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Abstract: - The decision making processes need to reflect changes in the business world in a multidimensional
way. This includes also similar way of viewing the data for carrying out key decisions that ensure
competitiveness of the business. In this paper we focus on the Business Intelligence system as a main toolset
that helps in carrying out complex decisions and which requires multidimensional view of data for this purpose.
We propose a novel experimental approach to the design a multidimensional data model that uses principles of
the anchor modeling technique. The proposed approach is expected to bring several benefits like better query
execution performance, better support for temporal querying and several others. We provide assessment of this
approach mainly from the query execution performance perspective in this paper. The emphasis is placed on
the assessment of this technique as a potential innovative approach for the field of the data warehousing with
some implicit principles that could make the process of the design, implementation and maintenance of the data
warehouse more effective. The query performance testing was performed in the row-oriented database
environment using a sample of 10 star queries executed in the environment of 10 sample multidimensional data
models. The results show comparison of differences between results of query execution in the environment of
the experimental “Anchor” schema and the traditional “Star” schema using statistical methods. The results
show possible indications towards expected benefits of the proposed approach that embraces high level of
normalization of the resulting database schema in contrast with the traditional approach that results mostly to
the creation of a non-normalized database schema.

Key-Words: - multidimensional view of data, multidimensional data model, experimental approach, Anchor
modeling, query execution performance

1 Introduction methodologies. These aspects enable effective
The usage of information and communication management and decision-making through high
technologies (ICT) gained its firm place in the guality information and application of specialized
everyday life of many companies. Numerous software tools [2]. _ _

empirical analyses document the positive impact of After years of relative attenuation of the
ICT on economic growth, productivity, usefulness development in the field of BI, the global economic
and efficiency [1]. One of key aspects of the crisis _unvelled new topics of discussion among
globalization is that it made sophisticated practitioners and researchers. Although the potential
information technologies affordable for a vast of Bl itself was clearly recognized, 2 main issues
number of companies in the business environment. arose and are still discussed. How can the idea
This trend led to an increase in demand for behind the application of the Bl be extended and
specialized solutions, allowing analysis of huge how to ensure the Bl projects to become more
amounts of data and reporting of trends. These tasks successful, cheaper and eventually even more
are main purpose of existence of a specialized suitable for small and medium companies?
software category, commonly known as Business The_flrgt issue is quite sucpessfully addresseq _by
Intelligence (BI). The Bl is however mainly an applications  from ~the field ~of ~Competitive
umbrella term for various tools, technologies, Intelligence which is recognized as a successor to
architectures, processes, databases and the BI [3]. These tools tend to use new sources of

information to enhance potential of traditional BI
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tools. The second issue is however addressed by
more fields. These fields share a core idea — make
the process agile and more user-centric. Therefore
new disciplines like agile project management, agile
data modeling, agile data warehousing started to
appear. Both fields build up much of the whole
research effort that is currently related to the Bl and
its application using modern information
technologies and information sources in company’s
decision-making process. Both fields also share the
same effort to incorporate also unstructured content
(big data) into the decision-making process to add
relevance with most recent events in the society and
in the market. This paper focuses on presenting an
assessment of an innovative concept, as a part of
research activities concerning the second issue
mentioned.

1.1 Success of the information system
through the quality and relevance of design
BI tools are intended to supply key business users
with information that they actually need.
Information output should be in proper structure and
should be available on time — information with such
parameters is vital to gain actionable business
insights [4]. The process of building company’s BI
system should then embrace steps that assure high
quality information outputs with highest value for
the business user. The paradigm in which the Bl
system is used primarily on the executive level of
company’s management has changed. The new
paradigm involves usage of Bl tools even on tactical
and operational level of management. Also novel
methodologies that focus on building the Bl system
in shorter time, with lower costs, while addressing
important high priority requirements are present in
the current paradigm. Today, the field of industry
where the Bl could be implemented in is no longer a
limiting factor. The current driver of BI
implementation is its value for the business (despite
size of a company’s) which made the BI even more
pervasive.

The new paradigm also unveiled several gaps in
traditional methodologies which made room for
innovation in approaches that are already
standardized in the industry. Also, quicker pace of
business put more emphasis on the management of
requirements, since they can change literally
overnight. BI project’s stakeholders should be
informed how well are project’s success dimensions
performing and if their own expectations of
project’s success correspond with the actual state of
the project [5]. A methodology should then embrace
methods that cover solving of these issues.
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With respect to these facts, latest development in
the design and development of information systems
(including the BI) already confirmed benefits of
planning, developing and implementing key parts of
information system incrementally. The “agile
movement” enforces incremental fashion of the
design and development process and offers a set of
interesting ideas and principles that deal with issues
of execution of time pressured projects. However,
the agile should not be treated as a mere synonym of
faster design and development of the software [6]. It
should also be treated as a philosophy of the whole
process of planning and executing actions in the
process of company’s development over time. This
includes also management and implementation of
changes in the company and execution of tactical
plans and operational tasks. Their outcomes can
then be mirrored as changes in data models
(supporting company’s information system) and
these changes should be therefore carefully
managed.

In this paper we deal with one aspect of
information system’s design — the development of a
multidimensional data model for a BI system’s data
storage. We try to present and assess a proposal of
an innovative approach to the design of such data
model. Our approach should be applicable in the
agile oriented process of the design of BI system’s
data model. Since the BI system should reflect
changes in business processes and requirements
related to them, there are certain issues that should
be covered at the conceptual level of design of the
multidimensional data model. The conceptual level
of the data model should be as flexible as possible to
allow seamless adaptation to changes which occur
very often. Current state of conceptual modeling is
that the model is often created continuously and
concurrent with data loading, accessing and other
database management activities [7]. The idea of our
approach fits into this presumption: it should offer
adaptability of the data model on one side with
unique and flexible way of handling changes in key
data values and on the other side with minimum
specific requirements in the field of data loading.

