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A Survey of Modelling Trends in Temporal GIS'

WILLINGTON SIABATO, Universidad Nacional de Colombia, Department of Geography; Universidad
Politécnica de Madrid

CHRISTOPHE CLARAMUNT, Naval Academy Research Institute
SERGIO ILARRI, University of Zaragoza, I3A, Department of Computer Science and Systems Engineering

The main achievements of spatio-temporal modelling in the field of Geographic Information Science that spans over the past
three decades are surveyed. This article offers an overview of: (i) the origins and history of Temporal Geographic
Information Systems (T-GIS); (ii) relevant spatio-temporal data models proposed; (iii) the evolution of spatio-temporal
modelling trends; and (iv) an analysis of the future trends and developments in T-GIS. It also presents some current theories
and concepts that have emerged from the research performed, as well as a summary of the current progress and the upcoming
challenges and potential research directions for T-GIS. One relevant result of this survey is the proposed taxonomy of spatio-
temporal modelling trends, which classifies 186 modelling proposals surveyed from more than 1450 articles.

CCS Concepts: < Information systems~Geographic information systems * Information  systems~Temporal
data + Computing methodologies~Spatial and physical reasoning <« Computing methodologies~Temporal reasoning

Additional Key Words and Phrases: spatio-temporal models; survey; literature review; temporal GIS; time geography;
spatio-temporal databases; temporal models.

1. INTRODUCTION

While research on conventional databases started over 50 years ago (Charles Babbage Institute 1959, Codd
1970, Olle 1978), the focus on spatial databases as a specialized domain began with the groundwork of Berman
and Stonebraker (1977) and Chang and Fu (1980), who defined the main principles of a spatial database
architecture, suggesting for instance the Layered Architecture approach. During this process, the evaluation and
adaptation of query languages for retrieving geometries (Frank 1982) and several proposals for indexing spatial
data structures (e.g., Stonebraker et al. 1983, Guttman 1984) were also significant milestones. These works
evolved into the Dual (Schilcher 1985, Ooi et al. 1989, Aref and Samet 1991) and Integrated architectures
(Dayal et al. 1987). The latter represented a crucial instant in the development of spatial database architectures
and resulted in several Spatial Database Management Systems (SDMS) such as PROBE (Orenstein 1986,



Orenstein and Manola 1988) and POSTGRES (Stonebraker and Rowe 1986). A comprehensive introduction and
review of the state of the art of the evolution of spatial databases is available in Giiting (1994); a previous
overview of research issues in spatial databases was performed by Giinther and Buchmann (1990).

Formal studies of the temporal aspects of both non-spatial and spatial systems can be found since the early
1980s (Allen 1983, Clifford and Warren 1983, Ariav 1986, Rolland ef al. 1987, Snodgrass 1987, Armstrong
1988) (see Figure 1). Nonetheless, time as a research subject has been specifically studied long before in other
fields, such as natural language processing (Bull 1960), information systems (Langefors 1966), logic (Prior 1967,
McArthur 1976), artificial intelligence (AI) (Allen 1983, Allen 1984), and Temporal Information Retrieval
(Campos et al. 2015). Worboys (2005) indicates the existence of formal studies of time even since Hamilton
(1837) concerning the algebraic theory conjugate functions. Despite initial academic attempts to include time in
database systems (Brooks 1956), the earliest studies in which the time variable was considered for information
processing, although not formally defined, were the ones proposed by Langefors and Sundgren (1975) and
Wiederhold et al. (1975). An early review of the use of time in information processing systems is available in
Bolour et al. (1982).

Evolution of relevant fields supporting T-GIS .
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Figure 1. Milestones in the development of T-GIS

On the other hand, it is widely recognized that the first landmark project related to geographic information
systems (GIS) is the early Canada Geographic Information System (Tomlinson 1967). Meanwhile, another
important milestone in the development of GIS is a series of developments made at the Harvard Laboratory still



in the 1960s. This lab has been pioneer in the implementation of several GIS software packages such as SYMAP
(Robertson 1967) and POLYVRT (see Peucker and Chrisman 1975) and in the design of geographical data
structures and formats such as TIGER and DIME (Chrisman 1988). These spatial data structures played a
significant role that enforced layered architectures in GIS databases and extended their impacts on temporal GIS
development. A description of initial cartographic data structures is available in Peucker and Chrisman (1975).

