahmad et al. [5] proposed an evaluate evolutionary algorithms for
data allocation for distributed database systems. Their experimental results show that no
single algorithm outperforms all others in terms of both query response time and algorithm
running time.

2.5 Summary

As shown in the above sections, most of the literature about database distribution design
considers fragmentation and allocation as two different steps even though they are strongly
interrelated problems which take the same input information to achieve the same objectives,
i.e., improving system performance, reliability and availability.

Existing approaches for primary horizontal fragmentation can be characterized into three
streams, one using minterm predicates, one using predicate affinity, and a cost-driven ap-
proach using a cost model. Even though each of the approaches claims to be able to improve
system performance, there is no evaluation to prove that resulting fragmentation schemata
can indeed improve the system performance. Horizontal fragmentation with minterm predi-
cates often results in a large number of fragments which will later be allocated to a limited
number of network nodes. It can be expected that the number of network nodes gives the
upper bound of fragments because fragments allocated at the same network node can be re-
combined for the benefits of most queries. Affinity-based horizontal fragmentation approaches
cannot guarantee to achieve optimal system performance because the information of data lo-
cal requirement is lost while computing predicate affinities. Cost-driven approaches use cost
models to measure the number of disk accesses without considering transportation cost. None
of the three approaches takes data local availability as the objective of fragmentation.

For derived horizontal fragmentation, the restriction that derived fragmentation can only
be performed on a member relation or non-leaf class is not reasonable. There are situations
where there are predicates defined on member relations (or non-leaf classes) but no predicates
defined on owner relations (or leaf classes) and there are queries access the owner relations
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(or leaf classes) and the member relations (or non-leaf classes) simultaneously. Also, that
the derived fragmentation of a member relation (or non-leaf class) is performed according to
fragmentation of only one owner relation (or leaf class) is not reasonable. More finely derived
fragmentation can be achieved by considering other owner relations or leaf classes.

For vertical fragmentation there are two main approaches existing in the literature: affinity-
based and cost-based. The affinity-based vertical fragmentation approach originated for cen-
tralized databases with hierarchical memory levels, for which the number of disk accesses is
the main factor that affects the system performance. Later, this approach was adapted to
distributed databases for which transportation cost is the main cost that affects the system
performance. Attribute affinities only reflect the togetherness of attributes accessed by appli-
cations. Vertical fragmentation based on affinities may reduce the number of disk accesses.
However, there is no clear proof that affinity-based vertical fragmentation can indeed im-
prove data local availability and thus improve system performance. The cost-driven approach
performs vertical fragmentation based on a cost model that measures the number of disk ac-
cesses. The optimal solution chosen by this approach is the vertical fragmentation schemata
that have the fewest number of disk accesses. Again, there is no proof that the resulting frag-
mentation schema is an optimal solution, or taking it as input will lead to optimal allocation,
for distributed databases. Actually, for distributed databases, transportation costs dominate
the total query costs. This means that improving data local availability, which in turn reduces
remote data transportation, plays an important role in improving system performance.

As to allocation, due to the complexity of the allocation problem that is closely related
to query optimization problem, it is infeasible to find optimal solutions. One has to seek
heuristic solutions. To do this, many assumptions have been made to reduce the complexity
of the problem. Beside the assumption that fragmentation has been done properly before
allocation, other assumptions made in the literature include assuming the simple query strat-
egy or the query site strategy, etc. The assumption that fragmentation is completed properly
is not reasonable. Nor it is possible to solve the fragmentation problem independently from
the allocation problem because the optimal fragmentation can only be achieved with respect
to the optimal allocation of fragments [25]. The simple query strategy ignores the dynamic
nature of networks. The query site strategy ignores the interdependency between allocation
and distributed query optimization. As mentioned in [11], fragmentation based on “locality”
of access exhibited by applications should be performed. However, there is no fragmentation
approach, for both horizontal and vertical fragmentation, taking data locality into consid-
eration. Further, in the step of allocation, all the data local requirement information is not
attached with fragments as input information.

In summary, due to the deficiencies of fragmentation and allocation existing in the litera-
ture, and with the consideration of need of distribution design techniques for complex value
databases, this research will study fragmentation and allocation in the context of complex
value data models. The approach taken in this thesis will study fragmentation and allocation
simultaneously. Based on a cost model, fragmentation and fragment allocation are performed
with the objective of minimizing data transportation costs and maximizing data local avail-
ability (or data locality).
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Chapter 3

Complex Value Databases and

Query Language

3.1 The Data Model

In this chapter a generic approach to define a complex value data model, adopted from
Higher-Order Entity Relationship Model (HERM) from [109], will be described. The aim of
this chapter is to define a context of studying database distribution design. As mentioned in
Chapter 1, the reason for choosing complex data models is that they cover the common aspects
of object-oriented databases, object-relational databases and eXtensible Markup Language
(XML). In order to define a complex data model, type systems with an ordinary set semantics
are utilized. Further, a query language and a cost model will be presented for evaluating system
performance of complex value databases.

3.1.1 Types and Trees

Following a basic observation in [101], each data model is mainly determined by the collection
of types it supports. Here the simple approach to define a type system by base types and
type constructors is taken. Types are then constructed by applying these constructors in an
orthogonal way, though not all data models support full orthogonality. Using abstract syntax
we may describe a type system as:

t = b | 1l | (a1 : t1, . . . , an : tn) | {t} | [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, DECIMAL, DATE , etc. Further-
more, (·) is a record type constructor, {·} a set type constructor, [·] a list type constructor,
1l is a trivial type . For complex value data model the outmost constructor is a tuple type
constructor.

Each type 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.

– dom(1l) = {>}.
– dom((a1 : t1, . . . , an : tn)) = {(a1 : v1, . . . , an : vn) | vi ∈ dom(ti)} for record types.
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– For set types dom({t}) = {{v1, . . . , vk} | vi ∈ dom(t)}.
– For list types dom([t]) = {[v1, . . . , vk] | vi ∈ dom(t)}, i.e. elements may appear more than

once and are ordered.

Obviously, each value v ∈ dom(t) for any type t can be represented by an ordered finite
tree using the type constructors as labels for non-leaf nodes, while each leaf is labeled by a
value of some base domain Vi.

Let us illustrate the mapping of a concrete data model to our generic one for a simplified
version of the HERM [109].

Definition 3.1. A database type of level k ≥ 0 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 Ei of level exactly k − 1, except for k = 0, 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 write E = (comp(E), attr (E), id(E)). ut

Definition 3.2. A complex value database schema is a finite set S of database types such
that for all E ∈ S and all its components Ei we also have Ei ∈ S. ut

Example 3.1. The following is a complex database schema for a simple university applica-
tion:

for

DEPARTMENT

LECTURER

TEACH

LECTURE

PAPER

dname  homepage

no

ptitle

semester

in

level   points

contacts: {contact:(location, office)}

schedule:{slot: (day, time, room)}

who

name: (fname, lname, titles:{title})

phone: (areacode, number)

id

email
homepage

campus

paper

Fig. 3.1. HERM Diagram of the University Database

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

campus})
Teach = ({who: Lecturer, for: Lecture}, ∅, {who: Lecturer, for: Lecture})
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The domain types of complex attributes are as follows:

dom(contacts) = {contact: (location: STRING, office: STRING)}
dom(name)= (fname: STRING, lname: STRING, titles: {title: STRING})
dom(phone)= (areacode: CARD, number: CARD)
dom(schedule) = {slot: (day: STRING , time: TIME , room: STRING)} in the database type
Lecture. All other domains have been omitted.

ut

Definition 3.3. Given a complex value database schema S, we associate two types tE and
kE – 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 a database type E is the tuple type

tE = (r1 : kE1
, . . . , rn : kEn , a1 : dom(a1), . . . , ak : dom(ak)).

– The key type of a database type E is the tuple type

kE = (ri1 : kEi1
, . . . , rim : kEim

, aj1 : dom(aj1), . . . , aj` : dom(aj`)).
ut

Example 3.2. The list contains some of the representation types for the complex value
database schema from Example 3.1:

tDepartment = (name: STRING , homepage: URI , contacts: {contact: (location: STRING,
office: STRING)})

tLecturer = (in: (name: STRING), id: STRING, name: (fname: STRING , lname: STRING ,
titles: {title: STRING}), email: EMAIL, phone: (areacode: CARD , number:
CARD), homepage: URI )

tPaper = (no: CARD , ptitle: STRING , level: CARD , points: CARD)
tLecture = (paper: (no: CARD), semester: STRING , campus: STRING , schedule: {slot: (

day: STRING , time: TIME , room: STRING)})
tTeach = (who: (id: STRING), for: (paper: (no: CARD), semester: STRING , campus:

STRING ,))
ut

Definition 3.4. Atomic attributes are attributes with their domains as base types dom(bi).
Complex attributes are attributes that are defined by iteratively using the tuple type, the set
type and the list type constructors. ut

Definition 3.5. A complex value 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 tE satisfying the follow-
ing two conditions:

– whenever t1, t2 ∈ db(E) coincide on their projection to id(E), they are already equal;
– 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.
ut
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Note that the relational data model employs only base types and tuple type constructor
and can be treated as a special case of the complex value data model. A relation contains a
finite set of tuple-valued attributes.

Example 3.3. An instance of the database schema defined in Example 3.1 is shown as in
Table 3.1 and Table 3.2.

Table3.1. An Instance of the University Schema

db(Department)
dname homepage contacts

contact
location office

Information is.massey.ac.nz
Turitea SST2.05
Wellington DLB305

Accounting ac.massey.ac.nz
Turitea SST1.14
Albany PK3.05

Marketing mk.massey.ac.nz
Napier BSC1.11
Albany TIU331

db(Paper)
no ptitle level points

110001 Accounting Principles 100 15
110105 Taxation 100 15
156100 Marketing Management 100 15
157221 Information Systems Analysis 200 15
157331 Database Concepts 300 15

db(Lecturer)
in: id name email phone homepage

Department
fname lname titles area- number

code
title

Accounting 1001 John Dever
Professor

Dr
j.dever 09 8556677 dever.com

Marketing 1002 Allan Barry
Senior

Lecturer
Dr

a.barry 06 3556688 barry.com

Information 2010 Shirley Churchill Lecturer s.churchill 04 4983677 churchill.com

Information 3203 Jerry Hubbard

HoD
Professor

Dr
j.hubbard 06 3569988 hubbard.com

Accounting 2618 James Hooks Lecturer j.hooks 04 4663365 hooks.com

ut
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Table3.2. An Instance of the University Schema (continued from Table 3.1)

db(Lecture)
paper semester campus schedule

slot
no day time room

110001 0401 ALB
Monday 10am SSLB1
Thursday 2pm SSLB5

156100 0402 ALB
Wednesday 9am BSC201

Friday 1pm BSC201

110105 0501 WN
Tuesday 1pm SST1
Thursday 3pm SST1

157221 0501 WN
Monday 9am SST1

Wednesday 1pm SST1

157221 0601 PN
Monday 11am SSLB2

Wednesday 2pm SSLB2

157331 0601 PN
Monday 11am SSLB3
Thursday 2pm SSLB2

157331 0701 PN
Monday 10am SSLB4
Thursday 3pm SSLB4

db(Teach)
who for
ID no semester campus

1001 110001 0401 ALB
1002 156100 0402 ALB
2618 110105 0501 WN
2010 157221 0501 WN
3203 157221 0601 PN
3203 157331 0601 PN
3203 157331 0701 PN

3.1.2 Subtypes

Subtyping on the type system is defined in [101] with preorder ≤ on the types.

Definition 3.6. Suppose base types contains 1l. Then subtyping can be defined as the smallest
preorder such that the following holds:

1. t ≤ 1l for any type t,
2. {t1} ≤ {t2} if and only if t1 ≤ t2,
3. [t1] ≤ [t2] if and only if t1 ≤ t2,
4. (ai1 : ti1 , . . . , aim : tim) ≤ (a1 : t1, . . . , an : tn) with 1 ≤ i1 ≤ i2 ≤ . . . , im ≤ n and

(a1 : t1, . . . , an : tn) ≤ (a1 : t′1, . . . , an : t′n) if and only if ti ≤ t′i holds.
ut

Example 3.4. From Example 3.2 we take a representation type tPaper = (no: CARD , ptitle:
STRING , level: CARD , points: CARD)
Then tPaperis a subtype of tPaperTitle = (no: CARD , ptitle: STRING). In other words,
tPaperTitle is a supertype of tPaper. ut
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3.1.3 Rational Trees

Some data models including [1, 103] support also references, which then define rational trees,
i.e. trees with only a finite number of distinct subtrees. In terms of the type system this can
be expressed in two ways. The first one adds labels, so we get:

t = b | 1l | ` | ` : t | (a1 : t1, . . . , an : tn) | {t} | [t] | 〈t〉 | (a1 : t1) ⊕ · · · ⊕ (an : tn) (2)

Then a type ` : t′ occurring inside the definition of a type t is said to define the label `,
whereas each plain occurrence of ` is said to use the label `. Following [1] the restriction to
rational trees can be simply expressed by the following two conditions:

– Within a type t a label ` can at most be defined once.
– Within a type t each label ` that is used must also be defined.

Example 3.5. Let us look at the following schema definition in XML Schema:

〈xs:schema xmlns:xs=“http://www.w3.org/2001/XMLSchema”〉

〈xs:element name=“cellar”〉
〈xs:complexType〉
〈xs:sequence〉
〈xs:element ref=“wines”/〉
〈xs:element ref=“wineries”/〉
〈xs:element ref=“regions”/〉

〈/xs:sequence〉
〈/xs:complexType〉

〈/xs:element〉

〈xs:element name=“wines”〉
〈xs:complexType〉
〈xs:element ref=“wine” minOccurs=“0” maxOccurs=“unbounded”〉

〈/xs:complexType〉
〈/xs:element〉

〈xs:element name=“wineries”〉
〈xs:complexType〉
〈xs:element ref=“winery” minOccurs=“0” maxOccurs=“unbounded”〉

〈/xs:complexType〉
〈/xs:element〉

〈xs:element name=“regions”〉
〈xs:complexType〉
〈xs:element ref=“region” minOccurs=“0” maxOccurs=“unbounded”〉

〈/xs:complexType〉
〈/xs:element〉

〈xs:element name=“wine”〉
〈xs:complexType〉
〈xs:sequence〉
〈xs:element name=“name” type=“xs:string”/〉
〈xs:element name=“year” type=“xs:integer” minOccurs=“0”/〉
〈xs:element ref=“blend” maxOccurs=“unbounded”/〉
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〈xs:element name=“price” type=“xs:decimal”/〉
〈/xs:sequence〉

〈/xs:complexType〉
〈xs:attribute name=“w-id” type=“xs:ID” use=“required”/〉
〈xs:attribute name=“producer” type=“xs:IDREF” use=“required”/〉

〈/xs:element〉

〈xs:element name=“blend”〉
〈xs:complexType〉
〈xs:sequence〉
〈xs:element name=“grape” type=“xs:string”/〉
〈xs:element name=“percentage” type=“xs:integer”/〉

〈/xs:sequence〉
〈/xs:complexType〉

〈/xs:element〉

〈xs:element name=“winery”〉
〈xs:complexType〉
〈xs:sequence〉
〈xs:element name=“name” type=“xs:string”/〉
〈xs:element name=“owner” type=“xs:integer” maxOccurs=“unbounded”/〉
〈xs:element name=“area” type=“xs:string” minOccurs=“0”/〉
〈xs:element name=“established” type=“xs:date” minOccurs=“0”/〉

〈/xs:sequence〉
〈/xs:complexType〉
〈xs:attribute name=“v-id” type=“xs:ID” use=“required”/〉
〈xs:attribute name=“in-region” type=“xs:IDREF” use=“required”/〉

〈/xs:element〉

〈xs:element name=“region”〉
〈xs:complexType〉
〈xs:sequence〉 〈xs:element name=“name” type=“xs:string”/〉 〈/xs:sequence〉

〈/xs:complexType〉
〈xs:attribute name=“r-id” type=“xs:ID” use=“required”/〉
〈xs:attribute name=“famous-wines” type=“xs:IDREFS” use=“required”/〉

〈/xs:element〉

〈/xs:schema〉

That is, a cellar contains a list of wines, wineries and regions. A wine is described by a name,
a year (optional) and a blend (which is a sequence of grapes together with their percentages).
A winery is described by a name, a list of owners, an area (optional) and an establishment
date (optional). A region just has a name. Furthermore, there are references from a wine to
the winery that produces it, from a winery to the region it is located in, and from a region
to all its famous wines.
Using the label-extended type system, we can represent this schema by three classes, wines,
wineries and regions, with the following representation types (with labels w-id, v-id and r-id):

twines = w-id : (w-name : STRING , year : (y : CARD) ⊕ (n : 1l), blend : [(grape : STRING ,
percentage : CARD)], price : DECIMAL, producer : v-id)
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twineries = v-id : (v-name : STRING , owner : [STRING ], area : (k : STRING) ⊕ (u : 1l),
established : (y : DATE ) ⊕ (n : EMPTY ), in-region : r-id)
tregions = r-id : (r-name : STRING , famous-wines : [w-id])

ut

It is commonly known that reference structures can be modeled equivalently by using
identifiers. That is, we assume a special base type ID with dom(ID) ∩ Vi = ∅ and set
dom(`) = dom(ID) and dom(` : t) = {(i, v) | i ∈ dom(ID), v ∈ dom(t)}. Using such a
representation leads back to finite ordered trees at the price of having more complicated
occurrence constraints [103].

Example 3.6. Using a representation with identifiers we may further modify the represen-
tation types in Example 3.5 to:

twines = (w-id : ID , w-name : STRING , year : (y : CARD) ⊕ (n : 1l), blend : [(grape : STRING ,
percentage : CARD)], price : DECIMAL, producer : ID)
twineries = (v-id : ID , v-name : STRING , owner : [STRING ], area : (k : STRING) ⊕ (u : 1l),
established : (y : DATE ) ⊕ (n : 1l), in-region : ID)
tregions = (r-id : ID , r-name : STRING , famous-wines : [ID ])

ut

Therefore, in the following I will only consider the slightly simpler type system in (1),
assuming that one of the base types is ID .

The query algebra used in this thesis is based on the work in [101]. The starting point
for this approach to query algebra is that complex value data models mainly differ by the
supported complex value type constructors (e.g. tuples, lists, sets, multisets, unions, etc.),
the presence or absence of references, and the restrictions on how these constructors can
be combined. This captures: complex value and object-relational data models [109]; object
oriented data models [103]; and the models of semi-structured data and XML [1, 54], in
particular the various approaches to defining schemata for XML [20, 35, 49] including the de
facto standard XML Schema [112].

Generic algebra combines operations defined for the type constructors including structural
recursion, generalized join operations and abstract object creation [3]. As a consequence, it
captures XML algebra [48], and can be used to represent the gist of XML query languages
[4, 21, 42] including the emerging standard XQuery [111], as shown in [66].

3.2 Query Algebra and Optimization

Let us now take a look at queries. It is beyond the scope of this thesis to fully discuss query
languages for complex value data models. Instead of this the viewpoint is adopted that the
implementation of any kind of query will somehow exploit a query algebra, and that queries
in such an algebra give rise to query trees, e.g., [93]. Such query trees are the subject of
query optimization. It is well known that query trees that represent relational algebra queries
are subject to heuristic algebraic query optimization, which rearranges the tree. However,
other query optimization techniques such as sideways information passing [2], which affects
the order of joins, and tableau optimization [2], which for conjunctive queries discovers and
removes redundant joins, also give rise to a reorganization of query trees.
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Therefore, it makes sense to restrict ourselves to query algebra. In particular, we will see
later that optimized query trees will only be marginally affected by subsequent fragmentation.
In other words, we can and should start from optimized query trees.

