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Abstract

Longitudinal studies have been used as a tool in applied research for decades. In turn, more
recently the term ‘longitudinal database’ has appeared to denote the database that supports the
management of data used in longitudinal studies. However, the majority of researchers are focused
on the treatment of the data once obtained from the so-called longitudinal database and not on the
design and management of the database itself. Taking into account that high quality of the man-
aged data is demanded, we claim that the notion of longitudinal database must be investigated in
itself, by means of the definition of structures and processes that promote the accuracy of the data
involved in the longitudinal studies. In particular, in the present paper we briefly describe a new
proposal of a longitudinal database model. Databases that are designed according to this model
capture a level of knowledge that allows the user to obtain data with a higher degree of quality
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1. Introduction

The term ‘longitudinal” has been used in scientific research for decades. In the majority of cases the
specific term used in the literature is ‘longitudinal study’ (Delgado and Llorca, 2004). A
longitudinal study is a tool used primarily in applied research aimed at discovering trends or
patterns in groups of individuals over time. Many scientific disciplines, such as medicine (Yeh et
al., 2008), sociology (Orth et al., 2009), technology (Luse et al., 2013) and education (Crane, 1996)
have used longitudinal studies.

It is much more difficult to find literature in which the term ‘longitudinal’ appears as the subject
of basic research. A longitudinal study is a statistical study, and therefore in this context we can
find some references of this other kind (Cepeda and Nufiez, 2007). Moreover, a basic feature of
longitudinal studies is that they manipulate a significantly large volume of data. Since the persistent
storage (over time) of these data is critical for the development of longitudinal studies, the term
‘longitudinal database’ has received more and more attention (Clark, 2006; Ander-Peciva, 2005).
However, based on its current use, a longitudinal database apparently is nothing more than a
database that stores the data that is used in longitudinal studies.



The thesis of the present paper is that, taking into account that high quality of the manipulated
data is demanded, the notion of longitudinal database must be investigated in itself. In this paper
we defend this thesis making a review of the use of the terms longitudinal, data base and temporal
database in the literature. The main conclusion of this review is that, in the existing approaches
(Ferguson and Kreiter, 2004), the longitudinal aspects are focused on the treatment of the data once
obtained from the database and not on the design and management of it. As a consequence of this,
an accurate definition of longitudinal database is lacking. Furthermore, with the goal of obtaining a
more enhanced approach, we also advocate the definition of a longitudinal database model that
allows us to obtain information of higher quality from stored data (Data Quality Assurance) which
can be used, for example, as evidence for auditing processes required in laws, norms, standards and
best practice guides for information technology (Looso and Goeken, 2010).

As a step towards this goal, in this article we present a proposal of a longitudinal database model,
whose main characteristic is that it allows the user to extract evidences from the database, in such a
way that (s)he can be aware of the protocols that have been applied to generate such evidences,
whether these protocols have changed over time and to know the states of objects from which those
evidences were obtained. Databases that are designed according to this model capture a level of
knowledge that allows the user to obtain data with a higher degree of quality.

The rest of the paper is structured as follows. In the following Section we briefly review the use
of the term *“longitudinal’ in applied research, and in Section 3 we study the present use of the
concept ‘longitudinal database’. Section 4 includes a summary of basic ideas about temporal
databases and in Section 5 longitudinal and temporal databases are compared. Section 6 is devoted
to presenting our proposal of a longitudinal database model. We finish the paper with some
concluding remarks.

2. Longitudinal in the sciences

The term ‘longitudinal’ is almost always linked to ‘longitudinal studies’. It shall here be
demonstrated that the concept appears in relation to various scientific and humanistic disciplines,
forming a “corpus’ from which, despite various nuances, an approximate definition of ‘longitudinal
study’ can be extracted.

A longitudinal study is a research tool that implies the use of observations or measurements taken
from the same group of individuals, normally over an extended period of time (Delgado and
Llorca, 2004). Other related terms are tracking study (sometimes used synonymously) and cohort
study (a longitudinal study is considered to be a particular type of cohort study?). Normally, a

! In a cohort study it is most important to determine the cohort, that is, the set of individuals in a population that, sharing the same experience of
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longitudinal study is regarded as the opposite of a cross-sectional study, which is taken at a single
point in time (Vikstrom et al., 2002).

