“To draw
conclusions from
temporal data, a
logical framework
with inference
rules is used.”

By Khaled Al-Taha and Andrew Frank

GIS is not just a coilection of
maps stored in a computer,
but a database that should

correctly model a panticu-

lar region of the world.
Since the world is changing continu-
ously, GIS applications require that data
collection.be updated. Every GIS is, by
definition, a database that manages
spatial datz and includes facilities to
update its data so it continues 1o reflect
the current situation. Only a GIS that
includes time and space in its moclel of
reality can be called a "temporal G15." It
must contain the current information
and keep the data that describe the
previous states and when they were
applicable. A temporal GIS answers
“when-and-where” questions, such as:
What were the boundaries of New York
City in June 19087 Where were New
England forest areas in 18807 Which
properties were owned by John Daoe in
Baltimore from August 1981 to June
19887 When a GIS includes time, it can
demonstrate the enarmous advamage of
a database that models reality compared
to a conventional collection of printed
maps.

GIS data will need updates

regularly. 1s every GIS, therelore, a

spatial database qualification, where data
must refer to space and where spatial query
methaods are present.

What Applications Need a
Temporal GIS?

Like all temporad databases, the major
goals of a temporal GIS are data storage and
retrieval with respect to spatial focaton and
temporal validity, and the extraction of the
world's situation at a given time in response
o temporal queries. Such facilities are
needed to analyze and understand phenom-
ena by tracking their change over time, to
predict future systems’ behavior by looking
into their past, and to pln and take action
that will lead 1o a cdesired future situation
(Shoham and Goyal, 1988).

Managing time-variant information,
which describes dynamic, ever-changing
situations, is necessary for many GIS users.
Mast scientific models of the world link static
and dynamic aspects, i.e., describe future
states In terms of present and past states and
the rates of change berween them. In many
applications, such as urban dynamics
(Farrester, 1969) and global-change studies,
time-related dara are crucial and must include
the notlon of “change” (e.g., the popular
computer game SimCity, which simulates the
development of a city in time and space). If
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Figure 1. A temporal GIS allows queries that can refer to past, present or future data. For
example, urban area expansion and fand-use history easily can be determined.

temporal GIS? For a temparal GIS, data
would have to be related o time
intervals. A temporal GIS contins data
that not only describe the present
simuation, but also past or future
situations, and allow queries that can
refer to past, present or future data
{Figure 1), This is an extension of a

we look only at a present state, no change
rites can be computed. However, temporal
data use in GIS applications varies and has
different requirements. Applications range

. from those tht require a small database for

recording the history of a town, 1o extremely
large temporal and spatial data collection for
studying global change.
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We separate two groups of
temporal GIS users: those who deal
with smzll-scale mapping and collect
global data for large dareas of the Earth
(such as politicians, meteorologists
and peographers) and those who deal
with large-scale mapping and local
data collections for smuller, specific
areas (ofien planners or engineers).
The data processing of the first group
differs significantly from the applica-
tions used by the second group, and
the temporal duta management
requirements are different. The
differences are size and type of data,
precision and abstraction level, type of
queries posed, temporul aspects of the
data and the remporal-reasoning
model. This article describes these
differences and presents an example
for each case. The twa temporal GISs
will be referred to as globally oriented,
such as research and science applica-
tions, or detail-orviented, such as
engineering and administrative
applications. The grouping is some-
what arbitrary, and many applications
will show properties of both. The
uliimate temporal GIS will he able 1o
deal with botli cases, bur that is
currently not a realistic goul.

Globaliy Oriented GIS

Scientists who study global
phenomena, such as climate changes,
need a dambase that represents lurpe
areas such as a country, a continent or
the Earth, and will handle a variety of
data such as topography, meteorology,
vegeration, animal habimt and their
changes over time. Scieniists compure
data in a specific area to detect
cianges, e.g., monitor the change of
forest boundaries (Figure 1), truce a
uee disease, lollow the course of
migrating birds or study the advances
made in the distribution of "killer
bees.”

'The data in such applications
primarily describe measuralble
quantities and are often — especially
for global-change applications
(Mounsey and Tomlinson, 1988) ~—
reported @5 an average vulue for a
regular area of the world (raster cell).
Scientists start with data sets for certain
points in time and space and compuie
new darta sets with methods based on
maihematical analysis and calculus,
One can think of each data set as
describing a value of a variable for a
large set of discrete points in time and
space, but otherwise similar to
simple variahle in an equation from
“Physics 101.” Dana Tomlin (1990) has
formalized such operuions using
conventional map overlay methods as
inspiration, It is necessary to extend
this map algebra o include time in the
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data and in the operations, i.e., include
rate-of-chunge operations.

