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Abstract. It is widely recognized that temporal aspects of database schemas
are prevalent, but also difficult to capture using the ER model. The database re-
search community’s response has been to develop temporally enhanced ER mod-
els. However, these models have not been subjected to systematic evaluation. In
contrast, the evaluation of modeling methodologies for information systems de-
velopment is a very active area of research in the information systems engineer-
ing community. Based on a framework from information systems engineering,
this paper evaluates the ontological expressiveness of three different temporal en-
hancements to the ER model. The three temporal ER model extensions are well-
documented, and together the models represent a substantial range of the design
space for temporal ER extensions.

1 Introduction

Both the research community and the companies that design databases have recognized
that temporal aspects of database schemas are both prominent and difficult to capture
using the ER model. Intuitive and easy-to-comprehend diagrams become obscure and
cluttered when modeling fully the temporal aspects. Asaresult, the research community
has developed a number of temporally enhanced ER models [13,5, 18, 4, 2, 23, 22, 16,
28, 8].

Both the standard and temporally enhanced ER models may be used for different,
but related purposes, namely for analysis—i.e., for modeling a part of reality—and for
design—i.e., for describing the database schema of a computer system. The typical use
seemsto be one where the model is used primarily for design and where the constructed
diagrams are mapped to arelational platform. In step with the increasing diffusion and
use of relational platformsin industry, ER modeling is growing in popularity.

In the database research community, the models that are offered for conceptual
database design are rarely evaluated systematically. In contrast, in the area of infor-
mation systems engineering, the evaluation of modeling methodol ogiesfor information
systems development is a very active area of research. A substantial nhumber of evalu-
ations are reported in the literature [1, 14, 20, 6, 11, 19, 2427, 15], and the | FIP Work-
ing Group 8.1 is co-sponsoring an annual workshop, EMM SAD, devoted solely to this
topic.

* This work was supported in part by grants 9502695 and 9700780 from the Danish Technical
Research Council and grant 9701406 from the Danish Natural Science Research Council, as
well as grants from the Nykredit corporation and the Danish National Centre for IT Research.
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Weber and Wand have devel oped aframework for eval uating the ontol ogical expres-
siveness of information systems devel opment methodol ogies [24-27]. This framework
includes an ontological model of the real world that covers both structural and behav-
ioral aspects. The framework has been used to evaluate the notations and associated
semantics of three models for information systems development.

The present paper uses the approach of Weber and Wand for evaluating three dif-
ferent temporal extensionsto the ER model. Specifically, the objective of this paper is
to evaluate the ontological expressiveness of the temporal notational constructs of three
selected temporal ER models [23,28, 8]. Each of these temporal ER model extensions
is well-documented, and together the models represent a substantial range of the de-
signs space for temporal extensions. The evaluation considers the use of the modelsfor
design only, since this is the typical use of the model. As a result, it is evaluated how
well the models capture the temporal aspects of a database design. This necessitatesthe
introduction of a representational model for a database design. The three models were
chosen based on their recency and quality. One was published in 1991, and the latter
two were published within the last two years and may be considered second-generation
models in that they attempt to build on the earlier models.

This work is related to four surveys and comparisons of methodologies for the
analysis and design of information systems. Brandt [1] surveys and evaluates thirteen
methodologies for system’s specification. Kung [14] studies three conceptual models
with atime perspective. Floyd has [6] evaluated and compared three different system’s
development methodologies. Jayaratna [12] has devel oped a framework, termed NIM-
SAD, for understanding and eval uating methodol ogies. The eval uations above focus on
modeling properties, the usage of the models, and the user-friendliness of the models.
Only one evaluation considers expressiveness as a criterion [ 14], but does not consider
themodels' abilitiesto expresstemporal aspects; in contrast, the evaluation in this paper
focuses entirely on expressivenessin relation to temporal aspects.

Conceptual models for database design have also been evaluated and compared.
Schrefl et al. [20] develop a set of criteriafor comparing conceptual models and evalu-
ate seven conceptual models. Hull and King [11] discussissues of conceptual modeling
and survey sixteen conceptual models. Peckham and Maryanski [19] describe generic
properties of conceptual models and survey a representative selection of models. Le-
ander et a. [15] compare the modeling capabilities of the ER model and the NIAM
methodology. The evaluations of the conceptual models for database design all focus
on non-temporal properties. This paper’s evaluation focuses exclusively on the model-
ing of temporal aspects.

