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Abstract Multidimensional schemas are used to model
data warehouse systems, a special type of large databases
dedicated for decision support. Several approaches have been
proposed in this domain to ensure the satisfaction of decision
makers needs and the accuracy of the generated schemas.
This paper presents an approach for the validation of mul-
tidimensional star schema assisted by repair solutions. Our
approach aims to assist designers by detecting constraint vio-
lations and proposing repair solutions based on a number of
error-based rules formalized in Prolog. Its efficiency stems
from using both linguistic similarity computation and a set
of heuristics developed by bottom-up design methods to pro-
duce warnings about semantic constraint violations and their
impact on the quality of the analysis results.

Keywords Multidimensional model · Star schema ·
Data warehousing · Design · Linguistic similarity

1 Introduction

Face to the international, unrestrained economic compe-
tition, an increasing interest in decision support systems
has emerged over the last two decades. A decision sup-
port system assists decision makers to extract data perti-
nent to their analysis interests from their transactional sys-
tems (called on-line transactional processing systems). Most
decision support systems rely on on-line analytical process-
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ing systems where data is often stored in multidimensional
databases. These latter can be organized in terms of two
types of storage areas: a data warehouse that regroups all
data required for any potential analysis requirements, and/or
a set of data marts each regrouping data extracts required
for one particular analytical requirement, e.g. analyzing the
sales of the enterprise. Given the fact that a data ware-
house can be developed based on a set of data marts, in
the remainder of this paper we will not distinguish between
the two types and we will mean data mart development
whenever we talk about decision support systems develop-
ment.

The literature provides several methods (notations and
processes) proposed to develop and/or enhance decision sup-
port systems (cf. [6,17,21,34,41,45]). This area of research,
however, still faces critical challenges to foster the efficient
development of this type of systems. Similar to any software
system, the efficient development of a decision support sys-
tem depends on the quality of its models (specification and
design, in particular). In their attempts to model a decision
support system based on the data warehouse approach, the
proposed methods have often relied on various multidimen-
sional models to specify data mart schemas, including the
star, constellation, and snowflake schema models [20,25].
One main advantage of the used multidimensional models is
their relatively simple graphical notations (cf. [2,27]). How-
ever, current development processes may produce ambigu-
ous, and sometimes, inconsistent schemas. By inconsistent,
we mean a schema that is either ill-structured (for instance,
having a circular functional dependency among its elements),
or not amenable to loading from a data source (for instance,
using elements unmatchable within the data source). These
inconsistenciesmay result in non-functional decision support
systems. The present work was undertaken to investigate the
feasibility and potential gain effects brought by an approach
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based on a formal language (Prolog) for the design of a valid
star schema.

Our design approach keeps the graphical notation advan-
tage by allowing designers to draw their multidimensional
schema. It also complements existing design approaches by
offering a framework for the analysis of the structural, con-
formity and semantic constraints satisfaction of the schemas
they produce. It aims at assisting designers by detecting con-
straint violations and proposing repair solutions based on a
number of rules formalized in Prolog. Its efficiency stems
from three sources: (i) the formalization strategy used facil-
itates the traceability of the violated constraints pertinent to
schema elements [37]; (ii) the use of linguistic/semantic sim-
ilarity computation (widely used in various artificial intelli-
gence applications) together with the use of a set of heuristics
developed by bottom-up design methods assist in the analy-
sis of the conformity and semantic constraints; and (iii) the
definition of a set of error-based repair solutions offers vital
feedback to the designers for repairing their schema based
on the errors detected.

That is, our approach is capable of detecting violations of
various classes of constraints and suggesting repair solutions
for any violated structural and/or conformity constraint. In
addition, for every violated semantic constraint, it produces
warning messages and information about the impact of the
constraint violation on the quality of the analysis results. This
paper presents our proposed approach with special focus on
repair rules as they represent the underlying knowledge base
from which repair solutions can be suggested.

The remainder of this paper is organized as follows: Sect. 2
first overviews themultidimensional schemaconcept through
an example; it then provides a reviewof the relatedworks cur-

rently available in the literature on the topic at hand. Section 3
describes our proposed design validation approach. Section 4
presents an illustrative case study and Sect. 5 reports on the
results of a preliminary evaluation of the proposed approach.
Finally, Sect. 6 summarizes the herein presented propositions
and highlights their future extensions.