3.2.1 A Generic Query Algebra

According to the definition of complex value databases in Section 3.1 the definition of a query
algebra is mainly determined by operations defined on the type system. There is no operation
on 1l, but for BOOL we may consider the operations:

– conjunction ∧ : BOOL× BOOL → BOOL,
– negation ¬ : BOOL → BOOL,
– implication ⇒: BOOL × BOOL → BOOL,
– two constants true : 1l → BOOL and false : 1l → BOOL.

For tuple types we consider:

– projection πi : t1 × · · · × tn → ti and
– product o1 × · · · × on : t→ t1 × · · · × tn for given operations oi : t→ ti.

For set types we may consider

– union ∪,
– difference − ,
– the constant empty : 1l → {t} and
– the singleton operation single : t→ {t} with well known semantics.

In addition, we may consider structural recursion, which exploits the constructors for
finite sets, i.e. the constant empty, the singleton operation and the union operation. In order
to define an operation on a set type, say op : {t} → t′, it is therefore sufficient to define it on
the empty set, on singleton sets and on unions. Formally, we can define structure recursion
as below:

Definition 3.7. Given op = src[e, g,t] with a value e of type t′, a function g : t → t′ and a
function t : t′ × t′ → t′. Then src[e, g,t] is defined as:

src[e, g,t](∅) = e,

src[e, g,t]({x}) = g(x) for each x of type t, and

src[e, g,t](X ∪ Y ) = src[e, g,t](X) t src[e, g,t](Y ) for disjoint X,Y of type [t].

ut

Similar definitions can be given for lists as in [66].
It is easy to see that structural recursion is able to express projections, selections and

aggregate functions as they appear in standard query languages such as SQL.

Definition 3.8. Considering a function f : t→ t′ for arbitrary types t and t′. We can “raise”
f to a function map(f) : {t} → {t′} by applying f to each element of a set to get:

map(f) = src[∅, single ◦ f,∪]

Projection is just a special case of map. ut
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Definition 3.9. Considering a function ϕ : t → BOOL, we define selection as an operation
filter(ϕ) : {t} → {t}, which associates with a given set the subset of all elements “satisfying
the predicate” ϕ, i.e. elements that are mapped to T. Then we may write

filter(ϕ) = src[∅, if then else ◦ (ϕ× 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 and
triv : t→ 1l as a unique “forget”-operation for each type t. ut

For completeness we also use operations on functions, in particular, composition ◦ : (t2 →
t3) × (t1 → t2) → (t1 → t3), evaluation ev : (t1 → t2) × t1 → t2, and abstraction abstr :
(t1 × t2 → t3) → (t1 → (t2 → t3)). All these operations are standard.

Furthermore, assume an equality predicate =t: t×t→ BOOL for all types t except function
types and a membership predicate ∈: t× {t} → BOOL. Combining all the operations for all
types of the type system gives all operations induced from the type system.

In [101] it has been shown that these operations suffice to express more complex operations
for nesting and unnesting.

Finally, we will need a generalized join-operation. If t is a common supertype of t1 and t2
with associated subtype functions πit : ti → t, then there exists a common subtype t1 ./t t2
together with subtype functions πti : t1 ./t t2 → ti such that π1

t ◦ πt1 = π2
t ◦ πt2 holds.

Furthermore, for any other common subtype t′ with subtype functions π′ti : t′ → ti with
π1
t ◦ π

′
t1 = π2

t ◦ π
′
t2 there is a unique subtype function π : t′ → t1 ./t t2 with πti ◦ π = π′ti .

3.2.2 Path Expressions

In the relational data model, only simple attributes are used. Therefore, it is straightforward
to specify attributes of a relation schema. In complex value data models, however, complex
attributes are involved. For this we need to define path expressions. Path expressions are
defined as below.

Definition 3.10. Path expressions may have the following formats:

– the empty path ε is a path for every type t,
– if pathi is a path for ti then ai.pathi is a path for t = (a1 : t1, . . . , an : tn),
– if path is a path for t′ then path is also a path for t = {t′},
– if path is a path for t′ then path is also a path for t = [t′].

ut

3.2.3 A Simple Query Algebra

Using the query algebra introduced in the above section, each query gives rise to a query tree
in the same way as for the relational data model. Furthermore, there are equalities among
the algebraic query expressions which will allow us to rearrange the execution order of the
operations. Without going into detail – the heuristics is the same as for the RDM – we can
rearrange a query tree in a way that (if possible) we first apply structural recursion operations
src[e, g,t] on the sets of input database, i.e. on some db(Ei).

However, no complete theory of query optimization based on structural recursion is known.
We therefore turn back to a simpler query algebra with operations that can be expressed in
the generic algebra above, but will be sufficient for studying database distribution design in
this thesis. The following defines a simple query algebra:
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– Projection πtE′
(db(E)) with a super type tE′ of tE , and resulting in

db(E′) = {v′ : tE′ | ∃v ∈ db(E).v′ = πtEtE′
(v)}.

– Selection σϕ(db(E)) with a selection formulae ϕ as discussed above, resulting in

db(E′) = {v : tE | ∃v ∈ db(E) ∧ ϕ(v) = true}.

In general, a selection condition or simple predicate for an instance db(E) has the form
path θ v with a path expression path on db(E), a value v of the corresponding type, and
a comparison operator θ, which can be one of =, 6=, ≤, <, >, ≥, ⊆, ⊇, 6⊆, 6⊇, ∈, /∈, 3, and
63. More complex selection formulae can be built as logical combinations of simple ones
using ∧, ∨ and ¬.

– Join db(E1) ./t db(E2) with common super type t ≤ ti for i = 1, 2 as discussed in the
previous subsection, resulting in

db(E1) ./t db(E2) = {v : t1 ./t t2 | ∃v1 ∈ db(E1).∃v2 ∈ db(E2).πt1(v) = v1 ∧ πt2(v) = v2}.

– Semijoin as applying join operation first and then applying projection operation:

db(E1) nt db(E2) = {v : πt1(t1 ./t t2) | ∃v
′ ∈ db(E1) ./t db(E2). ∧ v = πt1(v

′)}.

– Set operations ∪, ∩ − for union, intersection and difference of db(E1) and db(E2), both
of type t.

db(E1) ∪ db(E2) = {v : t | v ∈ db(E1) ∨ v ∈ db(E2)}.

db(E1) ∩ db(E2) = {v : t | v ∈ db(E1) ∧ v ∈ db(E2)}.

db(E1) − db(E2) = {v : t | v ∈ db(E1) ∧ v 6∈ db(E2)}.

– Nesting νt with an embedded type t inside a record constructor. All values w of type t
that are part of values that are equal “except for w” are grouped into a set.

νt(db(E)) = {v : (tE − t) ∪ {t} | ∃v1 ∈ db(E).πtEtE−t(v) = πtEtE−t(v1) ∧ π
tE
t (v) = {πtEt |

∃v2 ∈ db(E) ∧ πtEtE−t(v1) = πtEtE−t(v2)}}.

– Unnesting υt with a set type {t}. It reverses a nest-operation.

υt(db(E)) = {v : (tE − {t}) ∪ t | ∃v′ ∈ db(E).πtEtE−{t}(v) = πtEtE−{t}(v
′)

∧πtEt (v) ∈ πtEt (v′)}.

– Dereferencing δ, which replaces identifiers in the first argument by the corresponding
value in the second argument.

δ(db(E), db(D)) = {v : (tE − kD) ∪ tD | ∃v1 ∈ db(E).v2 ∈ db(D).πtEtE−kD
(v) = πtEtE−kD

(v1)

∧πtEtD(v) = v2)}.
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– Identifier creation γ, which creates new identifiers.

γ(db(E)) = {(i, v) : {I} ∪ tE | i :: I ∧ i 6∈ id(db).∃v ∈ db(E)}.

– Renaming %f with a renaming function f that maps names of labels in types to new
names. So we can assume to write f = {n1 7→ m1, . . . , nk 7→ mk} with pairwise different
“old” names ni (i = 1, . . . , k) that are replaced by pairwise different “new” names mi

(i = 1, . . . , k).

%n1 7→m1,...,nk 7→mk
(db(E)) = {v : tE − (n1, . . . , nk) ∪ (m1, . . . ,mk) | ∃v

′ ∈ db(E).

πm1,...,mk
(v) = πn1,...nk

(v′) ∧ πtE−(m1,...,mk)(v) = πtE−(n1,...,nk)(v
′)}.

Example 3.7. Let us look again at Example 3.1. The following are algebraic query expres-
sions:

– πid: STRING, name.fname:STRING(db(Lecturer)), which projects to lecturers’ id and first
name.

– γ(νin: (dname: STRING)(πin: (dname: STRING), name.lname: STRING, id: ID (db(Lecturer))))
project each lecturer onto the department he or she works in, his or her lname and id,
then nest with respect to the department, then create new identifiers for each element in
the set.

ut

In addition to these operations we use amalgams, i.e. sequences of operations that are
executed in one step. We write amg[on, . . . , o1] for an amalgam involving the operations
o1, . . . , on. Then

amg[on, . . . , o1](db(E1), . . . , db(Ek))

=amg[on, . . . , o2](o1(db(E1), . . . , db(Ear1)), db(Ear1+1), . . . , db(Ek)),

where ari is the arity of operation oi. In particular, we need k = 1+
∑n

i=1(ari−1) arguments
for amg[on, . . . , o1].

Example 3.8. amg[πt′ , ./t] denotes an amalgam of arity k = 2 with

amg[πt′ , ./t](db(E1), db(E2)) = πt′(db(E1) ./t db(E2)).

The rationale behind this amalgam is that if the join is implemented by a merge-join, or a
similar implementation approach, elements in db(E1) and db(E2) would first be ordered, then
joined. A follow-on ordering for the projection would be unnecessary. To the contrary, the
projection of each value can be made part of the join.

ut

Using this, algebra queries give again rise to query trees. We assume that queries have been
optimized before fragmentation using various distributed query optimization techniques, cf.
[2, 67, 93, 110]. It is common practice in query optimization for relational databases to perform
selection operations first, and projection operations as early as possible [2, 67, 93, 110]. It
has further been shown that most algebraic optimization rules for relational databases can be
extended to complex value databases, with the exception of the commutativity laws for joins
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and selections when these operations involve subrelations or set-valued attributes [36, 71, 97].
Selection operators used in this thesis do not involve subrelations. Therefore the optimization
assumption mentioned in the beginning of this paragraph allows us to focus on subqueries of
the form

πt(σϕ(db(E))) (∗)

We will see that splitting, horizontal and vertical fragmentation with follow-on algebraic
query optimization will only affect these subqueries.

3.3 A Query Processing Cost Model

In this work we are interested in fragmentation design to improve system performance by
decreasing the total cost of query execution. Therefore, a cost model is needed to evaluate
a fragmentation schema. We use the query tree to estimate query costs. We also need some
suitable formulae to estimate the sizes of sets of complex values, fragments, and intermediate
nodes of a query tree.

3.3.1 Query-Trees

Suppose we are given a query in query algebra. As discussed before we are not concerned with
query optimization here as it is a challenging research topic of its own and beyond the scope
of this thesis. The interested reader is referred to [2, 67, 93, 110]. Rather we assume that the
query is already given in optimized form. In order to calculate query costs, we adapt query
trees from [102]. A query tree is just a graph representation of a query.

The leaves of a query tree will be elementary queries such as instances db(E) or fragments
db(Fi). All other nodes are operators of query algebra: σϕ, πt, ρ, ./, ∪,∩, or − introduced in
Section 3.2.3 . The query tree is formed inductively (inside-out) from Q as follows:

– If Q is elementary, then the tree consists of just one root, which is Q.
– For Q = op(Q′) with op standing for a selection, projection or renaming take the whole

tree for Q′ plus a new root op having the root of the Q′-tree as its successor.
– For Q = Q1op Q2 with op standing for a join, a union, derererence or a difference take the

trees for Q1 and Q2 plus a new root op having the roots of the Q1-tree and the Q2-tree
as successors.

Example 3.9. Suppose there is a query requesting numbers and titles of papers offered in
semester 0701 at PN campus. Then we have the following query:

πno(σcampus=‘PN’∧semester=0701(db(Lecture))) ./ πno, ptitle(db(Paper))

The corresponding query tree is shown in Figure 3.2.

3.3.2 Size Estimation for Leaves of a Query Tree

Crucial to the query costs are the sizes of sets of complex values that have to be built during
query execution, as these sets have to be stored at secondary storage, retrieved from there
again, and sent between the locations of a network. Therefore, we first approach an estimation
of these sizes.
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Fig. 3.2. Example of a Query Tree

In order to do so, we first look at types t, and estimate the size s(t) of a value of type
t, which of course depends on the context. Then the size of an instance db(E) is nE · s(tE),
where nE is the average number of elements in the instance 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 in 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 or lists of type {t′}
or t = [t′], respectively, within a value of type t.

3.3.3 Size Calculation for Intermediate Nodes of a Query Tree

The calculation of sizes of instances of a type E applies also to the intermediate results of all
queries as done in [75]. However, as we will see from the discussion in Chapter 5 and also in
[81], which addresses the impact of fragmentation operations on query costs, we may restrict
our attention to the nodes in the subqueries of the form (∗), as the other nodes in the query
tree will not be affected by fragmentation and subsequent heuristic query optimization. Thus,
we only have to look at selection and projection nodes, which are the only operations in the
subqueries of the form (∗), and ignore all other nodes in query trees.

– The size of a selection node σϕ(db(E)) is p · s, where s is the size of the successor node
db(E) and p is the probability that an element in the successor will satisfy ϕ.

– The size of a projection node πt′(db(E)) is (1− c) ·s ·
s(t′)

s(t)
, where t is the type of elements

in the set associated with the successor node db(E) of size s, t′ is the type of the elements
in the set associated with the projection node, and c is the probability that two elements
in the successor have the same projection.

– The size of a dereference node δ(db(E1), db(E2)) is
s1(s(t1) + q(s(t2) − s(kE2

)))

s(t1)
, where si

is the size of successor db(Ei), ti is the corresponding type – hence
si

s(ti)
is the average
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number of elements in db(Ei) – and q is the average number of identifiers in elements of
db(E1) that occur in db(E2).

The work in [72] contains a discussion of sizes of results for other algebraic operations
as well, but they will not be needed here because only subqueries in the form of (∗) are
considered.

3.3.4 Query Processing Costs

Fragmentation results in a set of fragments {F1, . . . , Fn} of average sizes s1, . . . , sn. If the
network has nodes N1, . . . ,Nk we have to allocate these fragments to the nodes, which gives
rise to a mapping λ : {1, . . . , n} → {1, . . . , k}, which we call a location assignment .

However, the fragments only appear at the leaves of query trees. More generally, we must
associate a node λ(h) with each node h in each relevant query tree. λ(h) indicates the node
in the network, at which the intermediate query result corresponding to h will be stored.

Given a location assignment λ we can compute the total costs of query processing. Let the
set of queries be Qm = {Q1, . . . , Qm}. Query costs are composed of two parts: storage costs
and transportation costs:

costsλ(Qj) = storλ(Qj) + transλ(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 transportation costs provide a measure for
transporting between two nodes of the network.

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

storλ(Qj) =
∑

h

s(h) · dλ(h),

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).

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

transλ(Qj) =
∑

h

∑

h′

cλ(h′)λ(h) · s(h
′).

Again the sum ranges over the nodes h of the query tree for Qj, h
′ runs over the prede-

cessors of h in the query tree, and cij is a transportation cost factor for data transport from
node Ni to node Nj (i, j ∈ {1, . . . , k}).

Furthermore, for each query Qj we assume a value for its frequency fj. The total costs of
all the queries in Qm are the sum of the costs of each query multiplied by its frequency, i.e.

costλ =

m
∑

j=1

costλ(Qj) · fj.
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Remark. Compared to the cost model in [64] the cost model introduced in this section is
more general. It does not only consider transportation costs but also considers storage costs.
Further, it does not only consider costs between fragments but also costs between intermediate
nodes of a query tree, which may not be fragments. The cost model above does not need
a fragment dependency graph as input but considers all the possible allocation schemata.
Further, it is not restricted only to a simple query environment, which is assumed in [7, 39,
100].
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Chapter 4

Fragmentation Operations

Let us now look at fragmentation. Similar to the relational approach, fragmentation exploits
the fact that each database type E defines a set in a database db, thus can be partitioned
into disjoint subsets. As the complex value data model defined in Chapter 3 provides deeply
nested structures, splitting is used as another fragmentation operation. Roughly speaking,
splitting introduces new data types referencing each other. In the sections below, horizontal
fragmentation, vertical fragmentation and splitting will be defined, followed by correctness
rules for fragmentation. Note that fragmentation operations considered here are very close
to that defined for the RDM. There is no general decomposition and composition defined for
complex value databases because inverse operations have not been defined for complex value
databases. In particular, nesting and unnesting are not used when performing fragmentation
because after unnesting a database instance of a complex database type we can not guarantee
to reconstruct the original instance by using nesting [36].

4.1 Horizontal Fragmentation

Let us now define operations for horizontal fragmentation. Similar to the RDM horizontal
fragmentation exploits the fact that each database type E defines 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 fragmentation. Primary horizontal fragmentation refers to the fragmentation on
database types using predicates.

Definition 4.1. Primary horizontal fragmentation on a database type E replaces E by a set
EH1, . . . , EHn of new database types such that:

– the attribute and components in each EHj are the same as in E: EHj = E.
– each database instance over E can be split into pairwise disjoint instances
db(EH1), . . . , db(EHn) such that

db(E) =
n
⋃

i=1

(db(EHi)), 1 ≤ i ≤ n.

– by using query algebra, the operation of horizontal fragmentation is expressed as:

db(EHi) = σϕi
(db(E)).
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ut

Example 4.1. Let us consider an instance db(Department) (as outlined in Table 3.1)
of Department from Example 3.1. Using two predicates ϕ1 ≡ contacts.contact.location 3
‘Turitea’ and ϕ2 ≡ contacts.contact.location 63 ‘Turitea’, horizontal fragmen-
tation of db(Department) into two fragments db(Turitea Department) and
db(No Turitea Department) (as outlined in Table 4.1) are defined as follows:

db(Turitea Department) = σϕ1
(db(Department))

db(No Turitea Department) = σϕ2
(db(Department))

Table4.1. Horizontal Fragmentation of db(Department)

db(Turitea Department)
dname homepage contacts

contact
location office

Information is.massey.ac.nz
Turitea SST2.05

Wellington DLB305

Accounting ac.massey.ac.nz
Turitea SST1.14

Albany PK3.05

db(No Turitea Department)
dname homepage contacts

contact
location office

Marketing mk.massey.ac.nz
Napier BSC1.11

Albany TIU331

Derived horizontal fragmentation refers to performing fragmentation using semijoins with
fragmentation of its component or a database type having it as a component.

Definition 4.2. Derived horizontal fragmentation on a database type E results that E is
replaced by a set {EH1, . . . , EHn, EHn+1} of new database types such that:

– the attributes and components in EHi are the same as in E: EHi = E.
– each instance over data type E can be split into pairwise disjoint instances
db(EH1), . . . , db(EHn+1) such that

db(E) =
n+1
⋃

i=1

(db(EHi)), 1 ≤ i ≤ (n+ 1).