1.2 The aspect of time in the design of the Bl
system’s data storage

The agile orientation of the BI system’s data storage
design process is important to ensure the system to
meet current requirements and presents valuable and
actionable outputs. This fact is also mentioned by
Tumbas and Matkovi¢ [8] who add that the agile
orientation in development of computer systems
also allows users to change their requirements more

Volume 13, 2014



WSEAS TRANSACTIONS on COMPUTERS

frequently without serious consequences. One of
information system’s success dimensions is
timeliness and currency of information [9]. These
aspects are very important since relevance of the
decision-making process depends mostly on the
timeliness and accuracy of available information
outputs™.

The data, as a source of business critical
information, often comprise history of changes in
values of key business entities (brand names,
customer names, organization unit numbers and
names, department assignment shifts etc.). These
changes are also emphasized as typical changes in
the field of data warehousing [10]. It is therefore
imperative to facilitate effective means of capturing
these changes and incorporate them in the decision-
making process while maintaining adaptability of
the underlying data model (preferably on the
conceptual level of design). The quality of
underlying data is a natural and very important
antecedent of information quality [11]. Also, an
indirect influence on system’s quality was proved.
These general success dimensions with other

mentioned aspects complete the picture of
prerequisites of overall information system’s
success.

Our approach includes conceptual means of
capturing changes in attributes’ values since this is
an important step in the process of BI system’s data
storage design. Ignoring tracking of changes in
business dimensions (used to focus measurement of
performance in a business processes) is mentioned
as a critical mistake in the process of design of Bl
system’s data storage [12].

Also, an assumption on the high performance of
the BI system is an important issue that the project
team has to deal with before deploying the system.
This issue is also addressed in the assessment of our
proposed approach as this issue is commonly
mentioned as one of typical aspects of the system
quality [13].

1.3 The aim and structure of the paper

The aim of the paper is to present proposal of
experimental approach to the design of the
multidimensional data model. The paper will also
present assessment of the proposed approach from a
query execution performance perspective. In the
assessment we use sample set of SQL queries and
we execute them in the environment of 10 sample

! These aspects are relevant to both historical and real-
time event processing oriented data sources and
information derived from them.
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multidimensional data models. The results will
show whether the proposed approach offers any
benefits in terms of better query execution
performance along with particular benefits for the
usage of the OLAP oriented data storage.

The rest of the paper is organized into 5 sections.
Section 2 presents description of the proposed
approach and section 3 presents the methodology of
the evaluation of the proposed approach from the
query performance perspective. In section 4 we
present analysis and discussion of results of the
evaluation. Section 6 concludes results and presents
overview of further research in the topic of the

paper.

2 The Proposal of the Experimental

Design Concept
The proposed concept is intended to be a
counterpart to the traditional approach which is
generally based on the construction of a relational
multidimensional data model, typically with a star
or a snowflake topology [27], [28]. Both
approaches, i.e. the proposed one and the traditional
one are based on the interpretation of steps of the
dimensional modeling by Ralph Kimball [12]. This
modeling technique consists of a set of steps that
result into the selection of a relevant set of facts at a
desired level of detail and analytical viewpoints to
allow multipurpose analysis of the facts. Analytical
viewpoints ( i.e. dimensions) represent entities of
the reality that can be used for analytical purposes.
Dimensions with their descriptive properties
(attributes) and facts form a multidimensional view
of data. The multidimensional view of data
represents the desired way of how the typical BI
system’s user thinks when analysing performance of
respective business processes. The aspect of time is
another important aspect of the multidimensional
view of data either for the dissemination of changes
in key data values but also for the time related
analysis of facts. Proper level of detail of facts (the
granularity or grain) influences usability of the data
model by BI system’s users and therefore it is one of
the factors that determine quality of the data model.
Facts are used for analytical and further for planning
purposes as measures of business process
performance. All these aspects of
multidimensionality are naturally relevant for our
proposed approach since the way how BI system’s
users think during the analysis of business process
performance doesn’t change.

Although the dimensional modeling allows
selecting proper set of dimensions with further
determination of their contents (attributes that
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provide descriptive context to facts with implicit

hierarchy), the process of the design of
multidimensional data model can  differ
significantly.

The application of the dimensional modeling
technique usually results is the definition of the
structure and expected contents of a business
process related multidimensional model. The
multidimensional model is usually a semantic-
conceptual description and/or visualisation of the
multidimensional view of data. Every subset of the
multidimensional model is related to specific
aspects of respective business process or sub-
process in which there is the desire to establish or
improve current state of decision making and
performance analysis. The multidimensional model
is incrementally amplified with the knowledge of
newly acquired or revision of current business
requirements which can be an uneasy task. The
multidimensional model is then incrementally
transformed into the multidimensional data model.
The multidimensional data model can take a form of
a relational schema (with star or possibly a
snowflake topology) or a schema of classes and
their relationships (the object-oriented approach to
modeling the multidimensional view of data). This
is the logical level of modeling the data model of the
multidimensional view of data. The transformation
into the physically implementable form is then a
natural step in terms of testing and further use of
such data model. The proposed approach supports
all these mentioned aspects but it differs in the way
how the evolution of the database schema is treated.
The main difference is in the way how the logical
level of the design is performed. The logical
relational representation of the multidimensional
view of data (i.e. relational multidimensional data
model) is component-based and it follows selected
principles of the anchor data modeling technique.

2.1 Short description of basic design
principles of the anchor data modeling
technique

In this paper, we focus on a relational data modeling
approach, called the anchor data modeling. The
anchor modeling is a database modeling technique
that facilitates agile development of a database
schema [26]. It is formerly focused on the
development of the data model of a data warehouse
according to the Inmon’s approach [17], even if the
resulting database schema is not normalized into the
3rd normal form. However, authors do not specify
the usage of the technique solely for the purpose of
building enterprise data warehouse nor whether their
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approach is inappropriate or impossible to use for
the design of the multidimensional data model.

Anchor modeling is based on a finite set of
constructors and principles that are understandable
and easy to implement in any relational database
environment. The authors specify that their
approach should bring several benefits. In context of
the design of the multidimensional data model, there
is namely the implicit possibility to develop the data
model iteratively and incrementally with easier and
more effective temporal querying, absence of null
values, and reusability of schema objects with
related aspects of storage efficiency. There is also
better query execution performance expected which
should be supported by the existence of a query
optimizer’s functionality called the elimination of
tables in a joins. However, this functionality is not
fully implemented in every available database
management system as reported in [26].