2 Related works

2.1 Multidimensional modeling: the star schema

Themultidimensional star schemamodel is the basic building
block for the remaining models (including the constellation,
and snowflake schema models [20,25]), and therefore any
work on the star schema can be generalized on the remaining
models.

A star schema represents one subject of analysis, called
fact, as a point in a multidimensional space. The fact itself
contains a set of measures that represent different numeri-
cal analysis indicators. The analysis can be performed along
various axes called dimensions; these latter organize data
in terms of hierarchies representing different levels of data
details/aggregations [13]. Each level (also called attribute)
can be further described with weak attributes.

Let us consider the car rental example depicted in Fig. 1 to
illustrate the star schema concepts mentioned above. In this
example, a decision-maker is interested in analyzing the fact
renting in terms of the amount measure. The analysis can be
conducted along three dimensions, namely cars, agency and
date. Eachof these dimensions offers several levels ofamount
aggregation, along one hierarchy for the date and agency

Fig. 1 Example of
multidimensional star schema:
car rental fact
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dimensions and along one of two possible hierarchies for the
cars (hcars1 and hcars2) dimension. For example, the hier-
archy hcars1 offers aggregations along reg, model, brand,
and/or all, respectively. The all attribute is the closure of
each hierarchy, representing the highest level of granularity.
The attribute power is a weak/descriptive attribute associated
with the level reg.

2.2 Constrained multidimensional schema generation

The quality of a multidimensional schema (and/or a data
warehouse) was extensively addressed in the literature on
data warehousing, particularly through metrics defined in
terms of the structural elements of the schemas (cf. [38,39])
and through sets of constraints defined at the model level.

Inspired from the software engineering domain, the so-far
proposed metrics offer a heuristic view about the quality of
data warehouse schemas based on empirical studies and best
practices (cf. [15,23]). While they can be used as indicators
to the structural and, to a limited extent, semantic quality of
data warehouse schemas, these metrics do not offer a means
to the validation of the loadability of a schema. On the other
hand, several researchers (cf. [7,20,25]) have proposed a set
of constraints that a data warehouse schema must respect to
produce both syntactically correct and loadable data ware-
house schemas. This herein presented work is interested in
constraint-based consistency checking given their coverage
of the syntactic, semantic and loadability aspects.

The literature ofmultidimensionalmodeling provides sev-
eral types and classes of constraints (cf. [2,9,11,12,19,20,27,
28,36]). Our approach supports all existing constraints pre-
sented in the literature; in addition, it uses a simple classifica-
tion for the structural, conformity, and semantic constraints.

The existing three approaches tomultidimensional schema
design account for only some of the constraints when gener-
ating the schemas, depending on their objective.More specif-
ically, focused on generating schemas that meet the decision
makers’ needs, the top-down approach [1,22,32,43] disre-
gards the data source involved in the definition of a mul-
tidimensional model, which, as previously reported in [30],
may result in unloadable schemas where the conformity con-
straints may also not hold; in addition, this approach does not
explicitly address the structural well-formedness of the pro-
duced schemas.

On the other hand, starting from the data sources [8,14,
16,31], the bottom-up approach ensures that the resulting
multidimensional schema is loadable and respects the con-
formity constraints; however, it does not guarantee the struc-
tural well-formedness of the schema nor the satisfaction of
decision makers’ needs. In this approach, the satisfaction of
the structural constraints depends on both the identification
rules of themultidimensional elements and the design quality
of the source schema.

To overcome these problems, the mixed approach [5,21,
40,42] combines the two previous approaches by confronting
the constructed schema with the data source schema.

Except for the work of Bargui et al. [5] which uses lin-
guistic relationships, existingmixedmethods rely on an exact
match between the names of the multidimensional schema
and data source schema elements; such assumption is too
restrictive given the domains differences (decision making
and information system). In addition, none of the mixed
approaches offers repair solutions when a constraint is vio-
lated. Thework presented in this paper complements all three
types of design approaches by explicitly verifying all types of
constraints in an automatedway. In addition, it assists design-
ers by suggesting repair solutions. Finally, this approach inte-
grates the semantic similarity computation [18] to solve the
problem pertinent to the difference between the names used
in the design of the star schema and the names existing in the
data source schema.