– using query algebra derived horizontal fragmentation can be written as:

db(EHi) = db(E) n db(E′
i), 1 ≤ i ≤ n.

with E′ ∈ comp(E) or E ∈ comp(E′) and fragmentation schema of E′ as
FE′ = {E′

1, . . . , E
′
n}.

46



4.2. VERTICAL FRAGMENTATION Hui Ma

– there is always a remainder:

db(EHn+1) = db(E) − db(E) n db(E′).
ut

Note that we do not restrict ourself to performing derived horizontal fragmentation on a
database type using horizontal fragmentation of only its components. This extension enables
derived horizontal fragmentation to be applied in more general cases. Again, the biggest
number of derived horizontal fragments are the number of network nodes.

In the complex data model introduced in Section 3.1, database types are on different levels.
If a type is derived fragmented with the fragmentation schema of a type of its components,
then the resulting fragments 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 cannot be
guaranteed. However, if an extra procedure of removing overlaps is employed, disjointness can
be guaranteed.

Example 4.2. Take the schema from Example 3.1 and fragment the instance db(Paper)
into two new fragments db(Advanced Paper) and db(Basic Paper) using ϕ1 ≡ level ≥
300 and ϕ2 ≡ level < 300 (see Table 4.2). Two fragments db(Advanced Lecture) and
db(Basic Lecture) (see Table 4.3) are defined as follows:

db(Advanced Lecture) = db(Lecture) n db(Advanced Paper)

db(Basic Lecture) = db(Lecture) n db(Basic Paper)

Table4.2. Horizontal Fragmentation of db(Paper)

db(Advanced Paper)

no ptitle level points

157331 Database Concepts 300 15

db(Basic Paper)

no ptitle level points

110001 Accounting Principles 100 15

110105 Taxation 100 15

156100 Marketing Management 100 15

157221 Information Systems Analysis 200 15

Note that database type Lecture is derived fragmented using the fragmentation schema
of its component Paper. Therefore the disjointness criteria is satisfied because of the inclu-
sion constraints between a database type and its component, i.e., t[Paper](Lecturer) =
t(Paper).

4.2 Vertical Fragmentation

Definition 4.3. 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 EV 1, . . . , EV m with EV j = ({rj1 : Ej1, . . . , r
j
n : Ejnj}, {a

j
1, . . . , a

j
nj}, {r

j
i1

: Eji1, . . . , r
j
im

:

Ejim , a
j
j1
, . . . , ajj`}) such that:
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Table4.3. Derived Horizontal Fragmentation of db(Lecture)

db(Advanced Lecture)
paper semester campus schedule

slot
no day time room

157331 0601 PN
Monday 11am SSLB3

Thursday 2pm SSLB2

157331 0701 PN
Monday 10am SSLB4

Thursday 3pm SSLB4

db(Basic Lecture)
paper semester campus schedule

slot
no day time room

110001 0401 ALB
Monday 10am SSLB1

Thursday 2pm SSLB5

156100 0402 ALB
Wednesday 9am BSC201

Friday 1pm BSC201

110105 0501 WN
Tuesday 1pm SST1

Thursday 3pm SST1

157221 0501 WN
Monday 9am SST1

Wednesday 1pm SST1

– the components and attributes will be distributed:

{E1, . . . , En} =

m
⋃

j=1

{Ej1, . . . , E
j
nj
},

{a1, . . . , ak} =

m
⋃

j=1

{aj1, . . . , a
j
nj
}.

– db(E) is split into db(EV 1), . . . , db(EV m) such that db(E) could be reconstructed by using
the join operation on all the instances:

db(E) = (. . . ((db(EV 1) ./t1,2
db(EV 2)) ./t1,2,3

. . . ) ./t1,...,k
db(EV m)).

where t1,...,k = (axi
1

: txi
1

, ..., axi
li

: txi
li

) with (axi
1

, . . . , axi
li

) = (tE1
∪ ... ∪ tEi−1

) ∩ tEi
.

– Let tE = (a1 : t1, . . . , an : tn) be the representation type of E, tEV 1
, . . . , tEV m

be the

corresponding representation types of EV 1, . . . , EV m, with tEV j
= (aj1 : tj1, . . . , a

j
nj : tjnj),

which are supertypes of tE. Vertical fragmentation of E is performed by projecting db(E)
to the set of supertypes tEV j

:

db(EV j) = πtEV j
(db(E)), for all j ∈ {1, . . . ,m}.

ut
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To meet the criteria of reconstructivity, it is required that the key type kE is part of all
types EV j . Further, when projection is applied on attributes of a tuple type within a set
type, e.g. {(ai1, . . . , ain)}, an index I should be inserted as a surrogate attribute in the set
constructor before fragmentation. This index should later be attached to each of the vertical
fragments to ensure reconstructivity. However, no index is needed when performing vertical
fragmentation on a list-valued attribute because two list-attributes, which are resulted from
vertical fragmentation, are of the same length and can be joined on positions. Furthermore,
for attribute aj of a key type kEj

, it is required that all attributes in kEj
will be kept in

together after vertical fragmentation.

Example 4.3. Take the schema from Example 3.1 and fragment the database type
Lecture = ({paper:Paper}, {semester, campus, schedule:{slot:(day, time, room)}})

into two new types, with one containing information about day and time of lectures and the
other containing information of room of lectures. That means vertical fragmentation need
to be performed on complex attribute ‘schedule’. As there is an attribute ‘slot’ of a tuple
type occurring inside the attribute ‘schedule’ of a set type, we need first to attach an index
attribute to attribute ‘slot’. Therefore, we alter the representation type tLecture to tLecture′

by attaching an index attribute as a sub-attribute of attribute ‘slot’.
tLecture′ = (paper: (no: CARD), semester: STRING , schedule: {slot: (I : CARD , day:

STRING , time TIME , room: STRING)});
Then vertical fragmentation is performed using two subtypes tLecture Time and

tLecture Venue, each containing a subset of the attributes of tLecture′ , including the index
attribute and the key attributes:
tLecture Venue = (paper: (no: CARD), semester: STRING , schedule: {slot: (I : CARD ,

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

STRING , time: TIME ,)}).
Accordingly, we get the two vertical fragments that result from project operations:

db(Lecture Time) = πtLecture Time
(db(Lecture)),

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

Analogously, the instances db(Lecture) and the resulting fragments are shown in Table 4.4.

4.3 Splitting

For fragmentation by splitting suppose the schema contains a database type E, and let t be a
type that occurs inside tE. Then create a database type D with tD = t. Furthermore, replace
E by E′ with tE′ resulting from tE by replacing t by the key type kD of D such that for each
database db we obtain

db(E) = δ(db(E′), db(D)).

The splitting operation is quite simple. Suppose the schema contains a database type
E and take subsets comp(D) ⊆ comp(E) and attr(D) ⊆ attr(E). Then simply add a new
database type D = (comp(D), attr(D), id(D)) to the schema S and change the definition of
E to

E′ = (comp(E) − comp(D) ∪ {r : D}, attr(E) − attr(D), id(E′))
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Table4.4. Vertical Fragmentation of db(Lecture)

db(Lecture Time)
paper semester campus schedule

slot
no I day time

110001 0401 ALB
1 Monday 10am
2 Thursday 2pm

156100 0402 ALB
1 Wednesday 9am
2 Friday 1pm

110105 0501 WN
1 Tuesday 1pm
2 Thursday 3pm

157221 0501 WN
1 Monday 9am
2 Wednesday 1pm

157221 0601 PN
1 Monday 11am
2 Wednesday 2pm

157331 0601 PN
1 Monday 11am
2 Thursday 2pm

157331 0701 PN
1 Monday 10am
2 Thursday 3pm

db(Lecture Venue)
paper semester campus schedule

slot
no I room

110001 0401 ALB
1 SSLB1
2 SSLB5

156100 0402 ALB
1 BSC201
2 BSC201

110105 0501 WN
1 SST1
2 SST1

157221 0501 WN
1 SST1
2 SST1

157221 0601 PN
1 SSLB2
2 SSLB2

157331 0601 PN
1 SSLB3
2 SSLB2

157331 0701 PN
1 SSLB4
2 SSLB4

with id(E′) = ((id(E) − comp(D)) − attr(D)) ∪ {r : D} if id(E) ∩ (comp(D) ∪ attr(D)) 6= ∅,
id(E′) = id(E) otherwise, and id(D) = comp(D) ∪ attr(D).

Then db(E) is reconstructed from db(E′) and db(D) by a dereference operation δ.

Example 4.4. We could split the database type Lecture from 3.1 into the following two
types:

Paper Offer = ({paper:Paper}, {semester, campus}, {paper:Paper, semester, campus})
Lecture′ = ({for:Paper Offer}, {schedule}, {for:Paper Offer})

ut

If we first apply splitting, we increase the number of database types in the schema. Thus,
splitting widens the possibilities of applying horizontal or vertical fragmentation.

4.4 Correctness Rules for Fragmentation

As with performing fragmentation for the relational data model and the object-oriented data
model, fragmentation should not lead to any loss of or addition to data. Adopted from [93] to
complex value databases, the following three correctness rules during fragmentation should
be enforced to make sure that no semantic change occurs during fragmentation.

1. Completeness

The completeness of fragmentation requires that there should not be any loss of informa-
tion after fragmentation.

2. Reconstruction

If an instance db(E) of a database type E is fragmented into fragments db(E1), . . . , db(En),
it should be possible to use query operation Ω to reconstruct db(E) with db(Ei) such that

db(E) = Ωn
i=1db(Ei)
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For different forms of fragmentation, the operator Ω will be different.

– For horizontal fragments, reconstruction of a global instance db(E) is performed by
using the union operation in the horizontal fragmentation:

db(E) =

n
⋃

i=1

db(Ei).

– For vertical fragments, reconstruction of the original global instance db(E) is made
by using the join operation:

db(E) = (. . . ((db(E1) ./t1,2
db(E2)) ./t1,2,3

. . . ) ./t1,...,k
db(En)).

– For splitting fragments, db(E′) and db(D), reconstruction of the original global in-
stance db(E) is made by using dereference operation:

db(E) = δ(db(E′), db(D)).

3. Disjointness

Informally, disjointness refers to the fact that fragmentation should not lead to a replica-
tion of information. But if replication comes into play, this requirement has to be relaxed.
If an instance db(E) is horizontally decomposed into fragments db(E1), . . . db(En) and the
data item di is in db(Ei) with 1 ≤ i ≤ n, then it does not appear in any other fragment
db(Ej)(i 6= j) with 1 ≤ j ≤ n. If a database instance db(E) is vertically partitioned,
disjointness is defined only on the attributes that are not consisted in the key type kE
of a database type E. To simplify the problem, replication is not considered at the first
stage of the design of distributed databases.
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Chapter 5

Foundations of Fragmentation and

Allocation

The interdependencies between the problem of database distribution design and the problem
of distributed query optimization plays an important role in an optimal database distribution
design. Distributed query optimization, which results in a distributed query processing sched-
ule, is interrelated to fragment allocation. Fragment allocation depends on the processing
schedules of all the queries that access the fragments. This gives rise to a circular problem
which has been noted in [7, 100]. Further, fragment allocation depends on fragmentation and
distributed query optimization. However, it is practically impossible to study database distri-
bution design together with distributed query optimization because of the complexity of each
of the problems. The discussion of distributed query optimization is outside of the scope of
this thesis. To obtain a semi-optimal fragmentation and allocation schema we need to simplify
the combined problems with some assumptions. We assume that distributed queries have been
optimized before fragmentation with query decomposition rules and centralized query opti-
mization rules. After fragmentation distributed queries are transferred into fragment queries
by substituting each data type in the query trees by the dereferences, unions, or joins of the
fragments, the data of which are accessed, reduction techniques are then used to generate
simpler and optimized queries [93]. This is important because it reduces the irrelevant data
accesses by replacing dereferences, unions, or join of all the fragments with the dereferences,
unions, or join of only the fragments needed by the query. In this chapter I will discuss the im-
pact of fragmentation and allocation on query costs with the aim of isolating two interrelated
problems, database distribution design and query processing and optimization.

5.1 The Impact of Splitting on Query Costs

The aim of database distribution is to decrease overall query costs. So assume we have a
query Qj that involves subqueries of the form πt(σϕ(db(E))) for database type E. For such
subqueries we can always assume that an optimal location assignment will choose the same
network nodes for πt, σϕ and db(E), as the two unary operations will only reduce the size. In
this section I discuss the impact of splitting db(E) on the query costs of Qj. We will investigate
three scenarios for this.
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5.1.1 Scenario I

After an instance db(E) of database type E is split into two instances db(E1) and db(E2) with
E1 referencing E2, a subquery πt(σϕ(db(E))) has to be replaced by πt(σϕ(δ(db(E1), db(E2))))
in general. However, it may well be the case that only the fragment db(E1) is needed for the
result, in which case we could replace the query by πt(σϕ′(db(E1))) using a modified selection
formula ϕ′.

Therefore, the leaf db(E) would be replaced by the fragment db(E1) arising from the split-
ting. As the result of the whole subquery remains unchanged, any optimal location assignment
would remain optimal, if only the node Na associated with πt, σϕ and db(E) (i.e. the node on
which db(E) resides) would be changed to Nb, the node associated with πt, σϕ′ and db(E1) in
an optimal allocation of db(E1). The modified query tree of Qj is shown in Figure 5.1.
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Fig. 5.1. Scenario I for Query Tree Rewriting in Case of Splitting Fragmentation

Assume that the storage cost factors di for all sites among the network are equal. Then
the effect of splitting is that the storage cost is reduced by sE − sE1

+ (1 − p) · sE1
with the

factor p corresponding to the selection σϕ. Hence, we get

stor(Q′
j) = stor(Qj) − sE + p · sE1

.

Assume the predecessor of πt in the query tree of Qj is allocated to node Nt as shown in
Figure 5.1. Let s denote the size of πt(σϕ(db(E))). If the fragment db(E1) is allocated to node
Nb 6= Nt, then the transportation cost for Qj is reduced by (cat − cbt) · s, i.e. we get

trans(Q′
j) = trans(Qj) − cat · s+ cbt · s.

In the extreme case that db(E1) is allocated to Nb = Nt, the transportation cost for Qj is
reduced the most, i.e. by cat · s. In this case we get

trans(Q′
j) = trans(Qj) − cat · s.

5.1.2 Scenario II

While scenario I is a rather special case, most queries would still need to access both frag-
ments db(E1) and db(E2), in which case the subquery of query Qj would be replaced by
πt(σϕ(δ(db(E1), db(E2)))). In this case the following query optimization rules can be applied:
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– Replace σϕ(δ(db(E1), db(E2))) by δ(σϕ(db(E1)), db(E2)), if the selection only depends on
db(E1).

– Replace σϕ(δ(db(E1), db(E2))) by δ(db(E1), σϕ′(db(E2))), if the selection only depends on
db(E2). In this case, however, the selection formula ϕ has to be modified to ϕ′ due to the
fact that the type tE2

is embedded in tE.
– In the general case replace σϕ(δ(db(E1), db(E2))) by δ(σϕ1

(db(E1)), σϕ2
(db(E2))) with

ϕ⇔ ϕ1 ∧ ϕ2 and ϕ1 depends only on db(E1) and ϕ2 depends only on db(E2).
– Replace πt(δ(db(E1), db(E2))) by δ(πt1(db(E1)), πt2(db(E2))) with ti = (t ∩ tEi

) ∪ kE2
for

i = 1, 2.
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Fig. 5.2. Scenario II for Query Tree Rewriting in case of Splitting Fragmentation

Query optimization might shift the selection σϕ and the projection πt inside the
newly introduced dereference operation. In general, we would get a subquery of the form
δ(πt1(σϕ1

(db(E1))), πt2(σϕ2
(db(E2)))). In this subquery we could further replace the deref-

erencing and the projections by an amalgam amg[δ, πt1 , πt2 ]. However, as in scenario I, the
upper part of the query tree of Qj would not be affected. Figure 5.2 illustrates the query trees
before and after db(E) is split.

Then the storage cost of the modified query Q′
j is

stor(Q′
j) = stor(Qj) − sC − p · sC + p1 · sE1

+ sE1
+ p2 · sE2

+ sE2
.

Let bi be the node to which db(Ei) is allocated (i = 1, 2). Let `, s ∈ {1, 2} be chosen such
that the size of σϕ`

(db(E`)) is larger than (or equal to) σϕs(db(Es)). Then the effect of the
splitting on the transportation costs is as follows:

– If Nbs 6= Nt, then trans(Q′
j) = trans(Qj) − cat · s+ cb`t · s+ cbsb` · ps · sEs .

– If Nbs = Nt, then trans(Q′
j) = trans(Qj) − cat · s+ cb`bs · p` · sE`

.

5.1.3 Scenario III

Basically, we make the same assumptions as for scenario II, but in addition assume that the
sizes of σϕi

(db(Ei)) are almost equal for i = 1, 2. In this case it is advantageous to trans-
port both intermediate results to the same node Nt and to perform the amalgam-operation
amg[δ, πt1 , πt2 ] at that node. The optimized query tree is illustrated in Figure 5.3.

55



5.2. THE IMPACT OF HORIZONTAL FRAGMENTATION ON QUERY COSTS Hui Ma

op

( )db E

tN

a
N

t

op

1
( )db E

2

2
( )db E

2b
N1bN

1

1 2
[ , , ]t tamg

tN

Fig. 5.3. Scenario III for Query Tree Rewriting in Case of Splitting Fragmentation

If Nb1 6= Nt and Nb2 6= Nt, then storage costs are the same as in Scenario II. Changes only
occur in the transportation costs of query Q′

j:

trans(Q′
j) = trans(Qj) − cat · s+ cb1t · p1 · sE1

+ cb2t · p2 · sE2
.

Fact 5.1 summarizes the discussion about fragmentation by splitting.

Fact 5.1 Let Q be an optimized query and λ an optimal allocation of network nodes to
the nodes in the query tree of Q. If the leaf db(E) is fragmented into db(E1) and db(E2)
by splitting, then an optimal allocation for the resulting query tree will at most change the
allocation of the two predecessors of db(E) labeled by a selection σϕ and a projection πt. This
is because all selection and projection operations in the query tree have been pushed down to
the leaf db(E) by query optimization before the fragmentation. After splitting, a dereference
operation is introduced above the leaves. Then another round of query optimization might only
shift the selection and projection inside the newly introduced dereference operation. The upper
part of the query tree does not change.

5.2 The Impact of Horizontal Fragmentation on Query Costs

Let us now look at the effects of horizontal fragmentation with a single simple selection
formula (and its negation) to query costs. Consider again a query Qj and a subquery of the
form πt(σϕ(db(E))). As for the case of splitting we distinguish three basic scenarios.

5.2.1 Scenario I

Assume that the selection formula ϕ in (∗) has the form ϕ = ψ ∧ ω and that we use ψ to
fragment db(E) into db(E1) and db(E2), i.e. db(E1) = σψ(db(E)) and db(E2) = σ¬ψ(db(E)).

Then the subquery (∗) of Qj only needs to access the fragment db(E1) and thus can be
rewritten as πt(σω(db(E1))). So, the leaf db(E) would be replaced by the fragment db(E1) of
db(E) that is determined by ψ, and its predecessor in the query tree would become σω – we
neglect the special case that ω is true, in which case the selection would completely disappear.
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Fig. 5.4. Scenario I for Query Tree Rewriting in Case of Horizontal Fragmentation

As a consequence, the fragmentation can only require the change of the assigned network
node from Na, i.e. the node for πt, σϕ and E, to some Nb. This corresponds to the allocation
of the fragment E1. This change is shown in Figure 5.4.

