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ABSTRACT 

Bridget Elizabeth Ady 

A thesis submitted in conformity with the requirements for the Degree of Master 
of Science, Department of Geology, in the University of Toronto, 1993 

Towards A Theory Of Spatio-Chronological Relations For Geoscience 

The idea that geological maps have an inherent and inviolable internal logic that 
is entirely distinct from their interpretation and, that this logic is based on 
fundamental principles of spatial and temporal field relations, is central to the 
development of a theory of spatio-temporal relations for geoscience. This paper 
examines the conceptual basis for such a theory; investigates ways in which it 
may be formalized; and provides suggestions for its implementation within the 
context of geoscience spatial information systems. The design, implementation, 
and benefits of a prototype reasoning system - the S P A T I O - C H R O N O L O G I C A L 

REASONER - is described. The reasoner makes use of an elegant interval-based 
temporal logic that effectively captures the temporal hierarchy of geologic data, 
as well as a reasoning algorithm based on constraint propagation. Examples are 
provided to show a variety of straightforward and essential, yet previously 
impossible tasks, that can be accomplished within the framework of the 
reasoner. 
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1 . 0 INTRODUCTION 

The ability to represent temporal knowledge and to perform temporal 
reasoning is a requirement in many disciplines. Such knowledge and 
reasoning lies at the core of geological interpretation, yet it has been 
neglected in geoscience spatial information systems. For these systems to 
be effective, not only must representations be designed for geologic 
features but methods must also be created to integrate temporal, spatial 
and numeric reasoning. 

Implementation of geoscience spatial information systems requires the 
use of Geographic Information System (GIS) technology, yet current data 
models for GIS do not allow for the effective representation of the 'time' 
dimension of geologic maps. Almost any geoscience spatial information 
system query would need to be based on both spatial and temporal 
concepts, yet these systems are so far unable to provide answers to 
questions of the following type: "What is the temporal relationship 
between geologic objects A and B?". Development of a robust method for 
temporal reasoning in geology therefore has great practical implications 
within the context of information systems that are capable of storing large 
amounts of digital map data. 

1.1 OBJECTIVES OF THIS RESEARCH 

The fourth dimension of geologic maps — time — cannot be conveniently 
represented using current GIS technology. The main objective of this 
research has been to develop a representation for geologic time and to 
implement this representation within a GIS environment. 

Several researchers (Pullar and Egenhofer, 1988; Egenhofer and Franzosa, 
1991; Herring, 1991) have shown that GIS technology has been developed 
with little basis in any formal theory of spatial relations. This lack of 
formalism of spatial data models has been a major impediment to GIS 
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implementat ion and underscores the practical need for a formal 
understanding of spatial relations within the realm of GIS. 

If geoscience spatial information systems are to accommodate temporal as 
well as spatial reasoning, it follows that a theory of spatio-temporal 
relations that is applicable to the geosciences be developed. This research 
has 1) examined the conceptual basis for such a theory, 2) investigated 
ways in which it may be formalized and 3) provided suggestions for its 
implementation within the context of geoscience spatial information 
system. The type of spatio-temporal reasoning that is considered in this 
research is restricted to the relative temporal ordering of geologic events 
(chronology) derived from spatial relationships on a map. This will be 
referred to throughout this paper as spatio-chronological reasoning. 

The development of a theory of spatio-chronological geologic relations 
necessarily encompasses the following: 

1: Examination of the fundamental spatial and temporal 
properties of geologic features needed to describe their 
relations (conceptualization). 

2: Application of mathematically sound models in order to 
formally define the relations in terms of these properties 
(formalization). 

The major benefits of developing a theory of spatio-chronological 

relations are similar to those identified by Egenhofer (1989) for formalizing 
spatial relations. These are: 

1: When formal methods can be applied to determine the 
spatial and chronological relations among any two geologic 
objects, algorithms to determine these relationships can be 
specified exactly. 
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2: The formalism may serve as a means to determine the 
minimal set of spatial and chronological relations so that 
redundant and contradictory relations can be avoided. 

3: The formalism may help prove the completeness of the set 
of relationships. 

4: Fundamental relations may be combined to define more 
complex relations. 

Much temporal reasoning in artificial intelligence (AI) is also concerned 
with the temporal ordering of events and so it seems reasonable that the 
field of AI should offer methods for temporal representation and 
reasoning that are applicable to the concept of geologic time. The temporal 
aspect of the spatio-chronological representation is based on Allen's (1983) 
interval algebra, which proved to be sufficiently expressive to capture the 
relative temporal hierarchy of geologic maps. The spatial representation 
chosen is based on algebraic topology in combination with set theory. 

1.2 HARDWARE AND SOFTWARE 

All applications for this thesis were developed on a SUN® Sparc 2 
workstation running SUN® OS v.4.1.1. AutoCAD® v. 11 computer-aided 
drafting package was used as the map graphics software and TM GIS® 
Thematic Mapper v. 3.0 as the geographic information system. Empress™ 
RDBMS v. 4.6 was used as the database management software. Two 
sophisticated RDBMS features that are useful for support ing spatial 
applications, and both of which are found in the Empress RDBMS, are a) 
variable length bulk data types and b) a mechanism for attaching external 
function calls to the high level query language. 

1.3 THE SPATIO-CHRONOLOGICAL REASONER 

In order to illustrate the enhanced capabilities of a geoscience spatial 
information system based on a spatio-chronological representation a 
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prototype reasoning system for geological map databases - the SPATIO-

CHRONOLOGICAL REASONER - has been developed as an extension to a 
commercial vector GIS. It is highly domain-dependent and consists of the 
following: a qualitative temporal object representation based on Allen's 
(1983) interval algebra; a knowledge base consisting of gross temporal 

ordering principles (the fundamental rules governing spatial and 
temporal field relations); an inconsistency checker; and an inference 
mechanism capable of deriving the relative temporal ordering of geologic 
events on a map through the propagat ion of constraints. Future 
implementations should include a query-answering mechanism. 

The reasoner provides a framework within which to explore a range of 
tasks including analysis, interpretation and map logic verification. It is 
used to demonstrate that a geoscience spatial information system based on 
some form of spatio-chronological representation will 1) have greatly 
enhanced analytical and modelling capabilities, 2) allow the design of user 
interfaces that reflect the user's conceptual view of the data and 3) allow 
the maintenance of data integrity in large seamless map databases. 
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2 . 0 BACKGROUND 

The development of a theory of spatio-chronological relations draws 
heavily from many fields, most notably: geology, computer science, 
geography, cartography, philosophy, and mathematics. This chapter 
introduces relevant concepts from these fields. 

2.1 GEOLOGICAL MAPS 

"// geological maps are supposedly factual why is the key to their analysis labeled 

'Legend'?" (Boulter, 1989, p.xiii) 

Geological maps , which serve as the basis for most geological 
investigations, are among the most complex and concentrated forms of 
printed data transfer. They allow for an interpretation of the geologic 
history of an area by conveying to the skilled map reader the distribution 
of geologic objects in the three dimensions of space; their change 
throughout geologic time; and the chronology of geologic events within 
the map area. 

Certain information collected in the field and plotted on maps can be 
considered as 'hard data'. These data include: outcrop location; strike and 
dip of planar surfaces such as bedding or foliations; rock type and observed 
geological contacts (e.g. intrusive, faulted, unconformable). However, in 
the geosciences the interpretive content of maps is high, geological 
contacts are often not observed and there may be areas of little or no rock 
outcrop. The geologist must not only interpolate such features as 
geological contacts and faults, but also interpret the inferred and observed 
data in order construct a plausible hypothesis for the geological history of 
the area. Although maps are supposedly factual data presentation, there is 
in reality a fair amount of interpretation in any map. Most maps also tend 
to reflect the prevailing geoscientific ideas of the time. Boulter (1989, p.xii) 
states that "The increase in activity and the change of geology has its 
feedback into maps and mapp ing . With he igh tened tectonic 
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understanding a new generation of mapping is being undertaken to test 
hypotheses arising from the scientific revolution. So apparently factual 
maps are strongly influenced by ideas of the time/ ' 

It is essential for an understanding of this work to bear in mind that there 
is also an inherent and inviolable logic to geologic maps. This logic is quite 
distinct from interpretation and is based on fundamental spatial and 
temporal field relations. Two geologists given the same basic information 
would be unlikely to produce identical completed versions of a map, yet 
each of their maps should be internally consistent; that is, the basic 
principles of relative temporal ordering (Figure 2.1) derived from the 
spatial relationships on the map should have been followed. For example, 
a rock shown to cross-cut another rock must be depicted in the map legend 
as being the younger formation. The logic of the map does not allow for 
contradictions whereby, for example, interpretation of spatial relationships 
on different portions of a map would show a rock to be both older and 
younger than another rock. 

2.2 GEOLOGIC TIME 

The concept of geologic time is critical to the development of a method for 
spatio-chronological reasoning. There are several methods that can be 
used to establish the range in geological time to which a particular rock or 
event belongs. This results in geologic time which may be quantitative or 
qualitative. 

The term "relative time" refers to the ordering of geologic events. The 
relative ages of rocks and geologic events can be inferred by applying the 
basic rules of stratigraphy and from the nature of some of the rocks 
themselves. A set of geologic events that have been temporally ordered 
means that the elements of the set stand to one another in the relation 
"earlier than - later than" or the relation "simultaneous with" (Kitts 1966). 

The term "absolute time" means that the measurement of time intervals 
requires quantification and can be accomplished through isotope studies. 

-6-



Paleontological studies coupled with geochronologic studies may be used 
to quantify time by determining the duration of time over which an event 
occurred. 

Only a few methods are used to establish the relative time sequence. Basic 
geologic principles that can be used to relate spatial relationships to time 
are shown in Figure 2.1. and are explained in one form or another in 
most introductory geologic texts (e.g. Dott and Batten, 1971; Birkeland and 
Larsen, 1989). These basic principles are familiar to all geologists from the 
earliest stages of their training; have formed a framework for spatial and 
temporal reasoning within the field of geology for over 200 years; and 
serve as the conceptual basis for the spatio-chronological model . 

1: Superpos i t ion. Younger sediments overlie older sediments, unless the strata have been 

overturned by deformation. 

2: Cross-cutt ing re la t ionsh ips . Rocks cut by an intrusion, fault, joint, or a replacement 

structure are older than the cross-cutting feature. 

3: Physical continuity. Beds are generally continuously present throughout an entire area 

unless they have been eroded away. If beds are locally absent or terminated abruptly it 

may be d u e to faulting, erosion, truncation by an unconformity, or lenticular and local 

deposi t ion. 

