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Abstract 
The U.S. Geological Survey is investigating its needs for 
management of temporal information in the National Digital 
Cartographic Data Base. Future production methods and 
customer requirements will probably require a capability to 
capture the history of individual features within the data- 
base. Updates to the digital database may be accomplished 
on a feature by feature basis, rather than through a revision 
of the entire map sheet, a s  has been the case in the past. Un- 
der this scenario, the ability to support queries involving the 
historical evolution of map features will require additions or 
modifications to the existing database structure. 

Introduction 
The U.S. Geological Survey (USGS), under the National Map- 
ping Program, provides base cartographic and other geo- 
graphic information covering the land area of the United 
States. The National Mapping Program also maintains the- 
matic vector products such as land-uselland-cover maps. For 
this information to be useful, it must be updated on a peri- 
odic basis. However, there are many applications for which 
it is necessary to recover previous versions of the informa- 
tion to determine changes which have occurred over time. 
Traditionally, the need for historical information has been 
satisfied by retaining copies of previous versions of hard 
copy maps. The National Mapping Program is currently mov- 
ing toward an all digital database, the National Digital Carto- 
graphic Data Base (NDCDB), which will be made available to 
the public in digital form, and support the production of tra- 
ditional paper products. Although such a digital database has 
the potential to solve many of the problems of currency and 
availability of data, it also complicates the process of main- 
taining historical data. In an ideal world, the NDCDB would 
be updated continuously as changes occur and are reported, 
resulting in a perpetually current database. However, such a 
continual updating process may not be economically feasi- 
ble. Even periodic updating of only selected features, how- 
ever, complicates the process of recreating past states of the 
data unless a new archive version of the database is saved 
after each such update. Knowledge of these past data states 
is important to permit the reconstruction of historical data 
for analysis of many problems. The analysis of this temporal 
updating problem is the major emphasis of the research ef- 
fort described in this paper. 

The USGS also maintains large holdings of raster prod- 
ucts. These include sateIlite data such as Landsat and Ad- 

vanced Very High Resolution Radiometer (AVHRR) imagery, 
and derivative raster data such as Normalized Difference 
Vegetation Index (NDW) data. The national Digital Ortho- 
photo Quad (DOQ) program, currently underway, is being ac- 
celerated in cooperation with the Department of Agriculture. 
This program will provide a digital image database of major 
portions of the country which will be updated at regular in- 
tervals. These DOQS provide a source of digital image data of 
major portions of the country for use by the public and other 
Federal agencies. Also, the USGS has adopted the DOQ as the 
standard base media for updates to the base cartographic 
map series for the country. These image data are digital in 
nature, and are entered into the database as new images are 
acquired and processed. Unlike the vector data discussed 
above, these raster data sets have naturally occurring ver- 
sions, corresponding to each acquisition of imagery. Analysis 
of change in the data is accomplished by a comparison of 
images taken at different times.Because raster data sets tend 
to have naturally occurring versions, and because the man- 
agement of raster data has unique characteristics which are 
distinct from the management of vector data, the current re- 
search project concentrates primarily upon the analysis of 
the temporal nature of the u s G s  vector GIS data holdings. 

The research project currently underway will define the 
needs for temporal cataloging of the National Mapping Pro- 
gram's vector data holdings, investigate the state of the art in 
temporal GIS systems, and outline a program through which 
the U s G s  can develop the systems necessary to maintain ap- 
propriate temporal information in the database of the future. 

Current Programs in Digital Data Generation and Update 
at the USGS 
The uSGS is currently undertaking several initiatives which 
will lead to a largely digital mapping environment by 1995. 
These initiatives are required, not only to supply the users 
with the digital data which they require, but also to increase 
production efficiency. The five major thematic layers of the 
1:100,000-scale series of digital data will be completed by 
1995. These data will consist of the culture, hydrography, 
hypsography, transportation, and vegetation layers. Under a 
new, multi-agency initiative, the U s G s  has proposed a joint 
effort to complete the large-scale digital base cartographic 
data of the country by the year 2000. The USGS will be re- 
sponsible for the base topographic data (1:24,000-scale uSGS 
quadrangle data in digital form), the Bureau of Land Manage- 
ment will be responsible for the Public Land Survey Data, 
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and the National Ocean Survey will be responsible for digi- 
tizing the Nautical Charts. 

