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ABSTRACT

Research on time and data models has focused mainly on
the identification of extensions to the conventional rela-
tional model for non-spatial data. Although these models
provide adequate semantic capability to deal with time,
they are not suitable for spatial data such as geographical
information in which historical information must be spa-
tially referenced. This paper proposes two-level state topo-
logies: a state topology for geographic objects in a GIS
database and a state topology for a geographic object.
From a temporal perspective, these two-level state topolo-
gies may also be viewed as two-level time topologies: a
time topology for a GIS database and a time topology for a
geographic object. Based on these state and time topolo-
gies, the storage approach for geographic historical infor-
mation are provided.

KEY WORDS: State Topology, Time Topology,
Geographic Information Systems

1. INTRODUCTION

More and more it is being realized that the element of time
should be introduced into data models in order to represent
the dynamically changing world (Snodgrass 1990, S00
1991, Stam et al. 1988). The goal of historical databases is
to make the time dimension accessible to users. Snodgrass
and Ahn (1985, 1986) have introduced two important
aspects of time: world time (or valid time) and system time
(or transaction time). They can be represented by two axes.
The world-time axis traces the changes which occur in the
real world, and the system-time axis traces the changes that
are recorded in the database. A historical database only
contains world time. A temporal database contains both
world time and system time. In this paper, we focus on
historical database for GIS.

There are three possible approaches to include world time
into the relations: relation-based world time stamping,
tuple-based world time stamping, and attribute-based world
time stamping. In the relation-based world time stamping
approach (Klopprogge 1981, Mckenzie et al. 1987), each
relation includes a world time interval during which the
data in the relation is effective. The approach creates and
stores a new snapshot of a relation when any of its attri-
bute values changes. This approach is simple, but highly
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data redundant and obscures individual object histories.
Tuple-based world time stamping approach (Ariav 1986,
Lum et al. 1984, Sarda 1990a, Sarda 1990b) maintains a
world time interval for each tuple. Whenever any of the
attribute values of a tuple changes, its tuple-time stamp is
amended and a new tuple may be appended to the relation.
Consequently, each relation contains the history for each
tuple. This approach is mostly used for representation and
implementation of time modelling. One tuple-based time
stamping method (Ariav 1986) orders tuples within each
relation. Another tuple-based time stamping method (Lum
et al. 1984) uses two relations to segregate current data
from historical data and connect them by history chains.
Attribute-based world time stamping approach (Gadia
1988) maintains a world-time interval for each attribute
value. Thus, each tuple contains a history for each attri-
bute. Although this approach is compact, it requires
variable-length fields of a complex domain to hold lists of
time-stamped attribute versions and needs an alternate rela-
tional algebra to manage them.

The historical database attempts to model an enterprise
over time, but it is not suitable for spatial applications
which deal not only with thematic and time information,
but also with location and topological information. In
recent years, more attention has been directed to
temporal/historical GIS design related to vector data struc-
tures (Langran 1989a, Langran 1989b, Langran et al
1988).

The earliest historical GIS was designed by Basoglu and
Morrison (1978). They produced a hierarchical data struc-
ture to store and retrieve the historical changes of U.S.
county boundaries. Although the system could produce a
snapshot of how the particular boundaries appeared on a
given time, it did not represent widely-used topological
relationships and could not recognize that one line segment
might be no longer a particular county boundary, but
remain in use as another county boundary through histori-
cal subdivision.

Langran and Chrisman (1988) proposed a space-time com-
posite data model to treat spatial changes over time. In this
conceptual model, each change causes the changed portion
of the coverage to break from its parent object and become
a discrete object with its own distinct history. Therefore,
this method decomposes the object over time into increas-
ingly smaller fragments (objects) and describes them by a




variable-length list of attribute sets bracketed by effective
dates.

Other researchers are also contributing to temporal GIS.
Armstrong (1988) considered time in spatial databases, and
developed a framework for incorporating temporality in
spatial databases. Worboys (1990a, 1990b) discussed the
role of modal logics in a GIS. Hunter and Williamson
(1990) proposed a method of storing and processing tem-
poral geographic data by addition of time-encoding attri-
butes to data elements as required and developed a histori-
cal digital cadastral database to demonstrate their method.
Henrichsen (1986) studied Norwegian Socioeconomic
Database which implements time encoding and handles
administrative boundaries for the period 1770-1980.