4: Unconformit ies . An unconformity is younger than the underlying rocks and truncated 

structures, and older than overlying deposits. 

5: Inclusion. The unit containing the inclusions is younger than the unit that the inclusions 

came from. 

6: Deformation. Deformed rocks were created before the time of deformation. 

7: Facies. Transitional zone or boundary between different rock types that were formed at 

the same time. 

8 ; Metamorphism. Metamorphism is younger than the rocks it affects 

FIGURE 2.1: Principles that Relate Spatial Relationships to Time. 
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2.3 GEOLOGIC INTERPRETATION 

The distribution and nature of rocks at or below the earth's surface is the 
result of all the geologic processes, including deposition, uplift, erosion 
and deformation, that have affected these rocks throughout geologic time. 
A large part of a geologist's work involves interpreting the three-
dimensional structure of rocks and their temporal relationships from 
their present state in order to construct a plausible hypothesis for the 
geologic history of an area. This is done from a combination of 
observation and interpretation. Generally the geologist must piece 
together information about the history of an area from observations made 
at a number of separate outcrops. These observations provide the raw data 
for the geologic interpretation. 

Geologic interpretation cannot be separated from geologic time as all 
interpretations must ultimately require that the temporal relationships 
between geologic objects are inferred. The inference is based on one of the 
fundamental tenets of geology; states which are observed at the present 
have come into being because of a causal relationship to states at some 
time in the geologic past. Kitts (1966, p.127) states that the 'The connection 
between a particular state in the present and a particular state in the 
historic past is justified by adducing some geologic and physical 
generalizations which point to a necessary relationship between states 
separated in time". This means that any two events, regardless of the 
spatial distance between them, may be temporally ordered if it can be 
inferred in terms of some geologic or physical laws or generalizations that 
there was a causal connection between them. 

Interpretation generally involves two types of knowledge: 

1) local knowledge, consisting of the geological context of a 
particular area. 

2) general knowledge, consisting of principles and 
generalizations of broad validity. 
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It is the latter type of knowledge that is applicable to a theory of spatio-

chronological relations and which imparts a robustness to the methods 
developed for spatio-chronological reasoning. 

One of the benefits of this research is not the development of an 
automated system that is capable of generating geologic interpretations, 
but rather development of a system that is capable of checking the validity 
(logic) of a geologic interpretation as portrayed on a map. It is unlikely 
that, at any time in the near future, methods will be developed for 
generating automatic geological interpretations that can come close to 
replacing those of a geologist. Simmons (1983, 1988) applied the GTD 
(Generate, Test, Debug) paradigm to the interpretation of simple geological 
cross-sections. Although, his work has contributed significantly to 
knowledge of the task of problem solving in general, he concurred that 
geological interpretation is largely under constrained, and the gaps are 
br idged by thought processes such as intuit ion, experience and 
assumption, that are not well understood and are far from being 
automated. 

2.4 GEOGRAPHIC INFORMATION SYSTEMS 

To date, a wide variety of GIS have been developed primarily for land use 
planning, natural resource management, and automated mapping. A 
common definition of a geographic information system is that it is "a 
major sub-system of an information system and is used for the efficient 
input, storage, representation and retrieval of spatially-indexed data" 
(Smith et al, 1987, p.13). There are many different views on GIS 
technology and many different expectations for its application. The 
common denominator for all GIS definitions is that they are systems 
which handle geographically referenced information. The terms 'spatial' 
and 'geographical' are often used interchangeably to describe geographical 
features. A strict distinction between the two can be found in Frank (1988). 
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Maps are fundamental data sets for GIS, yet "...the understanding of the 
use of maps as a med ium to facilitate h u m a n though t and 
communication about spatial relationships is a relatively recent concern 
and along this path we have made relatively little progress." (Head, 1991 
p.237). The map is often used as a means to display a selection of the 
spatial data from the database to the GIS user in response to a query. 

For a full discussion of GIS in terms of its definition and its relationship to 
other technology such as CAD, computer car tography, database 
management and remote sensing information systems, see Maguire 
(1991). 

2.4.2 Artificial Intelligence and GIS 

Tsotsos and Milios (1989) recognized that the complexity of spatial objects 
and the size of the spatial databases suggest the applicability of AI 
techniques to the field of GIS. They suggested that these techniques would 
be useful in designing data structures for representing complex spatial 
objects; in developing procedures for reasoning about spatial objects and 
for answering various queries about the objects; and in designing 'control 
strategies' that determine which procedures should operate on given data 
structures in order to accomplish a given computation. 

Ripple and Ulshoefer (1987) recognized some subsystems of GIS such as 
intell igent user interfaces, automatic car tographic ou tpu t , image 
understanding as being particularly amenable to AI techniques. Further 
discussion of GIS and AI may be found in Robinson and Frank (1987) and 
in Gardels (1987). Nevertheless, it may be some time before GIS that 
incorporate some of the features discussed in these papers can become a 
practical reality as many aspects of knowledge-based systems are ongoing 
research issues. A discussion of the some of the misconceptions that have 
appeared in the GIS literature concerning the integration of GIS and AI 
techniques can be found in Tsotsos and Milios (1989). 
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Although most GIS that incorporate AI techniques are experimental 
systems, it seems that the field of AI does hold great promise for future 
generations of GIS. 

2.4.2 Geoscience Spatial Information Systems 

Geoscience is an inherently spatial discipline, yet GIS technology has so far 
been unable to fully satisfy all the requirements of large-scale geoscience 
information projects. A fundamental problem is that the quanti ty, 
distribution, complexity and diversity of geoscience data is a challenge to 
the capabilities of traditional GIS. A geoscience spatial information system 
must be able to successfully integrate many different types of data in a 
variety of formats from previously separate digital and hard copy databases 
including: geological maps; passive raster graphics such as sketch maps; 
raster data from remote sensing; s t ructured at t r ibute data; and 
unstructured text such as geologist's reports. The size and diversity of a 
geoscience information base presents problems, both in the management 
of the data sets that comprise it and in the most effective use of these data 
sets. 

2.4.3 Temporal Knowledge Representation for GIS 

The emphasis in GIS has been on the development of spatial models and 
temporal models have only recently been the focus of research activity 
(e.g. Langran, 1989; Langran and Chrisman, 1988). As a result there are, to 
date, no implementations of a spatio-temporal model in a commercial 
GIS. 

Adding the temporal dimension to GIS involves temporal reasoning 
within the context of databases. Although the study of general temporal 
databases is still underdeveloped, a large body of literature now addresses 
the design of such databases (e.g. Snodgrass and Ahn, 1985; Ariav, 1986; 
McKenzie and Snodgrass, 1987; Segev and Shoshani, 1987). Research into 
aspatial temporal databases appears likely to have relevance for temporal 
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GIS. There are various techniques under investigation to add the temporal 
dimension to databases, however the majority of applied work focuses on 
expanding the relational data model in common use by GIS to incorporate 
some aspects of temporality and this is gaining the interest of GIS 
researchers (e.g. Langran, 1989; Langran and Chrisman, 1988). 

Currently GIS describe only one state of the data. A reasonable goal for GIS 
is that they should be capable of handling changes in spatial information 
over time. Most temporal data models for GIS have concentrated on 
capturing the changes to various entities in the database through time (e.g. 
Langran and Chrisman, 1988). This would be a useful approach for 
geoscience spatial information systems that are used for modelling global 
change and would enable queries of the following type to be answered: 
"How has the geographical extent of object A changed over time X?". Such 
systems may include "multi-temporal" remote-sensing data sets used to 
quantify changes through time to soil cover, forest cover, vegetation etc. 
This type of temporal reasoning is quite distinct from the type of reasoning 
required for the relative temporal ordering of geologic events that have 
essentially remained unchanged over long periods of geologic time. 
Therefore current research into temporal databases and temporal GIS was 
not directly applicable to this research. 

2.5 MATHEMATICAL AND COMPUTATIONAL BACKGROUND 

This section is intended to give a brief overview of the mathematical and 
computational background for this work by introducing the concepts and 
terms of relation, topology, and constraint satisfaction. (Explanation of 
any notation used here, and elsewhere throughout the thesis, can be 
found in Appendix A.) 

2.5.1 Relations 

This work is concerned with the spatial relationships between geological 
map objects and the relative temporal relationships that may be inferred 
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from them. The concept of relations is essential for an understanding of 
spatio-chronological reasoning. The following discussion is paraphrased 
primarily from Herring (1991). 

A binary relation is the relation between two objects, and is a subset R of 
the Cartesian product A x B of two sets A and B. A relation can be thought 
of as a function which maps objects to objects. By combining several binary 
relations more complex relations can be derived. The most important 
properties that describe relationships between elements are reflexivity, 

symmetry, antisymmetry and transitivity . 

The following notation is introduced in this section: 

V universal quantifier (all, everything, everyone etc.). 
When used to complete a predicate it conveys the idea 
that everything in the domain has the property expressed 

by the predicate, (e.g. (V x) (Mx => Lx) could be used to 
write the sentence "All maps are logical".) 

=> material conditional expresses the phrase "if....then" . 
<=> biconditional expresses the phrase "if and only if" 

(i.e. A=>B&B=>A). 

1: A binary relation R is said to be reflexive if each element can be 
compared with itself: 

(Vx ) (xRx) 
For example, "equals" ('=') is a reflexive relation, e.g. 3=3. 

2: A binary relation R is called irreflexive if it is not reflexive: 

(Vx) (NOTxRx) 
For example, "less" ('<') and "greater" ('>') are both irreflexive relations, 
e.g. 3< 3 is not true and 3 > 3 is not true. 

3: A relation R is called symmetric if: 

(Vx .y) (xRy)<=>yRx. 
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For example, "next-to" is a symmetric relation because if x is next-to y then 
y is necessarily also next-to x . 

4: A relation R is called identitive or antisymmetric if: 

(V x.y) (xRy AND yRx) =>x = y 
For example, 'less than or equal' ('<') and 'greater than or equal to' ('>') 
are identitive relations because if x < y and y < x or if x > y and x > y then it 
can be concluded in both cases that x=y. 

5: A relation is called transitive if: 

(V x.y .z) (xRy AND yRz) => xRz 
A typical transitive relation is 'less' ('<') For example, 3<5 and 5<6 
implies 3<6. 

6: A relation S is called converse to the relation R if: 

(V x.y) (xRy) <=> ySx 
For example, 'greater' ('>') and 'less('<') are converse relations e.g. 5 > 3 
and 3 < 5 are both true. 