The database schema resulting from the
application of the anchor modeling technique is an
anchor schema. The anchor schema is a database
schema which consists of a finite set of anchors,
ties, attributes and eventually knots. Abstract
visualization of these components and their
representation as a logical relational data model are
depicted in figure 1.

The anchor schema is a highly decomposed
database schema which is characterized by high
level of normalization. The anchor database schema
satisfies fully the 5th normal form but the relation
can also exist in the 6th normal form which is an
extension of the 5th normal form. The 5th normal
form is generally based on the decomposition of
relations into further irreducible components (mini-
relations) that cannot be further decomposed
without losing any information contained in it. An
Attribute or a Tie relation in the anchor schema
satisfies the assumptions of the 6th normal form if
they contain additional temporal validity indication
attribute [29]. The temporal validity attribute is
however facultative and therefore the anchor
schema can also partially satisfy the assumptions of
the 6th normal form.

The time validity attribute contains information
on the time at which a specific value of the attribute
started and analogously stopped to be valid with
regard to the evolution of the entire entity’s state to
which the attribute logically belongs. The need for
the evidence of changes is usually emphasized as
one of key features of a data warehouse (or
generally the data storage of the BI system) [20].
Mere overwrite of the value is not an optimal
solution in the Bl system. Otherwise the system
would be inflexible and it would lack future
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potential to absorb both horizontal (data values) and
vertical changes (structure).

1
By Anchor?
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Fig. 1. Basic conceptual constructors of the anchor
modeling technique (top) transformed into their
logical relational representation (bottom) - “PK”
means primary key and “FK” means foreign key

The 6th normal form then allows distinguishing
changes in attribute’s values over time on the value
level of resolution. This could be beneficial in
comparison to traditional approaches in which
sometimes whole n-tuple must be repeated or a
special history-tracking-relation should be used to
store changes in a specific attribute or a whole set of
attributes. These approaches are commonly known
as Slowly Changing Dimension (SCD) and Rapidly
Changing Dimensions (RCD) algorithms [12]. The
anchor modeling should be especially beneficial in
case of temporal querying which is tightly related to
the evolution of data values in time [26]. However
the main benefits are expected in the field of
managing RCD’s for such there are standardized
techniques including e.g. splitting the dimension
into 2 parts — one part changes sometimes and the
other one changes frequently (forming a mini-

dimension).
The Anchor represents common entity (product,
customer, employee etc.). Logical relational

representation: a relational table A(K#), with 1
column K where K is a primary key of A.

The Attribute represents a property of an anchor
(entity). Logical relational representation: a
relational table Attr(K*, P), typically with 2
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columns where K* is a primary key of Attr and a
non-null foreign key to respective anchor A(K#) at
once (a composite key). The domain of P is any
non-null data type.

Attribute can be historized, static, knotted static
or knotted historized, according to the respective
combination of other concepts of schema
enrichment. With respect to the design of the
multidimensional data model, the historization is
especially interesting as it generally means addition
of a column which holds the information on
temporal validity of values. The relation Attr will
then be extended to Attr(K*, P, T) where the domain
of T is a non-null time (or date and time) data type
and primary key of Attr is then a combination (K*,
T).

The Tie represents association between two and
more entities (anchors) and it is an implicit many-to-
many relationship constructor. Logical relational
representation: relational table Tie(K*y,..., K*,),
where n means total amount of associated Anchors,
and each K; for i = {1,..., n} is a foreign key to
respective i-th Anchor. Primary key of the Tie is a
subset of K; for i = {1,..., m} where m means total
amount of Anchors that are mandatory to be a part
of the primary key of the Tie (thus uniquely
identifying each tuple of the Tie relation). With
regard to the design of the multidimensional data
model there is an implicit assumption that all related
dimensions’ primary keys should be used to
uniquely identify each fact. We therefore assume
that n=m and m will be equal to the total amount of
dimensions in the dimensional model.

Knot components and knotted Attributes and Ties
were not used in our sample models because we
initially wanted to maintain certain degree of
simplicity of the resulting multidimensional data
model. Therefore this constructor will not be
explained, but respective detailed information on the
usage of the Knot is contained in [26].

2.2 The proposal of the approach to the
design of the multidimensional data model
using principles of the anchor modeling
technique

In this paper we propose approach to the modeling
of the multidimensional view of data based on
selected principles of the anchor modeling
technique. We apply several alterations according to
our previous research since we see it as an
interesting alternative to traditional approach where
the star schema commonly represents the
multidimensional data model with some common
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a) The traditional approach
Dimensional model
Dimensions

Fact table«<—Dimensional tables

Multidimensional data model
(STAR schema)
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b) The proposed approach

Dimensional model

Dimensions

Fact tie«— Anchors «—— Attributes

Multidimensional data model
(Anchor schema)

Fig. 2. The flow of approaches to the design of the multidimensional data model

drawbacks. The resulting data model is built using
typical relational modeling principles. Therefore it
should be applicable in any existing Bl system
architecture without severe investments into new
technologies or upgrades.

The following specification describes the
differences in application of the proposed approach
and the traditional approach — the figure 2 illustrates
briefly the flow of steps in both approaches.

In the traditional approach, each dimension is
logically represented as a relation with r attributes
(including 1 surrogate primary key). The
multidimensional database schema then contains at
least one fact relation (table) and n dimensional
relations (tables), each providing context to
specified facts. Each dimensional relation is usually
non-normalized. Facts are included as attributes in
the central fact table which contains {1,..., n}
foreign keys as realizations of relationships between
facts and related dimensions. Relationships between
dimension and fact tables have a star topology and
in some case also the snowflake topology.

In our proposed approach, dimensions are
decomposed into n logical Anchor objects AR™
where n is the total amount of dimensions and a set
of m related Attribute objects Attr,;y!, where
m={1,..., r-1} and r is a complete formal set of
attributes of the respective dimension. Our approach
doesn’t need surrogate primary keys for Attr,pas
they are already contained in each A2/ and
therefore there can be r-1 Attribute objects in the
schema. Each Attribute object Attr,o;! is related to
1 respective Anchor object A2'™ using composite
key, related to the primary key of the n-th AD™™
(through the foreign key).