Scientists use a temporal GIS in an
explorutive mode, bullding models
and verifying them with available dara,
o understand refations berween
different phenomena and to identity
the elfect of one variable on anather,
e.i., test the elfect of acid rin on the
destruction of plant species, ihe
relation between the ozone hole and
rising temperature or other questions
related to environmenal challenges
that affect our existence.

Detail-oriented GIS

GI5 for engineering and design
applications deal with smaller areas
and handle a smaller variety of data.
Because of the detail level involved,
these GISs also nuy be large (e.g., the
size of a GIS for a county may range
between one and a few hundred
pigabytes). An example of an engi-
neering GIS is u multipurpose cadastre
(Nutjional Research Council, 1980) that
combines layers of infarmuion
involving cadastral data (ownership,
morgages and spatial property
repiesentations), topographic data
(houses, roads, trees, lakes and rivers),
land use (agricultumal, residential,
commercial and industrial use), wtility

lines (telephone and power lines,
water and sewer installations) and
future plans (planned zones for new
rouads, dams, residential and industrial
areas, and nantrzl reserves),

The major differences berween 2
derail-oriented GIS and a globaily
oriented GIS are the following.

Specific requirements. Engineering
or adminisirative databases aim to
handle and solve specific prablems
with clearly defined entities. Their
operational goals often are defined in
laws prescribing the management of
some resources. Therefore, such
systems have clearly defined require-
ments,

Incremenial changes. Most
updates on engineering GISs are
represenied and expressed in discrete
time units, such as years, days or
hours, and the time units are
semiuniform. For a dara set, it is
possible to apply uniform time
granularites, e.g., “minures” can
represent deed-recording time, “days”
can represent power and telephone
lines, and “months” anc "years" can
represent the building-date of a house.

Data use is mostly for administra-
tive decisions requiring facts such as:
When did John buy parcel 61, er who
were the owners of the houses ai the
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north side of Main 5t. on April 22,
1970?

Time Dimension Complexity

Any database has to deal with a
large amount of data. The major issues
in every database are managing data
(e.g., data structures and the physical
design and storage mechanism),
optimizing response time and
efficiency, guaranteeing integrity
(methods ta ensure there are no
internal contradictions), safeguarding
against system [ailure and developing
concurrency control (2 mechanism to
avoid problems when multiple users
attempt to update the same data
element at the same time). It Is
advisable to use a dawbase manage-
ment system (DBMS) for a GIS o

* assure that data storage and data
treatment in application programs is
separated (Coddd, 1982);

* provide a general-purpose query
language and optimization methods
for execution; and

* include a transaction manager
which, despite hardware or software
failures, guarantees the integrity of the
data stored even if accessed or
updated by different users at the same
time.

In addition to these services
provided by the DBMS for administra-
tive uses, nonadministrative applica-
tions like GIS require additional
services, primarily for handling spatial
data (Frank, 1988). The temporal
aspect of databases can be formalized
using a knowledge-based or informa-
tioni-based appraach. The first
approach was developed by the
artificial intelligence (A} community,
and the latter comes from the DBMS
community (Barrera and Al-Taha,
1590).

A Knowledge-based
Approach

To draw conclusions from
temporal data, e.g., in processing a
query, a logical framework with
inference rules is used. Lagicians have
developed various models in temporal
reasoning and methods o handle
temporal data. Historieally, the fiest
atternpts to handle temporal informa-
tion in Al studies adoptec! a change-
based approach, which Incorporates
time as an attribute only instead of a
separate dimension; only the changes
in the databases were recorded. Undl
the next change, the last state of the
world remains unchanged. Examples
of change-hased approaches are
situetion calculus (McCarthy and
Hayes, 1981), which views the world
as a set of states or situations, each of
which is a snapshot of the world; and

dynamic logic (Pratt, : :
1;76), a framewark for transaction time
reasoning about programs

based on modal logic. Static Rollback
New states are generated Database Database
by change indicators, such

as gctions in situation

calculus and programs in valid Historic Temporal
dynamic logic. The . Database Database
change-based approach tme

supports only instant

fg;ﬁgsaﬁh dg];ﬁta:;z:neous Figure 2. Time perspectives and the various

support concurrent or
overlapping actions.