According to these properties, relations can be classified: 

1: A relation R is an equivalence relation if R is reflexive, symmetric a n d 

transitive 

2: A relation R is an order relation if R is reflexive, identitive a n d 
transitive 

3: A relation R is a strict order relation is R is symmetric and transitive 

4: A relation R is a symmetry relation if R is irreflexive and symmetric 
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Both strict and partial order, can be applied to GIS to determine such 
properties as inside, contains, overlaps and it can also be applied to 
concepts such as left of, right of, in front, behind. 

2.5.2 Topology 

Nystuen (1968) identified direction, distance and connectiveness (also 
referred to as continuity) as the three fundamental concepts in the 
development of an "abstract geography". Although all three properties are 
needed to establish a complete geographical point of view (Robinove, 
1986), this research is concerned primari ly wi th the concept of 
connectiveness. This is a topological proper ty of space which is 
independent of direction and distance. Robinove (1986) points out (p.3) 
that the concept of connectiveness subsumes the concepts of adjacency, 
proximity, superposition (vertical connectiveness), and containment. 

Alexandroff (1961) uses the following four axioms to demonstrate that the 
concept of connectiveness or continuity is based upon the neighbourhood 
relation: 

1: To each point y in the set Y, there correspond neighbourhoods, NY, 
of y, which are subsets of Y all containing y. 

2: The intersection of two neighbourhoods of y is itself a 
neighbourhood of y 

3: If the point z is contained in NY of y, then there exist 
neighbourhoods for z such that N z is a subset of NY 

4: Given two distinct points y and z, y * z, their exist neighbourhoods 
NY N z without common points 

Topology has been used to model spatial data for a long time and a good 
discussion of topology as it relates to GIS can be found in Herring (1991). A 
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descriptive term for topology is 'rubber-sheet' geometry whereby objects 
may be stretched but not torn. 'Rubber-sheeting' or continuous mapping is 
the mapping of a topological space Y onto a topological space Z so that the 
neighbourhood relations between mapped points are preserved in each 
space. This includes transformations such as translation, rotation, 
distortion, dilation and scaling. Properties that are preserved under 
topological transformations are called topological invariants. 

In geology bodies may be subjected to a system of forces that can cause 
both rigid body motions (translation and rotation) and deformation 
(distortion and dilation). Topological characteristics of undislocated 
bedded rock masses or unfractured rocks are topologically invariant after 
both these types of change. 

2.53 Constraint Satisfaction Problems 

Many AI problems may be formulated as constraint-satisfaction problems. 
The most common approaches taken in AI to these types of problems are 
backtracking, constraint propagation and cooperative algorithms. These 
are described in Mackworth (1987). Constraint satisfaction problems are 
diverse and include scene labelling and matching and space planning 
problems. The application of constraint networks has also proved to be 
successful in physical, temporal and spatial reasoning. This research 
shows that the task of geologic temporal reasoning may easily be 
formulated as a constraint satisfaction problem. 

The following notation is introduced in the following discussion: 

G a subset of 
e an element of a set 

A class of constraint saitisfaction problems are Boolean constraint 
satisfaction problems. These are a class of problems in which knowledge is 
expressed declaratively as a collection of explicit, categorical constraints 
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over a set of possibilities — i.e. values are assigned to variables subject to a 
set of Boolean constraints limiting the set of allowed values for specified 
subsets of the variables. Dechter and Pearl (1988, p . 4) define a constraint 
satisfaction problem as "a set of n variables Xi Xn having domains 
Di Dn, where each D/ defines the set of values that variable X/ m a y 
assume." A binary constraint R(j between two variables is a subset of the 
Cartesian products of their domains, i.e. R/y £ Dj x Dj . 

A constraint network offers a graphical representation of constraint 
satisfaction problems that can be used to control search efficiently. It is a 
declarative structure which expresses relations among parameters. The 
network of binary constraints represented by a constraint graph consists of 
a number of nodes connected by arcs. A node represents an individual 
parameter , which has some part icular value. The arcs represent 
constraints which are relations between the values of the nodes it 
connects. The direction of the arcs indicates the way by which constraints 
are specified. 

Mackworth (1987), Dechter and Pearl (1988), and Sussman and Steele (1980) 
offer good discussions of constraint satisfaction techniques. 

2.53.1 Constraint Propagation 

Along with backtracking and cooperative a lgor i thms, constraint 
propagation is one of several constraint satisfaction techniques in AI. 
Constraint propagation can be used with a variety of representations (e.g. 
quantitative, qualitative, or symbolic abstractions) and provides a useful 
framework within which to reason about temporal behaviour (e.g. Allen, 
1983, Vilain and Kautz, 1986). The SPATIO-CHRONOLOGICAL REASONER was 
implemented using Allen's (1983) temporal constraint propagat ion 
algorithm which provided a simple and elegant method to mimic the way 
in which geologists reason about time. Incorporating qualitative reasoning 
about geologic time into the reasoner involved providing a set of 
constraints that can be supported by a qualitative representation and 
expressing geologic relationships in terms of these constraints. 
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The union of two constraints between the same two variables is a new 
constraint that allows all pairs allowed by either one of them. The 
intersection of two constraints allows only pairs that are allowed by both. 

The composition of two constraints R12 and R23 induces a constraint R13 

defined as follows: A pair (xi, X3) is allowed by R13 if there is at least one 
value x2 G D2 such that (xi, X2) G R12 and (X2, X3) 6 R23. R13 can be 
obtained by matrix multiplication R 1 2 . R23 (Dechter and Pearl, 1988). This 
is a formalization of the process by which, given the age relationship 
between each of two geologic objects and a third geologic object, a geologist 
can "intuitively" derive the age relationship between the first two objects. 
For example if the constraint R12 between a granite and a gneiss is 
"younger" and if the constraint R23 between the gneiss and a slate is "the 
same age" then the constraint R13 between the granite and the slate is, by 
induction, "younger". 

Given a set of initial values, a constraint propagator tries to assign each 
node a value that satisfies the constraints. Any deductions made about the 
value of particular nodes is recorded as a change in the network. Further 
deductions will make use of any changes to the network to make further 
changes. The propagator will also attempt to recognize inconsistencies 
between constraints and values and try to identify their cause. An 
algorithm for constraint propagation is shown in Figure 2.3. 

repeat 

- take some small group of constraints and nodes in some connected section of the network, 

-update the information in this sect ion of the network, g i v e n the information in the 

constraints and the nodes; 

-until n o more updating occurs (the network is quiescent) or some other termination condition 

is reached. 

FIGURE 2 3 : Algorithm for Constraint Propagation 

(after Davis , 1987, Algorithm 2.1 p.282 ) 
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A conceptual model is not built in terms of any formal constructs or in 
terms of the constructs of any database system (the logical model), but 
rather it is built in terms of intuitive concepts. Without a target system in 
mind there are no implementation considerations to influence the 
development of the conceptual model, and so the data may be described in 
a way that mirrors the user's view of it. A conceptual spatial data model 
provides the basis for a design method and may be mapped onto a 
commercial RDBMS logical data model. The model may also be 
formalized by mapping the ideas onto mathematical constructs. 

This research has concerned itself with the development of a conceptual 
data model which is highly domain-specific and which reflects the 
common qualitative constraints on geoscience data. 

3.1 SPATIAL DATA MODELS FOR GEOGRAPHIC INFORMATION 
SYSTEMS 

A spatial data model must be capable of supporting a full range of spatial 
analyses. A great deal of investigation remains to be done concerning 
appropriate data structures for spatially-referenced data in large-scale GIS, 
and it is widely recognized that the development of an appropriate spatial 
data model is one of the foremost problems to be solved in the 
construction of a GIS system. In GIS the spatial relationships between 
objects on the map matter as much or more than their actual coordinates, 
because this is much more reflective of the user's natural view of the data. 
Ideally a data model should represent the user's view of the data and no 
current commercial GIS comes close to matching this for geoscience spatial 
analysis. 

The literature shows many attempts to define a set of spatial relations (e.g. 
Freeman, 1975) but most of them are informal collections of terms which 
show redundancy or lack completeness. There is therefore a need to derive 
better models for spatial databases and to establish some consistency. 
Egenhofer and Franzosa (1991) cite designs of spatial query languages such 
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as those by Frank (1982), Ingram and Phillips (1987), and Smith et al (1987) 
as reservoirs for informal notations of spatial relations with verbal 
explanations in natural language. They explain that a major drawback of 
these terms is the lack of a formal underpinning, because their definitions 
are frequently based on other expressions which are not exactly defined, 
but are assumed to be generally understood. 

Various categories of spatial relat ionships can be dis t inguished: 
topological, comparative, directional, metric and fuzzy. Peuquet (1986) 
outlines a formal approach based upon metric primitives and logical 
connectors, as the fundamental properties. A discussion of the inherent 
problems of a spatial data model based on Euclidean geometry and the 
benefits of a topological model can be found in Pullar and Egenhofer 
(1988). They point out that the assumption that every space has a metric is 
unnecessarily complex and that by using distance as a means to describe 
topological relationships, two different concepts are mixed: metric and 
topology. They have subsequently at tempted to formalize spatial 
relationships using only topological properties to describe topological 
relationships. 

A general model for spatial objects is very complex and it is this 
complexity that has hindered a clear derivation of spatial relationships. 
Completeness of the set of relationships is a major issue as conventional 
spatial data models do not provide easy ways to prove that a set of spatial 
relationships is complete. 

3.1.1 Raster and Vector GIS 

The two main classes of GIS are raster and vector. Raster and vector data 
structures are primary data structures which may be mapped into 
computer memory using a variety of secondary structures. 

In the raster model the surface of a map or an image is considered to be a 
two-dimensional structure which is enumerated at a chosen level of 
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resolution. Each grid-cell or raster has a value representing the graphical-
feature located at that particular position on the map. The modelled map 
therefore consists of a pattern of points or cells. A map which has been 
structured as a raster grid can, for example, be represented as a four-way 
tree (quadtree) which may be implemented as an array. 

The vector representation strategy models a map by explicitly defining its 
component geometric entities and the relationship between those entities 
and is described below. 

3.1.2 The Topological Vector Model 

The data model of interest to this research is the topological vector model. 
The topological structure of a map specifies the spatial relationship 
between map features. The vector data structure contains three types of 
entity: points (vertices), lines (chains or segments) and areas (polygons) 
and stores both geometrical and topological information (Figure 3.2). A 
hierarchical representation system is commonly employed in which 
closed areas modelled as polygons are represented by the set of lines that 
constitute the boundaries. Lines, used to encode the locational description 
of an object, are represented as a string of coordinates of points along the 
line. A map that has been encoded as a vector structure can be encoded as 
a network or as a series of tables (relations), see section 5.3. 