Uses of the concept of ‘longitudinal study’ can be determined by whether they refer to applied or
basic research. In applied research, a ‘longitudinal study’ is a tool used by researchers to obtain
certain conclusions about the object of the study. In general, there are two large areas of learning in
which this type of study can easily be found: health science and social science. The following
specific examples illustrate the variety of disciplines in which it can be applied. For example, in
oncology, it has been used to investigate the clinical factors associated with fatigue over time in
paediatric oncology patients (Yeh et al., 2008). In neurobiology, to study the relation between
Parkinson’s disease and dementia (Dubbelinka et al., 2013). In sports medicine, to link age to heart
rate (Gellish et al., 2007). In epidemiology (a discipline that could be considered to straddle both
health science and social science) it is a widely used tool. For this reason there is an extensive
literature dedicated to it, spanning from the end of the 70s (Rosner, 1979) to books published more
recently (Twisk, 2003). It is also used in economics — particularly social economics, (Yankow,
2009)- and in demographics (Clark, 2006). In the educational field it has been utilized as a means
to investigate, for example, the effects of the social and familiar environment in educative
achievements (Crane, 1996; McFarlin, 2007). As final examples, we must cite research made
within psychology and sociology (Orth et al., 2009; Brooks and Redlin, 2009; Guttmannova et al.,
2008). The latter referenced work leads us smoothly from examples in applied research to those in
basic research, as some terms belonging to the sphere of statistics feature in its title (e.g.
invariance). And undoubtedly, longitudinal studies are, in essence, statistical studies. It is therefore
logical that there are also a large number of works on ‘basic statistics’ that define, improve, and
refine the tool itself (Cepeda and Nufiez, 2007; Lee, 2006; Tavares and de Andrade, 2006).

A key point is that what is being manipulated is data, and in the majority of cases, a large
quantity of data. And because of this, naturally, it is understood that these data must be handled in
an automated manner, that is, that some type of computerized support must be used. As it has been
established that longitudinal studies are statistical studies, it is common to use statistical packages
(programs) to manage, control and analyze the data. But it must also be emphasized that the quality
that distinguishes longitudinal studies is their time extension. For this reason, it is not just the
handling of the data that is important but its ongoing storage, which is where the use of databases
naturally enters the scene. And it is here that the key term whose precise meaning must be
determined is found: ‘longitudinal database’.

To avoid a simple misunderstanding, it is first necessary to distinguish the ‘longitudinal studies
databases’, that is, databases that act as a catalogue of different longitudinal studies that are carried
out — see for example the repositories in the (National Institute of Aging (USA), 2010) or in the
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(Bureau of Labor Statistics (USA), 2010). These database catalogues are undoubtedly necessary in
an applied research context as they are useful for contrasting results of related experiments. Once
this point has been established, a general definition of ‘longitudinal database’ can be found.

3. Longitudinal databases

As has just been highlighted, the term ‘longitudinal database’ is used in applied research when one
wants to refer to a computerized structure that supports all the data set used in a specific
longitudinal study. As an example, (Ander-Peciva, 2005) states that “a broad definition of a
longitudinal database could be a mass of computerized data that is available for consultation and
provides information about individuals over time”. In any case, it is a relatively new term, not
widely used.

If we analyze the situation from the point of view of research within computer science,
particularly into information systems, and more specifically still into databases, a certain disparity
in the use of the term database from its usual use can be seen in this other field. The key to this
disparity provides us once again with the distinction between basic and applied research.
Essentially, most of the works where the term ‘longitudinal database’ appears in the literature, it is
in terms of applied research, when the (note the importance of the definite article the) longitudinal
database is a specific one (one example, one instance), one specifically designed as support for
carrying out the longitudinal study in question. There are few exceptions to this situation, to our
knowledge, only (Vikstrom et al., 2002) and (Williams et al., 2010) discuss modelling issues for a
longitudinal database. In any case, for basic research into databases, a general definition of the term
‘longitudinal database’ is needed, at the same general level as ‘relational database’, ‘object—
oriented database’, ‘deductive database’, ‘documental database’ or ‘multidimensional database’.
Put another way, for basic research within databases it is necessary to define the type and the
category of ‘longitudinal databases’. It is therefore another example (yet one more) of the gap
between basic and applied research. When a demographer, a historian or an epidemiologist is asked
to define the concept of a ‘longitudinal database’ they do so based on the background knowledge
they possess, and so it undoubtedly becomes difficult, if not impossible, for them to give a
definition that would be accepted by the other fields. This is with the exception that the answer is,
as in the definition at the beginning of this section, a notion that is practically indistinguishable
from any ‘database’.

In effect, the most basic, general and broadly accepted definition of ‘database’ is “a structured
collection of related data’. If this is compared with the definition given at the beginning, only one
essential difference can be noted: the appearance of the reference to the aspect of ‘time’. Asitisa
definition of ‘longitudinal database’ that is needed, if the reference to ‘time’ is crucial, it is evident
that analysis and comparison of the subject under study with the notion of ‘temporal database’ must
be made.