In addition to these programs, a joint program is under- 
way with the Census Bureau to integrate the Topologically 
Integrated Geographic Encoding and Referencing System (TI- 
GER) data with the 1:100,000-scale database, by making TIGER 
data conform to the metric accuracy of the map data while 
preserving the information content of .the TIGER data. The 
USGS is pursuing the development of techniques to permit 
the merging of these data sets. 

In order to accomplish these enormous tasks, the USGS 
will rely increasingly on the private sector. Much of this 
work will be accomplished through normal contracting pro- 
cedures, wherein a private firm will be placed under contract 
to perform a service or to deliver a complete digital product. 
In addition to these normal contracting procedures, however, 
the USGS is instituting a practice called "Innovative Partner- 
ships" in order to take advantage of the large amounts of dig- 
ital data being generated by numerous private and public 
entities within the United States for various purposes. Data 
obtained under the Innovative Partnership arrangement can 
consist of entire database layers, but will more frequently 
consist of additions to existing layers. Each submitted addi- 
tion may cover many conventional map sheets. For instance, 
a major power line, highway, or pipeline would add data to 
single layers of many map sheets, but would not constitute 
the totality of any layer of any map sheet. Such additions 
will be inserted into the NDCDB by the National Mapping Di- 
vision (NMD) to generate the updated database. 

The Nature of the Problem 
In the initial stages of populating the NDCDB, updates are 
being made on a quadrangle basis. In those cases where digi- 
tal data already exist in the database, the archival record of 
the existing version is preserved by making a copy of that 
version of the digital information on some media. Thus, 
there is still a capability for retrieval of previous versions of 
the database. As time progresses updates will be made to the 
data through various means, creating still additional ver- 
sions. So long as these versions are preserved, the capability 
to recover past states of the data is preserved. The Innovative 
Partnership arrangement is a good illustration of the need to 
add a temporal capability to the current data model. In many 
cases, data from Innovative Partnerships will provide partial 
updates for one or more layers covering several quad sheets. 
It would be desirable to add these data to the database as 
soon as they are available, to ensure that the database is as 
current as possible for all potential users. However, to pre- 
serve an archival copy of all of the affected quad sheet files 
each time such an update is made will produce a much 
larger volume of archival snapshots than would be generated 
by the current practice of performing complete updates to 
quad sheets on a periodic basis. In fact, one can envision a 
situation in which geographic data ire updated on a transac- 
tional basis, in much the same way that textual information 
for such applications as inventory control is updated in cur- 
rent practice. Under these circumstances, maintaining any 
viable chronology of the data would become very unwieldy 
if a copy of the entire quad sheet file had to be made each 
time that a transactional update occurred. 

For the NMD to be able to maintain a current base of car- 
tographic vector GIS data, a data structure must be developed 
which will incorporate the capability of reconstructing the 
data as they existed at any chosen time in the past. Even 
though the total database will not be populated until the year 
2000 under optimistic assumptions, the incorporation of 

temporal information into the data entered prior to that date 
is necessary to provide a basis for future updates (Langran, 
1992). Thus, it is important that NMD determine how the 
temporal data will be handled, so that the database can be 
built with the necessary temporal information included. 

Preliminary Investigation of Temporal GIS Technology 
Although a far more thorough review of the literature will be 
undertaken during the execution of the first phase of this 
project, a discussion of the background knowledge accumu- 
lated to date will serve to place the problem in perspective, 
and to provide a basis for the requirements discussion to fol- 
low. 

In addition to the spatial aspects of time in GIS, there are 
several questions as to the nature of what is necessary to 
document the history of geographic data. First is the debate 
of what time tags should be recorded for each feature. There 
are at least three times which are relevant. The first has been 
called logical time (Snodgrass and Ahn, 1985), or event time 
(Copeland and Maier, 19841, and many other terms. This is 
the time at which the change actually occurred. Note that the 
disappearance of a feature is also an event, so that duration 
of existence of a feature is implicitly included in event time. 
Second is observation time, or the time at which the event 
was observed (Langran, 1992). Third is physical time or data- 
base time, or the time at which the event was added to the 
database (Snodgrass and Ahn, 1985; Langran, 1992). These 
three times need not be, and frequently are not, identical. In 
fact, upon further consideration, they need not even be or- 
dered consistently between events (Newell et al., 1992). It is 
entirely possible that a scientist could first enter the current 
status of the information into a database, and at a later date 
add historical data depicting the state of the information at a 
previous time. In this case, database time for the historical 
data would have a more recent date than the database time 
assigned to the original state of the data, which would be the 
inverse of the relationship between the event times. Like- 
wise, the time of observation of two changes to the physical 
reality represented by the data need not reflect the order of 
the event times at which these changes actually occurred. 
Thus, in the general sense, three time tags may need to be 
represented within the data structure. 