The spatial re la t ionship of features and their connectivi ty are 
fundamental to topology and are coded in terms of control points or 
nodes. Nodes , which correspond to the end points of segment 
specifications, define the location of every line, segment of a line or 
intersection of lines on a map. The spatial relationship specified in the 
topological description is based on mathematical graph theory and the 
network of lines partitioning a map is represented as a planar graph. The 
representation chosen encodes topological (adjacency) information on the 
structure of the graph. Line segments correspond to arcs in the graph and 
the end points to nodes. 

-23-





Models of topological relations have also been developed based upon the 
fundamental concepts of algebraic topology in combination with set theory 
(e.g. Egenhofer, 1989; Egenhofer and Franzosa, 1991). 

3.2 TEMPORAL KNOWLEDGE REPRESENTATION AND TEMPORAL 
REASONING 

Various works in geology and philosophy provide insights into temporal 
reasoning for the geosciences (e.g. Kitts, 1966; Harland, 1978) although 
these lack a computational viewpoint. 

Time may be modelled in several ways, such as a set of discrete equidistant 
points, or as continuous intervals. Therefore it is not surprising that 
several formalisms for expressing and reasoning about temporal 
knowledge have been proposed. Among the most influential of these are: 
McCarthy and Hayes' situation calculus (1981); Allen's interval algebra 
(1983); Malik and Binfords's linear inequalities (1983); Hayes* histories 
(1984); Villain and Kautz 's point algebra (1986); and Dean and 
McDermott's time map (1987). 

In order to answer database queries of the type "What is the temporal 
relationship between geologic events A and B?" there are various types of 
temporal information that may be required: 

1: relative (e.g. Geologic Event A occurred before Geologic Event 
B). 

2: metric (e.g. Geologic Event A terminated at least 100,000 years 
before the beginning of Geologic Event B). 
(e.g. Geologic Event A occurred before or at the same 
time as Geologic Event B). 
(e.g. Geologic Event A is 2.8 billion years old). 
(e.g. Geologic Event A lasted at least 150, 000 years). 

3: disjunctive 

4: absolute 
5: durational 
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To be useful a method for temporal reasoning must be capable of 
deducing new relations from given relations (e.g. Allen, 1983, 1984; Vilain 
and Kautz, 1986). This is possible if relations are transitive. 

(Vx.y.z) (xRy AND yRz) =» xRz 

The following notation is introduced in the following discussion: 
< before 
m meets 
o overlaps 
s starts 
d during 
0 symbol that expresses that deduction was made by computing 

the transitive closure 
V propositional logic symbol for disjunction (or) 

If r l and r2 are primitive relations and R is a relation vector in general this 
can be written as: 

Tf A (rl) B and B (r2) C, then A R C", 
For example, Tf A (< ) B and B (d ) C , then A (<, m, o, s,d) C", 
where R is deduced by transitivity, R = (< ) 0 (d ) 

The above example can be stated as follows: 
if 

A is before B & B is during C 

then 
A is before C V A meets C V A overlaps C V A starts C V A is during C 

-26-



4.0 THE SPATIO-CHRONOLOGICAL MODEL 

4.1 CONCEPTUALIZATION OF THE SPATIO-CHRONOLOGICAL 
MODEL 

Conceptualization of the model should provide answers to the question: 
"What are the fundamental spatial and temporal properties of geologic 
objects needed to describe their relations?". Examination of the geoscience 
domain characteristics will determine what types of spatial and temporal 
data models are appropriate. 

Pullar and Egenhofer (1988) described three classes of spatial relationships 
which are based on different spatial concepts. These are topological 
relationships (e.g. adjacent, disjoint), spatial order (e.g. behind) and metric 
relationships (e.g. within 5 km of...). This classification did not include 
fuzzy relationships such as close to or relationships that express motion 
such as through or into. Motion may be seen as the combination of spatial 
and temporal aspects. The concept of motion describes many past 
geological processes (e.g. a granitic rock intrudes into. A fault cuts 
through). These processes have given rise to spatial relationships from 
which a chronology of events may be inferred. 

The essence of spatial and temporal properties of geologic objects are 
captured in the basic principles formulated in the early days of geology as 
discussed in Chapter 2 and shown in Figure 2.1. From the geologic 
literature it is apparent that temporal ordering is directly or indirectly 
explained from a vast and somewhat informal lexicon of terms that are 
generally understood within the domain of geoscience. Each of these may 
be explained in terms of one of the gross ordering principles. Figure 4.1 
illustrates the application of these basic principles to an hypothetical 
geologic section in order to interpret the geologic history. A very precise 
temporal resolution is unnecessary as geologists generally conceive of 
events in such a way as to make them manageable within the total context 
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Simmons (1983) states that the map interpretation problem is solvable 
with an elementary knowledge of geology, together with common-sense 
physical knowledge and that since the task of geologic map interpretation 
is to provide a fairly high level view of the events which formed the 
region, we do not need to represent such knowledge as, the rate at which 
deposition occurs or what happens to the rock at the boundary of a molten 
intrusion. In other words, only the gross characteristics of the region — 
which events occurred and in what order — are of interest. This indicates 
that the gross ordering principles are sufficiently expressive to cover the 
spatial and temporal relationships on any geological map. 

As an example of an actual temporal ordering of geologic events, let us 
consider Cherry's (1983 p.52) description of the geology of a gold mine in 
the Abitibi greenstone belt, northern Ontario. This illustrates the use of 
the principles upon which the conceptualization of spatial and temporal 
relations in geology is based. 

"The geology of the Murphy-Garrison mine comprises fine-grained 

dark grey metamorphosed basalts of the Kinojevis Group, intruded by 

several dikes of fine- to medium-grained pink monzonite... Elongation 

of varioles and the presence of two mylonite bands, parallel to the 

layering in the basalt, are evidence of deformation... Mesoscopic 

examinations, as yet unconfirmed by petrography, suggest that the 

basalt is composed largely of plagioclase, chlorite and some epidote; 

this assemblage is indicative of greenschist grade metamorphism. The 

foliation in the basalt is cut in several places in the pit by veins 

composed of quartz, epidote and garnet. These veins are boudinaged and 

therefore must have been emplaced before cessation of deformation the 

basalt and the monzonite dike have been fractured, with the development 

of three preferred directions, and the fractures later filled with quartz 

veins... Veins in the basalt are pyritiferous alteration halos which 

contain gold, apparently with pyrite." 

Cherry (1983) incorporates the field observations into a geologic history of 
the deposit which begins with deformation and metamorphism of the 
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basalt, followed by intrusion and crystallization of the monzonite dykes. 
Brittle fracturing of all rocks preceded the formation of the quartz veins, 
alteration and gold mineralization. Gold mineralization occurred late in 
the geologic history and was, at least in part, structurally controlled. 

Cherry (1983) has inferred a succession of temporally ordered events from 
spatial relationships, rock characteristics and structural geology. The 
inference upon which each of these events is based can be explained in 
terms of a basic principle such as the Principle of Cross-cutting Relations, 
although there is no explicit reference in the interpretation of the geologic 
history to any of the gross ordering principles. The assumption by writers 
of geological reports is that the reader is totally familiar with these 
concepts. It is this fundamental knowledge that the conceptual model 
must embody in order for a reasoning system to be developed that can 
mimic the inferential reasoning of a geologist. 

4.2 THE SPATIO-CHRONOLOGICAL FORMAL MODEL 

Formalizat ion of the spatio-chronological model is essential ly 
formalization of the principles described in the previous section. This 
involves the application of mathematically sound models in order to 
formally define the relations between geologic objects in terms of their 
spatial and temporal properties. The concept of connectiveness applies 
equally as well to time as it does to space and the early geologists were 
concerned with topological properties of continuity (spatial topology) and 
succession (temporal topology). Since space is inexorably linked to time in 
geology, and an understanding of space and time underpins much 
geological investigation, the two topologies should be linked in a unitary 
formalism in order to allow useful deductions to be made. 

In natural language topological spatial relations are usually referred to by 
such terms as inside, behind, in front of, under etc., and topological 
temporal relations by before, after, at the same time, during etc. In the 
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geologic realm these can be thought of in terms such as intrudes, overlies, 

intersects and older than, younger than, contemporaneous respect ively. 

4.2.2 Determining the Minimum Set of Spatial Relationships; 

This section introduces the following notation: 
—i 0 non-empty set 

0 empty set 
5 n 8 boundary - boundary intersection 
o n ° interior - interior intersection 
8n° boundary- interior intersection 
on8 interior-boundary intersection 

The formalism may serve as a means to determine the minimal set of 
spatial and temporal relations so that redundant and contradictory 
relations can be avoided. It is necessary, therefore, for the GIS to be able to 
handle the minimal set of binary relationships between: 

i) polygons and polygons 
ii) lines and polygons 
iii) lines and lines 

A formal model of topological spatial relations (Egenhofer and Franzosa, 
1991) is based on point-set topological notions of interior and boundary. 

There are sixteen binary topological spatial relations between arbitrary 
point sets based on the comparison of empty and non-empty set 
intersections between boundaries (5) and interiors (°). However, not all of 
the sixteen relations between arbitrary point-sets exists between two spatial 
regions and they demonstrate that nine topological spatial relations are 
the only relations that can occur between spatial regions. These are the 
equivalent of disjoint, touches, equals, inside, contains, covers, covered by, 

overlaps with disjoint boundaries, and overlaps with intersecting 

boundaries. 
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Of the possible relationships defined by Egenhofer and Franzosa (1991) the 
only one of interest to the development of a model for spatio-

chronological reasoning is that of adjacency (i.e. two polygons whose 
boundaries intersect and where the other three set intersections are 
empty). The concept of adjacency is the cornerstone of the topological 
vector model. For this research it is assumed that some polygons are 
digitized as "doughnuts" so that a polygon that appears to be "inside" 
another polygon (e.g. Figure 4.2b) has an identical spatial relationship to 
two polygons whose outer boundaries touch (e.g. Figure 4.2.c) and is not to 
be confused with two polygons which are superimposed (e.g. Figure 4.2a). 

s n s v r s r r » n s 

A contains B 
0 - ^ 0 0 i 0 Bis inside of A 

>0 0 0 0 A a n 0 " B touch 

i 0 0 0 0 A and B touch 

A B 

FIGURE 4.2: T w o Types of Spatial Relationships Between Boundaries 

The work of Egenhofer and Franzosa (1991) considered only topological 
spatial relations with co-dimension equal to zero. They point out that also 
of interest to GIS are the topological spatial relations with co-dimension 
greater than zero e.g. between two lines in the plane (Herring, 1991) and 
also topological spatial relations between objects of different dimensions 
such a region (polygon) and a line. 
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Following the method of Egenhofer and Franzosa (1991) the relationships 
between regions and lines were considered in terms of the intersections of 
their boundaries (5Land5p) and their interiors ( ° L and °P ) , where L and P 
denote line and polygon respectively. The boundary of a line was taken to 
be the set consisting of its two endpoints and the interior as the set of all 
points along the line that do not belong to the set of end points (Figure 4.3) 
(This is the equivalent of table 1 p.167, Egenhofer and Franzosa, 1991). 