The integration of time in GIS has been an important research subject since the late 1980s and still continues
to be developed. In an early work, Donna J. Peuquet (1984) presented a taxonomy and an in-depth study of
spatial data models and also mentioned the importance of time in spatial and geographic information systems.
Regarding the integration of the time dimension, she concluded that “it is the one area currently identified in
spatial data models and computer spatial data handling where we have barely scratched the surface.” (Peuquet
1984, p. 110). However, it was Langran and Chrisman (1988) who introduced, for the first time, some initial
concepts for the temporal GIS (T-GIS) research field. If one considers that several proposals have been
published during approximately the last 30 years (Langran 1988, Peuquet 1988, Delafontaine er al. 2011, Del
Mondo et al. 2013, Ferreira et al. 2014, Zhu et al. 2017), this means that the GIS research field has considered
the modelling and integration of temporal aspects about half the time of its lifespan and development. Figure 1
represents this fact.

How to represent time is a fundamental complex problem in temporal GIS. Three distinct types of time
described originally by Snodgrass and Ahn (1985) became the de facto standard for defining time in temporal
databases and information systems: valid-time (representing the time when an event occurs in the real world),
transaction-time (representing the time when such event is recorded in a database), and user-time (for additional
events registered by users). Most of the models described in this survey follow a linear, discrete, absolute
temporal model, which must be assumed unless a different temporal model is explicitly stated.

Historically, the snapshot approach has often been the most common solution to manipulating and analysing
spatio-temporal data in GIS, where temporal layers and spatio-temporal series are the data structures considered.
Practically, the way geographic features change in space over time is not taken into account at the local level,
and neither is the nature of the geographical processes that generate these changes; rather, changes are depicted
at a global level not considering either related local factors or change of scale. This leads to several scientific
questions such as those relating to the theoretical and modelling foundations upon which these components must
be based. How can those modelling principles support successful implementations and convincing applications?

The goal of this article is to provide a broad historical overview of T-GIS, analysing the state of the art and
identifying contributions from relevant related topics. Although it is grounded on the T-GIS research field, the
intrinsic nature of data and processes in that field is complexity, a characteristic that has an impact on diverse
disciplines. Therefore, this survey shows how other fields have contributed in various ways, addressed such
characteristic from different perspectives, and are currently defining a new path determining the latest trends in
temporal and spatio-temporal aspects in GIScience (geographic information science); among those influencing
fields, the areas of artificial intelligence and temporal logic can be particularly highlighted. We identify the
actual and respective achievements of those different disciplines in the field of T-GIS, and how together they
have made a coherent contribution. We also describe significant milestones and landmarks that have made T-
GIS an independent research subject. Chiefly, we present a description of relevant spatio-temporal models
proposed over the past three decades. The article is also intended to identify the dominant modelling trends and
discuss the next research challenges in T-GIS.

1.1  Literature Covered in this Survey

This survey mainly covers research on T-GIS performed during the last three decades. The surveyed
literature is classified considering the scientific disciplines described in Appendix A.1 (see Figure A) and the
following criteria:

e The different areas that have made some valuable contributions to T-GIS and including them in the four
main disciplines identified.



e Considering the theoretical models on which each proposal is based, i.e., location-based, semantic-based,
feature-based, event-based, process-based, identity-based, object-oriented, ontology-driven, graph-based,
lifespan-based, agent-based and based on moving objects.

The selected approaches discussed in this article are amongst the most representative because they show key
developments for spatio-temporal modelling, and temporal modelling and reasoning. In addition, the approaches
described reflect in a way the evolution of this research subject starting from its early-1960s foundations to
today's conceptual modelling formalisms across the multidisciplinary areas that have made relevant
contributions.

To make this survey reasonably self-contained and comprehensive, we have included early and modern
perspectives to illustrate the evolution of T-GIS. This article and the online appendix offer an extended
description of the topics surveyed and a large number of references. As a result, one could read this review from
three different perspectives: (i) origins and historical evolution of T-GIS; (ii) development of the spatio-temporal
models; and (iii) future trends and developments in T-GIS. Although these views are well-aligned and
complement each other, making a single body article, they also provide a detailed description of each topic by
themselves. Figure 2 represents a conceptual map that serves as the thread of the survey. Appendix F.5 describes
the bibliographic sources on which this survey is based.
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Figure 2. Conceptual map of the survey. Connection of the concepts described in the article and the online appendix

In the remainder of this article, Section 2 provides a detailed analysis of the different spatio-temporal models.