Ten temporally extended ER models have been surveyed and evaluated by the au-
thors[7,10]. The focus of these evaluations are entirely on model properties, and crite-
ria based on ontologies are not considered.

In summary, the focus of previous, related evaluations ranges from determining
the environments in which methodologies where developed, over the usages of the
methodologies, to the user-friendliness of the methodologies. Some studies examine
the expressiveness of conceptual data models [14, 15]. However, previous work does
not consider evaluation parameters that concern how well the models capture temporal
aspects, whichisthetopic of this paper. We eval uate three different temporally extended
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ER models abilities in describing the temporal aspects of relational database schemas
capturing temporal aspects. A substantially extended version of this paper considers
al so the use of the three models for analysis[9].

The paper is structured as follows. Section 2 states the objectives of the paper’'s
evaluations, and Section 3 presents the evaluation framework. In Section 4, the three
temporal ER extensions are evaluated. Finally, Section 5 summarizes the findings and
outlines directions for future research.

2 Evaluation Objectives

This section first describes the context of the paper’s evaluation, by outlining several
aspects of a conceptual model that may be subjected to evaluation. It then proceeds to
state the objective of the paper’s evaluation, by positioning it within this context.

2.1 Typesof Evaluation

Three different approaches to evaluating a conceptual model can be taken. First, the
evaluation can be done by examining the diagramsthat result from using the conceptual
model, i.e., the diagrams will be the target of the evaluation. Second, the notation,
i.e., the “building blocks’ of the conceptual model can be evaluated by examining,
e.g., which notational constructs the model offers for modeling specific aspects of the
underlying implementation. Third, the methods and guidelines that describe how to use
the model during the design of a database can be evaluated.

The difference between evaluating the resulting diagrams versus the notation of a
temporal ER model may be explained as follows. A temporal ER model is a graphical
model, that is, the notation of the model is graphical symbols, including rectangles, di-
amond, and lines. Each symbol has a specific interpretation (semantics) that gives the
meaning of the symbol. In contrast, a diagram is a connected collection of symbols.
Evaluating a conceptual model by considering specific diagrams produced using the
model versus evaluating it by considering each of its modeling constructs yields differ-
ent evaluations. We proceed to discuss the three types of evaluationsin more detail.

One can evaluate a diagram with respect to analysis by observing how well the
diagram describes the underlying database structure. This means that it should be pos-
sible for database designers to recognize the structure of the underlying database by
examining the diagram. The notation of the model is irrelevant to the evaluation of a
diagram, since the focusis entirely on how easy it isto recognize the database structure
by examining the diagram.

Next, the notation of a conceptual model can be evaluated with respect to design by
by examining whether or not the modeling constructs offered by the model can describe
database structure with the desired accuracy. In order to do this, we have to examine
which modeling constructs the underlying data model offers and and then to determine
which modeling constructs the conceptual model offers for describing these constructs
of the underlying model.

Finally, the methods and guidelines for how to use the model in the design phase
can be evaluated with respect to how well they help and support the construction of the
schema of the underlying database.
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2.2 Choice of Evaluation Objectives

We have chosen not to base our evaluation on specific temporal ER diagrams, for sev-
eral reasons. Firdt, it is not clear who should create the diagrams. It is almost impossi-
ble to ensure that the corresponding diagramsfor several different temporal ER models
are created under similar conditions. Solving this problem by having the same per-
sons create all diagrams introduces new problems: the sequence in which the diagrams
are created is likely to matter, so that later diagrams are influenced by knowledge ob-
tained during the creation of earlier diagrams. Second, the evaluation of how well a
ER diagram documents the underlying database is quite subjective. Different database
designers may have different answers to whether or not a digram documents the under-
lying database. We have also chosen not to evaluate the methods and guidelines that
the designers of the temporal ER models may have given, for the simple reason that no
temporal ER model is equipped with such methods and guidelines.

Rather, we have chosen to evaluate the notations of three temporal ER models. The
evaluation occurs within aframework originally developed for evaluating the notations
of methodologies for information systems devel opment. Therefore, a new ontology to
be used for evaluating the temporal ER model is provided.

3 An Ontologically-Based Evaluation Framewor k

This section presentsthe overall evaluation framework and then the ontology to be used
when evaluating the temporal ER models.

3.1 Overall Framework

One part of Wand and Weber's framework for evaluating the ontological expressive-
ness of the notations of methodologies for analysis and design of information systems
(ISAD) [24-27] is arepresentational model of the real world. Thismodel consists of all
the real-world constructs, called ontological constructs, that an ISAD notation must be
able to capture in order to model the real world. Since our evaluation focuses on tem-
porally extended ER models' capabilities in modeling temporal aspects of a database
design, we devel op our own representational model.