Since the result of the whole subquery remains unchanged, there is no further change to
the query tree. Let p be the possibility that the objects in db(E) satisfy the condition ψ then
we have sE1

= p · sE. If we know the size of selection node σω(db(E1)) or the size of selection
node σω∧ψ(db(E)), then we obtain that one leaf node is reduced in size by factor p, and one
internal node may be reduced to 0, i.e. not exist anymore.

Assume the storage cost factors di are equal for all network nodes. Then the effect on
storage costs is:

stor(Q′
j) = stor(Qj) − (1 − p) · sE

If s is the size of πt(σϕ(db(E))) and the processor πt is allocated to node Nt, then the
transport cost is only affected if E1 is allocated to a site b that is different from site a to
which E was allocated. Then the transportation cost is changed from s · cat to s · cbt. Hence
we get:

trans(Q′
j) = trans(Qj) − cat · s+ cbt · s

5.2.2 Scenario II

Assume now that fragmentation with a selection formula ψ′ leads to two fragments db(E1)
and db(E2), i.e. the query Qj requires data from both fragments. Then the subquery (∗) would
be replaced by

πt(σϕ(db(E1) ∪ db(E2))). (†)

Further algebraic query optimization will move the selection and projection inside the
union, i.e. we obtain

πt(σϕ(db(E1))) ∪ πt(σϕ(db(E2))). (‡)

As a consequence, the fragmentation can only require that the network nodes assigned
to the two new fragments are different from each other and maybe also different from the
target network nodes Nt. Then the fragment with the larger size after selection will determine
the location assignment for the union and the projection node, unless the fragment with the
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Fig. 5.5. Scenario II for Query tree Rewriting in Case of Horizontal Fragmentation

smaller size after selection is allocated to the target nodeNt, in which case the larger fragment
should be moved to Nt. Figure 5.5 shows the changes of query tree with site allocation.

After the horizontal fragmentation the effect on the storage costs is that only a union node
is added, i.e.

stor(Q′
j) = stor(Qj) + s

with the size s of the result of the whole subquery πt(σϕ(db(E))).
Let Nbi be the node to which Ei is allocated (i = 1, 2). Let `, s ∈ {1, 2} such that the size

ss of πt(σϕ(db(Es))) is not larger than the size s` of πt(σϕ(db(E`))). Then the effect of the
fragmentation on the transportation costs is as follows:

– If Ns 6= Nt, then trans(Q′
j) = trans(Qj) − cat · s+ cb`t · s+ cbsb` · ss.

– If Ns = Nt, then trans(Q′
j) = trans(Qj) − cat · s+ cb`bs · s`.

5.2.3 Scenario III

The assumption for the third scenario is the same as for scenario II, but in addition we now
assume that the sizes of σϕ(db(Ei)) are almost equal for i = 1, 2, and that the projection has
only a small impact on the size of the result of (†). Then we get s1 ≈ s2 ≈ sE

2 .
In this case it is advantageous to transport both fragments (after selection with ϕ) to the

same node Nt, at which the projection operation will be performed together with the union
of the two fragments. We may even assume that the union and the follow-on projection can
be combined in an amalgam amg[πt,∪], as both operations would use sorting. The result on
the query tree is illustrated in Figure 5.6.

As in the two other cases, we may neglect the changes to the storage costs. For the
transport costs we get

trans(Q′
j) = trans(Qj)− cat · s+ cb1t · p · sE1

+ cb2t · p · sE2
≈ trans(Qj)+ (

cb1t + cb2t
2

− cat) · s.

Fact 5.2 summarizes the discussion about horizontal fragmentation.

Fact 5.2 Let Q be an optimized query and λ an optimal allocation of network nodes to
the nodes in the query tree of Q. If the leaf db(E) is horizontally fragmented into db(E1)

58



5.3. THE IMPACT OF VERTICAL FRAGMENTATION ON QUERY COSTS Hui Ma

op

1( )db E

1b
N

2( )db E

2b
N

tN

op

1b
N

2b
N

t
N

[ , ]tamg

op

( )db E

tN

aN

t t

2( )db E1
( )db E

Fig. 5.6. Scenario III for Query Tree Rewriting in Case of Horizontal Fragmentation

and db(E2), then an optimal allocation for the resulting query tree will at most change the
allocation of the two predecessors of db(E) labeled by a selection σϕ and a projection πt. This
is because all selection and projection operations in the query tree have been pushed down to
the leaf db(E) by query optimization before the fragmentation. After horizontal fragmentation,
a union operation is introduced above the leaves. Then another round of query optimization
might only shift the selection and projection inside the newly introduced union operation. The
upper part of the query tree does not change.

5.3 The Impact of Vertical Fragmentation on Query Costs

Assume now that db(E) is vertically fragmented into two fragments db(E1) and db(E2) with
db(Ei) = πti(db(E)). In general, the impact of vertical fragmentation on query Qj would
be that db(E) in the query tree would be replaced by the join of the two fragments, i.e.
db(E1) ./t db(E2).

The algebraic query optimization may replace the subquery πt′(σϕ(db(E))) by

πt′(σψ(πt1(σϕ1
(db(E1))) ./t πt2(σϕ2

(db(E2)))))

and then by
amg[πt′ , σψ, ./t](πt1(σϕ1

(db(E1))), πt2(σϕ2
(db(E2))))

or
amg[πt′ , σψ, ./t](σϕ1

(db(E1)), σϕ2
(db(E2)))

in case the projection cannot be moved inside the join. The impact of vertical fragmentation on
query costs is discussed in the following three scenarios. Note that after vertical fragmentation,
another round query optimization does not consider all the possible changes, i.e., join-order,
semi-join programs, etc. are not considered here.

5.3.1 Scenario I

Let us first consider the special case that only one of the fragments is needed for the subquery,
i.e. the subquery becomes πt′(σϕi

(db(Ei))). Assume that Ei is allocated to node Nb and that
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this is different from node Nt, i.e. the node associated with the predecessor of πt′ in the query
tree. The query tree is changed as shown in Figure 5.7.
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Fig. 5.7. Scenario I for Query Tree Rewriting in Case of Vertical Fragmentation

The storage costs of query Qj are reduced by (1 + p) · s(E) + (1 + pi) · s(Ei), i.e. we have

stor(Q′
j) = stor(Qj) − (1 + p) · s(E) + (1 + pi) · s(Ei).

Transportation costs are reduced by (cat − cbt) · s, so we have

trans(Q′
j) = trans(Qj) − cat · s+ cbt · s.

We observe that in case db(Ei) being allocated to site Nt transportation costs of query Qj
can even be reduced by cat · s, which gives transQ′

j = trans(Qj) − cat · s.

5.3.2 Scenario II

In the general case the query Qj needs access to both fragments db(E1) and db(E2). In this
case let `, s ∈ {1, 2} such that the size of πt`(σϕ`

(db(E`))) is larger than (or equal to) the
size of πts(σϕs(db(Es))). Hence it will be advantageous to transport the smaller one of these
intermediate results to the node Nb` of the larger one, then execute the amalgam operation
at node Nb` , and finally transport the result to node Nt to complete the processing of Qj .
Figure 5.8 shows how the query tree is changed.

Let sπi
indicate the size of πti(σϕi

(db(Ei))) for i = 1, 2. Then the storage costs of the
amended query Q′

j are

stor(Q′
j) = stor(Qj) + sπ1

+ p1 · sE1
+ sE1

+ sπ2
+ p2 · sE2

+ sE2
− p · sE − sE.

Assume that db(Ei) is allocated to Nbi . Then the effect of vertical fragmentation on the
transportation costs is as follows:

– If Nbs 6= Nt, then trans(Q′
j) = trans(Qj) − cat · s+ cb`t · s+ cbsb` · ss.

– If Nbs = Nt, then trans(Q′
j) = trans(Qj) − cat · s+ cb`bs · s`.
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Fig. 5.8. Scenario II for Query Tree Rewriting in Case of Vertical Fragmentation

5.3.3 Scenario III

Now assume that, in addition to the assumptions made in scenario II, the sizes of
πti(σϕi

(db(Ei))) for i = 1, 2 are almost equal. In this case it is advantageous to transport
both these intermediate results to the target node Nt and to perform the amalgam operation
at that node. The optimized distributed query tree is illustrated in Figure 5.9.

If Nb1 6= Nt and Nb2 6= Nt storage costs will be the same as discussed in scenario II. The
transportation costs of query Q′

j are changed to

trans(Q′
j) = trans(Qj) − cat · s+ cb1t · sπ1

+ cb2t · sπ2
.

The following fact summarizes our discussion for the case of vertical fragmentation.

Fact 5.3 Let Q be an optimized query and λ an optimal allocation of network nodes to the
nodes in the query tree of Q. If the leaf db(E) is vertically fragmented into db(E1) and db(E2)
over schema E1, E2, respectively, then an optimal allocation for the resulting query tree will
at most change the allocation of the two predecessors of db(E) labeled by a selection σϕ and
a projection πt. This is because all selection and projection operations in the query tree have
been pushed down to the leaf db(E) by query optimization before the fragmentation. After
vertical fragmentation, a join operation is introduced above the leaves. Then another round of
query optimization might only shift the selection and projection inside the newly introduced
join operation. The upper part of the query tree does not change.

5.4 Summary

With the discussions above showing how fragmentation operations affect query costs for an
optimized query with optimal allocation of network to nodes, a conclusion can be drawn
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that the problem of distributed query optimization can be isolated from the problem of
fragmentation and allocation by considering the subqueries with the form πt(σϕ(db(E))). In
addition, it is observed that the impact of fragmentation on query trees is of little relevance
to the data model considered. The change of data models results in only marginal changes to
query trees and intermediate nodes.
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Chapter 6

Heuristics for Horizontal

Fragmentation and Allocation

In this chapter we investigate how to perform horizontal fragmentation based on the cost
model presented in Chapter 3. The general goal of fragmentation and allocation is to optimize
total query processing costs. For this we adopt the recommended rule of thumb to consider
only the 20% most frequent queries, as these usually account for most of the data access [93].
As before let Qm = {Q1, . . . , Qm} denote the set of these queries. Then we can base decisions
about which fragments to build and where to allocate them on the static analysis of these
selected queries using the results from the previous chapter. In this chapter I will concentrate
on horizontal fragments. Based on the discussion of query costs in the preceding chapter I
now investigate three problems:

– Assuming that a set of horizontal fragments are given, the allocation of these fragments
to network nodes will be addressed. For this a simple naive algorithm will be presented.

– Assuming that an allocation of fragments is given, if another simple selection predicate is
taken into account how this allocation would change will be addressed. In particular, this
will tell us whether this additional fragmentation would make sense, i.e. further decrease
query processing costs.

– Assuming that we start from scratch, we address which selection formulae should be
considered for fragmentation. For this a heuristic algorithm will be presented.

Some work of this chapter can be found in the literature. [75] uses an ad hoc heuristic
approach to achieve an optimized fragmentation for object-oriented databases, which has been
refined in [76, 77, 81] by taking a closer look at the impact of fragmentation on optimized
query trees and allocation heuristics.

6.1 Primary Horizontal Fragmentation and Allocation

We are particularly interested in those horizontal fragments that arise from the simple se-
lection predicates that are involved in the selected set of queries Qm. So let us assume that
Φw contains those predicates, i.e. each ϕi appears inside a subquery of the form (∗) in some
Qj ∈ Q

m. According to our analysis in the preceding section – summarized in Facts 5.1 - 5.3
– we may concentrate on these subqueries.
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The first step in the design of fragmentation is acquiring application information. With
application information we can retrieve a set of simple predicates. Taking into considera-
tion complex value databases, simple selection predicates (or simple predicates for short) are
different from the predicates defined in the context of the relational data model.

Definition 6.1. simple selection predicates ϕi take the form

path θ v

with a path expression path as defined in Section 3.2.2, a value of the corresponding type,
and a comparison operator θ, which can be one of =, 6=,≤, <,≥, >,⊇,⊂,⊇,⊃,∈,3, /∈, and
63. ut

Definition 6.2. Let Φw = {ϕ1, . . . , ϕw} denote a set of simple selection predicates defined
on database type E. Then the set of normal predicates Nm = {N1, . . . ,Nn} over Φw is the
set of all satisfiable predicates of the form

Ng ≡ ϕ∗
1 ∧ · · · ∧ ϕ∗

w,

where ϕ∗
i is either ϕi or ¬ϕi, 1 ≤ i ≤ w and 1 ≤ g ≤ 2w. ut

Of course, the disjointness property implies that we must have

Nj ∧ Nk ⇔ false for all j 6= k.

Similarly, the completeness property implies the requirement that

2w
∨

g=1

Ng ⇔ true

Definition 6.3. An atomic horizontal fragment Fg of database type E is a fragment that is
defined by a normal predicate over E:

db(Fg) = σNg(db(E)), 1 ≤ g ≤ 2w.

ut

Normal predicates, which are the conjunctions of simple predicates either in their positive
or negative form, can be represented in the following form:

Ng =
∧

i∈J

ϕi ∧
∧

i/∈J

¬ϕi.

with J ⊆ {1, . . . , w} 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.

Definition 6.4. Let PM = {P1, . . . , PM} denote the set of elementary queries of the form
πt(σϕ(db(E))). Then the frequency fj of query Pj is the sum of the frequencies of queries Qj
that contain Pj . ut
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Definition 6.5. The target node Nλ(Qj) of a query Qj or sub-query Pj is a network node to
which the result of the query will be transported. ut

Definition 6.6. The request of an atomic fragment at site θ is the sum of frequencies of
predicates that occur in their positive form and are issued at site θ:

requestθ(Fg) =

w
∑

i=1,i∈Jθ

fi.

ut

Definition 6.7. The pay of allocating an atomic horizontal fragment Fg at a site θ is the
costs of accessing the atomic horizontal fragment Fg by all queries from sites other than θ:

payθ(Fg) =

k
∑

θ′=1,θ′ 6=θ

requestθ′(Fg) · cθθ′ .

ut

Definition 6.8. Let sji be the size of the data volume required by Pj from fragment Fg
(j = 1, . . . ,M , g = 1, . . . ,m). Then the need of data from Fg by queries Pj at node Nθ can
be expressed by:

needθ(Fg) =
∑

λ(Pj)=θ

sjg · fj. (3)

ut

Furthermore, the portion of the total transportation costs for all queries in PM that is
due to fragment Fg being allocated to network node θ, i.e. λ(Fg) = θ, amounts to

costλ(Fg)=θ(P
M ) =

M
∑

j=1

sjg · fj · cλ(Pj)θ. (∗∗)

Here the cλ(Pj)θ denotes the transportation cost factors between nodes Nλ(Pj) and Nθ.
Further, looking at Formula (∗∗) we analyze relationships between cost, pay and need.

costλ(Fg)=θ(P
M ) =

k
∑

θ′=1,θ′ 6=θ

∑

λ(Pj)=θ′

sjg · fj · cλ(Pj)θ

=
k

∑

θ′=1,θ′ 6=θ

needθ′(Fg) · cθ′θ

=
∑

λ(Pj)=θ

payθ(Fg) · sjg

The above formulae give rise to two alternative heuristics for the allocation of given frag-
ments Fg.
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– The first heuristic allocates Fg to Nθ such that needθ(Fg) is maximal, i.e. we choose
the network node with the highest need of data from the fragment Fg. This heuristic is
based on the assumption of the simple query environment, as assumed in [24], with unit
transportation costs being the same between any pair of network nodes. This guarantees
that there are no transport costs associated with data from fragment Fg for those queries
that need most of the fragment. In addition, the availability of data from fragment Fg
will be maximized.

– The second heuristic allocates Fg to Nθ such that costλ(Fg)=θ(P
M ) will be minimal. For

an atomic fragment it is sufficient to allocate Fg to Nθ such that payθ(Fg) is minimal, i.e.
we choose the network node in such a way that the pay for all queries arising from this
allocation are minimized. While this truly leads to lower costs for all queries, it may be
less advantageous in terms of data availability.

It is easy to formulate the algorithm for the first heuristic. The following algorithm de-
scribes fragment allocation based on the second of these heuristics.

With the terms defined above, I now present an algorithm for horizontal fragmentation,
shown as Algorithm 6.9. The algorithm first finds the site that has the biggest value of pay
of each atomic fragment and then allocates the atomic fragment to the site. A fragmentation
schema and fragment allocation schema can be obtained simultaneously.

Algorithm 6.9. [Cost-Based Primary Horizontal Fragmentation Algorithm]
Input: E /* a database type

Φy = {ϕ1, . . . , ϕy} /* a set of simple predicates defined on E
a set of network nodes N = {1, . . . , k} with cost factors

Output: Horizontal fragmentation schema and allocation schema{EH1, . . . , EHk}
Method: for each θ ∈ {1, . . . , k}

EHθ = ∅
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 horizontal fragment Fg ∈ Fy, 1 ≤ i ≤ 2y do

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

endfor

choose w such that payw(Fg) = min(pay1(Fg), . . . , payk(Fg))
/* find the minimum value

λ(Fg) = Nw /* allocate Ej to the site of the smallest pay
define EHθ with EHθ =

⋃

{Fg : λ(Fg) = Nθ}
endfor

ut

Obviously, the complexity of Algorithm 6.9 is in O(k · 2x), where k is the number of
network nodes and x is the number of simple selection predicates considered, which gives 2x

as an upper bound for the number of fragments. Note that the naive approach of comparing
costs for all possible allocations of these fragments would give a complexity in O(k2x

) which
definitely is intractable.
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Example 6.1. We now illustrate Algorithm 6.9 using an example. Given a set of simple
predicates:

– ϕ1 ≡ in.dname = ‘information’, issued at site 1 with frequency 20 and site 2 with fre-
quency 30,

– ϕ2 ≡ name.titles 3 ‘Dr’, issued at site 2 with frequency 40,
– ϕ3 ≡ phone.areacode = 06, issued at site 3 with frequency 100.

We now fragment instance db(Lecturer) in Example 3.3 with the following steps:

1. Define a set of normal predicates as below:
N1 = ϕ1 ∧ ϕ2 ∧ ϕ3

N2 = ϕ1 ∧ ϕ2 ∧ ¬ϕ3

N3 = ϕ1 ∧ ¬ϕ2 ∧ ϕ3

N4 = ϕ1 ∧ ¬ϕ2 ∧ ¬ϕ3

N5 = ¬ϕ1 ∧ ϕ2 ∧ ϕ3

N6 = ¬ϕ1 ∧ ϕ2 ∧ ¬ϕ3

N7 = ¬ϕ1 ∧ ¬ϕ2 ∧ ϕ3

N8 = ¬ϕ1 ∧ ¬ϕ2 ∧ ¬ϕ3

2. Define a set of atomic fragments using the set of normal predicates from previous step:

db(Lectg) = σNg (db(Lecturer)), 1 ≤ g ≤ 8.