Logical relational representation of facts is the
modified variant of the Tie relation (Tiepacr),
which adds also measures into the Tie relation. The
principles implied by anchor modeling authors
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suggest leaving all Attributes related only with a
respective Anchor and no other than composite or
mixed key should be present in the Tie. That would
however result in a construction of a special part of
the anchor schema with 1 another Anchor and
several related Attributes that would represent only
measures (facts). This approach was observed as
suboptimal in terms of query execution performance
in [30]. The alternative is the Tiep4cr relation that
has a similar structure as the fact table of the
traditional approach: Tiegscr(K*s,..., K*  My,...,
M;) where M is set of j measures. K is a set of n
parts of the composite key of the Tieg4cr relation,
i.e. parts of the primary key and foreign keys
pointing to respective Anchors AR™ at the same
time. The resulting database schema is also the
anchor schema, but with a finite amount of A2/,
Attr,2IM and Tiep »cr Objects.

Figures 3 and 4 in the appendix show examples
of the multidimensional data model for the
dimensional model M4 (later used in the assessment
of the proposed approach). Figure 3 shows the
traditional variant, i.e. the non-normalized star
schema. The figure 4 shows the same model but
constructed as an anchor schema using also
principles of our approach (the Fact Tie has no
special appearance yet).

We presume that several tangible benefits can be
related with application of the proposed approach in
terms of modeling the data model of the
multidimensional view of data:

1) the usage of the historization allows
handling various types of changes in
dimensions in a unified and flexible way —
an alternative to classical methods and
algorithms for handling Slowly and Rapidly
Changing Dimensions,
seamless extensibility and alterability of the
schema, e.g. without the need to break or
restructure the whole dimensional relation

2)
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as in the traditional approach, also with
implicit ability to exclude null values) and
even with possibility to solving some big
data related issues (temporally and
structurally evolving data structures used
for multidimensional analysis) supports the
iterative (agile) orientation of the BI
system’s database design process,

better query execution  performance
additionally  supported also by the
possibility of ordering and/or compressing
each dimensional property (attribute, i.e.
Attribute in the anchor schema) separately.

3)

These topics illustrate either expected application
but also research potential of the proposed approach
and subsequent topics to which we wish to focus our
further research. The conceptual constructors that
our approach uses are not only understandable with
little initial learning effort but also allow their
almost instant translation to the database schema of
the multidimensional data model. The proposed
approach can be used as a tool for the support of an
agile oriented design method or methodology for the
multidimensional data model design process. The
usability of the proposed approach starts on the
semantic/conceptual level of design. It can be used
to visualize expected form of the multidimensional
view of data and its components (enhancement in
visualization capabilities are still missing) and thus
enhancing communication with the users. The
resulting database schema then exhibits modularity
characteristics which allow to alter the resulting
schema with less effort or to operatively implement
extensions of the multidimensional data model into
the form of a database schema, according to new or
altered requirements. All these aspects are able to
fill the gaps in the analysis and design process
where the designers of the BI system’s data model
struggle with the lack of tools to communicate and
collaborate with users more effectively and to create
the model in a shorter time period. The ability to
transform the conceptual multidimensional model
into the physically implementable schema more
effectively is one of key expected advantages of the
proposed approach. The enhancement in semantic
and conceptual expressivity of the anchor model is
however one of concerns that we also wish to
address in our next research.

Uniqueness of handling the RCD’s are also
potentially beneficial to situations where the rapidly
changing data on customers are used very frequently
in analytical reports. Indeed there is more effort to
be made to maintain additional mini-dimensions that
are commonly used to solve existence of rapidly
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changing properties of the RCD’s. Our proposed
approach uses unified historization method which is
however applicable not only for Attributes but also
for Fact Ties although methods similar to eventual
historization of facts are already known. The
application of the historization for Attributes can
however surpass the use of mini-dimensions and
establish more effective means of handling RCD’s.

The potential of the proposed approach goes
further. The topology of the anchor schema is
similar to the way how the columnar data store
stores columns of the relation. The usage of
columnar data stores often contributes to the quality
of the BI system and usually makes the querying
more powerful. However it is another database
solution that should be managed. The implicit
modularity of the Anchor schema allows
compressing each Attribute separately which is also
more powerful when the data is ordered in some
way. All these mentioned facts go along with lower
hard disk input/output demands that are also
mentioned in the section 5. Besides this the separate
compression and ordering of each Attribute is easily
achievable with our solution and it therefore offers
similar potential as the usage of the columnar data
store. The main difference is that the current
relational database solution doesn’t have to be
changed. Column-oriented optimization features are
already reported in the newest 2012 version of the
Microsoft SQL Server and we wish to make further
comparison also using this new feature and obtain
query performance testing results.

3 The Methodology of the Evaluation
of the Proposed Experimental
Approach

3.1 Specification of the test setup and sample
multidimensional data models

For the purpose of assessment of the proposed
approach we used 10 common dimensional models
that are typical in various business situations,
according to Ralph Kimball [12]. The table 6 in the
appendix of the paper contains the overview of all
10 models. The number of facts is low since we
wanted to test the initial concept on a smaller
simulated dataset but with relevant structure and
contents. Therefore dimensions have varying
amount of attributes and also number of members
(rows). The reason of selection of such sample is
that we wanted to include a wider sample of typical
situations and to prepare the ground for further
research. In the future we would like to focus on the
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possible application of the proposed approach in a
specific business environment (given by the focus of
each dimensional model). The 10 selected
multidimensional models were then transformed
into 2 forms, the traditional non-normalized schema
(“Star”) and the highly normalized schema
(“Anchor”), both variants of a relational database
schema. Schemas were implemented into the
environment of the Microsoft SQL Server 2008 R2
database  server with  following  hardware
configuration: 2x CPU Intel XEON E5450 3GHz,
16 GB RAM. The observed total size of the Anchor
schema was however higher than the schema of the
traditional variant. The lowest differences were
detected for dimensions of models that have a few
attributes (about 50 to 80 MB). For bigger
dimensions there was difference from about 100 to
300 MB detected, depending on the total amount of
dimensions and attributes in them. Nevertheless
even the highest difference is not very high also
given the fact that the capacity of today’s data
storages takes values of petabytes. The difference is
a result of the primary key values’ multiplication in
each Attribute relation.