3 Proposed verification and validation methodology

Our approach relies on a formalization approach using Pro-
log to facilitate the automated analysis of star schemas. This
formal language was selected particularly because of its mul-
tiple advantages: Its highly expressive power covers all the
multidimensional concepts and constraints and the relational
data base concepts and constraints. Moreover, its notation is
relatively user-friendly and conducive to the simple under-
standing ofmathematical notation. Last but not least, it offers
a variety of useful editing and verification tools.

3.1 Overview

As illustrated in Fig. 2, our approach ofmultidimensional star
schema analysis proceeds by transforming the graphical star
schema into Prolog predicates. For validation purposes, the
source database schema must also be translated into Prolog
predicates. Afterward, the verification and validation (V&V)
process can be invoked via the interrogation of Prolog. The
results of this latter step are then interpreted to produce a
report with the list of errors (if any), suggested repairs, and
quality warnings. To make use of our approach, we have
developed a toolset which offers a graphical editor through
which the designer can draw his/her schema, invoke the Pro-
log translation and analyzer, and receive graphical and/or
textual analysis reports.

The remainder of this section details the steps of our analy-
sis approach while discussing their theoretical bases.

3.2 Semantic similarity integration

When using our approach, designers can draw their star
schemas independently of the sources. They can, therefore,
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Fig. 2 Verification and
validation framework of
multidimensional star schemas

use multidimensional elements having names that are differ-
ent from those existing in the source schemas as far as they
belong to the same context. Accordingly, the names used in
the star schemamust be semantically similar to those existing
in the source schemas. The similarity determination problem
can be resolved through computing the semantic similarity
between the names existing in the sources and the names the
designer used in the star schema.

The exploitation of computers to quantify and compare
semantic similarities is an important area of research in
artificial intelligence. In particular, the development of effi-
cient measures to compute concept similarity is fundamental
for computational semantics. In this research area, several
similarity measures rely on knowledge resources to quan-
tify semantic resemblance, such as the WordNet “is a” tax-
onomy; this latter quantifies the common characteristics
between the concepts expressed by the relation of special-
ization/generalization. Some of these measures are based on
topological parameters extracted from the taxonomical hier-
archy to achieve the best expression possible of the seman-
tic content. Among these parameters, we cite the depth,
the ancestors’ number and the descendants’ number which
are exploited to quantify the specificity of a concept. These
measures are evaluated using benchmarks that are based on
datasets formed by words pairs evaluated by experts, such as
RG65 [35], MC30 [29] and AG203 [3].

Our method uses WordNet to discover the semantic simi-
larity among the names used in the star and source schemas.
More specifically, it uses WordNet synsets in adapting the
similarity measure proposed in [26] by applying the infor-
mation content1 quantification method of [17].

WordNet represents a polysemousword by a set of synsets
each of which contains cognitively synonymous nouns. For
a given word w, its sysents can be retrieved through the
WordNet “is a” taxonomy. Given a word w1 used to name a

1 Information content-based approach quantifies the similarity between
concepts as a function of the information content (IC) that both concepts
have in common in a given ontology. The basic idea is that general and
abstract entities found in a discourse present less IC than more concrete
and specialized ones.

star schema element and a word w2 used to name a source
schema element, the similarity measure proceeds as follows:
it extracts their two sets of synsets [Syn (w1), Syn(w2)] from
WordNet; then it computes the semantic similarity between
the words (w1, w2) as follows:

SemSim(w1, w2) = max
(s1,s2)∈Syn(w1)×Syn(w2)

ICSemSim(s1, s2)

where ICSemSim(s1,s2) represents the semantic similarity
estimation based on the quantification method of informa-
tion content [17] and the similarity measure of Lin [26] as
follows:

ICSemSim(s1, s2) = 2 × IC(LCS(s1, s2))

IC(s1) + IC(s1)

where: IC(si ) represents the information content of each
synset si representing the word wi computed using the
method from [17] which is based on the ancestors’ subgraphs
in the “is a” taxonomy; and LCS(s1,s2) represents the low-
est common subsumer of the two synsets s1 and s2 from the
WordNet “is a” taxonomy. It’s important to note that the pro-
vided values are contained in the interval [0, 1].

When a name w belonging to the star schema does not
exist in the source schema, the semantic similarity is com-
puted betweenw and each namewi in the source schema and
whichmay play the role ofw in the star schema. For example,
the name of a dimension or a fact should be compared with
only relationship names; this restriction reduces the compu-
tational complexity of the similarity measurement process
and respects the heuristics of the bottom-up approach to star
schema design.