5 p n 8 L 5 P n ° L ° p n 8 L ° P n o L 

r D 0 0 0 0 

n —10 0 0 0 

r 2 0 - . 0 0 0 

T3 ~i 0 - i 0 0 0 

r 4 0 0 - 1 0 0 

T5 1 0 0 - . 0 0 

T6 0 - . 0 - . 0 0 

T7 —i 0 - 1 0 - i 0 0 

rg 0 0 0 - 1 0 

T9 —l 0 0 0 - 1 0 

no 0 - i 0 0 - i 0 

r n ~ i 0 - . 0 0 - i 0 

H2 0 0 - 1 0 - 1 0 

r n - i 0 0 - i 0 - . 0 

r n 0 - . 0 - 1 0 - i 0 

ris - i 0 - . 0 - i 0 - i 0 

FIGURE 4.3: The 16 Specifications Of Binary Topological Relations Based On The Criteria 

Of Non-Empty And Empty Intersections Of Boundaries And Interiors Between A Polygon 

And A Line. 
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A and B arc disjoint 

A b abutted by B 
B abuts A 

A and B touch 

A is divided by B 
B divides A 

A is crosscut by B 
B crosscuts A 

A starts or ends B 
B is started or ended by A 

A contains B 
B is contained-by A 

A is partially divided by B 
B partially divides A 

A is overlapped-by B 
B overlaps A 

FIGURE 4.4: The Minimum Set of Relations Between A Region and a Line in the Plane. 

Figure 4.4 depicts the nine possible relationships between a line and a 
region in the same plane. This set of relationships is assumed to be the 
minimal set of relations. Most commercial GIS have spatial analysis tools 
to handle some, but not all, of these relationships. All of these 
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relationships would be required for a complete formal model of spatio-
chronological relat ions. 

4.2.2 Temporal Formalization 

In considering a formalism for geologic temporal reasoning it was 
necessary to consider the nature of geologic time. Geologic time can be 
considered in the Newtonian sense as a line without endpoints that 
stretches infinitely into the past and future. This concept fits the idea of 
geologic events preceding other geologic events throughout earth history. 
Geologic time may generally be considered to be relative and, as geologic 
events essentially remain unchanged over long periods of geologic time, it 
may seen as a series of intervals rather than points. 

Other important aspects of geologic time include the following: 

1: There may or may not be a gap in time between two geologic events 
that are spatially connected. 

2: Geologic events that are spatially distant can be temporally ordered by 
inference. 

3: Geologic events that are distinct in some way may be time-correlative. 

4.2.2.1 Allen's Interval Algebra 

The interval-based temporal logk, introduced by Allen (1983) derives 
some of its power from its well-defined constraint propagation algorithm. 
It is based on temporal intervals rather than the standard view of mapping 
time to points on the real number line. In Allen's system time "points" 
are considered to be very small intervals. 

Allen's algebra does not require that all events occur in a known fixed 
order and it allows disjunctive knowledge, such that event A occurred 
either before or after event B. This is not expressible in date-based systems 
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or simple systems that use the language of orders. Allen's representation 
appears sufficiently expressive to capture the temporal hierarchy of the 
geologic domain, where temporal information is imprecise and relative. 

Allen (1983, 1984) identified a set of mutually exclusive primitive relations 
that can hold between temporal intervals. Initially Allen recognized five 
relations that can hold between intervals. However, he further subdivided 
the 'during' relation to provide a better computational model, and so 
recognized that there are a total of thirteen ways that intervals can be 
related to other intervals. These are: before, after, meets, met-by, overlaps, 
overlapped-by, starts, started-by, during, contains, finishes, finished-by 
and equals (Figure 4.5). 

Symbol Symbol for 
Inverse 

A BEFORE B 1 A 1 H - * — 
I 

B AFTER A 1 1 H - * — 1 < > 

A MEETS B 1 A 1 8 1 M MI 
B MET-BY A 1 1 8 1 
A OVERLAPS B 

— L 
0 OI 

B OVERLAPPED-BY A 1 & 1 I 
A STARTS B 1 8 1 I S SI 
B STARTED-BY A . A . H H 
A DURING B 1 R i 

DI B CONTAINS A 1 H H i D DI 

A FINISHES B 1 8 

F 

S 

B FINISHED-BY A 
' 1 A 

F 

S 

FI 

A EQUALS B 

1 
B 

F 

S 

FI 

A EQUALS B 

A 

F 

S 

FI 

A EQUALS B 

F 

S 

FI 

FIGURE 4.5: The Thirteen Simple Interval Relations 

(modified from Allen ,1983,1984) 
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Allen (1983) asserts that for any given interval I, their exists another 
interval that is related to I by each of the above relationships and that each 
relationship is mutually exclusive of the others. He also provides a set of 
axioms describing their transitivity behaviour. The full set (169) of 
transitivity axioms is given in Allen (1983). An example of a transitivity 
axiom taken from Allen ( 1984) is : 

meets (tl, t2) & during (t2, t3) => [overlaps (tl,t3) V during (tl,t3) V meets(tl,t3)l 

Many of the representation schemes developed for temporal reasoning is 
supported by a specialized constraint-directed reasoning algorithm. Allen 
(1983) also proposed a way of storing partial temporal knowledge by 
maintaining sets of possible temporal relations between any two intervals, 
and provided a temporal constraint propagation algorithm (section 4.3). 

While Allen's (1983, 1984) algebra is sufficiently expressive to capture the 
essence of relative geologic time, other formalisms should be considered 
for applications which require absolute time or reference to metric time. 
Figure 4.6 illustrates how the primitives of Allen's algebra, expressed as 
predicates, can be related to geologic chronology. 

1: If geological event A is before (<) geological event B 

then A is older than B and there is a gap in time between the two. 

2: If geological event A is after (>) geological event B 

then A is younger than B and there is a gap in time between the two. 

3: If geological event A meets (m) geological event B 

then A is older than B and there is no gap in time between the two. 

4: If geological event A is met-by (mi) geological event B 

then A is younger than B and there is no gap in time between the two. 

5: If geological event A equals (=) geological object B 

then the two were formed at the same time. 

FIGURE 4.6: Temporal Intervals of Allen Expressed as Geologic Time 

Figure 4.7 illustrates the way in which geologic processes define temporal 
relationships with the corresponding and inverse rules writ ten as 
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predicates. This list is derived from the principles that have intuitively 
served the geosciences but is not provably complete. Naming of the gross 
classes of relationships in Figure 4.7 which are intended to encompass the 
entire lexicon of geological processes posed problems. Although geologic 
terms were chosen to describe these relationships rather than abstract 
terms, they should not be interpreted in any strict geological sense, but 
rather should be seen as categories of processes that invoke a similar sense 
of past geologic 'motion' and imply the same temporal relationships. 

INTRUDES - (from emplacement of one rock into another) 

Rule: intrudes (A, B) after (A, B) 

Inverse: intruded-by (A,B) before (A, B) 

U N C O N F O R M A B L E - (from deposition of one rock onto another after a break in time as 

evidenced by erosion etc.) 

Rule: unconform (A, B) =* after (A, B) 

Inverse: unconform-by (A,B) => before (A, B) 

CONFORMABLE - (from deposition of one rock onto another with no break in time) 

Rule: conform (A. B) => meets (A, B) 

Inverse: conform-by (A,B) met-by (A,B) 

D E R I V E D - (deriving rock units that are not primary from other materials e.g. by 

metamorphism, reworking, inclusion etc.) 

Rule: derived (A,B) =» after (A, B) 

Inverse: source (A,B) => before (A,B) 

F A C I E S - (mappable , aerially restricted rock unit, differentiated from adjacent or 

associated contemporaneous units in some way (e.g. lithofacies, biofacies, metamorphic 

f a d e s ) ) 

Rule: facies (A, B) => equals (A,B) 

FAULTED - (juxtaposition of two distinct rock units across a fault) 

Rule: faulted (A,B) => unknown (A,B) 

FIGURE 4.7: Temporal Relationships From Geological Boundary Information 
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Figure 4.8 summarizes the relationship between geological spatial 
relationships (topology) and relative chronology (derived from spatial 
relations), and shows Allen's (1983, 1984) pictorial representation and the 
notation used. 

GEOLOGICAL RELATIVE 
NOTATION 

PICTORIAL 
RELATIONSHIP CHRONOLOGY NOTATION REPRESENTATION 

A is Intruded by B 
A is unconformably overlain by B 
A is the source of B 

A Is older than B < 
before 

A R 
A is Intruded by B 
A is unconformably overlain by B 
A is the source of B with a gap in time 

< 
before 

A intrudes B 
A unconformably overlies B 

A is younger than B 
with a gap in time 

> 
after B A 

A is derived from B 

A is younger than B 
with a gap in time 

> 
after 

A is conformably overlain by B 
A is older than B m A 1 R A is conformably overlain by B with no gap in time meets 1 

A conformably overlies B A is younger than B 
with no gap In time 

mi 1 A A conformably overlies B A is younger than B 
with no gap In time met-by 1 

A and B are in fades contact 
A and B are 
the same age 

BE A 
A and B are 
the same age equals R 

A and B are in faulted contact 
Age cannot be directly 
determined 

no Info 

FIGURE 4.8: Linkages Between Spatial Topology and Relative Time 

Figure 4.9 illustrates how the spatial relationships between a line (in this 
case a fault) and a polygon can be extracted from the database to derive 
temporal relationships. It is conceivable that other types of linear geologic 
features may imply different temporal relationships for some of the 
spatial topology, but only faults were considered here. (The spatial 
relationships are the minimum set depicted in Figure 4.5). Generally, 
commercial GIS do not have sufficient spatial analysis capabilities to 
implement searches based on all nine of these relations. In this work the 
only relationship between a linear feature and polygon that was 
considered was the relationship whereby all or part of the linear feature 
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forms a segment of the polygon. This yields the rule: bounds (A, B) => 
after (A,B). 