4. Temporal databases

The most broadly accepted definition is that a temporal database is a database in which the “time’
aspect is in some way relevant —see the best effort to clarify temporal database related concepts:
“The Consensus Glossary of Temporal Database Concepts’ (C.S. Jensen and et al., 1993).
Therefore, if the definition cited above for longitudinal database is accepted, it is found that a
longitudinal database is nothing more than a particular kind of temporal database. This raises an
apparent contradiction: if a longitudinal database is a particular kind of temporal database, has
there not been sufficient research into temporal databases? A brief review of the literature clarifies
this.

Temporal databases have been studied since the beginning of the *80s. It is significant that one of
the first publications that directly relates ‘time’ to “‘databases’ is the 1981 article ‘Displaying
Clinical Data from a Time-Oriented Database’ (Blum, 1981), that is, an applied research article,
specifically medical research. But from the first references that can be considered to be basic
research into the subject (two articles, one from 1979 (DeAntonellis et al., 1979) and the other from
1981 (Klopprogge, 1981), that raise the ‘time’ aspect in the entity-relationship model, and a
doctoral thesis from 1982 entitled ‘The Time Relational Model’) until the middle of the *90s,
approximately 900 references can be found —documented through various surveys and books, such
as (AbdullahTansel and et al., 1993) and (Ozsoyoglu and Snodgrass, 1995)- that cover relative
aspects of temporal databases or one of their ‘subtypes’, such as ‘real time databases’. This large
volume of publications is a clear indication of the interest aroused by ‘temporal databases’ in this
period. However, the lack of industrial development transferring this enormous quantity of research
into the commercial sphere is significant.

It is particularly surprising that in this period not a single producer of Database Management
Systems (DBMS) decided to support any kind of temporal database model. There are two reasons
that can, at least partially, explain this situation. One of them is the statement by Edgar Codd,
inventor of the Relational Model of databases, in the preface of the book introducing Version 2 of
his model, where he literally says that “in many cases [DBMS providers] failed to understand the
first version of the Relational Model” (Codd, 1990). Codd’s words suggest that if the DBMS did
not faithfully take to a model as straightforward as the Relational Model, it would be more difficult
to tackle more complex models. The second reason that conspired against the use of temporal DB
tools was the lack of consensus during the standardization process. In spite of having a complete
specification proposal for a language for temporal databases —TSQL2 (Snodgrass and et al., 1995)-,
the initiative to integrate this specification as part of the SQL3 standard (by the inclusion of a new
section within the standard, under the name *Temporal/SQL’) hung in limbo around 2001 due to
the lack of agreement by the ISO representatives, as Richard T. Snodgrass, one of the principle
promoters of the initiative (and a world expert in temporal databases), graphically describes in
(Snodgrass, 2009). This anomalous situation has been highlighted once again very recently by
(Johnston and Weis, 2010): in the preface of this book they state that “in spite of several decades of
work on temporal data [...] little has been done to help IT Professionals manage temporal data in
real-world databases’.



Since the middle of the *90s until the present day, and probably due to the unstoppable growth of
everything related to the web and the internet, interest in temporal databases has noticeably
diminished (it is in fact somewhat difficult to find 21st century publications on the subject). Of
course this does not mean that the subject lacks importance, rather that the focus has been
redirected towards other related matters, for example, spatiotemporal databases, a key piece in
geographical computer systems (digital cartography services, GPS positioning, etc). In fact, it is
strange that in the very latest versions of one of the most powerful DBMS (Oracle9i, 10g and 11g)
tools that manage properties of temporal databases have been included (Flash-Back Queries (Weiss
and Oracle Corporation, 2003), Workspace Manager (Oracle Corporation, 2009)). Finally, other
initiatives that in some way keep an interest in temporal databases alive should be mentioned, for
example TimeDB (Time Consult, 2005) implements a temporal DBMS through the use of a bridge
to a standard DBMS; or TimeCenter (Jensen et al., 2010), an international centre for the application
of temporal databases in traditional and emerging DBMS technology.

5. Longitudinal: more than just temporal

As has just been demonstrated, research into temporal databases has been intense and extensive for
over 30 years. Moreover, longitudinal studies have been undertaken from even earlier times. The
fact that the two have certain aspects in common is undeniable. And yet, as has been shown, a
definition of ‘longitudinal database’ that can be used by the database community does not exist. It
therefore seems appropriate to explore the reasons for this discrepancy.