Real instances of multidimensional data models
were unavailable during testing. Therefore the
content of each model was partly created using
machine generation of data (mostly values of facts)
and partly using sets of sample typical values, like
surnames, department names, product names, order
states etc. The generation of the content was
controlled so that there are no dimensions’ members
(rows) that do not correspond to any fact. Also the
inclusion of correct values in dimensions was
checked so that we will be able to design working
gueries for testing purposes.

3.2 Methodology of the query execution
performance testing
For each dimensional model (and subsequently
multidimensional data model) there were 10 unique
business questions designed (i.e. total of 100 unique
business questions). Business questions were
adapted from, or inspired by the set of similar
questions that are used in the TPC-DS benchmark (a
performance benchmark suite for decision support
systems?). Each question simulates one situation in
which a BI system’s user manipulates the interface
to get the desired information.

Queries on a multidimensional dataset compute
projections, or views, of the underlying data cube

2 http://www.tpc.org/tpcds/default.asp
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[31]. Nevertheless the projections in the SQL
statement take into account usually only a small
portion of the total amount of dimensional attributes
and a smaller amount of rows due to the application
of filtering predicates. Business questions were then
translated into such queries using Structured Query
Language (SQL), with 2 versions for each business
question (one for the Star schema and one for the
Anchor schema). The set of queries contained
samples of queries that involved either all members
of specific dimension (mostly small dimension) or a
relevant selected portion of it (larger dimensions).
Also the number of fact rows involved was not the
same. We wused aggregation of performance
measures (facts) by a relevant measure of time (e.g.
year, quarter etc.) or a business relevant category
(e.g. product department, customer’s home city
etc.).

When testing the execution performance of a
query, in theory, a test run does not fail if all
requests produce correct answers and the state of the
test database is unchanged after the execution of the
whole test run [32]. Therefore we monitored also
the percentage of query processing errors during test
runs. All results exhibited 0 % of errors so all test
runs were considered successful.

Each query was executed 300 times to avoid
significant distortion of results by eventual outlying
values. The open-source software Apache jMeter
was used for the purpose of testing and recording
results of query execution along with the Microsoft
SQL Server Management Studio 2008 software.

4 The Analysis and Discussion of
Results with the Outlook of the Future

Research

The data we gathered from the query execution
testing includes 2 types of data sets for both variants
of the schema. The first data set contains 300
execution time results for each of the 100 queries
and all 10 models (in milliseconds). These results
were then used to complete the second data set that
contained related characteristics for each query, that
is, besides mean value of execution time of each
query, also amount of joins required by each query,
resulting number of rows returned after the
execution of each query, total size of the output (in
bytes) and also cardinality of each data object that
was scanned by the database system to get the
desired output.

First we tested whether the difference of query
execution times achieved for each schema variant is
statistically significant at the a = 0.05 level of
significance. Due to the general idea of testing the
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query performance of the Anchor schema variant in
contrast with the traditional Star schema variant (as
an initial state of each multidimensional model
before the conversion to the Anchor schema
variant), the query execution results should be
treated as dependent samples. Therefore we used the
Student’s paired samples statistical t-test to test the
significance of the difference between execution
performances of each of the 100 pairs of queries.

In the first part of the analysis we were generally
interested in finding whether there is a statistically
significant positive or eventually zero mean
difference of differences d; ; = X; ;; — X j». Value
X j1 represents the i-th execution time result for j-th
query (i=1,...,100; j = 1,...,300) for the traditional
Star schema variant (indexed asl1) and X;;,
represents the analogous execution time result for
the Anchor schema variant (indexed as2). The
resulting mean execution time for each query and
schema variant is calculated according to the
following formulas:

N
1
Hig = NZ Xija
=1

N
1
Hiz = NZ Xij2
j=1

In the paired samples t-test’s null hypothesis, we
assume that the difference of means of execution
times of each query equals O, i.e. Ho: p;1 — pip =
0) and the alternative hypothesis is then Ha:
Mi1 — Mi2 0. According to the resulting
difference of means, we can then report also the

(N=300; i =1,...,100)
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average magnitude of the difference between query
performance results for each query. We used two-
tailed significance testing at the same significance
level as stated earlier in the text, i.e. « = 0.05.

The positive difference then tells, on average,
that the Anchor schema variant performs better than
the traditional schema counterpart. The reason why
we decided to use the mean is that the statistical
significance of mean differences can be quite easily
tested by numerous statistical tests. Also thanks to
the large number of observations for each query
(N=300) the results in such data set are usually less
noticeably affected by outlier values and the
statistical tests’ results are less prone to the non-
normality of the distribution of values in the sample.

We also applied the Student’s paired samples t-
test to determine whether the means of both sets of
each query’s execution time means are significantly
different (Ho: uy — 1, = 0, i.e. both variant’s result
sets (“Star” and “Anchor”) are equal with the
alternative hypothesis Ha: p; — 4, # 0). Results of
paired samples t-tests for each query are in the table
1.