Let CandidatesWords be the set of names in the data
source schema.

Among these candidate names, we will pick the name wi

as the correspondent to the name w in the star schema such
that wi has the maximum SemSim(w,wi ) value.

Note that when computing the semantic similarity degrees
between a name w and the names in the CandidatesWords
set, we may obtain low values; that is, none of the candidate
words expresses the same meaning as w. To make sure that
we only retain a name that is reasonably similar to w, we
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Table 1 Transformation rules of star schema concepts

Concept Rule Example (Fig. 1)

Fact Each fact is transformed
into a fact predicate. It
has three arguments:
the first is the fact
name; the second is
the set of measures;
and the third is the set
of dimension names

fact(renting,[amount],
[cars, agency, date])

Dimension Each dimension is
transformed into
dimension predicate. It
has two arguments: the
first is the dimension
name; the second is the
set of hierarchy names

dimension(cars,[hcras1,
hcras2])

Hierarchy Each hierarchy is
transformed into
hierarchy predicate. It
has three arguments:
the hierarchy name, its
list of levels, and its
list of attributes

hierarchy(hcras1,[reg,
model, brand, all],[reg,
power, model, brand,
all])

Attribute Each attribute is
transformed into
attribute predicate. It
has two arguments: its
name and weight. The
weight indicates that
an attribute is an
identifier, level or
weak attribute
(descriptor)

attribute(reg,id)

used a threshold below which no wi would be chosen. As
discussed in Sect. 5, the value of this semantic similarity
threshold can be determined experimentally. It can be also
fine-tuned by the star schema designer in consultation with
the data source administrator. The retained couple must be
added to the knowledge base of prolog. To do this, we add the
couple (w, wi ) to the prolog file containing the description
of the source and the star schema using a predicate.

3.3 Formalization in Prolog

Our formalization strategy uses a set of transformation rules
that preserve the “informal” semantics of the graphical star
schema. It also ensures the traceability between the Prolog
predicates and the analyzed star schema. This advantage is
crucial for giving feedback onpotentially violated constraints
to the designer. Table 1 summarizes the transformation rules
of the star schema concepts into Prolog.

To provide for the validation of a star schema with respect
to a relation data source, we also have defined transformation
rules of relational schemas into Prolog. Briefly, each relation-

Table 2 List of multidimensional star schema structuralconstraints

Concept Constraints Description

Hierarchy Unique identifier (CUIh) The hierarchy contains a
unique identifier

Unique all (CUAh) The hierarchy contains a
single level read all

Finest granularity
attribute (CFAh)

In a hierarchy, the levels
are classified from the
finest granularity to
the highest. The
identifier is the level of
the finest granularity

Higher granularity
attribute (CHAh)

The level all is higher
granularity. It is used
to close a hierarchy

Non empty hierarchy
(CNEh)

Each hierarchy has at
least two levels: the id
and the level all

Non cyclic (CNCh) This constraint denies
the existence of a
cycle in the hierarchy

Dimension Non empty dimension
(CNEd)

Each dimension has at
least one hierarchy

Unique identifier (CUId) The dimension has an
unique identifier

Unique all (CUAd) The dimension contains
a unique level all

Fact Orthogonality (CORf) The dimensions of a fact
must be functionally
independent

NonEmpty fact (CNEf) Each fact contains at
least one measure

Non isolate fact (CNIf) Each point is connected
to at least one
dimension

ship is expressed in Prolog by the relation predicate with four
arguments: the name of the relation, its primary key, its for-
eign key list, and the non-key attributes list. The attributes of
the foreign key list are not necessarily considered as primary
keys. For this reason, we distinguish two lists: a primary keys
list and a foreign keys list. In the case where a foreign key is
considered as a primary key, it must belong to both lists.

3.4 Prolog interrogation

This step consists in executing the process of the structural
verification, the validation or verification of the semantic con-
straints. The structural verification process is a syntactic test.
It checks the structural constraints presented in Table 2.