Let’s return to the basic definition of *‘database’ as outlined above: ‘a structured collection of
related data’. On adding the word ‘longitudinal’, it is natural to wonder in which part of the basic
definition the ‘longitudinal’ aspect should fit. In other words, what is, (or what should be, always
from a database point of view) ‘longitudinal? Is it the structure (the structured collection) that
should have longitudinal characteristics? Or is it the data (and more importantly, their
relationships) that are longitudinal? In view of the literature, it seems that it is the second concept
that is correct, as the term *longitudinal data’ is a very common one. However, closer observation
shows that this expression practically always appears with the expression ‘longitudinal data
analysis’. It is here that, in the authors’ opinion, one of the keys to the aforementioned disparity can
be found. In longitudinal studies, the most fundamental and relevant point is the data processing. It
is from this processing that relationships between the data are obtained (e.g. that births in a
particular year in a particular area of population have a greater probability of being under particular
circumstances). In some sense, in longitudinal studies, how this data is stored, under what data
model (in the computer sense of the word) is not so important: what is essential is for the data to be
available and to work from them. In the authors’ opinion, specific data modelling techniques
always reflect a biased reality representation, so taking into account that high quality of the
manipulated data is demanded, the notion of longitudinal database must be researched in itself,
trying to define structures and processes that promote the accuracy of the data involved in the
longitudinal studies. The idea is that increasing the richness of the database model that is used as an
ongoing support for data likely to be treated longitudinally, more effective data processing would



be achieved. The objective is to improve the data quality in order to facilitate longitudinal studies,
and for this it is essential to establish a specific data model. Temporal databases, as they are, allows
the realization of cross-sectional studies, but little temporal database research is done with specific
focus on longitudinal studies. A special emphasis on the longitudinal aspect of the related data is
necessary in order to support longitudinal studies with maximum accuracy, , which is why the
creation of a new model is necessary, as shall be discussed in the following section.

6. A longitudinal data management proposal

In order to give a brief overall description of our approach, highlighting its main features and
achievements, there are four aspects that deserve to be explained: (1) our longitudinal approach, (2)
our conceptual longitudinal database model, (3) a methodology for the realization of such a model
and (4) a specific real-world longitudinal application.

Longitudinal related aspects. A relevant aspect of every longitudinal study is 'time'. For current
databases, time is just one more piece of data, on the same level as numbers or text, and for this
reason DBMS are limited to giving time “data types’. Temporal database models involve increasing
the importance of time in such a way that it is not treated as just another kind of data, but receives a
specialized treatment. But even so, in these models, time is considered as a dimension (as linear, in
the vast majority of cases) in which the most important characteristic is therefore the order (one
piece of time data is greater or lesser than another; or, in more colloquial language, one moment
comes before or after another). In our approach, taking into account that the objective is
longitudinal knowledge, being necessary to follow the event history of a cohort, time is considered
not just order, but fundamentally, change.

We consider that time is perceived through the change observed in the state of an object. If we
did not observe change in the objects around us, we would not be capable of perceiving time.
Moreover, we consider that there are three fundamental aspects related with change: (1) what
causes the change, (2) the object affected by the change and (3) what has happened. We, the
authors, understand that this form of interpreting time is innovative, and in fact have only located
one ‘position paper’ sharing this idea (Letondal and Tabard, 2009).

Every system is dynamic and, therefore, it is subject to changes. However, we restrict our
attention to reactive systems (they are continuously reacting to external inputs) and besides we only
consider reactive systems whose external inputs are always produced by the execution of a
protocol. In this way, the protocols act on one or more objects of the system which react changing
their state. Within this particular context, the perception of change is restricted to the outcomes of
the execution of a protocol on an object that are shown as a change of the object state. In this way,
all the event history that happens to an object through pre-established protocols is registered, so
that the cohort can be considered to be constantly under observation, which is a main requirement
of longitudinal studies (Vikstrom et al., 2002). More formally, the change can be represented as a
set of three elements comprising (1) the execution of a protocol at a given moment in time, (2) the
object on which it has been executed and (3) the data related to the resulting object state.



Conceptual Longitudinal fact base Model. Starting from this longitudinal approach, we define
a conceptual model of longitudinal fact base. According to our proposed model, a longitudinal fact
base is a structured system of storage of facts which captures occurrences perceived along the time
during the execution of a protocol. The term fact base has been used in the literature to refer to
storage structures in which the time was not explicitly considered —see, for example, (Ramirez and
de Antonio, 2007). For this reason, in order to distinguish our notion, we have considered it
appropriate to incorporate the term “longitudinal’ in its name.