As for the initial paired t-test result the difference
of means of both variant’s query execution results is
on average -64.02 ms (standard deviation of
differences is 330.14 ms). This result indicates a bit
faster query execution results in favor of the Star
variant but the value is statistically non-significant
with p>0.05 (p=0.055). Therefore we can reject the
null hypothesis with 5 % chance of error and the
difference is then rather given by a chance variation.
This fact is also supported by the value of the
Pearson coefficient of correlation between query
execution time results of both schema variants,

Table 1. Query execution time differences between Anchor and Star schema variants (in milliseconds,
positive difference indicates better performance of the Anchor schema variant)

Query# | 51 o2 Q3 Q4 5 Q6 Q7 08 Q9 Q10
Model

M1 437 605" -1147 557 96" -727 1617 -4 -11327 97"
M2 140 5397 1337 97" 9™ 1327 91”2167 9™ 6"
M3 3 292" 16" 137 -3 537 -1667 4277 4417 77
M4 24" 32" 37 0 -1007 -37 -816" 57 37 257
M5 77 17 3 9”7 4 1 237 5 1697 2
M6 63" 1877 -937 -1499” 20 747 2349 3 37 2227
M7 7 817 81" 3637 927 647 -197 -3627 2607 -163"
M8 82" -1738" 697 367 597 23" 357 3257 -4 337
M9 5 1137 -134™ 5967 737 577 557 6417  -1047 5027
M10 27 36 -3827  -6827 -178"7 2517 1157 397  -2857 8~

N=300; * difference is significant at the 0.05 level (p<0.05); ** difference is significant at the 0.01 level
(p<0.01), non-significant results are highlighted with grey color
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which is 7, =0.971 (p=0.00). Although, on
average, both results sets are not significantly
different there are interesting results on the query
level of resolution. According to the contents of the
table 1 there are total 38 queries for which the
Anchor schema variant performed better and 49
queries for which the Star schema variant performed
better. Besides that, there are other 13 queries for
which the t-test indicated statistically non-
significant results. However, when looking at the
resulting differences there are many values closer or
very close to zero among the significant and non-
significant results. This is about 27 results if we
consider values from 0 to about 10 for example.
However, a more precise evaluation of low values in
terms of the upper negligibility threshold can be
carried out with knowledge of a time value which
would determine that a certain difference between
duration of 2 events is indistinguishable for the
human eye.

In the second part of the analysis of our approach
we were interested in the assessment of further
relationships between the query execution time and
accompanying output aggregated results of physical
processing characteristics of each query. First we
determined whether there is a significant correlation
between mean execution time of queries and the
amount of joins required to get the desired output of
each query. It is clear that our approach brings
higher possible amount of joins due to the nature of
the resulting multidimensional data model’s
structure (the traditional approach needs lower
amount of joins). Therefore there is a concern that
the more dimensional attributes (i.e. Attr®™) are
included in the query the more time it should take to
process such query. However, in the case of a
standard business question, there will be some
filtering predicate mostly present and the projection
will include only a small subset of all dimensional
attributes, as it was in our case. The computed
Pearson coefficient of correlation between the
amount of joins and the mean execution time is
Tyy = —0.084 (non-sig.) for the Anchor schema
variant and 7, = —0.009 (non-sig.) for the Star
schema variant. This means that the mean execution
time has no linear relationship with the amount of
joins required to answer the business question as it
can be also seen in tables 2 and 3 but there is
naturally some correlation between other specific
summary results and the mean execution time (avg).

The correlation with the total size of the output
(size) is very high for both variants and correlation
with rows returned as output (rows) is significant at
the 5 % level but not very high. This is due to the
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fact that even lesser amount of rows returned can be
a product of a more costly query.

Table 2. Correlation between avg and other output -
results for the Star schema variant (N=100)

Avg Rows Size  Joins
Avg 1
Rows | 0.636" 1
Size | 0.945" 0.658" 1
Joins -0.009 0.066 0.046 1

** Correlation is significant at the 0.01 level (2-tailed)

Table 3. Correlation between avg and other output -
results for the Anchor schema variant (N=100)

Avg Rows Size  Joins
Avg 1
Rows | 0.615" 1
Size | 0922  0.658™ 1
Joins | -0.084 0.155  0.031 1

** Correlation is significant at the 0.01 level (2-tailed)

Table 4. Results related to the relational table
scanning operation (N=100)

Anchor Star
Mean rows scanned 27702 23992
Mean 1/0O demands 0.1316 0.3186
Correlation with Avg
Mean rows scanned 0.156 0.093
Mean 1/O demands 0.155 0.175
A possible issue related to our proposed

approach is the number of dimension’s members
(rows) that are to be scanned when executing the
query (according to the execution plan of the query).
The assumption is that the more dimensional
attributes are used in the query (and more joins are
therefore required in our approach) the more
cardinality should be associated with primary key
index scan operation. The table 4 contains summary
results related to explanations regarding the
aforementioned assumptions. As can be seen in the
table, the mean count of rows scanned by the query
optimizer in the schema constructed according to
our approach is higher than the mean for the
traditional approach. However the total input/output
(1/0) demands are lower 2.4 times for our approach
than for the traditional approach. The coefficient of
the correlation between the total rows scanned and
total 1/0 is non-significant and very low. Besides
the fact that there is no linear relationship with the
mean execution time (probably also due to the lower
amount of queries tested) we see that our
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normalized approach has positive effects on the total
input/output demand although the mean rows
scanned is higher. Although the results of the paired
samples t-test do not indicate that our approach is
more beneficial than the traditional one at this point,
but as for the 1/O intensity, our approach has less
demands even with the higher amount of required
joins.

There are 3 queries where the difference between
mean execution times is higher than 1 second. After
analysing the execution plan of each of the queries
there are several notable findings. The important
indicator is also the total cost of the execution plan
which is a dimensionless value used for the
evaluation of the best execution plan to be used for
the query processing task. The query M8Q2 returns
345 rows and execution plans look very similar to
each other. However there is an aggregation
operation used differently in the Anchor variant that
seems to demand a lot of system resources, although
all other operations are similarly 1/0 intensive in
both variants. The aggregation is however
performed on facts and therefore there is probably a
problem related with an error in calculations due to
outdated table statistics of the fact table/fact tie table
maintained by the database system. Also the M6Q4
exhibits the same problem with table statistics since
the total cost projection of the Anchor variant’s
execution plan is even lower and there are no
notably more I/O intensive processing operations.
Also the query performance results for the query
M1Q9 appears to suffer from inconsistencies in
storage statistics since there are also no notable
differences in I/O demand of operations and the
execution plan also has lower processing costs
indicator. Other differences lower than 1 second but
higher than half a second are caused by a larger
count of rows returned as output due to rather
imprecise definition of filtering predicates and usage
of more than 3 dimensional attributes as output.
This caused higher I/O demands of the scanning
operation.