Section 3 compares the surveyed modelling approaches and provides a classification for the identified spatio-
temporal modelling trends. Finally, Section 4 collects conclusions and future research trends. Besides, several



electronic appendices, that provide relevant complementary information and detailed descriptions of other
modelling approaches, complete the survey.

2. SPATIO-TEMPORAL MODELS

This section outlines the fundamental aspects of several spatio-temporal data models proposed during the
late 1980s, the 1990s, and the 2000s, as well as some of the latest approaches that have arisen during the current
decade. Some of them are theoretical models; others are grounded upon specific case studies that have dealt with
the evolution of spatial objects over time applied to specific scenarios, such as land use evolution, wildfire
growth, or road network reconfiguration. First, a classification of spatio-temporal modelling trends is presented
in Section 2.1, and then a set of representative spatio-temporal modelling proposals are described in the
subsequent subsections. This section is complemented by Appendix D and Appendix E, which include a
description of other relevant spatio-temporal proposals and provide additional details of the ones discussed.

In addition, Appendix A and Appendix B describe in detail the context and characteristics of this survey.
They present (i) a review of the scientific disciplines related to T-GIS; (ii) a complementary overview of the
literature covered herein; (iii) fundamental ideas that support the concept of T-GIS; and (iv) related works.

2.1  Categorization of Spatio-temporal Modelling Trends

Over the past years several spatio-temporal models have been proposed (see Peuquet 2001, Pelekis et al.
2004). They can be classified by considering their theoretical approach; Table 1 presents different modelling
methodologies that have arisen in the last three decades. These approaches are intended to describe the dynamic
nature of geographic phenomena through five dimensions: events, processes, movement, actions, and dynamic
objects. According to Yuan (1994), the snapshot method, time-stamping, the approach by using base state
amendment vectors, the space-time composite model, and the domain-based models could be generalized and
classified as location-based models, also called by other authors version-based approaches (e.g., Halls et al.
1999) or changed-based approaches (e.g., Yuan and Stewart Hornsby 2008). Table E, in Appendix D.1, lists
most of the spatio-temporal models developed for each modelling approach.

Table 1. Classification of spatio-temporal modelling trends by the key conceptual element

Modelling approach Modelling approach Modelling approach
Snapshot method * Semantic—based Moving Objects
Time-stamping * Event—based Graphs—based
Base state amendment vectors * Process—based Lifespan—based
Space—time composite model * Ontology-based Agents—based
Domain—based modelling * Feature—based (Entity-based) Kinematics
Object—Oriented Identity—based Ontological foundations
Conceptual modelling extensions

* location-based models / changed-based approaches
A full version of this table is available in Appendix D.1, Table E

Different classifications have been proposed for spatio-temporal models. Yuan and Stewart Hornsby (2008)
advocate distinguishing approaches based on the origin of change and propose six classes: time-stamped; event-
based; changed-based; process-based; movement-based; and activity-based. Another alternative differentiates
between the object—based and the field—based modelling approaches, classifying the proposals according to their
underlying (i) raster (e.g., Peuquet and Duan 1995, Sengupta and Yan 2004) and (ii) vector (e.g., Claramunt and
Thériault 1996, Choi et al. 2008) data structures; considering (iii) hybrid approaches (e.g., Tryfona and Jensen
1999, Galton 2004, McIntosh and Yuan 2005b, Liu e al. 2008); or being (iv) generic enough to support both



raster and vector data structures (e.g., Armstrong 1988). The SNAP/SPAN ontology introduced by Grenon and
Smith (2004) offers a solid conceptual foundation that emphasizes the existing dichotomy between objects and
fields, as well as the concepts of snapshot, change, and process. Worboys (2005) presented a “brief history of
time”, which represents a summary of the evolution of time in GIS. He describes four main phases in the
development of spatio-temporal information systems: “static GIS, temporal snapshots, object change, and events
and actions”. Nowadays, it would be necessary to add a fifth stage: intelligent agent systems (see Appendix
D.3.1 for further description). El-Geresy et al. (2002) propose five categories by considering conceptual
modelling aspects: (i) location-based, (ii) object or feature-based, (iii) event-based, (iv) functional or behavioural,
and (v) causal approaches. Bothwell and Yuan (2011, p. 153) claim that “six descriptors are needed to
adequately describe object spatio-temporal dynamics”: location, extent, attribute, movement, mutation, and
evolution. Nonetheless, for the purposes of this survey the classification proposed in Table 1 is followed;
highlighting the most relevant contributions and presenting a chronological evolution of both the modelling
approaches and trends. Since some proposals are related to different modelling approaches, they have been
classified in the dominant approach; Table 8 in Section 3, however, shows the various approaches to which each
model is related.