3. Calculate requestθ(Lectg) for each site to get an Atomic fragment Request Matrix as
shown in Table 6.1.

Table6.1. Atomic Fragment Request Matrix

request Lect1 Lect2 Lect3 Lect4 Lect5 Lect6 Lect7 Lect8

request1(Lectg) 20 20 20 20 0 0 0 0
request2(Lectg) 70 70 0 0 40 40 0 0
request3(Lectg) 50 0 50 0 50 0 50 0

4. Calculate payθ(Lectg) for each site to get an Atomic Fragment Pay Matrix as shown in
Table 6.2.

Table6.2. Atomic Fragment Pay Matrix

pay Lect1 Lect2 Lect3 Lect4 Lect5 Lect6 Lect7 Lect8

pay1(Lectg) 1950 700 1250 0 1650 400 1250 0
pay2(Lectg) 2200 200 2200 200 2000 0 2000 0
pay3(Lectg) 3300 3300 500 500 1600 1600 0 0

5. Allocate atomic fragments to the site of the smallest pay to get atomic fragment allocation
as shown in Table 6.3.
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Table6.3. Atomic Fragment Allocation

Fragment Lect1 Lect2 Lect3 Lect4 Lect5 Lect6 Lect7 Lect8

site Nθ 2 2 3 1 3 2 3 2

6. The last step unions atomic fragments by sites that the atomic fragments are allo-
cated to obtain fragmentation of Lecturer. Table 6.4 below shows three fragments
of db(Lecturer), allocated to site 1, 2 and 3, respectively.

Table6.4. Horizontal Fragmentation of db(Lecturer)

db(Lecturer1)

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

title

Information 2010 Shirley Churchill Lecturer s.churchill 04 4983677 churchill.com

Accounting 2618 James Hooks Lecturer j.hooks 04 4663365 hooks.com

db(Lecturer2)

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

title

Accounting 1001 John Dever
Professor

Dr
j.dever 09 8556677 dever.com

Information 3203 Jerry Hubbard

HoD

Professor

Dr

j.hubbard 06 3569988 hubbard.com

db(Lecturer3)

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

title

Marketing 1002 Allan Barry
Senior Lecturer

Dr
a.barry 06 3556688 barry.com

We now compare total query costs before and after fragmentation. Assuming selection is per-
formed locally, total query costs before fragmentation is 9,316,000 for the optimized allocation
of instance db(Lecturer), which is site 1. After horizontal fragmentation using Algorithm 6.9,
total query costs for queries retrieving data using the three predicates is 7,535,000. Obviously
horizontal fragmentation using our approach can indeed improve the system performance by
reducing data transportation cost. It is intuitive that the correctness rules presented in Chap-
ter 4 are satisfied by the resulting fragmentation schema. ut

If we use the cost model to do allocation for the set of input atomic fragments, we need
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to try all the combinations of atomic fragments and allocate them to all possible allocations
to find the optimized allocation. In the experiment evaluation in Section 6.1.4 we will prove
that Algorithm 6.9 can indeed lead to optimized allocation for atomic fragments.

6.1.1 Fragmentation and Allocation Refinement for Horizontal Fragments

We may, on the one hand, assume that not all simple selection formulae in Φw are used for
building normal predicates and hence also atomic fragments, but that only simple predicates
ϕy with y ∈ M ⊆ {1, . . . ,m} are taken into account. This makes sense, as the number of
atomic fragments can be up to 2x with x = |J | being the number of simple predicates used for
horizontal fragmentation. On the other hand, the number k of network nodes is a reasonable
upper bound for the number of horizontal fragments. Therefore, the recombination of atomic
horizontal fragments will become necessary.

Nevertheless, it would be desirable to further reduce the complexity of an allocation al-
gorithm, which leads us to the second problem mentioned above. For this let us apply the
cost minimization heuristic, which allocates a fragment F to a network node Nθ such that
costλ(F )=θ(P

M ) will be minimal. Now assume that we are given an allocation λ and that F
is some fragment that can be further fragmented into F1 and F2.

According to our discussion of how horizontal fragmentation affects the query costs, sum-
marized in Fact 5.2, we have some transport costs associated with transporting a portion of F
to the target node of the corresponding query Pj. Assuming a fully connected network, if the
allocation of F to Nλ(F ) is optimal, then not both fragments F1 and F2 need to be reallocated.
Otherwise there would also be a better allocation for F . This leads to the following fact.

Fact 6.1 Assume transportation costs dominate the total query costs. Fragmenting F hori-
zontally into F1 and F2 gives rise to one of the following two cases:

1. One of the two fragments F1 and F2 will reside at the same location as F before fragmen-
tation, whereas the other fragment will be moved to a new location.

2. Both fragments F1 and F2 will reside at the same node, which then must be also the same
location as F before fragmentation.

Proof. Consider F of size s being accessed by two queries, Q1 and Q2, which are executed
at sites N1 and N2, with frequency f1 and f2, respectively. Assuming f1 ≥ f2, the optimal
allocation of F is site N1 because transportation costs dominate the total query costs. Given
c12 and c21 as transportation cost factors between site N1 and N2. Generally, c12 should be
equal to c21. Thus we have

costλ(F )=1(Q
2) ≈ s · f2 · c12.

Let s1 and s2 be the size of F1 and F2, respectively. Assume that, after fragmentation, the
optimal allocation of both fragments are at the site N2, then total query costs are

costλ(F )=2,λ(F )=2(Q
2) = (s1 + s2) · f1 · c21 = s · f1 · c21.

The objective of fragmentation and allocation is to improve system performance by re-
ducing total query costs, therefore we should have

costλ(F )=2,λ(F )=2(Q
2) < Costλ(F )=1(Q

2).
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That means, s · f1 · c21 < s · f2 · c12 or f1 < f2. This conflicts with the assumption f1 > f2.
Therefore, it is impossible that both fragments F1 and F2 will be moved to a new site after
fragmentation. If both fragment are still reside at the same site as before, that means the
fragmentation is not necessary because the total query costs does not reduced. Therefore, at
least one fragment will be moved to a new location. This proves Fact 6.1. ut

While in the second case in Fact 6.1 the transportation costs remain the same, in the first
case the transportation costs will be reduced. This suggests the need to take a total order on
the elements of Φw = {ϕ1, . . . , ϕw} with ϕi < ϕj if and only if i < j such that the following
property holds:

If F is a fragment resulting from a normal predicate in N y for Φy = {ϕ1, . . . , ϕy}
and further fragmentation of F with ϕy+1 will not reduce the query costs according
to case 2 in Fact 6.1, then none of the fragmentation predicates in {ϕy+1, . . . , ϕn} is
likely to reduce the query costs.

Given such an order on Φ allows us to apply binary search to determine an “optimal”
fragmentation and allocation in the following way:

1. Choose y and consider the fragmentation according to normal predicates in N y.
2. Using Fact 6.1 ϕy+1 divides the fragments into those that are subject to a search for a

finer fragmentation, i.e. those for which case 1 in Fact 6.1 applies, and those for which
the given fragmentation will already be too fine.

3. Of course, for some fragments we may already deduce that we have already found the
best fragmentation.

4. For the first case choose y′ > y and repeat the process, for the second case take y′ < y
and redo the process.

It is reasonable to choose the ordering of the selection predicates according to the data
volume generated by the fragment. Each query Pj requires a particular portion of size sji
from fragment Fi. Therefore, define the associated data volume as

vol(Fi) =
m

∑

j=1

fj · sji,

where the sum runs over all queries Pj and fj is the frequency of Pj . So vol(Fi) indicates the
total data volume due to fragment Fi. Therefore, order the selection predicates according to
decreasing data volume.

Finally, note again that this refinement of fragmentation and allocation is not necessarily
restricted to horizontal fragments as Facts 5.1 and 5.3 allow us to generalize the result to
splitting and vertical fragmentation.

6.1.2 An Example

Assume that a network has three nodes, a, b and c, with transportation cost factors cij between
each pair of nodes as:
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Site a b c

a 0 10 25
b 10 0 20
c 25 20 0

Assume there are queries Qj (j ∈ {0, . . . , 4}) that retrieve information from the instance
of type E such that the frequencies fj of the queries and the sizes sj of the data retrieved are
given in the following table:

Queries Qj Q0 Q1 Q2 Q3 Q4

Node Nλ(Qj) a b c b b

Frequency fj 20 15 10 5 1
Size sj 100 200 50 50 100

If the instance of database type E is stored at site a then the total query costs of all the
queries are:

costλ(E)=a(Q
5) =

4
∑

j=0

sj · fj · caλ(Qj) = 46, 000

with caλ(Qj ) as transportation factors between site a and the target node Nλ(Qj) of query Qj .
If the fragment E is stored at site b, then query Q0 and Q2 need to access db(E) remotely

while other queries, Q1, Q3 and Q4, are processed locally. This allocation is illustrated in
Figure 6.1.
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Fig. 6.1. Allocation without Fragmentation

The total query costs under the above allocation are:

costλ(E)=b(Q
5) =

4
∑

j=0

sj · fj · cbλ(Qj) = 30, 000

Similarly, if the fragment E is stored at site c we get the total query costs as:

costλ(E)=c(Q
5) =

4
∑

j=0

sj · fj · ccλ(Qj) = 117, 000
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We conclude that allocating E to node b leads to minimal total query costs. Hence, E
should be allocated to site b.

Fragmentation Step 1 If fragment E is horizontally fragmented into E1 and E2 according
to ϕ0 in Q0, which is the most frequently executed query, then db(E) = db(E1) ∪ db(E2).

Assume the sizes of fragments are: sE1
= 100 and sE2

= 150. Let us use sj1, sj2 to indicate
the amount of data retrieved by query Qj from E1, E2, respectively. The following table shows
the target site, frequencies, and the volume of data retrieved by each of the queries.

Queries Qj Q0 Q1 Q2 Q3 Q4

Node λ(Qj) a b c b b
Frequency fj 20 15 10 5 1

Size sj1 100 50 0 25 50
Size sj2 0 150 50 25 50

Query Q0 only retrieves information from fragment E1. Therefore we allocate fragment
E1 at site a and leave the fragment E2 at site b. This is illustrated in Figure 6.2.
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Fig. 6.2. Reallocation of Fragments: Step 1

For situations where fragment E1 is allocated to each of the three available network sites
a, b and c, the total costs of all queries accessing fragment E1 can be calculated as following:

costλ(E1)=a(Q
5) =

4
∑

i=0

sj1 · fj · caλ(Qj ) = 9, 250

costλ(E1)=b(Q
5) =

4
∑

i=0

sj1 · fj · cbλ(Qj) = 20, 000

costλ(E1)=c(Q
5) =

4
∑

j=0

sj1 · fj · ccλ(Qj) = 68, 500
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We can also calculate the total costs of all queries accessing fragment E2 regarding different
allocations:

costλ(E2)=a(Q
5) =

4
∑

j=0

sj2 · fj · caλ(Qj) = 36, 750

costλ(E2)=b(Q
5) =

4
∑

j=0

sj2 · fj · cbλ(Qj) = 10, 000

costλ(E2)=c(Q
5) =

4
∑

j=0

sj2 · fj · ccλ(Qj) = 48, 500

The results of the above calculation show that allocation that leads to lowest query costs
is to store fragment E1 at a and E2 at site b, as shown in Figure 6.2.

The calculation above is based on the assumption that all queries access data from frag-
ment E1 and E2 separately. Now let us apply Scenario II, that is, if an instance of a database
type has been split into two fragments with some queries accessing both fragments, the smaller
fragment should be transferred to the site allocated to the bigger fragments and then the data
from the union of the fragments be transferred to the site issued the queries.

If both fragments E1 and E2 are allocated at site a then it should lead to the same costs
as when the instance E is not fragmented and allocated at site a.

costλ(E1)=a,λ(E2)=a(Q
5) =

4
∑

j=0

sj1 · fj · caλ(Qj ) +

4
∑

j=0

sj2 · fj · caλ(Qj ) = 46, 000

It will be the same as before applying the fragmentation, when both fragments E1 and E2

are allocated to site b or site c:

costλ(E1)=b,λ(E2)=b(Q
5) =

4
∑

j=0

sj1 · fj · caλ(Qj) +

4
∑

j=0

sj2 · fj · caλ(Qj) = 30, 000

costλ(E1)=c,λ(E2)=c(Q
5) =

4
∑

j=0

sj1 · fj · ccλ(Qj) +

4
∑

j=0

sj2 · fj · ccλ(Qj) = 117, 000

So how are query costs affected if the two fragments are allocated to two different sites?
First we allocate fragment E1 to site a and E2 to site b or c. Figure 6.3 illustrates remote
data transportation under the allocation λ(E1) = a and λ(E2) = c.

The total query costs of accessing E1 and E2 under the above allocations should be

costλ(E1)=a,λ(E2)=b(Q
5) =

s01 · f0 · caa + s11 · f1 · cab + s31 · f3 · cab + s41 · f4 · cab + s22 · f2 · cbc = 19, 250

costλ(E1)=a,λ(E2)=c(Q
5) = s01 · f0 · caa + s11 · f1 · cac + (s11 + s12) · f1 · ccb + s31 · f3 · cab

+ s32 · f3 · ccb + s41 · f4 · cab + s41 · f4 · ccb + s22 · f2 · ccc = 84, 000

Then we allocate fragment E1 at site b and fragment E2 at site a or c and calculate the
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Fig. 6.3. Reallocation of Fragments: Step 2

query costs as below

costλ(E1)=b,λ(E2)=a(Q
5) =

s01 · f0 · cba + s12 · f1 · cab + s32 · f3 · cab + s42 · f4 · cab + s22 · f2 · cac = 56, 750

costλ(E1)=b,λ(E2)=c(Q
5) =

s01 · f0 · cba + s12 · f1 · ccb + s32 · f3 · ccb + s42 · f4 · ccb + s22 · f2 · ccc = 68, 500

Now we allocate E1 at site c and E2 at a and b, and the costs of queries to access all the
required data from E1 and E2 are

costλ(E1)=c,λ(E2)=a(Q
5) = s01 · f0 · cca + s11 · f1 · cca + (s11 + s12) · f1 · cab + s31 · f3 · cab

+ s32 · f3 + ·cab + s41 · f4 · ccb + s42 · f4 · cab + s22 · f2 · cac = 116, 000

costλ(E1)=c,λ(E2)=b(Q
5) =

s01 · f0 · cca + s11 · f1 · ccb + s31 · f3 · ccb + s41 · f4 · ccb + s22 · f2 · cbc = 68, 500

From the results of the above calculations we find that allocation of E1 at site a, and E2

at site b, leads to the lowest total query costs.
Using the formula 3 we can calculate needs of each fragments at the three different sites:

needa(E1) =
∑

λ(Qj)=a

sj1 · fj = 2000

needb(E1) =
∑

λ(Qj)=b

sj1 · fj = 925

needc(E1) =
∑

λ(Qj)=c

sj1 · fj = 0

needa(E2) =
∑

λ(Qj)=a

sj2 · fj = 0

needb(E2) =
∑

λ(Qj)=b

sj2 · fj = 2425

needc(E2) =
∑

λ(Qj)=c

sj2 · fj = 500

The results of the above calculations show that the need of fragment E1 is biggest at site
b while the need of E2 is biggest at site a. Therefore allocating fragments to the sites that
need them the most will lead to the lowest total query costs.
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Fragmentation Step 2 Assume query Q1 retrieves the highest data volume s1 · f1 from
db(E). Then we fragment db(E) horizontally according to the selection condition ϕ1 in Q1.
The sizes of the resulting fragments are sE1

= 200, sE2
= 200. Let sji indicate the size of data

volume retrieved by query Qj from fragment Ei. The sizes of data volumes retrieved by each
of the query Qj are shown in the following table.

Queries Qj Q0 Q1 Q2 Q3 Q4

Node λ(Qj) a b c b b
Frequency fj 20 15 10 5 1

Size sj1 50 200 25 0 100
Size sj2 50 0 25 50 0

Then total costs of queries are calculated for the three different allocations of fragment
E1:

costλ(E1)=a(Q
5) =

4
∑

j=0

sj1 · fj · caλ(Qj) = 39, 750

costλ(E1)=b(Q
5) =

4
∑

j=0

sj1 · fj · cbλ(Qj) = 15, 000

costλ(E1)=c(Q
5) =

4
∑

j=0

si1 · fj · ccλ(Qj) = 89, 000

Total costs of queries accessing fragment E2 are:

costλ(E2)=a(Q
5) =

4
∑

j=0

sj2 · fj · caλ(Qj ) = 8, 750

costλ(E2)=b(Q
5) =

4
∑

j=0

si2 · fj · cbλ(Qj) = 15, 000

costλ(E2)=c(Q
5) =

4
∑

j=0

sj2 · fj · ccλ(Qj) = 30, 000

The results of the cost calculations show that allocating fragment E1 to site b and fragment
E2 at site a leads to the least total query costs. This allocation is illustrated in Figure 6.4.

In this example there are only queries that either retrieve data from one fragment or
retrieve the same volume of data from the two fragments. We only apply the calculation
formula described as scenario III. There is no need to transfer the smaller fragments to join
with the larger one and transfer the results to the target site.

Again, by using Formula 3, presented in Section 6.1, we can calculate needs of each frag-
ments at the three different sites:
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Fig. 6.4. Reallocation of Fragments: Step 3

needa(E1) =
∑

λ(Qj)=a

sj1 · fj = 1000

needb(E1) =
∑

λ(Qj)=b

sj1 · fj = 3100

needc(E1) =
∑

λ(Qj)=c

sj1 · fj = 250

needa(E2) =
∑

λ(Qj)=a

sj2 · fj = 1000

needb(E2) =
∑

λ(Qj)=b

sj2 · fj = 250

needc(E2) =
∑

λ(Qj)=c

sj2 · fj = 250

The results from the above calculations show that the need of fragment E1 is biggest at
site a while the need of E2 is biggest at site b, in which case total query costs are minimal.

It can be concluded that we can apply an allocation heuristic, allocating fragments ac-
cording to the needs of the fragments at each site. Each of the fragments should be allocated
to the sites that need them the most so the total query costs are minimal.

This example also shows that if an instance of a database type is optimally allocated to a
site, after fragmentation the optimal allocation only leads to one fragment being reallocated
to another site while the other fragment remains at the same site before fragmentation.

6.1.3 Simple Selection Predicates for Horizontal Fragmentation

Both allocation procedures presented above involve an unspecified number of simple selection
predicates. We now investigate how to determine in advance a reasonably low number of
such predicates following a procedure proposed in [75]. The procedure leads to a reasonable
fragmentation schema by looking at most frequently used simple predicates. Based on the
cost model introduced in Section 3.3, this heuristic procedure for horizontal fragmentation
consists of the following steps:

1. Sort queries in Qm by decreasing frequency to get a list of queries [Q1, . . . , Qm].
2. Optimize all the queries and extract simple predicates from the queries to get a list of Φ

of simple selection predicates.
3. Construct a predicate usage matrix based on Φ to obtain a list of simple predicates
Φw = [ϕ1, . . . , ϕw] for each database type E.

4. Determine y with 1 ≤ y ≤ w such that fragmentation with the first y predicates in Φw

leads to a reallocation of a fragment, whereas the fragmentation with elements in ϕy+1
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does not add changes. This number y can be determined by binary search using Algorithm
6.11 below.

5. Take the first y simple predicates in Φw to get a subset of simple predicates Φy.
6. Perform horizontal fragmentation with Φy using Algorithm 6.10 below. This results in

a fragmentation schema for database type E to which the allocation approach in the
previous two subsections can be applied.

We first introduce Algorithm 6.10 for calculating total query costs according to the cost
model from Section 3.3. In the algorithm we use Qm = {Q1, . . . , Qm}, the set of the most
frequent queries, and Φw = [ϕ1, . . . , ϕw], the list of simple selection predicates contained in
Qm, to determine the total query costs costx in case E is fragmented by using the first x
simple selection predicates in Φw.