As far as the validation process is concerned, it necessarily
involves the testing of conformity constraints (see Table 3).
The latter are inspired from bottom-up approaches. Thanks
to the conformity constraints, the validation of the design-
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Table 3 List of multidimensional star schema conformity constraints

Concept Constraints Description

Fact Fact conformity
(CFC)

Fact name must coincide with the
name of one relation and all
measures must be numeric and
non-key attributes

Measure
conformity
(CMC)

All fact measures must belong only
to the list of the non-key
attributes of the relation having
the same fact name. If the
measure does not exist in this list,
then it must belong to list of
non-key attributes of a parallel
relation to the relation having the
same fact name

Orthogonality
from the
sources (COS)

It checks the functional
dependency between the levels of
the pairwise dimension
hierarchies of the fact at the
source schema

Dimension Dimension
conformity
(CDC)

The dimension identifier must be at
the same time a primary key of
this relation and a foreign key for
the fact relation. Otherwise, the
identifier is a non-key attribute in
the fact relationship. It must be a
Boolean or temporal attribute in
this fact relationship or a non-key
attribute in another relation.
Otherwise, the identifier
corresponds to a primary key and
not a foreign key in the fact
relation

Hierarchy Level conformity
(CLC)

An attribute is considered as level
when it is a primary key in any
relationship. Otherwise, it is
non-key attribute in relationship
having the same dimension name
and whose type is date or
Boolean, or it belongs to another
relationship

Hierarchical
dependency
(CHD)

A functional dependency must
exist between any level and its
successor in the source schema

Weak-attribute
conformity
(CWC)

There must exist a direct functional
dependency, in the source
schema, between any level and
its weak attributes

ers’ schemas is reduced to a simple checking of conformity
constraints. To do so, we need a connection to the source
database to extract its relational schema. In fact, to ensure
the conformity constraints, we will need the names of pri-
mary key, foreign key, and non-key attribute for each relation
and the types of each attribute. For this reason, we define a
type preducate with two arguments: the attribute name and its
type. The naming conflict between the star schema and data
source schema is resolved by interaction with the dictionary

Table 4 List of multidimensional star schema semantic constraints

Concept Constraints Description

Summarizability Disjunction One instance of the strongest
granularity level must be
associated to one instance of the
finer level level at most

Completeness When moving from one level to
another, this constraint requires
that any given instance must
relate to an instance at the new
level

Fact-dimension
relationship

It requires that any fact instance
must be associated with at least
one instance of dimension

Domain
constraints

Restriction
domain
instances

It expresses an interval of level
instances defined by the
designer

WordNet2 [24] to account for other linguistic relationships,
such as synonym and similarity [18].

The semantic constraints can be divided into two cate-
gories (seeTable 4): summarizability anddomain constraints.
Our approach verifies theses two categories of semantic con-
straints based on a data source. Accordingly, we defined a set
of queries inspired from re-engineering works [4,44]. The
results of these queries enrich the knowledge base of Prolog.

To illustrate the verification process of the semantic con-
straints, let us consider the verification process of the disjunc-
tion constraint for the supplier dimension shown in Fig. 3.

The supplier dimension contains one hierarchy, called
hSupp, composed of the following levels: id, city, coun-
try, continent, and all. Table 5 expresses three instances of
the supplier dimension: Ins1, Ins2, and Ins3. We note that
the instance Tripoli related to the city level is associated
with two instances of the country level: Libya and Lebanon.
This instance sharing means that the disjunction constraint
is violated. Our approach detects this problem at the source
level, and warns the designer that violation of the disjunction
semantic constraint may to engender certain inconsistencies
in the results of the future decisional system. Indeed, two
instances of city level associated with more than one instance
of id. According to id, certain measures are probably counted
many times.

3.5 Interpretation and repairing solutions

The interpreter generates two types of reports: error and
warning reports. After the transformation of the multidimen-
sional star schema and the source schema in Prolog, the error
reports are generated bymapping between the interpreter and

2 http://wordnet.princeton.edu/.
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Fig. 3 Supplier dimension

Table 5 Example of supplier dimension instances

Id City Country Continent

Ins1 f1 Tripoli Libya Africa

Ins2 f2 Tripoli Lebanon Asia

Ins3 f3 Paris France Europe

Prolog. An error report consists of two zones: error messages
and repairing solutions.

The warning messages inform the designers about the
result qualities of the generated cube. They are the results
of the semantic verification process. They identify the per-
centage of instances that do not satisfy each condition of
the summarizability constraint, the most accurate results and
the incoherence reasons. As for the domain constraints, the
interpreter returns to the designer with a list of the violated
constraints, it indicates the fact, dimension, hierarchy and
level names.