2.2 T-GIS Early Models and Proposals

During the 1980s, in a domain closely related to T-GIS, several early proposals were made in order to
incorporate temporal data in relational databases, e.g., time-stamping tables (Gadia and Vaishnav 1985, Gadia
1988), time-stamping tuples (Snodgrass and Ahn 1985, Snodgrass and Ahn 1986), and time-stamping cells
(Gadia and Yeung 1988). These database models clearly influenced the development of early T-GIS proposals.
Tables were replicated as time-stamped layers, e.g., the snapshot model (Armstrong 1988); tuples (rows) as
time-stamped attributes (columns), e.g., the space-time composite model (Langran and Chrisman 1988); and
cells as spatio-temporal objects, e.g., the spatio-temporal object model (Worboys 1994a).

A complete description of these early models, as well as other foundational proposals, is available in
Appendix D. The snapshot method, the base state amendment vectors approach, the space-time composite model,
the time-stamping ST method, the triad framework, as well as other trends regarding the snapshot approach are
described in Appendices D.1 and D.2.

2.3  Domain-Based Models

Yuan’s Three-Domain Model (TDM) (Yuan 1994, 1997, 1999) represents spatial, temporal, and semantic
objects, and provides references amongst them to describe geographic processes and phenomena. This three-
domain representation, developed in the context of wildfire studies, is defined as a normalization of three
previous modelling proposals: the space-time composite model; the snapshot model; and the initial stages of the
spatio-temporal object model (time-stamped ST Objects, Worboys 1992a,b). In this sense, this proposal inherits
part of the characteristics and strengths of the location-based models (see Section 2.2). As the author states, “the
three-domain representation is a normalization” of the location-based models because it “eliminates repetitive
data records in spatial attribute tables ... by only using a single attribute record for separated locations with
common properties.” (Yuan 1999, p. 148). Nevertheless, it goes one step further regarding the utility that spatio-
temporal systems can bring to users through GIS in considering queries about attributes, locations, spatial
features and relationships, as well as time and temporal features and relationships.

Yuan identifies a set of the minimum spatio-temporal queries that any spatio-temporal system should answer:
simple and range queries. While simple queries consider instants, range queries consider periods. The three-
domain model is proposed as a modelling approach to answering such queries; it focuses on the functionality of
the model in actual systems through the implementation of the three-domain framework.

The improvement of this model is its capacity to manage change in the three modelling components. This
characteristic represents a significant enhancement over existing models that manage either the time or the
location. It considers the time as a temporal object rather than an attribute. Semantic changes “include variations



in attributes over time and the static spatial distribution of a geographic phenomenon.” (Pelekis et al. 2004, p.
246). Spatial variations may be static (looking at changes in a snapshot) or transitional (comparing “states of an
event or a process at different [locations] through entity snapshots.” (Yuan 1996, p. 27). Changes are either the
movement of an entity or mutations of an entity that is spatially fixed. Time is modelled as an independent
domain instead of being a location’s attribute, unlike the snapshot model (see Appendix D.2.1), or a part of
spatial entities, like in the case of the space-time composites and spatio-temporal objects (Yuan 1996). The
model supports valid—time and transaction—time, and time can be represented in both absolute and relative terms.
Besides, it is able to represent the six types of spatio-temporal changes and analysis defined by Yuan (1997); for
further details see Table D in Appendix B.3. The dynamic nature of the three-domain framework is a remarkable
difference of this proposal and its supporting models.

2.4  Event-Based Modelling

While time-stamping approaches focus on the idea of change to enhance spatial data with temporal
components, event-oriented approaches “focus on the dynamic happening as a whole, and not just the time of the
event.” (Yuan and Stewart Hornsby 2008, p. 38). When there is a change, a time-stamp marks the time of the
change; the event-based approach, however, allows the distinction of event attributes and relations besides
object attributes and relations (Yuan and Stewart Hornsby 2008). This section presents some of the most
representative event—based modelling approaches.