Recent literature has emphasized the need for records of 
evidence and process information in the temporal domain 
(Kelmelis, 1991; Langran, 1992). In this context, not only is 
the temporal duration of the three-dimensional domain im- 
portant, but also what evidence led to the change in the da- 
tabase, and what caused the change. Looking at the context 
of a two-dimensional database, with time as the third dimen- 
sion, the change in land cover from forest to barren ground is 
an event in time. The ~vidence might be aerial photography, 
but a record of this evidence would not normally be in- 
cluded in current attribution schemes in typical GISS avail- 
able today. Further, the fact that the process (for example, a 
fire) which caused the change may need to be stored in the 
database increases the complexity of storing all relevant in- 
formation. 

There are many possible views of the problem of time in 
GIS. The intended application of the GIS affects the view that 
might be chosen. PotentiaI temporal GIS capabilities include 
inventory, analysis, updates, quality control, scheduling, ani- 
mation, and static mapping (Langran, 1988). Inventory in- 
volves storing a complete description of a study area, and 
accounting for changes in the state of the area. Analysis re- 
quires the ability to explain and forecast a region's processes. 
Updates require that outdated information be replaced by 
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Figure 1. A cross section of geological formations, 
shown with the normal two-dimensional vector GIs rep- 
resentation. 

current information and also be retained and not discarded. 
Quality control requires that current data be consistent with 
previous versions, and often requires information, such as li- 
neage, in addition to the geometry and attributes commonly 
contained in GIss. Scheduling involves detecting threshold 
database states which trigger some action. Animation in- 
volves a display of a dynamic summary of processes. Static 
mapping is the generation of current versions of classic car- 
tographic products. Each of these capabilities place demands 
upon the structure of the temporal GIs. 

In general, the problem of time in geographic informa- 
tion systems can be viewed as adding a temporal dimension 
to the general two- or three-dimensional GIS problem (Kelme- 
lis, 1991). The usual representation of the Z dimension in 
vector GIS data is as an attribute attached to point coordi- 
nates or to features, but is not considered in the topological 
structure except in some cases to ensure locational consis- 
tency at nodes. These current systems might be referred to as 
2.5-dimensional GIS. The general three-dimensional case is 
defined herein as the problem of dealing with geographic 
data in a context where the bounding polygons of familiar 
two-dimensional vector GISS are replaced by general three-di- 
mensional solids. As far as has been determined in the re- 
search conducted to date, the concept of topology in this 
three dimensional space, while it has been discussed, has 
never been implemented in a general solution to the prob- 
lem. Adding the fourth dimension of time merely serves to 
add further complexity to the already complex general three- 
dimensional problem. 

In the most general case of temporal GIs, there are four 
continuous dimensions (Kelmelis, 1991). Such a system 
would be required, for instance, if it were required to view 
the changes in a three-dimensional data structure continu- 
ously through time. Real-time aircraft simulators, where ob- 
jects move continuously through three dimensions over time 
and it is desired to view the process continuously (or at least 
at very small increments in time), would at first appear to be 
an implementation of this case of four continuous variables. 
These simulation problems are soluble today through the use 
of massive computer power, and the simplifying fact that 
many of the elements, such as the terrain, are static in the 
simulation environment. The moving elements, such as air- 
craft, are modeled as unchanging solid objects which move 
only in position and attitude during time. These simplifying 
assumptions, coupled with the fact that the number and type 
of features is restricted, makes this special case of the general 
four continuous dimensional problem soluble with today's 
technology and GIS models. 

As mentioned above, in the typical 2.5-dimensional vec- 
tor GIS problem encountered in practice today, the only con- 
tinuous variables are X and Y (or latitude and longitude or 
whatever horizontal reference is desired). Z is usually treated 
as an attribute. In those rare instances where there are multi- 
ple features defined at a point in horizontal space, they are 
treated as an exception. Topology is defined with the highest 
dimensional figure being the two-dimensional polygon. The 
concept of multiple values of a single attribute for a single 
horizontal area (such as rock type as a function of elevation) 
is in general undefined. The concept of a continuous view of 
the data in the Z dimension is not contained in the database 
structure. As illustrated in Figure 1, the subsurface profile 
plot of rock strata could not be made from the two-dimen- 
sional topology, even though each point on the bounding 
curves has the elevation of the surface recorded. Only the in- 
formation relative to the surface exposure of the rock forma- 
tions is available spatially (although strike and dip might be 
recorded as attributes). However, for most GIs problems. 
where the third dimension is essentially an attribute which 
does not enter into queries in a continuous sense, the current 
structure suffices as a good compromise between an efficient 
solution and total mathematical rigor. 