The repairing solutions are detected by a set of rules we
defined in Prolog. These rules are inspired from the confor-
mity constraints (see Table 2). Each rule takes as a starting
point the predecessor of the element that violates the con-
straint in the structure of the multidimensional star schema.
The repairing rules are:

– Rule of searching facts (RSF): the role of RSF is to pro-
vide designers with propositions as to which relation-
ships that are able to be facts. The RSF selects each rela-
tionship that respects the fact conformity constraints. For
each selected fact, the interpreter interrogates Prolog to
execute the RSD rule. The selected fact is rejected when
the result of the RSD rule is “No”. So, we conclude that
the proposed fact cannot be related to any dimension.

– Rule of searchingmeasures (RSM): it returns to designers
all attributes respecting the conformity constraint mea-
sure. RSM checks all attributes of fact relationship and
its parallel relationships.

– Rule of searching dimensions (RSD): To search all pos-
sible dimensions, RDS selects each relationship that
respects the conformity constraints dimension. After
detecting all dimensions, the orthogonality test is per-
formed. The returned results represent all possible com-
binations of dimensions.

– Rule of searching level (RSL):RSL searches all attributes
that depend functionally and directly on the given level
and that respect the level conformity constraint. Recur-
sively,RSL allows the deduction of somenewhierarchies.
In the case where the identifier is taken as the given level,
RSL returns all possible hierarchies.

From a given level, the RSL rule provides designers with
all possible successors. It is possible to give new hier-
archies. The RSL rule is applied when some constrains
are not satisfied, including the non-empty dimension,
non-cyclic hierarchy, level conformity, and hierarchic
dependency.

– Rule of searching weak attribute (RSW): the RSW pro-
vides all the attributes that directly depend on a given
level and that do not satisfy a level conformity constraint.
The interpreter applies the RSW when a weak attribute
conformity constraint is violated.

The repairing rules are used after the V&V process.
Table 6 indicates the rules appropriate to fix the violated
constraints.

4 Case study

To explain the technical details of our approach, we propose
the V&V of the sale fact analyzed by period, documents, and
publisher dimensions (Fig. 4).

Table 7 describes the source schema after its transforma-
tion into Prolog. The attribute types are extracted and added
into Prolog knowledge bases.

The sale fact presents three structural errors:

– The fact does not respect the CNEf. In fact, the fact does
not contain measures. RSM is executed and searches in
the sources schema for the relation whose name is sim-
ilar to the fact name. It then looks for all attributes that
belong to this relation and that can respect the CCM. The
repairing solution is: amount and quantity. The first is a
numeric attribute belonging to the sale relation; the sec-
ond belongs to the command relationship and is detected
because the command is parallel to the sale relation.

– The CNCh is violated in the hierarchy docAut of the
dimension documents. In this case, one occurrence of
specialtywill be replaced or eliminated. The RSL is auto-
matically executed. In the first instance of execution,RSL
searches for the relation having a name that is similar to
that of the dimension. In the second instance of execution,
it takes specialty as a starting point. It checks the fact that
docAut is not a successor of specialty. In order to validate
the correctness of the secondoccurrence of specialty,RSL
is executed for another time and takes codAut as a starting
point. To search for the possibility of substituting the first
occurrence of specialty, RSL is re-executed for another
time with the predecessor of the specialty level, codDoc,
taken as a starting point. The repair solution is: cod-
Doc, codAut, specialty, and all. Overall, the RSL must be
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Table 6 Repair rules according to the violated constraints

CHAh CNEh CNCh CNEd CORf CNEf CNIf CFC CMC COS CDC CLC CHD CWC

RSF X X X

RSM X X

RSD X X X X X

RSL X X X X X X

RSW X

Fig. 4 Sale fact

Table 7 Code Prolog related to
the relational source schema relation(author,[codAut],[],[fnameAut, snameAut, adrAut, specialty]).

relation(bookstore,[codBoo],[],[nameBoo, city, state, gov, country]).

relation(client,[codCl],[],[fnameCl, snameCl, numTelCl, adrCl]).

relation(buying,[ codDoc, codDi, codBoo],[codDoc, codDi, codBoo],[days, quantityb]).

relation(distributor,[codDi],[],[nameDi, adrDi, numTelDi]).

relation(documents,[codDoc],[codEd, codAut],[titleDoc, nbrPaDoc, price, language, specialty]).