Several academic discussions exist about the definitions of processes and events and their differences. It is
not clear where the former finish and the latter begin. There is no single or exclusive relationship between them;
depending on the phenomena modelled their nature changes. Galton and Worboys (2005), Yuan and Stewart
Hornsby (2008), Yuan (2001), Claramunt and Thériault (1995) and Yuan (2008) have provided valuable
discussion as to these conceptual elements. Some definitions seem to be contradictory. According to Galton and
Worboys (2005, p. 48), there is a general consensus that the “key concepts required for the modelling of dynamic
phenomena include object, state, process and event”, but how these should be defined is not so clear:

e Galton and Worboys (2005) state that while objects and processes can experience change and such changes
can be described as multiple states, an event does not experience change. An event is by definition an
episode of history finished, that does not experience changes after being; the event appears in time and can
subsequently appear in another point in time as a subsequent event, but different from the previous one.

e Yuan and Stewart Hornsby (2008) offer a conceptualization quite aligned with Galton’s (see Table A in
Appendix A.2). In contrast, Yuan (2001) asserts that an event is a spatio-temporal aggregate of its
corresponding processes, and a process is a sequential change of states in space and time. While events
operate at the coarsest spatial and temporal resolution, states have the finest resolutions.

Despite the differences in meaning, both Yuan and Galton agree that a process involves different states.
Claramunt and Thériault (1995) also consider a process as the aggregation of changes that are related or
produced simultaneously; they state that processes can be defined naturally through changes and events. An
event can be represented as a set of processes that modify entities. In addition, they consider as a key element
the definition of the temporal scale; the chronon is the minimum unit for establishing such scale. Since an event
can be seen as a process depending on the granularity of modelling, it is not possible to define a hard boundary
between such concepts. As Worboys (2005, p. 3) states, “one person’s process is another’s event, and vice
versa”. This discussion can be even deeper when considering more general concepts such as continuants and
occurrents. Ultimately, as Yuan (2008, p. 178) asserts, “events and processes are central to the understanding of
geographic worlds. They constitute information of interest to many, and perhaps, the majority of applications
and scientific inquiries”. Despite the blurred definitions, a large number of spatio-temporal models considering
events and processes have been proposed.

Time-based analysis of spatio-temporal data. Peuquet and Wentz (1994) proposed an initial approach for
a time-based analysis of spatio-temporal data. The model was defined as a complement to the object-based and
location-based analysis approaches because of their natural restrictions to temporal representations and temporal



querying capabilities. Starting from an initial state, called the base map, events are recorded in increasing order
of their occurrence, with each event linked to a list of changes experienced since the event vector was last
updated. To avoid data redundancy, the changes can be recorded based on the differences from previous
versions. If changes are extensive to the whole mapped area, “the full map may be registered.” (Pelekis et al.
2004, p. 244). This proposal was validated by a prototype, TEMPEST (Edsall and Peuquet 1997), that
incorporated the time-based data model and the corresponding relational operators.

TEMPEST implemented the triad conceptualization (see Appendix D.2.1): where (location-based), when
(time-based), and what (object-based), and provided the first temporal analytical capabilities in a GIS software.
This prototype also demonstrated the feasibility of the triad framework. In contrast to the amendment vector
approach (see Appendix D.2.1), which also stores a base map and considers incremental object changes but
restricts searching to location, TEMPEST was defined around a timeline instead of a location, which increased
the performance of temporal data queries, considering not only where but also when change occurs.

Event Oriented Spatio-Temporal Data Model (ESTDM). In a follow-up work, Peuquet and Duan (1995)
introduced the ESTDM, a raster-based event-oriented proposal that has shown its efficiency in supporting spatial
and temporal queries. It represents information about changes at pre-defined cells. It stores changes regarding an
initial state (represented by a base map) rather than a snapshot of an instance. Basically, (i) a base map
represents the initial condition; (ii) “it groups time-stamped layers to show observations of a single event in a
temporal sequence” (Pelekis et al. 2004, p. 244); (iii) a header file stores the temporal sequence of events when
there are changes; and (iv) a set of components encodes the locations where changes occur and the attribute
values at the time of the event. The authors define an ESTseries (i.e., an Event-based SpatioTemporal series) as a
“single ESTDM-formatted file that represents the spatio-temporal dynamics of a single thematic domain for a
specific geographic area, equivalent to a single thematic map layer.” (Peuquet and Duan 1995, p. 15).