Just as current systems do not treat Z as a continuous 
variable, current systems do not treat time as continuous. 
The current practice in the temporal domain is to undertake 
GIS efforts as projects. Photography is acquired, and the data 
are analyzed and placed into a GIS, possibly by updating an 
existing database for the project area. Change analysis from 
prior time periods is accomplished by loading the previous 
database from its archival media, and using it as a basis for 
comparison with the new data. Based upon this comparison, 
the change of the data with time is determined. In this cur- 
rent handling of time, not only is time excluded from the to- 
pological structure, but it is also quantized under the 
condition that all features are tagged with the time at which 
the project is archived. 

The next level of temporal quantization amounts to time 
tagging features, in much the same way as elevations are 
tagged in current two-dimensional GI%. If all features, attri- 
butes, and topological relationships were tagged, it would be 
possible to reconstruct the GIS database as it existed at any 
point in time. It would be somewhat similar in the X,Y,Z 
case to asking for all features which lay between 1000 and 
1500 metres of elevation, but not exactly, because placing el- 
evation tags on points does not allow for recovering the to- 
pology at, for instance, the 1250-metre elevation plane to be 



P E E R - R E V I E W E D  A R T I C L E  
- - - - -- I 

reconstructed. One might refer to this formulation, imposed 
on the standard 2.5-dimensional GIS, as a 2.5 + 0.5-dimen- 
sional GIs. 

At this 2.5 + 0.5-dimensional level, there have been 
some implementations. Langran (1990) describes such a sys- 
tem that was designed by Intergraph Corporation for the Na- 
tional Ocean and Atmospheric Administration. This system 
stores temporal information in feature attribute relational ta- 
bles. The system is somewhat restricted in that dead features 
do not reference graphics other than by a bounding rectangle; 
however, they do reference the current version of that fea- 
ture. Thus, although there is a record that a feature existed in 
the past, the topology cannot be reconstructed as it would 
have been at that past time. If, on the other hand, a feature 
moves, but still remains a feature, the previous location is 
preserved through linkages to previous geometry tables. 

The current NMD Digital Line Graph (Enhanced version) 
concept includes a Feature History Flag providing informa- 
tion about the origination of a given feature in a data set (i.e., 
new, revised, modified, deleted, or unchanged). This infor- 
mation relates to the latest preceding version only, i.e., it 
goes back only one generation. Thus, unless all versions are 
preserved, there is no traceability from the current database 
to the entire history of the feature, without consulting each 
precedent version in turn. Spatial changes are not retained, 
only the historical record referencing a permanent feature 
identifier. 

Some GIs systems, such as SMWWORLD, have at least 
some capability of handling version numbers for features in 
the data, which translates to a rather coarse quantization in 
the time dimension. In the SMWWORLD concept (Newell et 
al., 1992), each user can modify the basic database, and that 
user's modifications will be stored in a particular version of 
the database for that user. If there are subsequent versions of 
the database, it is imperative that no modifications be made 
to the antecedent version, or it may invalidate any subse- 
quent version. The combining of version trees from different 
users for an eventual update of the primary database is dis- 
cussed briefly. If, for instance, one user has modified a fea- 
ture which another user has deleted, the resolution of that 
conflict may well require human intervention. Thus, al- 
though versions allow temporal update without locking other 
users out of the data base, it is the opinion of the authors 
that they scarcely, as implemented by SMWWORLD, solve 
the universal problem of time management in GIs. It is, how- 
ever, a beginning. 

Preliminary Assessment of USGS Needs for Temporal 
GIs 
As mentioned above, the USGS is currently involved in sev- 
eral initiatives, most notably the Innovative Partnerships ini- 
tiative, which will likely lead to a requirement for dynamic 
updating of its geographic database. To prepare for this re- 
quirement, adequate capability for processing the data must 
be developed, without allowing the resulting system to be- 
come so overly complex that it will be difficult (if not im- 
possible) to develop, or inefficient to use after it has been 
developed. 