The evaluation of whether or not a notation is ontologically expressive is based on
the notion of mathematical mappings. The focus is on two sets: the set of ontological
constructs and the set of notational constructs offered by the model to be evaluated.
Two mappings exist between these, the representation mapping, which maps ontolog-
ical constructs to corresponding notational constructs, and the inter pretation mapping,
which maps notational constructs to corresponding ontological constructs, see Fig. 1.

Although based on the precise mathematical notion of mappings between sets, the
evaluation involves a certain degree of subjectiveness because the construction of the
specific mappings necessitates some interpretation on the part of the evaluator.

Informally, the notation of amodel is ontologically completeif the notation can rep-
resent the same information as the representational model (the ontological constructs);
otherwise, it is ontologically incomplete and suffersfrom construct deficit [26]. That is,
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Fig. 1. Sets and Mappings in the Evaluation Framework [26]

anotation is ontologically complete if the representational mapping from the ontologi-
cal constructsto the notational constructsis total.

Next, ontological clarity concerns the interpretation mapping from the notational
constructs to the ontological constructs. Three situations can obscure the clarity of a
notation. First, if one notational construct can be mapped into more than one onto-
logical construct, this implies construct overload. Second, if more than one notational
construct can be used to model the same ontological construct, the notation suffersfrom
construct redundancy. Third, if there are notational constructs that do not represent any
ontological constructs, the notation suffers from construct excess.

3.2 Ontology

When a conceptual model is used for database design, the predominant target model is
the relational model, and we assume that the target model is this model or a temporal
extension of it.

A database stores information about objects from a modeled reality, which consists
of objects. The time during which an object exists in the reality, we call the existence
time of the object. An object is characterized by its properties. The time during which
it istrue (in the modeled reality) that a property has a specific value is called the valid
time of that particular value.

A relation may capture the existence or valid time of its tuples by using time at-
tributes defined over an appropriate time domain. The time during which a tuple is
current in the database is called the transaction time of the tuple, and a relation may
also include time attributes that capture this aspect. Next, user-defined constraints can
be a defined over therelations, e.g., how many tuplesin onerelation are allowed to have
references to the same tuple in another relation. The constraints that must hold for all
pointsin time, we will call temporal, while we will term the constraints that must hold
at each point in time in isolation snapshot constraints.

4 Mode Evaluation

This section examines the ontological completeness and clarity of three temporally ex-
tended ER models. The notations of the three models are presented by diagrams mod-
eling a company database.
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4.1 TheERT Model

Thefirst model to be examined is the Entity-Relation-Time (ERT) model [23].

belongs to

aDn L
T | _works for
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Fig. 2. An ERT Diagram Describing a Company Database

Themodel supportslifespans of entities and the valid time of relationships. Fig. 2is
an ERT diagram modeling a company database. A rectangle represents an entity class or
avalue class (black triangle placed in the bottom-right corner). Entity and value classes
can be specified as complex by using adouble rectangle. An entity class expanded with
a“timebox” containing the symbol T is specified as temporal. Relationship classes are
denoted by small filled rectangles, and only binary relationships are available. These
can be specified as temporal by expanding the filled rectangle with a timebox. For each
entity (or value) class participating in a relationship class, an involvement role and a
cardinality constraint must be specified. An ISA relationship classis denoted by acircle
with arrow(s) flowing from the subclass(es) to the circle and an arrow flowing from the
circle to the superclass.

The result of the examination of ERT with respect to ontological completenessis
presented in Table 1. It can be seen that ERT suffers from three, possibly four, cases of
construct deficit. First, the model has no notation for specifying time domains. Second,
the model does not support transaction time. Third, no notation is offered for specifying
temporal constraints. Fourth, since the semantics of the construct offered for specifying
cardinality constraintsis unclear, it cannot be determined with certainty if the cardinal-
ity constraintsis a snapshot constraint.

Theresult of the examination of ERT with respect to ontological clarity is presented
in Table 2. The model does not suffer from construct redundancy. It is unclear if ERT
suffers from construct excess due to the unclear semantics of the constructs offered
for specifying constraints. The model suffers from one cases of construct overload: the
timebox models both lifespan for entity types and valid time for attributes.
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Table 1. Evaluating ERT With Respect to Ontological Completeness

Ontological Construct ERT Representation

Time domains Not represented.