According to the results there are signs of the
fact that the high degree of normalization which is
related with our proposed approach exhibits no
severe issues regarding average execution time of
tested star queries (given by the resulting correlation
coefficient and also the paired samples t-test). We
will conduct more research on finding more proofs
of soundness and further usefulness of our proposed
approach which appears to be perspective.
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5 Related Works

There are several works dealing with modelling
aspects of the multidimensional data model
design process more thoroughly. However no
works dealing with the application of the anchor
modelling or any similar approach that is based
on high level of the normalization in this field
were found. In [26], there is the anchor modeling
technique introduced but as for testing the
querying performance the authors did performance
tests of their basic concept only in comparison with
results for the centralized enterprise data warehouse
schema alternative (a schema normalized into the
3rd normal form). This approach is however
formally related to the Inmon’s “Corporate
Information Factory” approach [14]. This approach
was already thoroughly researched and assessed in
the past that lead to a recommendation of a tighter
relationship with R. Kimball’s pure data mart and
multidimensionality oriented approach [12]. The
resulting hybrid approach and the latter pure
approach respectively are the background for our
approach and also for several other works cited. The
main motive for such combination of approaches is
that the CIF approach based BI system’s data model
is not suitable for ad-hoc querying [15]. The strong
point of the CIF oriented data model however lies in
the field of data mining and standardized production
reporting. On the other side the Kimball’s approach
is capable of satisfying needs of the ad-hoc analysis
of large amounts of data. The usual trouble is with
supporting general tasks that need more normalized
data structures (i.e. sophisticated data analysis
tasks).

Papers [20], [22], [23], [24] and [25] follow
principles of Kimball’s approach and they deal with
aspects of possible extension of the standard E/R
modeling paradigm for the purpose of modeling the
multidimensional view of data. In [10], there is a
proposal and discussion of a relational schema
transformation concept which facilitates adaptation
of the data warehouse to changing data sources. The
changes in either structure or contents of the
multidimensional database schema is however still a
viable research topic. In [20], there is an approach
called MultiDimER proposed that is also a visual
conceptual modelling language. However the
MultiDIimER includes interesting dimensional
attributes’ hierarchy handling concepts that take into
account also evolution of the hierarchy levels and
dimension’s content. The MultiDimER approach
uses hierarchical decomposition of attributes with
respect to possible change behaviour. The approach
is however not practically assessed in the paper. The
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proposal is however advanced enough to be
practically applicable  with  additional and
appropriate definition of implementation

specifications. We plan to enrich our approach with
visual conceptual tools for representing multilevel
hierarchies although we believe that a rigid formal
definition of a hierarchy is not as important topic
since the advent of self-service Bl tools. [22] also
proposes conceptual design concepts that are
targeted at the thorough formalization of a
snowflake schema. Our approach is in fact a special
form of the snowflake schema which is in a more
normalized star schema. The authors present only
formal assessment of their approach and the paper
lacks practical example of their proposed approach.
Also means for handling hierarchies are missing.
[23] and [24] propose an advanced conceptual
design concept that takes into account not only
formal design of dimensions and facts but also
varying forms of hierarchies. The paper however
lacks practical evaluation of the proposed approach
and despite formal richness of the conceptual model
definition (including visual modeling constructors),
it gives only theoretical justification of the concept.
The justification does not present enough proofs
whether  such  solution would be easily
implementable without serious knowledge and
understanding of the concept by designers but
mainly by users. State-of-art of our proposed
concept is based on simple and understandable
representation of  constructors  for  the
multidimensional data model components with
compliant logical and also conceptual meaning.
Further extensions however should not sacrifice
understandability for extended formal richness. In
[25], the proposal focuses also on the conceptual
modeling aspects including advanced formal
definition of modeling constructors. Nevertheless no
hierarchy modeling aspects are included as in [23]
and [24] and also the concept lacks practical
evaluation — the approach proposed in this paper
however appears to be quite universal and
extensible.

Our approach can also be used for the conceptual
level of modeling with unified set of simply
understandable constructors. However, useful
concepts of effective handling changes in and
visualization of hierarchies are still missing — only
changes in attributes are already covered by the
historization principle. Despite that we provided
initial evaluation from the query performance
perspective which is important for the evaluation of
possible conceptual modeling capabilities and
usefulness as well. However despite that, our
results should be treated as experimental at this
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point with more research to be conducted to
prove its soundness and usefulness in practice.
The results however show some viable potential
for possible practical use of the proposed
approach and also possible further research
topics were already outlined.

Mentioned papers present different research
track opposite to another one that should be also
noted. This research track enforces usage of object
oriented data modelling principles and UML
language to model structural and also temporal
evolution aspects of the multidimensional data
model. Papers [16], [17], [18], [19] present novel
approaches that introduce interesting conceptual
design principles for modelling the
multidimensional data model. However these works
present no exact performance testing results besides
examples of possible usage of their approach and
formal requirements evaluation. Another concern
with these proposed approaches is that the object
oriented approach is sill not proved to be successful
or beneficial enough in the field of supporting the
multidimensional data model design and
implementetion process. Paper [21] also follows the
UML based research track but the authors propose
an approach that adds solution for handling changes
of data values in the  object-oriented
multidimensional data model. This approach is
similar to our proposed approach in the aspect of
handling the changes in dimensional attributes
(using objects of special subclasses that handle the
changes). Nevertheless our approach is not intended
as part of the object oriented research track.

Table 5 summarizes cited research works with
shorter description of approaches discussed in them.