USGS is not attempting to solve the general temporal GIs 
problem for users of spatial data. The USGS National Map- 
ping Program role is to gather, consolidate, and archive data 
so that they are available for users, both public and private. 
Any analysis which USGS performs on the data under the Na- 
tional Mapping Program is for purposes of validation and re- 
search, and thus the internal data structure need not support 
the full gamut of possible applications. It is important, how- 

ever, that the data structure be sufficiently robust to portray 
the data and its temporal attributes, so that the user can re- 
format the data in response to a particular application while 
retaining the necessary information content of the original 
data. 

Thus, while some application may require time to be 
treated as a continuous variable, to do so within the National 
Mapping Program internal model appears at this time to be 
unnecessary, because the USGS has no information which 
would permit the changes to features contained in the data 
to be observed in a continuous manner. The UsGs is unlikely 
to have available information to trace the continuous nature 
of building a road, such as each truckload of earth moved, 
but only information which indicates the status of the road 
at the times at which the status was observed. Thus, it would 
appear that time tags on both attributes and objects in a 2.5- 
dimensional database would be adequate to represent the 
state of the features at the times at which observations were 
made. As discussed above, such a database might be called a 
2.5 + 0.5-dimensional database. 

There is still the however, of what time to rep- 
resent in the system. Traditionally, map versions have corre- 
sponded to what was introduced above as observation time. 
The map legend states that the map was made with photog- 
raphy of such and such a date, with field completion on an- 
other date. That field completion date, for all practical 
purposes, constitutes the time tag for the features checked, 
with date of photography being the time tag for other fea- 
tures. The time at which the map is actually completed and 
entered into the database becomes the database time. Event 
time is not currently a function of the USGS map making 
process, as it is not typically acquired unless by accident in 
the process of reporting of sources for map information. 
However, event time is recorded for the dates on which pri- 
mary control data are established. Event time may also be 
available for some classes of features derived under the Inno- 
vative Partnership program described above. 

It would be simplest, in a GIs for USGS's National Map- 
ping Program purposes, if only one time were required. 
There are applications for which such a system might not be 
adequate, however. If only database time were recorded, for 
instance, potential users of the data would have to verify the 
actual event time of any features appearing in the data if the 
exact time of the creation of the feature were critical for the 
application. If the time given were observation time, the 
above problem might be alleviated, because in many in- 
stances observation time might be the closest approximation 
to event time which was available. However, modifications 
to the database are made in database time, and thus the mod- 
ification records to the topology will be in database time, no 
matter what the time tag might be. Thus, if only observation 
time were stored, it might be difficult to determine the ap- 
propriate time periods in database time to use to detect 
change for a specific feature. The ramifications of these is- 
sues on the design of the CIS structure are yet to be deter- 
mined, but there seems to be a higher complexity to tagging 
by observation time thaq to tagging by database time. It 
would appear, however, that having observation time avail- 
able to the user is a requirement, so dual tags may be re- 
quired. Preliminary conclusions are that observation time 
may be included as an attribute to the features, while the 
time tags to the topological relationships would be in data- 
base time. 

As mentioned above, event time is not generally known 
to the USGS and, therefore, would not be a likely candidate 
for inclusion in the database. However, Innovative Partner- 
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ships might provide event time for some features. Whether 
USGS should store that information for those features while 
compiling or updating other features with only observed 
time, which would result in a data base containing incom- 
plete or even inconsistent information, is critical. The ques- 
tion is whether the best information available should be 
stored and, if so, would such a mixed set of temporal infor- 
mation be more confusing than illuminating or more expen- 
sive than cost effective. 

Conclusion 
The discussion in this paper describes the first efforts in a 
continuing research program within the usGs to define the 
characteristics of a temporal GIS structure for the NDCDB. 
Clearly, the definition of a temporal data model to meet the 
needs of the NDCDB is not simple and will require a careful 
balance between cost and capability. As technological capa- 
bilities change, additional opportunities for data acquisition 
and information storage may arise. In addition, new GIS and 
process modeling capabilities along with increased user so- 
phistication will place new and greater demands upon the 
data. Standardization efforts will also have an impact, in that 
the temporal requirements will have to be reflected in revi- 
sions to current standards and in the definition of new stan- 
dards. The conclusions of the current research effort, then, 
must include assessment of current needs and capabilities, 
costs and benefits, and projected future technologies and ap- 

plications. The eventual system must meet current require- 
ments, be flexible enough to permit modification to meet 
future requirements, and be implementable within the lim- 
ited resources available. There will be many difficult deci- 
sions to be made along the way to the solution. 
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