Since there is complexity in the time-semantic representa-
tion, most GIS databases now in use do not model time
attributes. Therefore, in order to retain historical geo-
graphic information, a set of snapshot sequences (data ver-
sions) are separately stored in the GIS database. This
approach not only causes a tremendous amount of data
duplication but also cannot support historical queries over
time. Furthermore, most commercial GIS usually use the
relational database system to store thematic and topological
information, but use file systems to store geographic loca-
tion information. Thus, semantic and data-granularity
mismatches exist between the manipulation of the
relational database and the manipulation of the file systems.
A relational database system employs a set-oriented,
declarative query language, in which the user requests a set
of tuples without specifying the detailed steps to obtain this
result. In contrast, the file systems usually use a tuple-
oriented, procedural programming language, in which the
problem solution is expressed as a sequence of detail
operations on a global state. The crux of these problems is
the lack of a sound temporal/historical spatial data model
for GIS.

This paper first reviews temporal/historical database
research on both spatial and non-spatial applications. Two-
level state topologies for geographic information are pro-
posed. The state topologies are then viewed from the point
of time of view, and two-level time topologies are defined.

Historical State  Mutation

The States of Object A

Finally, an approach for representation of the state topolo-
gies and the time topologies with historical relations is
developed.

2. TWO-LEVEL STATE TOPOLOGIES FOR
GEOGRAPHIC INFORMATION

2.1 The State Topology for Geographic Objects

The changes of a geographic object may be viewed as the
changes of its states over time. The historical information
of a geographic object may be represented by the collec-
tion of its states. A mutation (or change) would transform
the geographic object from one state to the next (Langran
et al. 1988). A GIS database may be viewed as the collec-
tion of the states of all the geographic objects concerned
and transformed from version to version by any of the
object mutations.

The duration of a state, which started at time instant Ti,
and ended at time instant Tj (not including Tj), is
represented as [Ti, Tj). Ti is called start instant, and Tj is
called end instant. The state is called a historical state. The
duration of a state, which started at time instant Ti, and is
now still active, is represented as [Ti, NOW). We consider
"NOW" as a moving time variable, and the state as an
active state. Historical states cannot change, only active
states can change into historical states. Figure 2.1 shows
the topology of states and mutations for geographic objects
in a GIS database.

Each state line in Figure 2.1 is punctuated by the object
mutations, and represents the states of a geographic object
over time. Two states which share a boundary may be
viewed as contiguous neighbors. The states for all geo-
graphic objects may be viewed as a topology comprised of
these parallel state lines.

2.2 The State Topology for a Geographic Object

A mutation of a geographic object may be caused by spa-
tial change or thematic change. Therefore, the states of a
geographic object may be viewed as the composition of the
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Figure 2.1 The Topology of Geographic Object States and Mutations




object’s spatial states and thematic states. A state line in
Figure 2.1 may be viewed as the composition of the
object’s parallel spatial state lines and thematic state lines.
For example, suppose the object has a point feature, such
as gas station A, shown in Figure 2.2. At time T0, station
A was created. At time T1, the station was moved to a
new location. At time T2, the ownership of the station was
changed, and the new owner moved the station to a new
location at time T3. Finally, at time T4, the station was
closed. Figure 2.3 shows the state topology of station A.

Another example is shown in Figure 2.4. Polygon A
represents grass-land and was created at time TO. At time

T1, a part of grass-land A became farming land (arc al
was changed into arc all). At time T2, all of farming land
B became grass-land (arc a2 was removed, and arc a$
became an arc of polygon A). At time T3, polygon D was
split into two polygons, and caused arc a4 to be split into
arc a4l and arc a42. At time T4, the ownership of grass-
land A was changed. And finally, at time T3, all of grass-
land A became a commercial area, and was combined with
commercial area C. This means that grass-land A does not
exist any more. The state topology of polygon A is shown
in Figure 2.5, where we assume that each arc has only one
state. That is, any change of the arc is viewed as the death
of the arc, and the birth of zero or more new arcs.
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Figure 2.2 The Mutations of Gas Station A
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Figure 2.3 The State Topology of Gas Station A
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3. TWO-LEVEL TIME TOPOLOGIES FOR
GEOGRAPHIC INFORMATION

In the real world, we are accustomed to regarding time as a
line without endpoints that stretches infinitely into the past
and future. In practice, world time represented in databases
would begin at the time of the earliest known information
and end at the time of the most recent information stored
in the database.