Algorithm 6.10. [Computation of Query Costs]
Input: E /*a database type

Qm = {Q1, . . . , Qm} /* a set of global queries
Φw = [ϕ1, . . . , ϕw] /* a set of simple predicates defined on E
x ∈ {1, . . . ,m}

Output: costx(Q
m)

Method:

take the first x simple predicates in Φw to get Φx

applyAlgorithm 6.9 to get a horizontal fragmentation schema FE = {EH1, . . . , EHk}
for each query tree Qj ∈ Qm do

replace db(E) by db(EH1) ∪ · · · ∪ db(EHk) with sji > 0
allocate network nodes to intermediate nodes of the query tree
calculate the query costs costλ(Qj) using the cost model

endfor

calculate total query costs costx(Q
m) =

m
∑

j=1
costλ(Qj) · fj

ut

Using Algorithm 6.10 above, the following algorithm, Algorithm 6.11, determines the
number y of simple predicates that should be used for horizontal fragmentation.

Algorithm 6.11. [Determination of Simple Selection Predicates]
Input: Qm = {Q1, . . . , Qm} /* a set of global queries
, Φw = [ϕ1, . . . , ϕw] /* a set of simple predicates defined on E

X = [0, . . . , w] /* a list of indices
Output: y
Method:

set a = 0, b = w
while b− a ≥ 3 do

choose x1, x2 from X such that 0 < x1 < x2 < b
for each x ∈ {a, x1, x2, b} do

apply Algorithm 6.10 to determine costx
endfor

min := Min{costa, costx1
, costx2

, costb} /* find the minimum costs
if costy1 = costy2 and y1 < y2 with y1, y2 ∈ {a, b, x1, x2}
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then min := costy1
endif

if costa = min then b := x1

elsif costx1
= min then b := x2

elseif costx2
= min then a := x1

elsif costb = min then a := x2

endif

enddo

choose y ∈ {a, . . . b} such that costy = Min{costx : x ∈ {a, . . . , b}}
ut

Basically, the above algorithm takes as input a list of indices of simple predicates, iter-
atively chooses four numbers a, b, x1, x2 with a < x1 < x2 < b; starting with a = 0 and
b = w, calculates the corresponding total query costs, and compares these costs to decide a
reasonable number y of simple predicates for horizontal fragmentation.

6.1.4 Experimental Evaluation

This section presents the results of some experiments that were conducted to validate the
heuristics underlying Algorithms 6.9 and 6.11 proposed in the previous section. For these
experiments a database schema S was designed and populated to get a database db(S). Then
four network sites were assumed and 30 representative queries were defined following a similar
pattern of queries as in the OO7 project [22]. For one database type E ∈ S a set Φ of 14
simple selection predicates were obtained from the 30 queries.

Before testing Algorithm 6.11 Algorithm 6.9 was first validated because Algorithm 6.9 is
used by Algorithm 6.11. The instance db(E) of type E was fragmented, using all 14 simple
predicates, into 42 atomic fragments which contains tuples. It is infeasible to get an optimal
allocation schema for these atomic fragments because the complexity of an exhaustive com-
parison of costs involving 442 ≈ 1026 possible allocations is too high. Therefore, to allocate
the resulting set of atomic fragments the following two different allocation strategies were
tried and the total query costs arising from them were compared:

– Each atomic fragment was allocated according to Algorithm 6.9 and the corresponding
total query costs were computed.

– Several allocation schemata were chosen randomly and total query costs for each of them
were calculated. Then the lowest query cost among them was considered.

The experimental results showed that the total query costs for both strategies were the
same. This means that the heuristic Algorithm 6.9 can indeed lead to a semi-optimal allocation
schema. It can be concluded that given a set of simple selection predicates for horizontal
fragmentation, allocating each atomic fragment to a site that requests it most frequently
leads to a fragment allocation schema with nearly minimal total query costs. This justifies
the chosen heuristics in Algorithm 6.9.

To valid the Algorithm 6.11 total query costs were first calculated with respect to every
value x ∈ {1, 2, . . . , 14}, the number of simple predicates from Φw that is used for fragmenting
a database type E, on three different database instances that have the same selectively with
respect to each simple predicate in Φw but with different sizes. The results are shown in Figure
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Fig. 6.5. Simple Predicate and Query Costs

6.5. Note that the trend in all three cases is similar, i.e. there is no more improvement for
y ≥ 11.

Algorithm 6.11 were then tested on three different instances and obtained the following
results:

test 1 2 3

instance size 1,000 5,000 10,000
y 11 11 11

From these results the following can be concluded:

– Given a set of simple predicates Φw, we only need a subset Φy of simple predicates to
perform horizontal fragmentation such that the system performance can be improved in
the same way as using all the simple predicates in Φw.

– The heuristic is efficient in the sense of rapidly getting the value of y.
– With the increase in sizes of the instances, the query costs obviously vary with the change

of the number of simple predicates for fragmentation, i.e. the more simple predicates the
less total query costs. But total query costs stop changing from a certain point (see Figure
6.5).

This result suggests that to fragment an instance db(E) we can first get a value of y by
applying Algorithm 6.11 on a small sample instance, which has the same selectivity as the
original instance regarding the set of simple predicates. Then we use the first y simple pred-
icates to perform fragmentation and fragment allocation on the original database instance.
Note that with the reduced number of simple predicates for fragmentation the complexity of
the follow-up allocation problem can be reduced from O(k2m

) to O(k2y

) with m being the
number of simple predicates abstracted from the most frequent 20% queries. Using Algorithm
6.9 further reduces complexity to O(k · 2y).
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6.2 Derived Horizontal Fragmentation

As with other distribution design techniques, the aim of derived horizontal fragmentation is
to improve the performance of applications accessing the database. Therefore, a cost model
should be employed to evaluate the total query costs of the global queries while making deci-
sions on derived horizontal fragmentation. Ceri et al. [25] stated that the important parameter
needed for horizontal fragmentation is the number of accesses performed by the applications
to different portions of data. However, the parameter is not used while performing derived
horizontal fragmentation. Further, in the literature, derived horizontal fragmentation is per-
formed in an ad hoc way without considering how it will affect the system performance
[15, 26, 45, 93]. Only at the later stage of allocation, system performance is evaluated. It is
argued here that once the decision on derived horizontal fragmentation has been made, the
possibilities of minimizing total query costs are restricted at the stage of allocation. In this
section, the problems of designing derived horizontal fragmentation and allocating fragments
in a way such that the overall performance of the distributed database system is better than
the one of an equivalent centralized one are addressed. In the meantime, it will be shown that
this approach can further improve system performance beyond traditional approach (as used
in [93]). That is, with the cost model introduced in Chapter 3, a heuristic approach minimizing
query costs for the case of derived horizontal fragmentation will be present. The minimiza-
tion of transportation costs is decisive, and can be achieved by refining derived horizontal
fragmentation using all the candidate fragmentation schemata.

In the following subsections an example is presented to show the problems of existing
approaches of derived horizontal fragmentation. We will attempt to solve the problems by
first analyzing the cost model and then consider a heuristic method based on the result of
the analysis. We will see how the heuristic method is applied with a simple example. Then it
will be proved that the proposed heuristic is correct with regard to the criteria of correctness
of fragmentation in Section 4.4.

6.2.1 A Motivating Example

Assume there are three relations A,B,C in a database. Relation C is accessed by four queries
Q1, . . . , Q4 with different frequencies f1, . . . , f4. Relation A is accessed by Q1 and Q2. Relation
B is accessed by Q3 and Q4. Relation A and B have been horizontally fragmented using
predicates. Relation A has been fragmented into A1 and A2 which are allocated to sites 1
and 2, respectively, i.e., λ(A1) = 1, λ(A2) = 2. Relation B has been fragmented into two
fragments, B3 and B4, which are allocated to sites 3 and 4, respectively. Assume that there is
no predicate defined on C, which is accessed by all four queries, and that MAX(f1, f2, f3, f4) =
f1. Performing only primary horizontal fragmentation we will have Scenario I depicted in
Figure 6.6, in which C is allocated to site 1, i.e., λ1(C) = 1 according to the cost optimization
rule. In the figures below (Figure 6.6, 6.7 and 6.8), all remote transactions and their frequencies
are depicted with solid lines and values on the lines, while local transactions are depicted with
broken, dashed lines with their frequencies marked on the lines.

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

costλ1
(Q4) = sC · f2 + sC · f3 + sC · f4

When a member relation has more than one owner relation, there will be more than one
possible derived horizontal fragmentation schema. In this case the choice of a fragmentation
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Fig. 6.6. Scenario I - Primary Fragmentation Only

that is used in more applications is recommended [93]. Assume f1 + f2 > f3 + f4, relation C
is therefore derived horizontally fragmented by semijoin with fragments of A. The resulting
fragmentation and fragment allocation is depicted in Scenario II in Figure 6.7. The total query
costs for Scenario II are:

costλ2
(Q4) = sC1

· f3 + sC2
· f3 + sC1

· f4 + sC2
· f4.

A1 A2
C1

Site 1 Site 2

B3

Site 3

B4

Site 4

C2

Fig. 6.7. Scenario II - Derived Fragmentation according to One Fragmentation Schema

However, performing derived fragmentation based on fragmentation schema of relation A
can only improve the performance of the queries which access both the member relation C
and the owner relation A. 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 optimizing
the system performance is restricted if the fragmentation of C is only based on fragmentation
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of one owner relation. Now we look at what happens if we take into consideration fragmen-
tation of both owner relations. In this case, we have two fragmentation schemata for C, i.e.,
FC = {C1a, C2a} and F ′

C = {C3b, C4b} with:

C1a = C nA1, C2a = C nA2,

C3b = C nB3, C4b = C nB4.

Applying intersection operation on Cia ∈ FC , (1 ≤ i ≤ 2) and Cjb ∈ F ′
C , (3 ≤ j ≤ 4) we

get the following finer fragmentation:

C1a3b = C1a ∩ C3b, C1a4b = C1a ∩ C4b,

C1a3b = C2a ∩ C3b, C1a3b = C2a ∩ C3b.

Assuming f1 > f3, f1 > f4, f2 < f3, f2 > f4, with the cost model introduced in Section 3.3
we get the optimized allocation of the four atomic fragments as following:

λ(C1a3b) = 1, λ(C1a4b) = 1, λ(C2a3b) = 3, λ(C2a4b) = 2.

Scenario III in Figure 6.8 depicts the finer derived horizontal fragmentation and fragment
allocation.

A1 A2
C1a

Site 1 Site 2

B3

Site 3

B4

Site 4

C2a4b

C2a3b

Fig. 6.8. Scenario III - Derived Fragmentation according to Two Fragmentation Schemata

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

costλ3
(Q4) = sC2a3b

· f2 + sC1a
· f3 + sC1a

· f4 + sC2a4b
· f4

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

costλ1
(Q4) − costλ2

(Q4)

= sC · f2 + sC · f3 + sC · f4 − (sC1
· f3 + sC2

· f3 + sC1
· f4 + sC2

· f4)

= sC · f2 + sC · f3 + sC · f4 − (sC1
+ sC2

) · f3 − (sC1
+ sC2

) · f4

> 0
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We can conclude that the derived fragmentation using fragmentation of an owner relation
can indeed further reduce the total query costs and therefore should be employed when doing
database distribution design.

costλ2
(Q4) − costλ3

(Q4)

= sC1
· f3 + sC2

· f3 + sC1
· f4 + sC2

· f4 − (sC2a3b
· f2 + sC1a

· f3 + sC1a
· f4 + sC2a4b

· f4)

= sC2
· f3 + sC2

· f4 − (sC2a3b
· f2 + sCC2a4b

· f4)

> 0

The above formula proves that costλ2
(Q4) > costλ3

(Q4). This result shows that a finer
derived fragmentation approach can lead to better system performance than derived fragmen-
tation based on a fragmentation schema of one owner relation.

6.2.2 Some Terms

We shall now define some terms to facilitate our discussion of derived horizontal fragmen-
tation. Let db(Eji) = {t|t ∈ σϕj

(db(Ei))} denote the set of tuples of Ei accessed by query
Qj.

As we do not restrict derived fragmentation to be performed on a member relation ac-
cording to only one of its owner relation, in the complex data model we introduce the terms
target type and related type, which have broader meanings than owner relations.

Definition 6.12. A target type is a database type that is not primarily horizontally frag-
mented and is accessed together with other database types that are either at its lower level
or at its high level and have been fragmented using predicates. ut

Definition 6.13. A related type of a target type is a type that has been horizontally frag-
mented and is accessed by queries together with the target type. ut

Definition 6.14. The request of a fragment Eki at a site θ over a network is the sum of the
frequencies of all the queries that are issued at site θ and access Eki :

requestθ(E
k
i ) =

m
∑

j=1,λ(Qj)=θ,db(Eji)∩db(Ek
i )6=∅

fj

ut

Definition 6.15. The affinity between a target type Ed and one fragment Eki of its related
type is the sum of the frequencies of all the queries Qj accessing Ed and the fragment Eki
together at site θ:

affθ(Ed, E
k
i ) =

m
∑

j=1,λ(Qj)=θ,db(Eji)∩db(Ek
i )6=∅,db(Eji)∩db(Ed)6=∅

fj

ut

When there is more than one fragmentation schema of a given target type, we define
atomic derived horizontal fragments (or atomic fragments for short).
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Definition 6.16. Atomic derived horizontal fragments, or atomic fragments, are the inter-
sections of fragments of one fragmentation schema with fragments of another fragmentation
schema. For example, FE = {E1, . . . , Em} and F ′

E = {E′
1, . . . , E

′
n}, then db(Ei)∩ db(E

′
j) is an

atomic fragment. ut

According to our discussion of how horizontal fragmentation affects query costs, the allo-
cation of fragments to network nodes, following the cost minimization heuristics, already de-
termine the location assignment provided that an optimal location assignment for the queries
was given prior to the fragmentation. Horizontal fragmentation will only change the sub-
queries in the form of (∗). In this case we evaluate a derived horizontal fragmentation by
comparing the total query costs before and after the fragmentation. After derived horizontal
fragmentation the instance of a database type will be replaced by a set of atomic fragments
which are allocated to network nodes that lead to the least query costs.

Taking the cost model introduced in Chapter 3, we now investigate how total query costs
are affected by derived horizontal fragmentation. Assume there are two related types A and
B, and one target type C. Let Ciai′b be the atomic fragment, λ1 indicate a distribution
design without derived horizontal fragmentation, λ2 indicate a distribution design with derived
horizontal fragmentation and fragment allocation, λ(Qj) be the optimal allocation of the
root of subqueries in the form (∗), x indicate the site that C is allocated to before it is
derived horizontal fragmented, and y denote an optimal allocation of atomic fragment Ciai′b =
Cia ∩ Ci′b. As the transportation costs dominate the total query costs, we get the following
formulae:

costλ1
(Qm) − costλ2

(Qm)

=

m
∑

j=1

costλ1
(Qj) · fj −

m
∑

j=1

costλ2
(Qj) · fj

=

m
∑

j=1

(
∑

h1

∑

h′
1

cλ(h′
1
)λ(h1) · s(h

′
1)) · fj

−
m

∑

j=1

(
∑

h2

∑

h′
2

cλ(h′
2
)λ(h2) · s(h

′
2)) · fj

=
m

∑

j=1

cλ(Qj)x · sC · fj −
m

∑

j=1

(
k

∑

i=1

k
∑

i′=1

sCiai′b
· cλ(Qj)y) · fj

In order to maximize the value of costλ1
(Qm)− costλ2

(Qm) we need to minimize the value

of
m
∑

j=1
(
k
∑

i=1

k
∑

i′=1

sCiai′b
· cλ(Qj)y) · fj. For a single atomic fragment Ciai′b, we need to minimize

the value of
m
∑

j=1
cλ(Qj)y · fj. This leads to a heuristic which allocates atomic fragments Ciai′b

to a site that accesses it most often by queries Qj together with a related fragment, either Ai
or Bi′ . The optimal allocation is y = λ(Qj) in which case cλ(Qj)y = 0. That is, we allocate
the atomic fragment Ciai′b to a site that request it most often. This will maximize the local
data availability for the most frequent queries. The accesses of Ciai′b by queries are either
with Ai, Bi′ or none of them. Therefore the difference between aff(C,Ai) and aff(C,Bi′) will
reflect the local request at sites i and i′, and indicate the difference between requesti(C) and
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requesti′(C). In other words, we should allocate an atomic fragment to the same site of the
related fragment which has the highest affinities with the target type. In the following section
we shall investigate a heuristic procedure for derived horizontal fragmentation.

6.2.3 Heuristics for Derived Horizontal Fragmentation

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% queries Qm.
2. Process primary horizontal fragmentation using the heuristic in Section 6.1 to get a set

of primary horizontal fragmentation schemata.
3. Get a set of target types, those which are database types that have not been fragmented

primarily but are accessed together with some related fragments.
4. For each of the target types find the set of queries that accessed both the target type and

corresponding related types and get the frequencies of each query.
5. For each of the target types get the request of each fragment of the related data types.
6. Use fragmentation of each of the 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 semijoin. Remove overlaps between each pair of the resulting
fragments. A overlap part is allocated to the same site as the related fragment that is
requested the most by queries.

7. If there is more than one derived fragmentation schema from step 3 perform derived
fragmentation refinement by performing intersection between every pair of fragments
from two different schemata to get a set of atomic fragments.

8. Allocate atomic fragments to the same site as the related fragments that have the highest
affinity with the target type.

This procedure is formally described by the algorithm below.

Algorithm 6.17. [Cost-Based Derived Horizontal Fragmentation Algorithm]
Input: Qm = {Q1, . . . , Qm} /* a set of global queries

Ed /* a type with a set of components and attributes
a set of network nodes N = {1, . . . , k} with cost factors
a set of related types {E1, . . . , Ei, . . . , Ec} with FEi

= {E1
i , . . . , E

k
i }

Output: derived horizontal fragmentation schema and fragment allocation schema
Method

for each θ ∈ {1, . . . , k} let db(Eθd) = ∅ endfor

for each related type Ei ∈ {E1, . . . , Ec} do

db(Eθdi) = db(Ed) n db(Eθi )
endfor

for each fragment db(Eθdi) /* remove overlaps
for each fragment db(Eθ

′

di) do
db(Eθθ

′

di ) = db(Eθdi) ∩ db(E
θ′

di)
choose y such that request(Eyi ) = min{request(Eθi ), request(E

θ′
i )}

db(Eydi) = db(Eydi) − db(Eθθ
′

di ) /* remove intersection from the less request node
endfor

endfor
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for each db(Eθdi) do
for each db(Eθ

′

di′) do
db(Eθθ

′

dii′) = db(Eθdi) ∩ db(E
θ′

di′)
affθ(Ed, E

z
x) = max{affθ(Ed, E

θ
i ), affθ(Ed, E

θ′

i′ )}
db(Ezd) = db(Ezd) ∪ db(E

θθ′

dij )
endfor

endfor ut

6.2.4 An Example

Recollect that in [24] member relations and owner relations are defined 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 components. For example, if E1 ∈ comp(E2), then E1

is the owner database type and E2 is the member database type.