Later, the time-hased approach
was introduced, which considers the
passage of time as its only major
change indicator. At any given time, a
user can infer a conclusion based on
the knowledge stored! in a datahase
represented by true and false wsser-
tions or propositions. To implement a
time-based approach, one must
choose a temporal logic, e.g., classical
first order logic, reified sentences or
madal temporal logic (Shoham and
Goyal, 1988), and time primitives {time
points, time intervals or both) for time
representation and interpretation.
Examples of the time-based models
are the interval-based model afier ).F.
Allen (1984), the point-hased model
by D. McDermott (1981) and the
temporal model by Y. Shoham and N,
Goyal (1988).

An Information-based
Approach

The information systems referred
to in this section are the systems that
use a classical DBMS that supports the
reirieval of stored information in
FESPONSE o a user's query. In a DBMS,
the answer to a query is based anly on
the data that already was stored in the
database,

Temporal DBMSs developed in the
past decade are subdivided into four
main designs: static, rollback, historic
and femporal (Snodgrass, 1987). The
major difference stems from the time
perspectives that exist in thege
databases: valid time or real-world
time, which describes when an action
happened in the real world; and
transaction or database time, which
describes when the information was
entered Into the database (Figure 2). A
static database does not deal explicitty
with time, a rollback database deals
only with the time a fact is acquired, a
histeric database is only concerned
with when a fact became valid, and a
tempori! database contains hoth valid
and transaction time,

Static database. A static ditabase,
or snapshot database, represents a
snapshot of the world #t a particular

temporal databases.

time. In such a database, one can ask,
“What is the population of Orono
now," hut not *“What was the popula-
tion of Orono last year?” Time is used
in a static database as an attribute, and
old information is overwritten:
therefore, it is not possible to see what
the state of the database was at an
earlier time,

Roliback database. A rollbaclk
database stores all past states, indexed
by time, of the snapshot catabase as it
evolves (Figure 3a). Deletion of old
information is not permitted; instead, a
new state is generated and the old
state is preserved, Such an approach
needs a representation of transaction
time, In 1t rollback database, one can
get a snapshot of the database at a
given time {, i.e,, what was recorded at
that time. Changes may be made only
to the most recent snapshot state. An
example of a query that can be
answered in a rollback database is,
“What was the population of Orona in
1951 according to the 1980 version of
the dmabase?”

Historic database. In many
applications, such as historical
geography, the time the information
was valid is more relevant than the
time it was recdrded. Another way to
store temporal information is in a
historic database organized by “valic
time" (Figure 3b). Errors can bhe
corrected as soon as they become
evident, which is not possible in a
rollback catabase; however, no record
is kept of the errors that have been
corrected. Unlike rallback databases,
historical databases cannot be
interpreted as they were in the past.
So in a historical database, one still
can asle, “What was the population of
Orono in 19517" However, he or she
may get dilferent answers depending
when the query was asked and when
errors were corrected. :

Temporal database. A temporal
database combines the properties from
a rollback and a historical database. It
handles both transaction ane valid
time (Figure 3c). So in a temporal
database, one can view information to
be valid as of a past date (a propeny
of rollback databases), and one also
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can go back and correct errors as soon
as he or she learns ahout them (a
property of historical databases).
Temporal dambases can support
queries such as, “Wus the population
count performed and published in the
same year?”

To demonstrate the principal
differences between a historic and a
roliback database, consider the
population of Orono in 1980 and in
1990. Assume Orono's population was
10,000 in 1980. The 1990 count was
first published in 1991, und the
population was 11,000, Assume thar
an adjustment (o this count wus
announced in 1992, and the popula-
tion was corrected to 10,500 (Figure
4). For a historic database, because
any wrong information is correcred as
soon as the right information becomes
available, Orono's population was
10,000 in 1990 (according o the count
of 1980 and before the new count
took place), 11,000 in 1991 (afier the
new count wus published in 19913 und
10,500 in 1992 (after the new adjust-
ment was announced in 1992),
Therefore, if cne asks a historic
database what the population of
Orono was in 1990, the answer will
vary depending on when the question
was asked. If the question is asked in
1990, the answer will be 10,000.
Similarly, if the question is asked in
1991 and 1992, the answer will be
11,000 and 10,300, respectively.