3.1 The Time Topolegy for Geographic Objects

Time is a phenomenon and can only be perceived by its
effects. From the point of time of view, every object has a
beginning at some point in time. It also has a lifespan dur-
ing which the object’s location or theme may change
independently of the others. Finally, it may die in the sense
that it does not exist in the real world or has changed into
another object. The state topology in Figure 2.1 may be
viewed as a time topology for objects. World time for a
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geographic object may be viewed as a line, and is punc-
tuated by the object mutations. An object state may be
viewed as a line segment that represents the duration of a
condition, while a mutation is a point that terminates the
condition and begins the next. Two line segments which
share a boundary may be viewed as contiguous neighbors
in time. World time for all geographic objects in a GIS
database may be viewed as a topology comprised of these
parallel time lines as shown in Figure 3.1.

3.2 The Time Topology for a Geographic Object

From the point of time of view, the state topology for an
geographic object, such as the state topology of polygon A
in Figure 2.5, may be viewed as time topology for the
object. That is, each time line in Figure 3.1 may be viewed
as the composition of an object’s spatial time durations and
thematic time durations. For example, the time line of
polygon A may be viewed as the composition of the spatial
time durations and the thematic time durations of polygon
A, as shown in Figure 3.2.
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Figure 3.1 The Time Topology of Geographic Objects
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Figure 3.2 The Time Topology of Polygon A

4. THE REPRESENTATION OF OBJECT STATES
WITH HISTORICAL RELATIONS

The representation of object states here is based on the
tuple-based world time stamping approach. The state and
time topologies provide the fundamental for storing geo-
graphic information. The states of an object may be
represented as the contents of the relations, while the time
durations of the object may be represented as the tuples’
intervals.

We keep the topological data, location data, and attribute
data separately in different relations. Therefore, to record
one kind of data does not duplicate the others, and to
retrieve one kind of data does not require movement
through the others. Furthermore, different topological rela-
tionships, such as polygon topology, arc topology, or node
topology, may be independently stored, as are the attribute
data. Consequently, to record or retrieve one kind of topo-
logical relationship does not require reference to the others.

We assume that each arc has only one state. The term
al{Ti, NOW) is used to show that arc al was born at time
Ti, and is now still alive. A tuple which has time interval
[Ti, Now) is called an active tuple. If, finally, arc al died
at time Tj, then only its time duration needs to be amended
to al[Ti, Tj). The corresponding tuple is changed into a
historical tuple. The historical tuples can only be
retrieved; they cannot be changed. The active tuples can be
retrieved, and also be amended into historical tuples.
Therefore, we represent the evolution of a geographic
object over time by recording its changing information. For
example, the states of polygon A changes over time can be
represented in database as Figure 4.1.
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Since we use a set of relations to represent the states of a
single data layer. If every tuple of these relations embeds
with a world time interval, a large amount of time interval
duplication will exist. In order to reduce this time interval
redundancy, we classify the set of relations for a data layer
into two categories, and embed the world time only on the
tuples of the relations in one categary. Then use join to
propagate the time attributes to the relations of another
categary. For example, in Figure 4.2, although the relation
ARC-ATTRIBUTE does not have time attributes, it con-
tains the historical information, such as arc a2 which had
changed into a’2 at time T1. The duration of arc a2 can be
derived when relation ARC-ATTRIBUTE links with rela-
tion HIGHWAY-TOPOLOGY by their common attribute
Are-ID. The details about time operations, historical rela-
tional algebra for GIS, and extending SQL for historical
geographic databases are not discussed here. Researchers
interested in these areas can refer to (Sarda 1990a, Sarda
1990b, Yang 1991, Yang et al. 1991).
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Figure 4.2 The Propagation of Time Attributes From One Relation to Another

5. CONCLUSIONS

The storage of historical geographic information is based
on the state and time topologies. The proposed framework
is a modified tuple-based time stamping approach. Since a
historical database manigement system (HDBMS) can be
used to manipulate the historical geographic information,
historical queries over time, as well as efficient data shar-
ing, data integrity, and data security can be provided by
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HDBMS. The stored topological structures do not only
simplify and speed the spatial searching, but also trap the
data errors. This framework just records the changing
information. When a new state emerges, this approach just
records the new state, and amends the time duration of the
corresponding old state. Therefore, the data redundancy is
considerably reduced compared with the data version
approach used in the current GIS.
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