ABUTS - Rule: abuts(A,B) => before (A,B) 

Inverse: abuttcd-by (A,B)=* after (A,B) 

TOUCHES - Rule: touches (A,B) unknown (A,B) 

DIVIDES - Rule: d iv ides (A,B)=> after (A,B) 

Inverse: divided-by (A,B) => before (A,B) 

CROSSCUTS - Rule: crosscuts (A,B) => after (A,B) 

Inverse: crosscut-by (A,B) => b e f o r e ^ B ) 

STARTS OR ENDS - Rule: starts-ends (A,B) =» after (A,B) 

Inverse: started- or ended-by (A,B) => before (A,B) 

C O N T A I N S - Rule: contains (A,B) => after (A,B) 

Inverse: inside (A,B) => before (A,B) 

PARTIALLY 

DIVIDES -

Rule: part-divides(A,B) => after (A,B) 

Inverse: part-divided-by (A,B) => before (A,B) 

OVERLAPS - Rule: overlaps (A,B) => after (A,B) 

Inverse: overlapped-by (A,B)=> before (A,B) 

(where A is a line representing a fault and B is a polygon representing a geologic rock unit) 

FIGURE 4.9: Temporal Relationships Derived from Topological Relationships Between 

Faults (Lines) and Rock Units (Polygons) 
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5.0 IMPLEMENTATION OF THE 
SPATIO-CHRONOLOGICAL REASONER 

The basic research described in the development of a spatio-chronological 
representation for geoscience, based on Allen's (1983, 1984) algebra is 
independent of any specific implementation. As the representation 
mimics the way geologists reason about time from both observed and 
interpreted spatial relationships of geologic objects, it could find many 
applications within the geosciences. 

Development of a prototype reasoning system for use in a geoscience 
spatial information system provided an opportunity to apply and test the 
spatio-chronological representation. These information systems use maps 
as the major data set and, as yet, incorporate no method for reasoning 
about geologic time. The fundamental principles that form the conceptual 
basis of the model are independent of scale, geologic setting or geologic 
age; therefore the model is applicable to maps of any scale or type. For 
example, the Principle of Cross-cutting Relations is equally applicable to 
large dykes, small veins, regional-scale faults or hairline fractures. 

In order to test the spatio-chronological model , the S P A T I O -

C H R O N O L O G I C A L REASONER was designed as an extension to a commercial 
GIS based on the topological vector model. The GIS manages both spatial 
and non-spatial data in a RDBMS which was easily extended to manage 
temporal data. Figure 5.1 shows the relationship of the S P A T I O -

C H R O N O L O G I C A L REASONER to the geoscience spatial information system 
spatial database. The reasoner consists of a knowledge base and routines 
which retrieve and manipulate data from the spatial database and which 
enter and update data in the temporal database. 
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1: Retrieve all geologic objects from the spatial database. 

2: Sort geologic objects uniquely. 

3: For each combination of pairs of geologic objects assert that all relationships 

hold and create a database table — the chronology table — to hold this initial 

set of relations. 

4: Retrieve geologic boundary relationship from the spatial database for each pair 

of geologic objects that touch. 

5: Derive chronological relationships from boundary relationships by applying 

rules in the knowledge base. 

6: Signal inconsistencies. 

7: Assert to chronology table relationships that are derived from the spatial 

database . 

8: Perform constraint propagation (Algorithm shown in Figure 4.10) to derive all 

other possible relationships. 

9: Signal inconsistencies. 

10: Update Chronology Table. 

11: Order events. 

12: Update Legend Table. 

FIGURE 5.2: Routines Performed the Spatio-Chronological Reasoner 

5.1 DATA ENTRY PROCEDURES 

Steps 1-4 (Figure 5.2) involve retrieving and manipulating data from the 
spatial database. To create the spatial database maps are "table digitized" 
and structured in AutoCAD and then entered into the Empress relational 
database using TM GIS, which checks the integrity of the topology. 

Typically, building a digital map database by converting current printed 
geological map databases is a labour intensive task. Geological maps are 
complex and contain vast amounts of data. Digitization must be 
performed by highly skilled individuals who are capable of interpreting 
the map correctly. The current implementat ion of the S P A T I O -
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C H R O N O L O G I C A L R E A S O N E R requires some additional effort at the data 
entry stage in order to interactively enter the spatial boundary 
relationships between adjacent polygons into the map database. This 
relationship is attached as an attribute to the segment representing the 
geological boundary between the two rock units. 

In a traditional GIS the adjacency of the two rock units is a symmetric 
relation. 

(Vx .y) (xRy)<=*yRx 
(e.g. limestone is next-to monzonite & monzonite is next-to 

limestone). 

Adding geological relationships to the spatial database means that the 
relationship between any two adjacent rock units is also a converse 
relation: 

(V x.y) (xRy) <=> ySx 
(e.g. monzonite intrudes limestone & limestone is intruded by monzonite 
are both true or, in chronological terms, monzonite > (after) limestone & 
limestone < (before) monzonite.) 

Chronological relationships derived from geological relationships in the 
spatial database are also transitive: 

(V x.y.z) (xRy AND yRz) =» xRz 
(e.g. monzonite intrudes limestone & limestone unconformably overlies 
quartzite or, in chronological terms, monzonite > (after) limestone & 
limestone > (after) quartzite => monzonite > (after) quartzite). 

Consider the sketch map in Figure 5.3. Polygon 7 (l imestone) 
unconformably overlies polygon 6 (quartzite) and polygon 4 (granite) 
intrudes them both. Polygon 3 (monzonite) intrudes the limestone. 
Digitization of the segment between polygon 7 and polygon 6 starts with 
node A and ends with node B and so polygon 7 is captured as the left 
polygon and polygon 6 as the right polygon (Figure 5.4A). Similarly, the 
segment between polygon 6 and polygon 4 starts with node B and ends 
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The reasoner requires that the left polygon is the polygon to which the 
boundary relationship at tr ibute relates (Figure 5.5). If polygon 3 
(monzonite) is digitized in a clockwise direction then the left polygon is 
polygon 7 (limestone) and the boundary is encoded as INTRUDED-BY (i.e. 
limestone is intruded-by monzonite). If the polygon is digitized in an anti
clockwise direction then the left polygon is polygon 3 and the boundary is 
encoded as I N T R U D E S (i.e. monzoni te in t rudes l imestone). As the 
relationship is a converse relation both methods of digitizing generate the 
same relative chronological information: 

intruded-by (7,3) => before (7,3) 
intrudes (3,7) => after (3, 7) 

7 j 
Left / Right J • Right| 7 Left J 

—-. S 

INTRUDED-BY-1 INTRUDES-1 

FIGURE 5.5: The Direction of Digitization Affects the Encoding of the Boundary 

Re la t ionsh ip 

5.2 MAPPING THE CONCEPTUAL MODEL ONTO AN RDBMS — 
SPATIAL TABLES 

A database management system (DBMS) allows the user access to 
integrated data. There are four major 'commercially-available' models 
commonly used for organizing databases: flat (rectangular), hierarchical, 
network and relational. For a full discussion, see Date (1981). 

Spatial data is comprised of four major components : geographic 
descriptions of spatial entities (objects), descriptive attributes of the 
entities, topological relationships between the enti t ies, and feature 
relationships that describe which entities comprise which features (Guptill 
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1987). The DBMS allows integrated access not only to these spatial data 
but also to other types of data. 

Converting the conceptual data model into a database design may require 
some compromise when mapping onto the target software. However, only 
when the conceptual data model has been established, should hardware 
and software considerations be allowed to influence the implementation 
of the conceptual data structure. DBMS have a certain structure or logical 
model, and conceptual models which reflect the user's needs and /o r view 
of the data must be mapped to this logical model. The structure, simplicity 
and flexibility of the relational model has made it a popular choice for GIS 
and the topological vector model discussed in section 3.1.2 naturally lends 
itself to use in relational databases. Figure 5.6 shows the topological vector 
model (Figure 3.2) as it may be represented in relational tables. 

Attribute Tables 

Relational Join 

Unique 
ID 

Text Text 
Start 

Symbol Symbol 
Start 

5 Au X,Y Triangle X,Y 

Unique 
ID 

Type Left 
Polygon 

Right 
Polygon 

Start 
Node 

End 
Node 

Location 

5 point null null null null X,Y 

1 line 6 7 X,Y X,Y X1,Y1 .., Xn, Yn 

2 line 8 6 X,Y X,Y X1,Y1 , Xn, Yn 

3 line 5 8 X,Y X,Y X1,Y1 ,, Xn, Yn 
(coordinates) 

6 polygon null null null null L1,L2 ,, , Ln 
(line list") 

Coordinate Table 

FIGURE 5.6: The Vector Model as Relational Tables 
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5.3 KNOWLEDGE BASE 

The knowledge base contains information on the gross ordering principles 
and their implication in terms of relative time (e.g. Figure 4.7). Step 5 
(Figure 5.2) enables the relative ages of adjacent rock units to be derived by 
applying rules in the knowledge base such as "intrudes (A,B) => after 
(A,B)". In this way various chronological relationships can be asserted to 
the database directly from the map (i.e. from rock units that share a 
common boundary), provided that there are no logical contradictions in 
the map or errors in digitizing. This will be discussed further in the 
following chapter. 

5.4 DETERMINING CHRONOLOGICAL RELATIONSHIPS BY 
CONSTRAINT PROPAGATION 

Step 8 (Figure 5.2) derives all possible chronological relationships from 
the relationships that have been asserted directly from the spatial 
relationships on the map. This is accomplished through implementation 
of Allen's (1983) constraint propagation algorithm (Figure 5.7). 

The relationships between intervals are maintained in a network where 
the nodes represent individual intervals and arcs between nodes are 
labeled to indicate the possible relationships between the two intervals. 
All possible relationships are entered into the arc in cases where there is 
uncertainty about the relationship. Essentially knowledge can be added to 
the network of interval constraints by reducing the set of possible 
temporal'relations between two intervals and then propagating the effects 
of this reduction to all other intervals related to these two. 

When a new interval is entered all consequences are computed by 
computing the transitive closure of the temporal relations. This may be 
accomplished by using a simple transitivity table (Figure 5.8). For instance, 
if the fact that / is during / is added and / is before k, then by transitivity it 
is inferred that i must be before k. This new fact is then added to the 
network, possibly introducing further constraints on the relationship 
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between other intervals. If a set of constraints already existed between i 
and k, this set is intersected with the computed union to derive a new 
constraint set. If the cardinality of the resulting set is 1 it means that the 
constraint between i and k has been uniquely determined; if the 
intersection results in the empty set, then a conflict exists in the network. 

Using Allen's algorithm search proceeds in a breadth-first manner. The 
set of basic relations known to hold with the starting set is maintained at 
each node Search proceeds from a node only if this collection of relations 
has been strengthened on the incoming path. The algorithm assumes 
monotonic updates to the temporal database i.e. no retraction of previous 
constraints or support of backtracking. 