Table 5 Summary of other approaches to the design
of multidimensional data model

Author(s) Characteristics of approach
Malinowski, Relational, multidimensional data
Zimanyi (2006) model, with the solution to handle

[20] changes of data values
(MultiDimER conceptual model, a
visual modeling language proposal
with temporal evidence
capabilities)

Ravat, Teste,
Zurfluh (1999) [21]

Object-oriented, multidimensional
data model, UML based, with
solution to handle changes of data
values (use of special classes for
historization of instances of
dimension’s members)

Trujillo, Palomar, Object-oriented, multidimensional
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Gomez, Song
(2001) [18]

data model, UML based approach
to conceptual design of the data
warchouse’s data model, without
the solution to handle changes of
data values

Abello, Samos,
Saltor (2002) [16]

Object-oriented, multidimensional
data model, UML based, without
the solution to handle changes of
data values, special semantic
object-oriented relationships
between multiple star schemas

Nguyen, Tjoa,

Wagner (2000) [17]

Object-oriented, multidimensional
data model, UML based, without
the solution to handle changes of
data values, extensions to handle
OLAP operations

Gosain, Nagpal,
Sabharwal (2011)
[19]

Object-oriented, multidimensional
data model, UML based, without
the solution to handle changes of
data values, focus on dimension
hierarchies

Relational, multidimensional data
model, without the solution to
handle changes of data values,
special interest in the snowflake
schema usage (decomposition of
the multidimensional data model)

Relational, data model of the
enterprise data warehouse, with the
concept of historization to handle
changes of data values

Levene, Loizou
(2003) [22]

Regardt, Ronnback,
Bergholtz,
Johannesson,
Wohed (2009 [26]

Sapia, Blaschka,
Hofling, Dinter
(1998) [25]

Relational, multidimensional data
model (conceptual extensions to
standard E/R modeling to handle
multidimensional data), without
the solution to handle changes of
data values

Relational, multidimensional data
model (conceptual extensions to
standard E/R modeling to handle
multidimensional data), without
the solution to handle changes of
data values

Kamble, Franconi
(2004) [23] and

Kamble (2008) [24]

5.1 The summary of the outlook for the
further research

The actual state of our research is that we are
dealing only with performance differences results of
standard star queries. In our current research we are
dealing with finding more information on the anchor
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database schema’s behaviour and explanations of
main differences between query execution plans.
Further we would like to study benefits of the
historization concept in context of commonly
known SCD and RCD algorithms. Another future
course of research is the usage of the conceptual
representation of the anchor model for the support
of requirements analysis process regarding the more
effective multidimensional data model design (agile
orientation of the analysis and design process).

We will also analyse effects of Attribute relation
compression and different ordering strategies to the
query performance as opposed to the execution of
the same star queries in the column oriented data
storage environment (current results were obtained
in the row oriented data storage environment as
stated before). The columnar data stores compress
attributes of the table in a similar fashion like it is
also  possible using our approach. The
implementation of our approach in the column store
is possible nevertheless we expect problems
regarding the negative multiplication effect of
implicit modularity of the schema and compression.
The real differences are however yet to be tested but
we first intend to assess column-oriented features in
traditional relational database systems.

6 Conclusion

The aim of the paper was to present proposal of the
experimental approach to the design of the
multidimensional data model. The approach was
assessed from a query execution time perspective.
The results show that as for differences between
query execution time results of both assessed
database schema variants, our sample of queries
produced statistically insignificantly different results
although the mean for both samples was by 64 ms
worse for the Anchor schema variant the results.
The results also showed that there was unequal
amount of better and worse performing queries for
the Anchor schema variant. The differences were
however not high in most cases which is the logical
consequence of statistically insignificant difference
in results (given by the results of the Student’s
paired samples t-test). The database schema created
according to our proposed approach exhibits high
level of normalization which has some expected
benefits (higher query execution performance is
among them) and also possible drawbacks. Required
higher amount of joins proved to be insignificantly
correlated with the mean query execution time. Also
the total amount of rows processed during execution
of the scan operation (selection of appropriate
dimensional table’s rows) proved to have low
correlation (non-sig.) with the mean query execution
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time. Differences higher than 1 second were
indicated as a result of outdated table statistics
because there were no notable changes in query
execution plan structures (the total plan cost was
mostly even lower for the Anchor schema variant).
The results of total I/O demands also indicated that
our approach brings lower demands in terms of
required amount of disk operations despite the fact
that the amount of rows scanned is in some cases
higher (even double).

There may be other effects that can influence
query execution results especially in case of
extremely complex queries. We plan to conduct
more research on these situations as well as aspects
of historization that can serve as a more effective
alternative to common SCD and mainly RCD
algorithms. The concept of our approach surely
needs more proofs of possible usefulness although
some of them were already outlined in the text.
These future results will help us to fully justify
applicability of the proposed approach in terms of
its efficiency, scalability and they will also possibly
present complex proofs of its soundness for the field
of the multidimensional data model design process.
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Appendix

Table 6. Overview of 10 multidimensional data models used for the assessment of our proposed approach

Specification of the model content
Model . . . Size Fact table content and size
Dimension Attributes (rows) (rows)
Month 7 156 HR snapshot
M1 | Employee 7 517 (7170000)
Store 9 1000
Date 13 4749 Store inventory snapshot
M2 | Product 11 10000 (7000000)
Store 9 1000
Month 7 156 Monthly account balance
Household 9 200000 snapshot
M3 Account 10 220000 (7000000)
Account state 3 4
Banking product 4 20
Branch 4 1000
Date 13 4749 Order transactions
Customer 7 30000 (6684500)
Sales representative 6 517
M4 | Product 11 10000
Order status 3 5
Transport type 3 5
Payment type 3 3
Date 13 4749 Web sales channel
Daytime 4 86400 profitability
M5 Product 11 10000 (7000000)
Promotion 12 509
Visitor 9 50000
Channel 5 21
Date 13 4749 Project defects
Project 5 10000 (7000000)
M6 | Project status 3 4
Project priority 3 5
Client 6 8000
Date 13 4749 College students attendance
Student 10 96000 events
M7 | Faculty 6 7 (7000000)
Subject 7 1400
Room 11 1000
Date 13 4749 Sales transactions
M8 Store 9 1000 (7000000)
Promotion 12 509
Product 11 10000
Date 13 4749 Customer billing snapshot
Line 6 400000 (7000000)
M9 | Billing plan 6 100
Sales representative 7 5000
Customer 9 50000
Date 13 4749 Procurement transactions
Product 11 10000 (7000000)
M10 | Vendor 7 4000
Contract conditions 3 10
Procurement transaction type 3 9
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Fig. 3. Example of the model M4, represented as the traditional schema variant (“Star”) (logical view)
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Fig. 4. Example of the model M4, represented as the “Anchor” schema variant (conceptual view)
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