Example 6.2. Taking again the database schema in Example 3.1, we now assume for
a target database type Lecturer, there are two related database types, Depart-
ment and Teach, each of which has been horizontally fragmented into three frag-
ments that are allocated to network nodes, 1, 2, and 3, respectively, i.e., FDepartment =
{Department1,Department2,Department3}, FTeach = {Teach1,Teach2,Teach3}.
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 horizontally fragmented according to the fragmenta-
tion schemata of Department and Teach. The fragments resulting from semijoin with
fragments of Department are:

db(Lecturer1D′) = db(Lecturer) n db(Department1),
db(Lecturer2D′) = db(Lecturer) n db(Department2),
db(Lecturer3D′) = db(Lecturer) n db(Department3),
db(Lecturer4D′) = db(Lecturer) − (db(Lecturer) n db(Department))

Because Department is a component of Lecturer, the above fragments are disjoint.
Also, all objects for Department in Lecturer must be in one of fragments of Depart-
ment. Hence, Lecturer4D′ is always an empty set. Therefore, we can directly get the
following disjoint fragments:

Lecturer1D,Lecturer2D,Lecturer3D.
Similarly, fragmenting Lecturer by performing semijoin with fragments of Teach we
get

db(Lecturer1T ′) = db(Lecturer) n db(Teach1),
db(Lecturer2T ′) = db(Lecturer) n db(Teach2),
db(Lecturer3T ′) = db(Lecturer) n db(Teach3),
db(Lecturer4T ′) = db(Lecturer) − (db(Lecturer) n db(Teach)).

Because Lecturer is a component of Teach there might be overlaps between the above
fragments. Removing any overlap we get the following disjoint fragments:
Lecturer1T ,Lecturer2T ,Lecturer3T ,Lecturer4T .
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2. Perform intersection between all fragments resulted from semijoin with Department and
fragments resulted from semijoin with fragments of Teach, we now have 12 intersections:

db(Lecturer1D1T ) = db(Lecturer1D) ∩ db(Lecturer1T ),
db(Lecturer1D2T ) = db(Lecturer1D) ∩ db(Lecturer2T ),
db(Lecturer1D3T ) = db(Lecturer1D) ∩ db(Lecturer3T ),
db(Lecturer1D4T ) = db(Lecturer1D) ∩ db(Lecturer4T ),
db(Lecturer2D1T ) = db(Lecturer2D) ∩ db(Lecturer1T ),
db(Lecturer2D2T ) = db(Lecturer2D) ∩ db(Lecturer2T ),
db(Lecturer2D3T ) = db(Lecturer2D) ∩ db(Lecturer3T ),
db(Lecturer2D4T ) = db(Lecturer1D) ∩ db(Lecturer4T ),
db(Lecturer3D1T ) = db(Lecturer3D) ∩ db(Lecturer1T ),
db(Lecturer3D2T ) = db(Lecturer3D) ∩ db(Lecturer2T ),
db(Lecturer3D3T ) = db(Lecturer3D) ∩ db(Lecturer3T ),
db(Lecturer3D4T ) = db(Lecturer3D) ∩ db(Lecturer4T ).

3. For each of the intersections we decide its allocation based on the allocation of corre-
sponding related fragments and their frequencies. Two situations may occur:

– Intersections result from fragments at the same site. Among the above intersections,
Lecturer1D1T ,Lecturer2D2T ,Lecture
-r3D3T are resulted from the semijoin of the fragments at the same network node.
Therefore we allocate them at the same site as these related fragments.
λ(Lecturer1D1T ) = 1, λ(Lecturer2D2T ) = 2, λ(Lecturer3D3T ) = 3,

– Intersections result from fragments at different sites. In this case the affinities between
related types involved in the intersections and the target type will be used to decide
the allocation of the atomic fragment. The related fragments that have highest affinity
with the target type will decide the allocation of the atomic derived fragment.
For example, the allocation of Lecturer1D2T will be decided by the values of
aff(Lecturer,Department1) and aff(Lecturer,Teach2). If aff(Lecturer,
Department1) = MAX{(aff(Lecturer,Department1), aff(Lecturer,Teach2)}
then allocate C1D2T to site 1. Otherwise allocate it to site 2.

ut

Example 6.3. Looking back at the motivation example in Section 6.2.1, there are four atomic
fragments, C1a3b, C1a4b, C2a3b, C2a4b. To allocate these atomic fragments we compare affinities.
For example, to allocate C1a3b we compare affinities aff(C,A1), aff(C,B3). As aff(C,A1) = f1

and aff(C,B3) = f3 and f1 > f3. Hence, we allocate C1a3b to site 1.
In the same way we have:

λ(C1a4b) = 1 because aff(C,A1) = f1, aff(C,B4) = f4 and f1 > f4.
λ(C2a3b) = 3 because aff(C,A2) = f2, aff(C,B3) = f3 and f3 > f2.
λ(C2a4b) = 2 because aff(C,A2) = f2,aff(C,B4) = f4 and f2 > f4.

The allocation resulted from the heuristic using affinities is the same as the optimized allo-
cation in the example in Section 6.2.1.

ut

6.2.5 Discussion

In this section I will prove that the proposed approach for derived horizontal fragmentation
is correct with regard to the criteria in Section 4.4. In addition I will analyze the complexity
of the proposed approach.
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Let C be an instance of a target database type, A and B be the instances of two related
types, which are fragmented as FA = {A1, . . . , Am}, FB = {B1, . . . , Bn}. Database type C
has attributes in common with A and B. That means that C is either a component of A
and B or has A or B as a component. The following shows that criteria of fragmentation,
disjointness, reconstruction, completeness, are satisfied.

– Completeness: As shown in the definition of derived horizontal fragmentation, there is
always a remainder which contains all instances of C which do not match instances in A
or B. In other words, if an object cannot be selected using semijoin with fragments of A
or B, it will be in the remainder fragment.

– Disjointness: To check disjointness between each pair of atomic derived fragments, Ciajb
and Ci′aj′b, we can check whether Ciajb ∩ Ci′aj′b = ∅ for the following three situations:
i = i′, j = j′ and i 6= i′ ∧ j 6= j′.
For the first two situations the proofs of disjointness are straightforward. Because Cjb
and Cj′b are disjoint, the disjointness between Ciajb and Ciaj′b is guaranteed:

Ciajb ∩ Ciaj′b = (Cia ∩ Cjb) ∩ (Cia ∩ Cj′b)

= Cia ∩ (Cjb ∩ Cj′b)

= ∅

Similarly, because Cia and Ci′a are disjoint Ciajb and Ci′ajb is disjoint.

Ciajb ∩ Ci′ajb = (Cia ∩ Cjb) ∩ (Ci′a ∩ Cjb)

= Cjb ∩ (Cia ∩ Ci′a)

= ∅

For general cases i 6= i′ ∧ j 6= j′.

Ciajb ∩ Ci′aj′b = (Cia ∩ Cjb) ∩ (Ci′a ∩ Cj′b)

= (Cia ∩ (Ci′a) ∩ (Cjb ∩ Cj′b)

= ∅

– Reconstruction: The formulae below show that the union of all atomic derived frag-
ments reconstruct 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
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This approach is of similar computation complexity as traditional approaches using frag-
mentation of one owner relation but can lead to better system performance. Let c be the
number of related types of a given target type, n be the number of records of the target type,
n′ be the average number of records of related types, k be the number of network nodes, m
be the number of queries. The complexity of our approach, which deals with derived frag-
mentation and allocation, is O(c · n′ · log n′ + k · n · log n+ c ·m · k2). The first for loop does
not affect the computational complexity. The second for loop, performing semijoins, takes
time O(c · n′ · log n′ + n · log n). The third for loop, removing overlaps between fragments,
takes time O(k · n · log n + c ·m · k). The third for loop, allocating atomic fragments, takes
time O(c · m · k2). For example, if there are two related types for a target type, the com-
plexity of the traditional approach is O(n′ · log n′ + n · log n +m · k2) while our approach is
O(2 ·n′ · log n′+n · logn+2 ·m ·k2). The complexity for the one time design procedure does not
change very much while the system performance can indeed be improved, for the long-term
using of the system.

6.2.6 Experimental Evaluation

This subsection presents some experiments conducted to verify Algorithm 6.17, proposed
above. They used the same testbed as in Section 6.1.4, a testbed designed with a database
schema S populated with records to get db(S). Assume that from four sites over a network,
there are 30 queries, either the 20% most frequently queries or those used by most critical
transactions. These 30 queries were designed by applying the similar pattern of queries as
in the OO7 project [22]. 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 types or directly. To test the heuristic queries were designed such that there were
two target types, each of which had two related types. The types that had predicates defined
on them had been horizontally fragmented using the heuristics proposed in Section 6.1. With
these fragmented related types derived horizontal fragmentation was performed on the target
types using the following two approaches:

– case I: using Algorithm 6.17 introduced above (Section 6.2.3).
– case II: using the traditional approach based on fragments of one owner type as in [93].

Tests were run on three different instances of different sizes. Comparing the results pro-
duced the following 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 show that the total query costs for case I is smaller than that for
case II on all three different database instances. This means that the heuristic approach for
derived horizontal fragmentation can lead to better system performance than can traditional
approaches that use fragmentation of one owner relation. This validates the proposed heuristic
approach for derived horizontal fragmentation. Furthermore, the time to process the tests
using this approach was of similar length to that using the traditional approach.
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Chapter 7

Heuristics for Vertical

Fragmentation and Fragment

Allocation

In the literature, fragmentation is treated as independent design procedure from allocation. As
discussed in Section 2.2, for distributed databases vertical fragmentation are mainly affinity-
based [88, 89, 93]. Allocation takes as input the output of the vertical fragmentation. However,
once the fragmentation decision has been made, the possibility of finding an optimal allocation
schema of the fragments is restricted. Therefore, a cost model should come into play while
making decision of fragmentation. In this chapter I concentrate on vertical fragmentation.

7.1 A Motivating Example

We first look at the following example to see the restriction of finding an optimal allocation
for a given fragmentation schema which has been decided at the fragmentation stage using
attribute affinities with no cost models involved.

Example 7.1. Consider a relation being fragmented into several fragments according to the
affinities between each pair of attributes. Among these fragments there is one fragment Fu
having four attributes a1, a2, a3, a4, of length `1, `2, `3, `4, respectively, and being accessed by
two queries with accessing frequencies f1, f2 respectively. Query Q1 needs to access attributes
a1, a2, a3, a4 while Q2 needs to access a3, a4. First we assume both Q1 and Q2 are issued
at site N1. The optimal allocation is to allocate Fu to site N1, in which case there are no
transportation costs needed to execute both Q1 and Q2. This scenario is illustrated in Figure
7.1.
Now assume that Q2 is issued at site N2. The change in the issuing site of Q2 does not affect
the weights of edges on the affinity graph. Therefore the fragmentation schema would be
the same. For Fu the optimal allocation depends on the values of f1 and f2. There are two
situations that may occur:

– if f2 ≤ (1 +
`1 + `2

`3 + `4
) · f1 then λ(Fu) = N1

– if f2 > (1 +
`1 + `2

`3 + `4
) · f1 then λ(Fu) = N2
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a1 a4

a2 a3

Fu

f1

f1+f2f1
f1

Fig. 7.1. Scenario I: Fragmentation with Two Queries at One Location

The first situation is illustrated in Figure 7.2 as Scenario II. In this scenario, transportation
costs are involved to execute Query Q2. As the transportation costs dominate the total query
costs, we get:

costsλ1
(Q2) ≈ transλ1

(Q2) = f2 · n · (`3 + `4) · c12

a1 a4

a2 a3

f1

f1+f2f1
f1

Fu

2 3 4
( )f n l l

Fig. 7.2. Scenario II: Fragmentation with Two Queries at Different Locations

The second situation is illustrated in Figure 7.3 as Scenario III. In this scenario, transportation
costs are involved to execute query Q1. Then, we get:

costsλ2
(Q2) ≈ transλ1

(Q1) = f1 · n · (`1 + `2 + `3 + `4) · c21

Assuming f2 > f1, if we do not perform vertical fragmentation using affinities but rather
consider both vertical fragmentation and allocation together to find an optimal solution, we
can have two fragments Fu1 = {a1, a2} Fu2 = {a3, a4} and allocate Fu2 to site N2. This
fragmentation and allocation are illustrated in Scenario IV (Figure 7.4). In this case, total
query costs are

costλ3
(Q2) ≈ transλ2

(Q1) = f1 · n · (`3 + `4) · c21
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a1 a4

a2 a3

f1

f1+f2f1
f1

Fu
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Fig. 7.3. Scenario III: Fragmentation with Two Queries at Different Locations

a1 a4

a2 a3

Fu1 Fu2

f1+f2

f1
f1

f1

f1

1 3 4
( )f n l l

Fig. 7.4. Scenario IV: Fragmentation with Two Queries at Different Locations

Assuming c12 = c21 = 1, we compare query costs in Scenario IV to those in Scenario II and
get

costλ1
(Q2) = costλ3

+ f2 · n · (`3 + `4) − f1 · n · (`3 + `4)

= costλ3
+ n · (`3 + `4) · (f2 − f1)

> costλ3

Comparing query costs in Scenario IV to those in Scenario III, we get

costλ2
(Q2) = costλ3

+ f1 · n · (`1 + `2 + `3 + `4) − f1 · n · (`3 + `4)

= costλ3
+ f1 · n · (`1 + `2)

> costλ3

ut

Obviously, the fragmentation and allocation in Scenario IV, which results from comparing
with query costs while making decision of fragmentation, is the best solution. That is, to get
an optimal solution of fragmentation and allocation we need to employ a cost model with
which we can achieve an optimal fragmentation and allocation simultaneously. With the cost
model, any change of the query information (including the site information of queries) will
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be reflected in the design of fragmentation and allocation. But the approaches of vertical
fragmentation using the value of affinities cannot reflect this change.

However, if a relation has m non-primary key attributes, the possible fragments are given
by the Bell number which is approximately B(m) ≈ mm. With this number of possible frag-
ments, the following up allocation, using the cost model introduced previously, is of complexity
O(k(mm)) with k as the number of network nodes. Therefore, it is impossible to get optimal
solutions to the vertical fragmentation and allocation problems. We can only expect to find
a heuristic solution.

In the remainder of this chapter a heuristic approach to vertical fragmentation and alloca-
tion will be introduced. This approach adapts a simplified cost model while making decision of
vertical fragmentation. It adopts the vertical fragmentation approach in [78, 79] for the RDM
to the complex value data model described in Chapter 3. Research work in this chapter can
also be found in [55, 73]. In the following, some terms will be defined before the presentation
of the algorithm for vertical fragmentation for the complex value data model and examples
illustrating how the algorithm is applied and the system performance is changed.

7.2 Some Terms

If db(E) is vertically fragmented into a set of fragments with fragmentation schema FE =
{EV 1, . . . , EV u, . . . , EV 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 and atomicj = {ai|fji = fj} indicate the set
of atomic attributes accessed by Qj , with fji as the frequency of the query Qj accessing ai.
Here, fji = fj if the attribute ai is accessed by Qj. Otherwise, fji = 0. Each attribute ai of
E is of average length `i.

From the discussion in the previous section, Section 7.1, we know that to get an optimal
vertical fragmentation we need to employ a cost model which takes input information as:

– the frequency of queries that access the object (taking that when the same query is issued
at different sites, it is treated as different queries);

– the subset of the attributes used by queries;
– the size of each attribute of the object.
– the site that issue the queries

Definition 7.1. The request of an attribute ai at a site θ is the sum of the frequencies of all
queries at the site accessing the attribute:

requestθ(ai) =

m
∑

j=1,λ(Qj)=θ

fji.

ut

Definition 7.2. With the length `i of an attribute ai and average number of tuples n in a
db(E), we can calculate the need of an attribute as the total data volume involved to retrieve
ai by all the queries:

needθ(ai) =
m

∑

j=1,λ(Qj)

si · fji.

ut
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We can also calculate the need of an attribute using the request of the attribute.

needθ(ai) = n · `i ·
m

∑

j=1,λ(Qj)=θ

fji

= n · `i · requestθ(ai)

Finally, a term pay is introduced to measure the costs of accessing a single attribute once
it is allocated to a network node.

Definition 7.3. The pay of allocating an attribute ai to a site θ measures the costs of ac-
cessing attribute ai by all queries from sites θ′ other than site θ:

payθ(ai) =

k
∑

θ′=1,θ′ 6=θ

m
∑

j=1,λ(Qj)=θ′

fji · cθθ′ .

ut

Note that attribute length is not included in the formula because when we compare the
pay of an attribute at different sites, attribute length will always be the same.

It can also be calculated using the following formula:

payθ(ai) =
k

∑

θ′=1,θ 6=θ′

requestθ′(ai) · cθθ′

Definition 7.4. Let fji be the frequency of a query accessing an attribute ai of a fragment Fu
of a type E, `i be the length of the attribute. The need of a fragment at a site θ is calculated
with the following formula:

needθ(Fu) =
m

∑

j=1,λ(Qj)=θ

sj · fj

=

m
∑

j=1,λ(Qj)=θ

n · (
n

∑

i=1,ai∈Aj

`i) · fj

=

m
∑

j=1,λ(Qj)=θ

n · (
n

∑

i=1

`i · fji)

=
n

∑

i=1

n · `i ·
m

∑

j=1,λ(Qj)=θ

·fji

=

n
∑

i=1

needθ(ai)

with sj as the size of data volume required by query Qj from fragment Fu, Aj as the set of
attributes accessed by Qj. ut
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In distributed databases, costs of queries are dominated by the costs of data transportation
from a remote site to the site that issued the queries. To compare different vertical fragmen-
tation schemata we would like to compare how it affects the transportation costs. So we can
simplify the cost model in Section 3.3 as following:

costλ(Q
m) =

k
∑

θ=1

v
∑

u=1

needθ(Fu) · cθθ′ . (4)

Note that the cost factor cθθ′ = 0, if θ = θ′.

Example 7.2. Assume a fragment F being accessed by three queries from three different
sites, a, b and c, respectively. If we allocate fragment F to site c, λ(F ) = c, then the costs
of all queries that access this attribute can be calculated by summing up the need at site a
multiplied by the cost factor cca and the need at site b multiplied by the cost factor ccb. Using
Formula (4) we have:

costλ(F )=c(Q
m) = needa(F ) · cca + needb(F ) · ccb

ut

7.3 A Heuristic Approach for Vertical Fragmentation

As in [88], we assume a simple transaction model where the system collects the information
at the issuing site of the query and executes the query there. In this model we can evalu-
ate the costs of allocating a single attribute to network nodes and then make decisions by
choosing a site that leads to the least query costs. Also, according to our discussion of how
fragmentation affects query costs, the allocation of fragments to network nodes following the
cost minimization heuristics already determines the location assignment, provided that an
optimal location assignment for the queries was given prior to the fragmentation.

Taking the simplified cost model introduced above we now analyze the relationships be-
tween the cost, the pay and the request of an attribute. We compute the following formulae:

costλ(ai)=θ(Q
m) =

k
∑

θ′=1,θ 6=θ′

needθ′(ai) · cθθ′

=

k
∑

θ′=1,θ′ 6=θ

m
∑

j=1,λ(Qj)=θ′

n · `i · fji · cθθ′

= n · `i ·
k

∑

θ′=1,θ′ 6=θ

m
∑

j=1,λ(Qj)=θ′

fji · cθθ′

= n · `i ·
k

∑

θ′=1,θ′ 6=θ

requestθ′(ai) · cθθ′

= n · `i · payθ(ai).

The above formulae gives rise to two alternative heuristics for the allocation of an attribute
ai (i = 1, . . . , n).
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– The first heuristic allocates ai to a network node Nw such that payw(ai) is minimal, i.e.,
we choose a network node in such a way that the total transport costs for all queries
arising from the allocation are minimized.