For implementation of the S P A T I O - C H R O N O L O G I C A L R E A S O N E R only five 
relationships between intervals are required to provide sufficient 
expressiveness to capture all relative chronological relationships (Figure 
5.8). Kitts (1966) states that if two events are causally related to one 
another, they may be ordered only in the relation "earlier than - later 
than" and if two events are both regarded as having been caused by a 
single third event, then it may be possible to order them in the relation 
"simultaneous with". This would indicate three relationships between 
geologic events - before, after and equals. However, introducing Allen's 
meets and met-by relationships enables a distinction to be made between 
geologic events that precede or follow one another with or without a gap 
in geologic t ime. The reduced transit ivity table of twenty-five 
relationships is shown in Figure 5.8. 

The main problem with the interval algebra of Allen is the computational 
complexity and the inability to handle metric information. Koomen 
(1989) states that the "cubed time and quadratic space complexity for a 
temporal database of this nature is prohibitive for all but the smallest 
problem sets." Koomen also states that in a system using the interval 
logic, activity tends to focus on the most recently added intervals, new 
information does not affect the old relations much, and propagating 
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effects back to older intervals only tends to be useful for consistency 
checking. 

{Table is a 2-D array indexed by intervals. 
Table[i,j] holds the relation between intervals i and j. 

Tableti,j] is initialized to the additive identity vector consisting of 
all 5 simple relations; except for Table[i,i] which is initialized to (EQ). 

Queue is a first in first out (FIFO) data structure that keeps track of pairs of 
intervals whose relation has been changed. 

Intervals is a list of all intervals about which assertions have been made.} 

To Add Rjj 
(Rjj is a relation being asserted between i and j) 

begin 
Old < Table[i,j]; 
Tablefi.jl < Tabled,jl + Rjj; 

If Table * Old 
then Place pair <i,j> on fifo Queue; 

Intervals < Intervals U {i,j}; 
end; 

To Close 
(Compute the closure of assertions added to the database.) 

while Queue is not empty do 
begin 

Get next <i,j> from Queue; 
Propagate (i,j); 
end; 

To Propagate (i,j) 
{Propagates the change to the relation between i and j to all other intervals) 

for each interval k in Intervals do 
begin 
Temp < Table{i,kl + (Table{i,jl x Table(j,k]); 
If Temp = 0 

then Signal contradiction; 
IfTable(i,kl *Temp 

then Place pair <i,k. on Queue; 
Table(i,k) < Temp; 
Temp < TablclkJ] + (Tablelk,ilx Table! i,j]); 

If Temp = 0 
then Signal contradiction; 

IfTable{k,j] #Temp 
then Place pair <k,j> on Queue; 

Table[k,jj < Temp; 
end; 

FIGURE 5.7: Allen's (1983) Algorithm for Constraint Propagation 

(after Vilain and Kautz 1986). 
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B R2 C < > m mi = 
A Rl B 

< > m mi = 

< < no 
info < < f m < 

> no 
info > >, mi > > 

m < >, mi < m 

mi <, m > = > mi 

= < > m mi 

FIGURE 5.8: Transitivity Table For The Five Geological Temporal Relationships 

The relatively small number of geologic events to be temporally ordered 
and the reduced transitivity table appear to eliminate many of the 
problems inherent in the interval algebra, making this application suitable 
for such an approach. 

5.5 MAPPING THE CONCEPTUAL MODEL ONTO AN RDBMS — 
TEMPORAL TABLES 

The geoscience spatial information system was extended by creating a 
temporal database. Steps 7, 10 and 12 (Figure 5.2) involve this database 
which consists of: 1) a chronology table which holds a list of the possible 
relative chronological relationships between any two rock units and 
which is updated as propagation proceeds, 2) a transitivity table (Figure 
5.8) and 3) a legend table which holds a relative temporal ordering of 
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events from youngest to oldest derived from the full chronology table. As 
the geoscience spatial information system now contains both spatial and 
temporal tables, the age relationships between geologic events are linked 
to the spatial data so that the concept of map and legend are merged in the 
database. 

Figure 5.9 shows the chronology table for the example in Figure 5.3. (The 
notation is that shown in Figure 4.9). The chronological database is linked 
to the spatial database so that, for example, for each instance of granite on 
the map its relative age to all other units is known. Relations are held in 
the chronology table until new maps are added to the database thus 
causing the table to be modified (i.e. new geologic objects added a n d / o r 
existing relationships further constrained). 

FVF.NT1 FVFNT? Relation! Relation2 Relation3 Relation4 Relation5 
granite monzonite < > m mi = 
granite limestone X > X X X 
aranite auartzite X > X X X 
limestone' granite < X X X X 
limestone monzonite < X X X X 
limestone quartzite X > X X X 
monzonite granite X > X X X 
monzonite fimestone X > X X X 
monzonite quartzite < > m mi = quartzite qranite < X X X X 
quartzite limestone < X X X X 
quartzite monzonite < X X X X 

FIGURE 5.9: Chronology Table 
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6.0 RESULTS 

Two classic sketch maps were chosen to test the S P A T I O - C H R O N O L O G I C A L 

R E A S O N E R (Figures 6.1, 6.5). For these maps the reasoner was able to 
successfully derive a complete (i.e. derived all relationships that could be 
derived) and plausible partial temporal ordering of all geologic events . 

6.1 MAP LEGEND 

The reasoner was asked to derive a legend for the map shown in Figure 
6.1. In this map the granite is compositionally zoned to diorite and the 
stratigraphic relationship between the kyanite schist, the quartzite, the 
dolomite and the calc-silicate rock is unknown. The reasoner generated 
information for the legend shown in Figure 6.2; oldest at bottom, youngest 
at top. The earliest four units were left unordered relative to each other. 
All other units were ordered correctly according to the information 
available. 

The sandstone is shown as being either before (older with a gap in time) or 
meeting (older with no gap in time) the three time-equivalent intrusive 
units. This is shown as a constraint graph in Figure 6.3 where the 
direction of the relationship is indicated by the arrows. Quick inspection of 
the map would indicate to a trained map reader that a significant gap in 
time did elapse between sandstone deposition and igneous intrusion. 
This deduction would be based on experience and a general knowledge of 
geological environments. This type of reasoning is beyond the scope of the 
S P A T I O - C H R O N O L O G I C A L reasoner as general interpretive knowledge is 
required. Using only the spatial information available to infer the 
relationship between the non-adjacent sandstone and granite units, the 
reasoner was not able to determine their relationship with certainty. 

Relationships that the reasoner cannot fully resolve may be further 
constrained as adjoining maps are added to the database. For example, if 
the sandstone were to come into contact with one of the intrusive units in 
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FIGURE 6.2: Wicked Hills Legend (1) 
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Figure 6.4 shows the legend that was derived when the diorite from the 
previous example (Figure 6.1) was encoded as a later intrusive event 
rather than compositional zonation of the granite. The diorite is now 
ordered as younger than the granite and pegmatite and left unordered 
relative to the pebbly grit, the basalt and the limestone. 

Limestone ? Dior i te 

m 

Basa l t ? Dior i te 

m 

Pebbly Grit ? Dior i te 

< 

Granite = Pegmati te 

< , m 

Sandstone 

m 

Slate 

< 

Conglomerate 

m 

Boulder Conglomerate 

< 

Calc-silicate ? Quartzite ? Kyanite Schist ? Dolomite 

FIGURE 6.4: Wicked Hills Legend (2) 
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The relative age between the two faults cannot be determined from the 
current implementation of the reasoner. By application of the rule 
"bounds (A,B) => after (A, B)" the reasoner can determine that Fault A is 
younger than the quartzite, dolomite and kyanite schist and that Fault B is 
younger than the slate, sands tone , boulder conglomera te and 
conglomerate. However, each fault may be only slightly younger than the 
rocks that they crosscut or they may be much younger. In order to 
determine that Fault A is older than the conglomerate, and by 
propagation of constraints older than Fault B, would require application of 
the rule abuts (A, B) => before (A, B). This rule was not implemented in 
the knowledge base because commercial GIS do not have sufficient spatial 
analysis capabilities to implement searches based on the minimum set of 
spatial relations between lines and polygons as described in section 4.2.1. 
This is a limitation of the current spatial data models for commercial GIS 
software rather than a theoretical limitation of the spatio-chronological 
representation. 

The reasoner produces legends as partially ordered lists and no attempt is 
made to "linearize" them (i.e. show each possible combination of possible 
legends). In Simmons' (1983, 1988) system candidate solutions for geologic 
interpretations are "linearized" and the system stops as soon as the first 
plausible solution is found. For this application, it is important to 
maintain all possible relationships in the database for error checking of 
additional maps and for chronological queries. 

A map legend derived for the hypothetical sketch map in Figure 6.5 is 
shown in Figure 6.6. 
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FIGURE 6.6: Legend for Hypothetical Sketch Map (Fig. 6.5) 
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7.0 BENEFITS 

Development of a theory of spatial-chronological relations is an important 
step towards improved geoscience spatial information system. The 
minimum set of requirements for a vector geoscience spatial information 
system should ideally be: 

1: A seamless map database in vector format with attribute 
data managed by an RDBMS. 

2: A spatial analysis component. 
3: A SPATIO-CHRONOLOGICAL REASONER. 

4: A SPATIO-CHRONOLOGICAL QUERY L A N G U A G E . 

5: A cartographic edit knowledge base (e.g. Goma and 
Verghese, 1990). 

Incorporat ing some form of spatio-chronological reasoning into 
geoscience spatial information system would enable the following goals 
to be achieved: 

1: Improved (more intuitive and more powerful) data analysis 
and retrieval. 
Spatial and spatio-chronological analysis procedures can be 
developed which allow answers to questions that exceed the 
standard capability of the high-level query language. 
Automatic production of a map legend for a user-defined 
custom area. 
Production of a map legend on a regional scale. 
Assistance in regional compilations. 
Data entry verification of vast amounts of map data. 
Verification of map logic. 
Check of absolute time versus relative chronology of events. 
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The previous chapter showed how the reasoner could be used to generate 
an automatic map legend, other points above will be discussed in the 
following sections and in Chapter 8.0. 

7.1 MAINTAINING DATA INTEGRITY OF LARGE AND COMPLEX 
VECTOR MAP DATABASES 

Let us consider the Wicked Hills map (Figure 6.1) from the previous 
chapter. If the diorite were indicated as compositional zoning relative to 
the granite on one part of the map and as intrusive relative to the granite 
on another part (or an adjacent map) then it can easily be seen from 
inspection of the two legends (Figures 6.2 and 6.6) that the reasoner would 
eventually have signalled a contradiction. This ability of the reasoner to 
detect errors, thus verifying the logic of vast spatial databases, may be the 
most significant benefit realized from incorporating a method for spatio-
chronological reasoning into a geoscience spatial information system. 