On the other hand, for a rollback
darabase, new information will
generate a new dabase siate, So
there will be a 1990 stute where the
population is 10,000, a 1991 state
where the popation is 11,000 and a
1992 state where the population is
10,500. Therefore, the answer will be
the sume (10,000) if one asks the same
question (o a rollhack database,
despite the date the question was
asked since there is only one 1990
state, which has not changed,

In a remporal datubase, if one asks
whai Orona’s population was in 1990,

Transuction
time

DBMS

DBMS

DBMS

Trunsaction

T1

a: Roliback database

Valid time

b: Histore database

Valid time

c: Temporal datzbas

Figure 3: An averview of lemporal databases,

the answer will be 10,000; if the same
query is asked as of 1991 and 1992,
the answer is 11,000 and 10,500,
respectively, This facility is imporant
for legal and administrative decisions.
Decisions are made with 1the best data
availuble at the tme. If a decision is
appeiled, it must be considered in the
frame of what was known then — not
hased on hindsight.

Temporal GIS History

The first work of note on temporal
GIS technology is that of U, Basoglu
and ). Morrison (1978). They built a
U.5. Historical County Boundury Data
File that contains changes 10 county
houndaries during the past 200 years,
using o “historic dutahase” design.
Anather early database that imple-
ments time encoding s the Norwegian
Sociceconomic Database, which
handles administrstive boundaries for
the period 1770-1980.

G. Langran {1989} has explored a
wide range of upplications for
temporat GIS, such as forest resource
management, urbun and regional
management, research and develap-
ment, electronic navigation charis and
transportation. MF. Worboys (1990)
has shown the role of modal logics in
a GIS and concluded that, at least for
some GIS applications, a mockl logic
Is necessary © caprure the meaning of

the dara. G,J. Hunter and L.P.
Williamson (1990) have presented a
method of sioring and processing
tempaoral geographic daz by the
addition of time-encoding arribures 1o
data elements, They also have created
a historical digital cadastral database 10
show this method. The National
Center for Geographic Information
and Analysis has selected the problem
of temporal data as the focus of ane of
its research initiatives. Recenily, R.
Barrera and K. Al-Taha (1990) have
presented 4 literature survey on
temporl issues in the fields of Al,
DBMS and GIS. Al-Taha also is
working on applying various methads
used in Al and DBMSs o develop a
temporal redasoning framework for
cadlastral systems.

Next Steps

The combination of the tools for
Al and DBMS and their respective
madels provide the power needed for
Tuture GIS. There is an urgent need for
temporal GIS, both for engineering
administrative and global-science
applications, but there also are user
groups from the social sciences,
primarily histaric geography, anthro-
palogy and archeolopy, that need
access 1o daw collection with powerful
temparal and spatial analytical
methods, Engineering and acdministra-

What was the population What was the population What was the population
of Orono in 1990? of Orono in 19917 of Orono in 19927
date we ask | Historic | Rotlback| | date we ask| Hisioric | Rollback| |date we ask Historic [ Rollback
the question| database | darabase | | the question| database| darabase| |the question| database| database
1990 10000 10000 S — —_ —_ _— —_—
1991 11000 10000 1991 11000 11000  — — —_—
1692 10500 10000 1992 10500 11000 1992 10500 10300

Figure 4. Different answers due io various time perspectives and error correction methods in a
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tive applications appear to be easier
because their specifications can be
derived from their function within the
administrative or legal context. On the
conceptual level, it is not easy o
determine which of the different
temporal logic systems should be
used; for the implementation, the
interaction between spatial ancd
temporal operations must be explored
and formalized. On the other hand,
scientific global databases seem
feasible because they are based
primarily on a concept of time similar
to the one used in physics; therefore,
calcutus methods become applicable.
Finally, database implementation
strategies and the data structure and
performance issues that are specific for
GIS have not been addressed. One
must assume, however, that there are
interactions between spatial and
ternporal data structures and access
methods. At first glance, temporml GIS
for administrative use — at least lor all
systems where the information is used
to determine legally relevant actions
— must make valid and transaction
time available, and queries of the type,
"Who was owner of parcel 723 on
May 5, 1988, as recorded on May 15,
19887" answerable, A GIS to store

scientific data to study global change
or other lirge-area phenomena likely
will not need this facility. It appears
that the structure of such databases is
determined more by the data available
than the present needs of the research-
ers — not 10 excluce new uses, In this
environment, methods to inform
scientists about availahle data and
visualization methods become crucial,
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