– The second heuristic allocates ai to a network node Nw such that requestw(ai) is maxi-
mal. i.e., we choose the network node with the highest request of the attribute ai. This
guarantees that there are no transport costs associated with the data of attribute ai for
those queries that need the data of ai most frequently. In addition, the availability of data
of attribute ai will be maximized.

Taking the first heuristic, first occurring in [78], we perform vertical fragmentation using
six steps below. Read and write queries are distinguished because replication is not considered
at this stage. The second heuristic is easily formulated. It is actually a special case of the first
heuristic when a simple query environment is assumed.

1. Take the most frequently used 20% queries Qm.
2. Optimize all the queries and construct an AUFM for each database type E based on the

queries.
3. Calculate the request at each site for each attribute to construct an Attribute Request

Matrix.
4. Calculate the pay at each site for each attribute to construct an Attribute Pay Matrix.
5. Cluster all attributes to the site which has the lowest value for pay.
6. Attach the primary key to each of the fragments.

In order to record query information, an Attribute Usage Frequency Matrix (AUFM ) is
used to record 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; and the head
of each column contains the set of atomic attributes of a given representation type tE , the site
issuing the queries and the frequency of the queries. 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. 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
optimized 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.

This procedure is formally described as the algorithm below. With the AUFM as an input,
we now present a vertical fragmentation algorithm (as described in Algorithm 7.5). 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. Meanwhile, a set of path expressions for each vertical fragment are obtained. Vertical
fragmentation is performed by using the sets of paths. A vertical fragmentation schema and
an allocation schema are obtained simultaneously.

Algorithm 7.5. [Cost-Based Vertical Fragmentation Algorithm]
Input: the AUFM of database type E

atomic(E) = {a1, . . . , an} /* a set of atomic attributes
PATH(E) = {pathi, . . . , pathn} /* a set of path of all atomic attributes
a set of network nodes N = {1, . . . , k} with cost factors cij
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Output: vertical fragmentation and fragment allocation schema FE = {EV 1, . . . , EV k}
Method: for each θ ∈ {1, . . . , k}

let atomic(EV θ) = kE
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) = minkθ=1 payθ(ai)
atomic(EV w) = atomic(EV w) ∪ {ai} /* add ai to EV w
PATH(EV w) = PATH(EV w) ∪ {pathi} /* add pathi to PATH(EV w)

endfor

for each θ ∈ {1, . . . , k}
db(EV w) = πPATH(EV w)(db(E))

endfor

ut

7.4 Examples

Example 7.3. 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 πtlecturer(σname.titles3‘Professor′(Lecturer)) issued at site 1 with f1 = 20,
– Query 2 πname.titles, homepage(Lecturer) issued at site 2 with f2 = 30,
– Query 3 πname.lname, phone(Lecturer) issued at site 3 with f3 = 100,
– Query 4 πname.fname, email(Lecturer) issued at site 1 with f4 = 50, and
– Query 5 πname.titles, phone.areacode(Lecturer) issued at site 2 with f5 = 70.

In order to perform vertical fragmentation using the design procedure as introduced in Section
7.3, we first construct an Attribute Usage Frequency Matrix (AUFM ) as shown in Table 7.1.
Secondly, we compute the request for each attribute at each site, the results of which are shown
in the Attribute Request Matrix in Table 7.2. 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 attribute at each site using the values of the request from Table 7.2. The results are
shown in an Attribute Pay Matrix in Table 7.3.
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(EV 1) = πid, in.dname, name.fname, email(db(Lecturer)),
– db(EV 2) = πid, name.titles.title, homepage(db(Lecturer)) and
– db(EV 3) = πid, name.lname, phone(db(Lecturer)).

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
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Table7.1. Attribute Usage Frequency Matrix for Example 7.3

Site Query Frequency in id name email phone homepage
dname fname lname titles areacode number

title
Length 30 20 20 · 8 20 · 8 2 · 15 · 8 30 · 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

Table7.2. Attribute Request Matrix for Example 7.3

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

Table7.3. Attribute Pay Matrix for Example 7.3

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 Nθ 1 1,2,3 1 3 2 1 3 3 2
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Fig. 7.5. Allocation of Fragments for Example 7.3
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20 and the average number of titles for each lecturer is 2. With the average length of each
attribute given in Table 7.1, we can compute the total query costs. Assume that distributed
query processing and optimization 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 optimized allocation of db(Lecturer) 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 fragmentation. This shows that
vertical fragmentation can indeed improve system performance. ut

Example 7.4. We will take the same example problem as issued in [88, 89] to illustrate how
the cost-based approach works and to compare resulting fragmentation schema with that in
[88, 89]. Firstly, we take the Attribute Usage Matrix and Attribute Access Matrix in [88] to
construct an AUFM grouped by site that issues the queries. The AUFM is shown in Table 7.4.
Secondly, we compute the request for each attribute at each site and get the Attribute Request
Matrix shown in Table 7.5.

Table7.4. Attribute Usage Frequency Matrix for Example 7.4

Site Query Frequency a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

1 T1 10 10 0 0 0 10 0 10 0 0 0
1 T2 10 0 10 10 0 0 0 0 10 10 0
1 T4 10 0 10 0 0 0 0 10 10 0 0
1 T6 10 10 0 0 0 10 0 0 0 0 0
1 T5 5 5 5 5 0 5 0 5 5 5 0
1 T7 5 0 0 5 0 0 0 0 0 5 0
1 T8 5 0 0 5 5 0 5 0 0 5 5

2 T2 20 0 20 20 0 0 0 0 20 20 0
2 T1 15 15 0 0 0 15 0 15 0 0 0
2 T5 10 10 10 10 0 10 0 10 10 10 0
2 T7 10 0 0 10 0 0 0 0 0 10 0
2 T6 5 5 0 0 0 5 0 0 0 0 0
2 T8 5 0 0 5 5 0 5 0 0 5 5

3 T3 15 0 0 0 15 0 15 0 0 0 15
3 T4 15 0 15 0 0 0 0 15 15 0 0
3 T2 10 0 10 10 0 0 0 0 10 10 0
3 T5 5 5 5 5 0 5 0 5 5 5 0
3 T6 5 5 0 0 0 5 0 0 0 0 0
3 T7 5 0 0 5 0 0 0 0 0 5 0
3 T8 3 0 0 3 3 0 3 0 0 3 3

4 T2 10 0 10 10 0 0 0 0 10 10 0
4 T3 10 0 0 0 10 0 10 0 0 0 10
4 T4 10 0 10 0 0 0 0 10 10 0 0
4 T5 5 5 5 5 0 5 0 5 5 5 0
4 T6 5 5 0 0 0 5 0 0 0 0 0
4 T7 5 0 0 5 0 0 0 0 0 5 0
4 T8 2 0 0 2 2 0 2 0 0 2 2

Length 10 8 4 6 15 14 3 5 9 12

100



7.4. EXAMPLES Hui Ma

Table7.5. Attribute Request Matrix for Example 7.4

request a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

request1(ai) 25 25 25 5 25 5 25 25 25 5
request2(ai) 30 30 45 5 30 5 25 30 45 5
request3(ai) 10 30 23 18 10 18 20 30 23 18
request4(ai) 10 25 22 12 10 12 15 25 22 12

Thirdly, assuming we have been given the values of transportation cost factors in Table 7.6,
we can now calculate the pay of each attribute at each site using the values of the request in
Table 7.5 and values of cost factors in Table 7.6. The results are shown in an Attribute Pay
Matrix in Table 7.7.

Table7.6. Transportation Cost Factors for Example 7.4

site 1 2 3 4

1 0 10 25 20
2 10 0 20 15
3 25 20 0 15
4 20 15 15 0

Table7.7. Attribute Pay Matrix for Example 7.4

pay a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

pay1(ai) 750 1550 1465 740 750 740 1050 1550 1465 740
pay2(ai) 600 1225 1040 590 600 590 875 1225 1040 590
pay3(ai) 1375 1600 1855 405 1375 405 1350 1600 1855 405
pat4(ai) 1100 1400 1520 445 1100 445 1175 1400 1520 445

Finally, for each attribute we compare values of the pay at all sites to find the minimal one.
We then allocate attribute ai to the site that of the minimal pay. The allocation of attributes
is shown in Table 7.8.
Relation R has been fragmented into two fragments with F1 = {a1, a2, a3, a5, a7, a8, a9} and
F2 = {a4, a6, a10}, which have been allocated to site 2 and 3 respectively.
Let us now compare our fragmentation schema with the fragmentation decision in [88, 89].
In [88, 89] the relation is first fragmented into three fragments: F1 = {a1, a5, a7},
F2 = {a2, a3, a8, a9} and F3 = {a4, a6, a10}. Then, at the refinement stage, F1 and
F2 are allocated at the same site. That means that the final fragmentation schema is
{a1, a2, a3, a5, a7, a8, a9}, {a4, a6, a10}, which is same as our results. However, the cost-based
approach presented in this chapter is of less complexity.
Take the example problem in [88] again and move all queries T2 from site 2 to site 1.
In this case, the affinity graph does not change; therefore the resulting fragmentation
schema is not changed. But using Algorithm 7.5 results a different fragmentation schema:
{a2, a8}, {a1, a3, a5, a7}, {a4, a6, a10}.
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Table7.8. Attribute Allocation for Example 7.4

attribute ai 1 2 3 4 5 6 7 8 9 10

site Nθ 2 2 2 3 2 3 2 2 2 3

To compare the two solutions the simplified cost model introduced in Chapter 3 is used.
The total query costs result from fragmentation schema {a2, a8}, {a1, a3, a5, a7}, {a4, a6, a10}
is 64255 and the optimal allocation of fragmentation schema {a1, a5, a7}, {a2, a3, a8, a9},
{a4, a6, a10} is 64580. Obviously, Algorithm 7.5 leads to a better design because the change
of input query information is reflected in the decision of fragmentation to reduce the total
query costs. ut

It can be concluded that the cost-based heuristic approach to vertical fragmentation pre-
sented in this chapter addresses the deficiencies of affinity-based vertical fragmentation ap-
proaches, e.g., [38, 57, 86, 88, 89, 93] (which make decisions according to the affinities between
each pair of attributes), by introducing a simplified cost model at the stage of vertical frag-
mentation. Also, the Cost-Base Vertical Fragmentation Algorithm is of lower complexity than
are vertical fragmentation algorithms using affinities.

7.5 Discussion

In order to obtain optimized fragmentation and allocation schemata for complex 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 allocation schema by exhaustively comparing different fragmenta-
tion schemata and allocation schemata using the cost model. From the analysis of 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 to access it will be [78]. This explains how
the proposed cost-based fragmentation approach above can at least determine a semi-optimal
vertical fragmentation schema.

Using the Cost-Based Vertical Fragmentation Algorithm, Algorithm 7.5, it can be always
guaranteed that the resulting vertical fragmentation schema meets the criteria of correctness
rules. Disjointness and completeness are satisfied because all non-key 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 inside a
set type is decomposed, an index is attached to the attribute before vertical fragmentation.
This index will then will be attached to each of fragments.

The advantages of our heuristic approach for vertical fragmentation and fragment alloca-
tion are:

– Except key attributes, there is no overlap among all the vertical fragments. Therefore, we
do not need extra procedures to remove overlaps.

– The change of queries will be reflected by the fragmentation solution. Query information
may reflect the need to retain attributes from some sites more often than from some other
sites even though on the affinity graph the cutting edges will be the same.
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– Let m be the number of queries, n be the number of attributes, k be the number of
network nodes. The complexity of our vertical fragmentation and allocation approach is
O(m · n + k2 · n). The first for loop does not affect the computational complexity. The
second for loop is executed n times. At each iteration, computing request for all sites
takes time O(m), computing pay for all sites takes time O(k2), and choosing a site of
lowest value of pay takes time O(k · log k). The last for loop takes time O(k · n · log n).
However, the complexity of the graphical approach in [89] is O(n2 ·m+kn

′

) for the whole
design procedure, where the complexity of building the affinity matrix is O(n2 ·m), the
complexity of vertical fragmentation is O(n2), and complexity of fragment allocation is
O(kn

′

) with n′ as the number of resulting fragments.
– This approach suits the situation where for each database type the number of attributes

is small and the number of queries is big. Usually, the number of queries taken into
consideration is bigger than the number of attributes of a database type.
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Chapter 8

Conclusions

8.1 Summary

This thesis addressed the distribution design for complex value databases, which are char-
acterized by the presence of several type constructors following the abstract model in [101].
It focused particularly on the problem of query performance gain that is expected from a
distribution. Therefore, it first investigated optimized query trees utilizing a simplified query
algebra. The reason for choosing this algebra is that it gives a reasonable handle to estimate
total query costs by first estimating the sizes of intermediate results, then summing up storage
and transportation costs under the assumption that nodes in the query trees are allocated
to network nodes. This defines a rather accurate query cost model. In addition, the use of a
query algebra gives us a handle to take query optimization into account, which amounts to a
reorganization of query trees.

On this basis we analyzed what would happen to query costs if first an optimized query
tree would be rewritten by fragmenting a leaf node, then optimized again. A discussion of hor-
izontal, vertical and splitting fragmentation following previous work in [80, 102] disclosed that
only subqueries involving a selection followed by a projection are affected by fragmentation.
Further, it was found that if an optimal allocation is assumed before fragmentation, changes
will only become necessary to leaf nodes and the selection/projection predecessors. This result
– summarized in Facts 5.1-5.3 – is a significant improvement on previous work in the context
of the RDM (e.g. [5], [7] and [64]), in which query trees were only considered in a static way,
while present work dynamically reorganizes these query trees after fragmentation. Further-
more, the result of the investigation of this study implies that query optimization including
optimal allocation of intermediate nodes in query trees to network nodes is largely orthogonal
to the problem of fragmentation and allocation. In other words, finding an adequate frag-
mentation and a suitable allocation of the fragments to network nodes will result in at least
sub-optimal total query costs if the queries as such are optimized before fragmentation.

This result was then used on the impact of fragmentation on query costs to develop a
heuristic approach to primary horizontal fragmentation and allocation. The resulting heuris-
tic approach consists of three parts. The first part determines a sub-optimal allocation for
given fragments placing fragments either at nodes, where they are most needed, or at nodes
that will minimize transport costs arising from the given fragment. At this point the corre-
sponding heuristic algorithm still has a rather high complexity. The second part refines a given
fragmentation and allocation, and checks whether further fragmentation may lead to further
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improvement of query costs including the determination of an optimal allocation of the new
fragments. This gives rise to a binary search which either refines fragments or removes unnec-
essary fragmentation. The third part determines a reasonable number of selection predicates
following a heuristic according to which it can be expected that, below a certain threshold
of query frequency, selection predicates will no longer contribute to improving query perfor-
mance. These integrated heuristics are validated by a number of experiments, the positive
results of which confirm the validity of the approach.

For derived horizontal fragmentation, the deficiencies of the approaches that perform de-
rived horizontal fragmentation on a member relation or a non-leaf class based on fragmenta-
tion of one owner relation or leaf class were discussed. To overcome the deficiencies, in the
context of the complex value data model, a heuristic procedure was proposed to allow derived
fragmentation to be performed by using horizontal fragmentation schemata of more than one
owner relation or leaf class. By doing this, derived horizontal fragmentation could be refined
to further improve the system performance. In addition, the derived horizontal fragmentation
algorithm in this thesis allowed derived horizontal fragmentation to be performed not only on
the owner type of a link but also on the member type of the link. The release of the restric-
tion that derived fragmentation can only be performed on the instances of a member type
according to fragmentation of one of its owner types rendered derived horizontal fragmenta-
tion more applicable to general cases. The cost-based derived fragmentation heuristic takes
into consideration data localization and the fact that the biggest number of fragments finally
generated is the number of network notes. Experimental evaluation confirmed the validity of
the heuristic on derived horizontal fragmentation.

The allocation heuristics and the fragmentation and allocation refinement were generalized
to vertical fragmentation. It was shown that affinity-based approaches cannot really improve
the data locality and thus improve system performance. A cost-based heuristics which takes
into consideration of query information, including not only frequencies but also where the
queries are issued, was proposed. In the meantime the network information, captured by
transportation cost factors, were also counted. A heuristic approach was proposed based
on the analysis of the cost model with the transportation costs dominating the total query
costs, and the consideration that database distribution design aims at improving system
performance by increasing data local availability. To compare this approach with the existing
affinity-based vertical fragmentation algorithms (see e.g., [88][89]), the vertical fragmentation
algorithm proposed in this thesis is applied to the same example problem (as in [88] and [89]),
on which many other affinity-based vertical fragmentation algorithms have been based. It is
shown that the approach presented in this study out-performs the affinity-based approaches
in [88] and [89] with regard to both efficiency and computation complexity. In addition, the
approach can be applied not only to relational databases but also to complex value databases.

8.2 Open Problems and Challenges

Open problems existed include consideration of concurrency in the cost model. The cost model
is employed to predict the execution costs of alternative fragmentation and allocation designs.
The main objective of database distribution design is to improve system performance and
throughput. The problem here is how to factor the knowledge of workload of concurrent queries
within the cost model. This may lead to the consideration of multiple query optimization,
where a set of queries executed in the same time period are optimized together.
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Another open problem relates to global query optimization. Current optimization tech-
niques focus only on a subset of queries, namely select-project-join (SPJ) queries with con-
junctive predicates. As a result, a large number of theories have been proposed for join and
semijoin ordering. However, for queries with other operations, such as aggregations and unions,
there is no complete theory one can apply with respect to distributed query optimization for
complex value databases. Therefore, it is natural to study the affect of fragmentation on
queries that are not restricted only to SPJ queries.

Further, it is worthwhile to consider disjoint union type in the type system because it
can be used to represent alternatives, which are used in XML. Reconstructivity of frag-
mentation may not, however, be guaranteed once vertical fragmentation is performed on a
disjoint union type. For example, if a vertical fragmentation is applied to an attribute of type
(a1 : t2, a2 : (t21 ⊕ t22)) with two fragments of type (a1 : t1, a2 : (t21)) and (a1 : t1, a2 : (t22)),
respectively, using a join operation cannot reconstruct the original instance. That means,
semantic information is lost when vertical fragmentation is applied on attributes of disjoint
union type. Some design techniques need to be developed to assure the reconstructivity when
disjoint type is considered.

Furthermore, distributed databases are often used to support e-commerce, for which se-
curity is a critical issue. When encryption is used before data is transported and decryption
is used after data is transported, the sizes of data to be transported and the time needed
to process queries would be greater than when encryption is not used. An open problem
arises regarding how to evaluate query costs when encryption is engaged while processing
distributed queries accessing a distributed database.

At last, one can also investigate how to achieve combined gain of fragmentation, allocation
and indexing, especially for XML documents, the storage of which heavily relies on the index
mechanisms used. For example, the latest version of IBM DB2 [90] supports the storage of
XML into tables using the new XML data type. Internally, XML and relational data are stored
in different formats which match their corresponding data models. XML columns are stored
on disk pages in tree structures matching the XML data model. For that, index structures
are needed to allow efficient storage of global context for XML documents. Therefore, the
estimation of sizes of XML documents or its fragments depends on how XML label nodes and
data nodes are indexed and stored.
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92. Özsu, M. T., and Valduriez, P. Distributed Data Management: Unsolved Problems
and New Issues. IEEE Computer Society Press, 1994.
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