Through the use of routines to detect various forms of errors in the map 
database, a geoscience spatial information system built on some form of 
spatio-chronological representation could, for the first time, guarantee the 
integrity of vast amounts of spatial data. The ability to detect various types 
of errors may not appear to be particularly impressive for the examples 
given here, but it has tremendous implications for map databases that may 
contain tens of thousands of polygons. The three types of error that may be 
handled are: 

1: errors in digitizing. 
2: internal inconsistencies within a map (maps that defy the 

fundamental laws that govern geological relationships). 
3: inconsistencies between two maps which are, in themselves 

internally consistent. 
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Each of these types of error is caught in sequence as the S P A T I O -

C H R O N O L O G I C A L R E A S O N E R is invoked. Each subsequent step cannot 
proceed until any errors detected in the previous step are rectified. 

7.1.1 Errors in Digitizing 

Section 5.2 describes the way in which digitizing is accomplished to create 
a spatial database that provides the information for the temporal reasoner. 
Figure 7.1 illustrates another type of inconsistency that might occur at the 
data entry stage. 

In the above example, the two segments that separate geologic units 1 and 
3 have been digitized in the opposite sense as indicated by the arrows. 
The correct attribute assignment for segment A is U N C O N F O R M and the 
correct attribute assignment for segment B is U N C O N F O R M - B Y . If both 
segments were assigned the same attribute, the reasoner would assert that 
polygon 1 is both older and younger than polygon 3 and would signal an 
inconsistency. 

7.1. 2 Inconsistencies Within a Map 

Figure 7.2 is an illustration of an error that may occur on a map. Polygons 
1 to 4 are in conformable contact and polygons 5 and 6 are intrusive rocks. 

FIGURE 7.1: Error in Digitizing 
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Polygon 6 would be asserted to be younger than polygon 5 from the rule: 
"intrudes (A, B) => after (A,B)". 

Polygon 5 would be asserted to be younger than the fault from the rule: 
"abutted by (A,B) after (A,B)". 

Polygon 6 would be asserted to be older than the fault from the rule: 
"bounds (A,B) => after (A,B)" 

As it can be seen that polygon 5 cannot be both younger than the fault and 
older than polygon 6, the reasoner would eventually arrive at the null set 
for the relationship between polygons 5 and 6 and would signal a 
contradiction. 

7.1.3 Inconsistencies Between Independently Consistent Maps 

So far we have been concerned with temporal ordering of events within a 
restricted geographic area. A problem of overriding importance in geology 
is correlation or the extension of temporal ordering among events which 
are separated from one another in space. 

The reasoner might detect errors when a new map is added to a database. 
Although it may be internally consistent, the new map may portray 
relationships which prove to be inconsistent with those that have already 
been asserted to the database from previous maps. The reasoner could 
therefore provide a method to check the logic of regional correlations and 
could be used as an automated aid for such correlations. 
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8.0 FUTURE WORK 

8.1 ABSOLUTE TIME 

A routine to check the relative temporal ordering of geologic objects 
against any absolute age data stored in the database would be a natural 
extension to the S P A T I O - C H R O N O L O G I C A L R E A S O N E R . This would be yet 
another way to signal inconsistencies in vast amounts of map data. 

8.2 SPATIO-CHRONOLOGICAL QUERIES 

Query operations are an essential part of the data model, therefore the 
implementation of geoscience spatial information system that incorporate 
some from of spatio-chronological reasoning would require its own query 
language. This could most easily be implemented as a modification to a 
declarative high level language such as Structured Query Language (SQL) 
which interacts with the RDBMS. 

Other researchers have successfully implemented extensions to query 
languages. FQUEL (Kollias and Vollias 1991) is a query language for FRSIS 
- a prototype soil information system with fuzzy retrieval capabilities. 
FQUEL extends QUEL to include fuzzy statements, fuzzy relational 
operators, fuzzy connectors and fuzzy modifiers. It has kept all the power 
of QUEL and can be used as ordinary relational query language. 

SQL is the most commonly implemented relational query language and 
the one used with Empress RDBMS. Temporal operators can be included 
in SQL. Temporal extensions to SQL would include the addition of a 
WHEN clause. Temporal predicates such as BEFORE, AFTER etc. could 
also be used in comparing time intervals within a query. References to the 
interval temporal ordering in a time sequence through predicates such as 
FIRST, LAST could also be used to answer queries. 
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Empress may be extended by adding functions and operators to it. These 
functions can be used in any SQL expression. For instance given a table Tl 
with attributes a,b of type "bulk", a "younger" function could be used in a 
Query Language command such as : 

"select younger (a,b) from Tl" 

The function could also be used in a WHERE clause, as long as the 
returned result is compared with an expression of an appropriate data 
type. For instance: 

"select from Tl where younger (a,b) = EXPR" 

Other chronological operators that could be implemented as extensions to 
SQL could include, but not be limited to, the following: 

YOUNGEST 

OLDER 

OLDEST 

BEFORE 

AFTER 

CONTEMPORANEOUS 

A spatio-chronological model opens up the possibility for new types of 
operations and a geoscience spatial information system which can handle 
relative temporal relationships may allow these relationships to be used 
for analysis. Systems should be able to respond to questions of the type 
"Which is younger the granite or the gabbro?" or "Which is the oldest 
dyke swarm?" or to a combination of spatial and chronological queries 
such as "Show the youngest rock units intruded by the granite". However, 
these queries may be hard to construct in SQL or an extended SQL and 
could perhaps be called from a user interface. An expert system might be 
developed to translate basic geological queries into whatever syntax is 
required. 
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8.0 CONCLUSIONS 

This paper has focused attention on the fact that current data models for 
GIS do not allow for the effective representation of geologic time. A 
representation based on the topological vector model and Allen's (1983) 
interval algebra was developed for handling both the spatial and temporal 
aspects of geologic map data. Implementation of a prototype reasoning 
system — t h e S P A T I O - C H R O N O L O G I C A L R E A S O N E R — based on this 
representation shows that it appears to be sufficiently expressive to capture 
the relative temporal hierarchy of geologic maps. 

Incorporating a reasoning system such as the S P A T I O - C H R O N O L O G I C A L 

R E A S O N E R into a geoscience spatial information system requires additional 
effort at the data entry stage. Nevertheless, results demonstrate that the 
consequences of building vast, expensive databases with no way to verify 
the logic of the spatial data more than justifies this effort. 

Incorporation of a method for spatio-chronological reasoning may prove 
to be invaluable in enabling future generations of geoscience spatial 
information systems to be more suitable for the storage, retrieval and 
analysis of vast amounts of complex, geoscience map data. 
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APPENDIX A 

Symbols and Notation 

V universal quantifier (all, everything, everyone etc.). 
When used to complete a predicate it conveys the idea 
that everything in the domain has the property expressed 

by the predicate, (e.g. (V x) (Mx => Lx) could be used to 
write the sentence "All maps are logical".) 

material conditional expresses the phrase "if....then". 

«=> biconditional expresses the phrase "if and only if" 
(i.e. A=>B & B=>A). 

< before 
> after 

m meets 
m i met-by 
o overlaps 
s starts 
d during 
0 symbol that expresses that deduction was made by computing 

the transitive closure 
V propositional logic symbol for disjunction (or) 
C a subset of 
G an element of a set 

—i 0 non-empty set 

0 empty set 

8n5 boundary - boundary intersection 

°n° interior - interior intersection 

5n° boundary- interior intersection 

°n8 interior-boundary intersection 
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C O N V E R S I O N F A C T O R S FOR M E A S U R E M E N T S IN O N T A R I O G E O L O G I C A L 
S U R V E Y P U B L I C A T I O N S 

Convers ion f r o m SI to Imper ia l Convers ion f r o m Imper ia l to SI 

SI Unit Multiplied by Gives Imperial Unit Multiplied by Gives 

LENGTH 
1 mm 0.039 37 inches 1 inch 25.4 mm 
1 cm 0.393 70 inches 1 inch 2.54 cm 
l m 3.280 84 feet 1 foot 0 3 0 4 8 m 
1 m 0.049 709 7 chains 1 chain 20.116 8 m 
1 km 0.621 371 miles (statute) 1 mile (statute) 1.609 344 km 

A R E A 
1 cm 2 0.155 0 square inches 1 square inch 6.451 6 cm 2 
1 m2 10.763 9 square feet 1 square foot 0.092 903 04 m2 
l k m 2 0.386 10 square miles 1 square mile 2.589 988 km2 
1 ha 2.471 054 acres 1 acre 0.404 685 6 ha 

V O L U M E 
1 cm 3 0.061 02 cubic inches 1 cubic inch 16387 064 cm 3 
l m 3 35.314 7 cubic feet 1 cubic foot 0.028 316 85 m3 
1 m3 1.308 0 cubic yards 1 cubic yard 0.764 555 m3 

CAPACITY 
1 L 1.759 755 pints 1 pint 0.568 261 L 
1 L 0.879 877 quarts 1 quart 1.136 522 L 
1 L 0.219 969 gallons 1 gallon 4.546 090 L 

MASS 
l g 0.035 273 96 ounces (avdp) 1 ounce (avdp) 28.349 523 g 
l g 0.032 150 75 ounces (troy) 1 ounce (troy) 31.103 476 8 g 
1 k g 2.204 62 pounds (avdp) 1 pound (avdp) 0.453 592 37 kg 
1 k g 0.001 102 3 tons (short) 1 ton (short) 907.184 74 kg 
11 1.102 311 tons (short) 1 ton (short) 0.907 184 74 t 
1 k g 0.000 984 21 tons (long) 1 ton (long) 1016.046 908 8 kg 
11 0.984 206 5 tons (long) 1 ton (long) 1.016 046 908 8 t 

CONCENTRATION 
l g / t 0.029 166 6 ounce (troy)/ 1 ounce (troy)/ 34.285 714 2 g/t 

ton (short) ton (short) 
l g / t 0.583 333 33 pennyweights/ 1 pennyweight/ 1.714 285 7 g/t 

ton (short) ton (short) 

O T H E R USEFUL C O N V E R S I O N FACTORS 

Multiplied by 
1 ounce (troy) per ton (short) 20.0 pennyweights per ton (short) 
1 pennyweight per ton (short) 0.05 ounces (troy) per ton (short) 

Note: Conversion factors which are in bold type are exact. The conversion factors have been taken from or have been 
derived from factorsgiven in the Metric Practice Guide for the Canadian Mining and Metallurgical Industries, pub
lished by the Mining Association of Canada in co-operation with the Coal Association of Canada. 
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