relation(editor,[codEd],[],[nameEd, numTelEd, adrEd, city, country]).

relation(governorate,[idGov],[],[idCountry, gov]).

relation(local,[idCity],[idState, idGov],[city]).

relation(sale,[codDoc, codCl, codBoo, codEd],[codDoc, codCl, codBoo, codEd],[days, amount]).

relation(tCountry,[idCountry],[],[country]).

relation(tState,[idState],[],[idCountry, state]).

relation(command,[codDoc,codCl, codBoo],[codDoc, codCl, codBoo],[days, quantity]).

executed at least three times by considering the following
as starting points: the first occurrence of level violating
the CNCh, its predecessor, and the predecessor of the
second occurrence.

– The CNEd is not respected in the publisher dimension.
In fact, the publisher dimension does not contain hier-

archies. To compute a repair solution, the relation hav-
ing a name similar to that of the dimension is selected.
In our example, this relation is editor. The RSL is then
executed, with the identifier of the editor relation being
taken as a starting point is. A new hierarchy is pro-
vided for each detected level. Each extracted level is
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considered as a starting point of a new execution for
the RSL. For the running example, two hierarchies are
detected:
hier1: codEd, city and all.
hier2: codEd, city and all.

After the revision of the sale fact, the validation process is
required. The checking of the conformity constraints shows
three errors: COS, CDC and CLC.
The COS error relates to the existence of a functional
dependency between the codDoc identifier of the documents
dimension and the codEd identifier of the publisher dimen-
sion. To repair this error, the RSD is initially executed to
provide all combinations of the orthogonal dimension. The
designer then needs to analyze sale by documents and pub-
lisher. Accordingly, and considering that codDoc determines
codEd, the RSL is re-executed to provide a new hierarchy
belonging to documents, with codDoc being used as a start-
ing point. The proposed hierarchy must contain codEd as a
level. The repairing solutions are:
Fact dimensions: documents, period, and bookstore.
The hierarchies in the documents dimension are:
hierarchy 1: codDoc, codEd, city and all.
hierarchy 2: codDoc, codEd, country and all.
Concerning theCDC error, the publisher must be eliminated
or replaced because the editor relationship, having a name
similar the publisher, cannot be a dimension for the sale fact.
The RSD is, therefore, re-executed to provide a new dimen-
sion that substitutes publisher. The proposed solution elimi-
nates the publisher dimension or replaces it by the bookstore
dimension.
The third error, CLC, refers to the fact that price cannot be
considered as a level. After the RSL is executed with codDoc
taken as a starting point, the proposed solutions are:
hierarchy 1: codDoc, codEd, city and all.
hierarchy 2: codDoc, codEd, country and all.
hierarchy 3: codDoc, specialty and all.

Among the results of the running example of summariz-
ability verification, the following message is returned:

Warning—completeness (successor):
Fact: sale
Dimension: documents
Hierarchy: docAut
Level: codDoc
Next level : codAut
Number: 2, 6 %
2, 6 % of codDoc instances have no successors (codAut) in the
hierarchy docAut of the documents dimension of the sale fact.
Thereafter, the most accurate results on the measures of sale are
those relative to codDoc. According to codAut, certain measures
are probably not included

For the running example, the following warning message
is provided:

Warning—domain constraint
Fact: sale
Dimension: documents
Hierarchy: docAut
Level: specialty
Constraint: specialty = “chemistry”
The domain restrictions and the sets of the level instances is empty

The message indicates that the domain constraint inte-
grated by the designer implies an empty set as an intersection
between the domain restriction and the set of the city level
instances.

5 Evaluation

To evaluate our approach, we developed a tool supporting
the automatic V&V process. To guide the designers during
error revisions, our tool provides error messages and repair
solutions. The warning messages are generated to inform the
designers about the result qualities of the future cube. To
evaluate experimentally our approach, we adopted a black
box testing approach to evaluate: (1) its capacity in detecting
errors and warnings, and (2) the quality of its repair solution
reports. This black box methodology was adopted to test
the structural verification and error detection. It consists in
testing some star schemas and comparing the detected errors
with the waited ones.