The facts are represented as three-tuples (p, o, d), being p a protocol that has been applied at time
t to an object o, giving rise to data d which are associated to the resulting state of 0. By means of
this structure, the longitudinal fact base stores the states which the objects are going through as a
consequence of the executed protocols, both the protocols that are currently in force and the
protocols that are not valid at present but were applied in the past to the objects of the system. The
three-tuples are stored progressively in the longitudinal fact base, it not being possible to delete
them with the goal of keeping a complete track of the system occurrences, which is very useful for
data provenance and auditing purposes.

The longitudinal database model also defines several longitudinal objects which are oriented to
the representation of facts and data along the time. The main longitudinal object is the lifeline.
Every lifeline is associated to an object showing the occurrences registered in the system about the
object and allowing the dynamic access to the traces of the possible objects related with it. The
lifelines, together with the objects and data traces, allow the extraction of evidences from the fact
base, so the user can be aware of the protocols that have been applied to generate such evidences,
whether these protocols have changed over time and to know the states of objects from which those
evidences were obtained. In this way, the proposed longitudinal fact base model makes it feasible
to assure the accuracy of data this being a great contribution towards data quality assurance.

Methodology for the construction of longitudinal fact bases. A methodology for the
construction of longitudinal fact bases has been developed following the Model-Driven
Architecture (MDA) approach (Kleppe et al., 2003). In particular, within this development method,
we propose to use UML for the specification of the platform independent models (P1M), the
relational model for the specification of the platform specific models (PSM) and the SQL of a
DBMS for source code specification (we refer to (Dominguez et al., 2013) for a more complete
description). We have chosen UML due to it provides extension mechanisms by means of UML
profiles and stereotypes so that UML models can be adapted to specific contexts. In particular, the
most noteworthy aspect of this methodology is that we have defined the Occurrence UML profile
which embraces the basic concepts of our proposal and, on the other hand, the Change State pattern
which, by means of a UML class diagram, describe the basic relations among such concepts at a
generic level. Both artifacts (profile and pattern) gather, in its architecture, the three longitudinal
fact base dimensions we propose (protocol, object, data), the persistence of its elements as well as
aspects directed to increasing the effectiveness of the system to answer queries.

These two artifacts are used as base for constructing the longitudinal fact base following a MDA
approach. More specifically, such artifacts are used to establish the longitudinal PIM model.
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Figure 1. Screens of our biobank management tool

Starting from the PIM model, the method also provides specific transformations to transform this
model to a PSM model, by means of which new tables are included in the PSM model which store
the information related to the profile stereotypes. These transformations are defined embracing
conditions and quality aspects of construction of a longitudinal fact base.

This strategy, although being a particular one, presents theoretical concepts susceptible of being
applied using other different methodological and/or technological approaches, which gives
outstanding value to our proposal.

Real-world longitudinal application. As a real-world implementation case, our methodology
has been verified and validated through the construction, among others, of a biobank management
tool (see Figure 1). The tool is being tested in the open exploitation stage as computer support in
the “‘Aragon Workers Health Study’ project (Casasnovas et al., 2012) which is funded by the
National Center of Cardiovascular Research Carlos I11 and the Autonomous Region of Aragon.
This project aims to study health conditions over time of a cohort of over 5,000 workers in the
General Motors Spain production plant, located in Figueruelas (Zaragoza). The tool, which enables
the management of information related to the longitudinal history of a biological samples bank, is
being used successfully by users (laboratory technicians and physicians) as it guarantees the
dynamic building of evidences of the traceability of both the objects (such as racks and aliquots)
and the data.
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7. Conclusions and further work

There are two main conclusions that can be obtained from the ideas presented in this paper. The
first conclusion is that it is clear that longitudinal studies (as tools for applied research) are
paramount in a multitude of scientific disciplines. In addition, the volume of data which is handled
in such studies is very large, and it is a clear requirement that such data need to be sustained over
time with high quality. Automated support is required to ensure properly structured information, to
maintain consistency, to visualize the evolution of data and so on.

Therefore, and as a second conclusion, the authors advocate that a proper and sound notion of
what should be a longitudinal database is required since, as has been shown, such a definition does
not exist in the literature. In this paper we have outlined very briefly our proposal for a longitudinal
fact base model. Our approach is being validated in a real context in which the Model Driven
Architecture (MDA) approach is being used.

As further work, our research group has started to analyse how to store, within our conceptual
longitudinal fact base model, non-protocolized occurrences along the longitudinal study. This
aspect is important in order to being able to store any type of evidence along the study and also due
to its relevance for security management and incident management.
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