According to the authors, the most significant capabilities of ESTDM in GIS are the possibility to perform
temporal data manipulations (e.g., temporal scale change) and sequential time-based comparisons. However, the
ESTDM does not maintain the object’s identity beyond the initial location, and therefore it cannot “represent its
discrete object properties, such as moving, splitting, merging, and incarnation.” (Yuan 2001, p. 85). This results
in an obvious behaviour, since the model is focused on fields rather than objects: the evolution is focused on
continuous, extended, general areas rather than specific objects and their properties.

Hybrid Spatio-Temporal Data Model and Structure (HST-DMS). The HST-DMS (Sengupta and Yan
2004) presented a significant improvement on the ESTDM regarding searching efficiency and data storage in
very large databases. Querying improvements are based on the storage of based maps, change maps and
complement maps at the time of each event. The base map “only stores those elements that never change
through the entire time period represented by the event list.” (Sengupta and Yan 2004, p. 357). The “change
map for an event” only stores changes since the previous event, which is similar to the sequence of events
managed in ESTDM. On the other hand, the complement map stores additional changes from the change map
instant to a “past time step”. The base, change, and the complement maps are associated with equal starting
instants.

HST-DMS solves the problem of object identity (a single identity disappears across changes avoiding change
tracking), and it can build a snapshot for a given time period f; without the need to visit all the time nodes
starting from the base map. The authors report that the “data model requires significant processing when a new
time step is added to existing information. To creating a new change map and complement map for the added
time step, a new base map and starting complement map will also have to be created.” (p. 357). This limitation
can be omitted if one considers the processing capabilities available nowadays. Both ESTDM and HST-DMS
manage implicit spatial and explicit temporal topology. The models have proved to be efficient in raster data
scenarios; however, they are limited to valid—time.

Event-oriented approach based on extended-versioning. Claramunt and Thériault (1995) proposed an
event-oriented approach for the management of time in GIS which relies on two complementary phases: (i)
defining a suitable conceptual model by identifying the spatio-temporal processes and the related spatio-
temporal operators; and (ii) designing the corresponding logical architecture. The proposed model is based on an
extension of the versioning concept, the extended-versioning, defined as “a mechanism for recording the history



of the database and for describing successive events in the real world.” (Claramunt and Thériault 1995, p. 24).
Considering that processes can be naturally defined through changes and events, the authors based their
approach on the modelling of processes and the changes involved. According to their nature, processes are
divided into three categories: basic (appearance, disappearance, spatial stability), transformation (expansion,
contraction, deformation), and movement (displacement, rotation). As usual, geographic phenomena are
represented by the three main domains (thematic, spatial, and temporal), each of them recorded in an
independent table (the attribute, the version, and the spatial tables, respectively) every time a change occurs.
Changes are recorded in three versioning tables, i.e., past, present, and future. Each table is related to both the
attributes and the spatial component. When there is a spatial or thematic change, a new version is added to the
versioning tables; thus, the evolution of entities is recorded for attributes and geometries at any time.

This model was “the first successful attempt to record the individual descriptive characteristics of dynamic
objects.” (Pelekis et al. 2004, p. 248). The incorporation of indexes based on binary trees, such as the B+Tree
value-oriented index (Comer 1979) for the current version table and a multi-dimensional R-Tree (Guttman 1984)
for previous and future tables, improves the performance when querying and retrieving the different states of
each element.

Temporal logic-based approach. From a temporal logic perspective, Eric Allen et al. (1995) presented a
generic model to represent causal links related to events in a spatio-temporal GIS, a qualitative causal modelling
in T-GIS. The causal theory compounds elements and relations that are presented via a conceptual data model
using an extended entity-relation formalism based on MODUL-R (Caron et al. 1993). These elements include
four entities (i.e., objects, events, agents, and conditions) and three relations (i.e., produces, is part of, and
conditions). Both objects and events may have spatial representations, and all entities may have temporal
representations. Based on Bunge’s (1966) theory of causality and Kowalski and Sergot's (1986) event calculus,
the authors propose a model that explicitly deals with spatial and temporal phenomena; they state that “no
existing temporal logic yet deals adequately with spatial relations.” (Allen et al. 1995, p. 410). In general, the
authors adapted Bunge's theory to a theory of events. This model emphasizes that the data structure must be
accessible for efficient analysis. As Peuquet (2002) suggests, the authors also consider that causal relations must
be explicitly represented within the database if one needs to retrieve them for analysis. The explicit
representation of events in the database is not difficult since they can be treated as any other object.