Lifespan attributes Represented by the timebox extension of entity classes.

Valid time attributes Represented by the timebox extension of user-defined relation-
ship classes.

Transaction-time attributes Not represented.
Temporal user-defined con- Not represented.

straints

Snapshot user-defined con- Represented by the placing the min-max constraint near the entity

straints type (or value class) participating in the relationship class.

Table 2. Examining ERT With Respect to Ontological Clarity

ERT Construct Ontological Construct
Timebox Models lifespan attributes and valid-time attributes.
Cardinality constraint Might model a snapshot user-defined cardinality constraint.
Superclass/subclass completeness Might model a snapshot user-defined generalization com-
constraint pleteness constraint.

Superclass/subclass disointness  Might model a snapshot user-defined constraint.
constraint

4.2 The TERC+ Mod€

This section evaluates the TERC+ model [28], which supports lifespans of entity types
and valid time of relationship and attribute types. Fig. 3 presents a TERC+ diagram
modeling a company database.
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Fig. 3. A TERC+ Diagram Describing a Company Database

An entity type is represented by a rectangle, and a relationship type is denoted by
a rectangle with rounded corners. Entity types and relationship types can be annotated
with a clock symbol to indicate that their life cycles are to be captured. Attributes are
represented by plain text linked to entity or relationship types and can be annotated
with aclock symbol to indicate that valid time is to be captured. Cardinality constraints
are expressed using the lines connecting the entity types to the relationship types. A
historical cardinality constraint, h(max), can be expressed for relationship types. A
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part_of/component _of relationship typeis denoted as a relationship type annotated with
afilled diamond and an arrow pointing to the component.

Table 3 characterizes the ontological completeness of TERC+. The model suffers
from three cases of construct deficit. First, there is no notation available for specifying
time domains. Second, there is no notation offered for specifying the transaction time
of attributes. Third, temporal user-defined constraints cannot be specified.

Table 3. Evaluating TERC+ With Respect to Ontological Compl eteness

Ontological Construct TERC+ Representation

Time domains Not represented.

Lifespan attributes Represented by annotated entity typeswith aclock symbol.

Valid-time attributes Represented by attributes and relationship types annotated
with a clock symbol.

Transaction-time attributes Not represented.

Temporal user-defined constraints Not represented.
Snapshot user-defined constraints Represented by constraint (min, max) that has to be speci-
fied for each entity type participating in arelationship type.

The result of examining the ontological clarity of TERC+ is presented in Table 4.
The model does not suffer from construct redundancy, but from construct overload,
since the clock symbol models both valid-time and lifespan attributes. Construct excess
occurs because the historical cardinality constraint cannot be mapped to any ontol ogical
construct.

Table 4. Examining TERC+ With Respect to Ontological Clarity

TERC+ Construct Ontological Construct
Clock symbol Model valid-time or lifespan time attributes.
Cardinality constraint Models a snapshot user-defined cardinality constraint.

Historical cardinality constraint No corresponding ontological constructs.

Total generalization constraint Models a snapshot user-defined generalization complete-
ness constraints.

Exclusive generalization constraint Models a snapshot user-defined generalization disjoint-
ness constraints.

43 TheTIMEER Modd

The last model to be evaluated is the Time Extended ER (TIMEER) model [8]. This
model offers support for lifespans of entity types; valid time for attributes and rela
tionship types; and transaction time for entity types, relationship types, and attributes.
Figure 4 presents a TIMEER diagram modeling a company database. The model ex-
tends the notation of the ER model with annotationsto indicate which temporal aspects
are to be captured. The annotations are LS, indicating lifespan support, VT indicating
valid-time support, TT indicating transaction-time support, LT indicating lifespan and
transaction-time support, and BT indicates valid- and transaction-time support.

Table 5 shows that the TIMEER model is ontologically complete with respect to the
relational ontology.

Considering the ontological clarity of the TIMEER model with respect to the re-
lational ontology, it follows from Table 6 that the model does not suffer construct
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Fig.4. A TIMEER Diagram Describing a Company Database

Table 5. Evaluating TIMEER with Respect to Ontological Completeness

Ontological Construct

TIMEER Representation

Time domains

Lifespan attributes
Valid-time attributes

Transaction-time
attributes

Temporal user-defined
constraints

Snapshot user-defined
constraints

The domain of a time attribute is indicated by the annotation used.
If the annotation is an LS then the time domain is the lifespan time
domain.

Entity types annotated with an LS (LT) model the presence of lifespan
attributes.