The tests we conducted for the structural constraints
demonstrated that our approach is capable of detecting all
structural errors. The conformity error detection requires the
connection to the data sources and it depends on the threshold
of the semantic similarity. For a semantic similarity thresh-
old near 1, the validation process becomes stricter; that is, the
elements from the star schema whose names do not match
(exact or synonym) names in the source schema are consid-
ered as nonconform. Reducing this threshold, the number of
elements considered as not conform and having similar ele-
ments in the source is reduced. The best results were found
by fixing the similarity threshold to 0.2. We determined this
value experimentally on a set of 150 name pairs we collected
from the literature and student projects. After applying our
similarity measure while varying the threshold, we manually
analyzed the results to identify the threshold that chose the
words express the closest meaning. The source schemas used
in our tested validation process includeMedia-planning [32],
Faculty members load [10], the bookstore, etc. Table 8 shows
samples of name pairs. In this list, we cannot replace student
by teacher or sale by buying, which would be allowed with
a threshold less than 0.2.

The warning messages are the results of the semantic con-
straint verification process. To test these constraints, we con-
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Table 8 Example of similar words

w wi Similarity threshold

Customer Client 0.90

Supplier Provider 0.94

Command Order 0.45

Sale Buying 0.11

Editor Publisher 0.23

Student Teacher 0.16

structed source databases for the above-mentioned case stud-
ies, that contain a limited number of records ranging from100
to 3000 records. Comparing the provided results with the
multiplicity between the entities in the conceptual schemas,
we obtain coherent results.

To check the repair solutions, we tested each search rule
in some of its worst-case and intermediate scenarios. For
the intermediate case, the example presented in the previ-
ous section illustrates the result quality. For the worst-case
scenarios, because the behavior of our approach is similar
to the bottom-up approach, we compared our results with
those generated by this type of approach. Themethods in this
approach extract facts based on two criteria: the existence of
a numeric attribute and/or the cardinality of the association
between entities. Themethods based on the first criterion can
extract facts with no dimensions, and those based only on
the cardinality may extract a fact with no numerical attribute
(assuming the count as a default measure). Our validation
approach takes in consideration both criteria.

When we applied several bottom-up and automatic meth-
ods, the process of dimension extraction provides all pos-
sible dimensions without respecting the orthogonality con-
straint. Using our approach, the worst-case scenarios of RSD
execution is when the drawn fact is not associated with any
dimension. The number of dimensions by fact is the same.
However, our approach offers all possible combinations of
orthogonal dimensions. From a given level, RSL detects all
possible levels that depend functionally and directly on the
given level and that respect the level conformity constraint.
Recursively, RSL returns all possible hierarchies.

Compared to other approaches, our approach is character-
ized by its interactivity. In fact, guided by the provided repair-
ing solutions, the designers can repair their schemas accord-
ing to their needs. In summary, the approach presented in
this work complements all three types of design approaches
by explicitly verifying all types of constraints in an auto-
mated way. Besides its automation, this approach has two
main merits. The first merit relates to its ability to integrate
the semantic similarity computation [18] to solve the prob-
lem pertinent to the difference between the names used in the
design of the star schema and the names existing in the data
source schema. The second merit pertains to the solutions

proposed to correct a schema based on the errors provided
by the check module and hence avoiding its redesign.

6 Conclusion

In this paper, we proposed an approach for the design of
validmultidimensional schemas. The approach has three dis-
tinct features: it handles structural, conformity, and seman-
tic constraints; it uses linguistic similarity computation in
the validation process; and it provides designers with possi-
ble repair solutions. It is advantageous compared to existing
mixed approaches where designers cannot intervene after
the need definition phase. Our approach is interactive: In
error cases, a complete report is returned to the decision
maker wherein errors are indicated and possible repair solu-
tions are offered. To provide the designer, who can be non-
expert in formal methods, with the means needed for their
schema checking, we developed an automatic multidimen-
sional V&V framework. Moreover, our framework provides
designerswith threemessage types: error reports, repair solu-
tions, and warning messages. (It is also worth noting that our
repair solution proposition approach can be extended to han-
dle domain-specific constraints as illustrated in [37].) Finally,
the input of our approach is a graphical notation. Thereby,
the use of our framework does not require the expertise of
a specific language in contrast with other works. For exam-
ple, the use of the approaches described in [32,42] require
an expert in UML and the use of approaches described in
[21,33] require an expert in SQL.

Considering the promising potential ofwarningmessages,
future studies, some of which are underway in our labora-
tory, are needed to further investigate the potential benefits
of these results in the context of extract-transform-load pro-
cedure definition.

Open Access This article is distributed under the terms of theCreative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
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