The resulting model provides tools for analysing historical scenarios and for understanding the current status
of a region as a function of causal dependencies in the past. However, there is some ambiguity in the treatment
of causality and dependence. In addition, the issue of obtaining or inferring causal connections between events is
not addressed.

Pure event-oriented theory of space and time. Defined as a step forward from the object-oriented concepts
developed in Worboys et al. (1990b) and Worboys (1994b), Worboys (2005) presents a new event-based model
to describe geographic phenomena. He developed what he defines as a “pure event-oriented theory of space and
time”. He asserts that it is necessary to model world observations not just as singular data collections but also as
complex entities containing identity, internal structure and behaviour, and with capabilities to relate them to
other entities and integrating in the environment in which they are included. He also states that a fully event-
oriented framework should allow one “to move on from simple snapshot queries of the form ‘What happened at
this location at this time?’ to a much richer language involving the interplay between object and events, and
event—event relationships.” (Worboys 2005, p. 9). Thus, he argues that a breakthrough in the computer
modelling of geographic phenomena will arise thanks to switching from an object-oriented view of the world to
an event-oriented perspective. Defining a four-stage classification in the progression of spatio-temporal
information systems (Static GIS, Temporal snapshots, and Events and actions) in which the author describes the
basic elements, advantages, and problems of each approach, he concludes how “the final stage in this evolution
is a full-blooded treatment of change, in terms of events and actions.” (p. 7). Worboys considers a division of
world entities into continuants, “that endure through time” (e.g., houses and people), and occurrents, “that
happen or occur and are then gone” (e.g., dinners and house repair jobs). His approach is, therefore, classified
into the SPAN modelling ontology (see Grenon and Smith 2004).



For the formalization of the model, Worboys considers temporal structures of precedent works (tense and
temporal logics, situation calculus, event calculus, interval temporal logic) and shows why the use of algebraic
theories produces better results than logic-based approaches to defining a formal model of concurrent
occurrences. Concurrency and interaction are the basic operations with which this model describes dynamic
complex processes. Several processes are concurrent if they occur in the same time period. Two processes
interact if their input and output actions (complementary pair) can be matched. The tick atom describes the
temporal component, defining time as a sequence of ticks. The location describes the spatial component as “a
connected region, partitioned into a set of blocks.” (p. 18). The final component is a spatio-temporal entity (S7-
entity) through which the dynamic nature of the world is represented by using structured collections of ST-
entities.

The advantages of the model and its formalization are described in a case study representing the movement
of a vehicle along a route that goes through a specific spatial region. Three temporal states (ticks) and five
locations are considered, modelled as Clock3 and Region5, respectively. The movement system is defined as
Motion = Vehicle|Clock3|Region5. The solution of the system demonstrates how the basic elements are applied
and illustrates the spatio-temporal dynamics of the analysed phenomenon, e.g., the interactions of the vehicle at
different instants (ficks) in some position in space (location).

This work is undoubtedly an evolution in the taxonomy of spatio-temporal models. The proposal shows how
spatio-temporally extended process calculi is a powerful tool to represent the dynamics of geographic
phenomena. The fact that the model is based on general mathematical theories and constructs guarantees the
developed concepts as being general and computationally implementable. However, as the author asserts, this
theory “needs to be scaled up to work with full-scale occurrents [processes] in the world.” (Worboys 2005, p.
26). The model considers a discrete viewpoint of reality, so continuous representations are beyond its scope. The
proposal also lacks the possibility of multiple temporal granularities for describing phenomena. A significant
advantage of this proposal is that geographic happenings (occurrents) and interactions are modelled considering
their significance, i.e., by explicitly considering their semantics.

Geospatial Event Model (GEM). In a follow-up work, based on the conclusions of Worboys (2005),
Worboys and Hornsby (2004) proposed the Geospatial Event Model (GEM). Since objects and events are
“needed to model fully a dynamic system” (p. 328), the authors adopt a hybrid approach considering “three basic
entity types: geospatial object, geospatial event, and geospatial setting (geo-settings).” (p. 339). A geo-setting is
defined as “the distinguishing characteristic of a geospatial entity” (p. 328), and therefore one could have geo-
settings for both objects and events. It could be purely spatial, purely temporal (instant, interval, or period —
defined as a composition of intervals—), or mixed spatio-temporal (trajectories, histories, or g