The annotations VT and BT indicate the presence of valid-time at-
tributes.

The annotations TT, LT, and BT indicate the presence of valid-time
attributes.

These are represented by the lifespan participation constraint [min,
max] for relationship types.

These are represented by the snapshot participation constraint (min,
max) for relationship types.

Represented by the superclass/subclass completeness constraint.
Represented by the superclass/subclass disjointness constraint.

redundancy. However, it suffers from one case of construct overload since the super-
class/subclass compl eteness constraint model s both temporal and snapshot user-defined
generalization completeness constraints. The model does not suffer from construct ex-

cess.

5 Summary and Research Directions

At the outset, the paper presents an overall framework for examining the ontological
expressiveness and clarity of temporal ER models. The framework includes an ontol-
ogy which is used as a so-called representational model. This ontology describes the
constructs of arelational database schema, which serve arolein capturing the temporal

aspects of data.
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Table 6. Examining the TIMEER With Respect to Ontological Clarity

TIMEER Construct Ontological Construct

LS Models lifespan attributes.

VT Models valid-time attributes.

TT M odels transaction-time attributes.

LT Models lifespan and transaction-time attributes.
BT Models valid-time and transaction-time attributes.

Snapshot participation constraints Model snapshot user-defined constraints.

Lifespan participation constraints Model temporal user-defined constraints.
Superclass/subclass completeness Model temporal and snapshot user-defined generalization
congtraints. completeness constraints.

Superclass/subclass disointness  Model snapshot user-defined generdization disointness
constraints. constraints.

Theframework concernsthe mappings between the ontological constructsand those
of temporal ER models. Theframework is used for eval uating three temporal extensions
of the ER model, namely the ERT, the TERC+, and the TIMEER model, with respect
to their use for design of relational databases managing time-varying data.

All three models offer support for capturing lifespan and valid-time attributes and
snapshot constraints (although the semantics of ERT’s constraints are unclear). Only
TIMEER is able to model transaction-time attributes and temporal constraints. The
overall result isthat no model is ontologically expressivewith respect to the ontology. In
addition, the ERT and TERC+ models are ontologically incomplete and ontologically
unclear. The TIMEER model is ontologically complete, but also ontological unclear.
The model supports al the three temporal aspects considered. As a result, TIMEER
makes it possible to model the temporal aspects, as covered by the ontology, of arela
tional database schema. With the ERT and TERC+ models, it is not possible to model
all the temporal aspects arelational database schema. This leads to the conclusion that
these two models do not fully support the conceptual design of databases managing
time-varying data, since transaction-time support is frequently necessary in applica-
tions.

The research reported in this paper points to several directions for future research
that deserve further attention.

It is recommended that the ERT and TERC+ models be enhanced with support for
transaction time. Next, it appears relevant to consider extending the ERT and TIMEER
models with support for modeling dynamic aspects of reality; TERC+ already offers
some such support. In addition, new notation supporting the capture of database be-
havior might be introduced. Indeed, the idea of being able to capture in the conceptual
model the evolution of adatabase schemaappearsto bevery appealing. That s, it should
be studied how to extend these and other conceptual models with notational constructs
that conveniently capture the evolution of the database schema over time.

As another topic, the evaluation framework itself might be enhanced. The outcome
of an evaluation is quite sensitive to the ontology employed, making it an interesting
direction to expand the ontology to capture better the structural aspects not related to
time, and perhaps also to capture dynamic aspects. It might also be of interest to develop
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a consensus ontology or to have an ontology be developed independently, by users of
conceptua models.

Also, the mappings between notational constructs and ontological constructs could
be generalized to include a degree of satisfaction rather than always assuming 100%
satisfaction. The historical participation constraint of TERC+—which limits the maxi-
mum number of relations, but not the minimum number—offersan example of a partial
satisfaction of a temporal constraint. Evaluations based on these more sophisticated
mappings might yield aricher picture of the models. On the other hand, the assignment
of degrees may prove very subjective.

The type of evaluation conducted indicates that the models evaluated are very sim-
ilar, in that if only afew constructs are added to each of the three models, they would
be isomorphic to each other. We feel that this apparent similarity is to some extent an
artifact of the evaluation framework, which is unable to, e.g., discern significant lin-
guistic differences. To obtain a more complete understanding of the models and their
similarities and differences, more eval uations based on other criteria are recommended.

More generaly, it is felt that there is a need for more methods that systematically
evaluate and compare extended ER models. Such methods are likely to prove useful to
both the designers of new conceptual models and the users of such models.
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