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Abstract

The advent of the Global Positioning System (GPS) technology
has not only enhanced the ease and versatility of spatial
data acquisition, but has also diversified the approaches by
which it is integrated with remote sensing and geographic
information systems (GiSs). In this paper the necessity of
integrating GPS, remote sensing, and GIS is discussed fol-
lowing their definition. The current status of integration is
reviewed under four proposed models: linear, interactive,
hierarchical, and complex. Applications of integration are
reviewed under three categories: resources management and
environmental monitoring, emergency response, and mobile
mapping. This paper reveals that linear integration is the
most common. Hierarchical integration has found applica-
tions in precision farming and environmental modeling. The
complex mode of integration is most valuable in diaster
mitigation, emergency response, and mobile mapping. With
limited cases in hierarchical and complex models, the full
potential of integration has not been achieved. The prospects
of integration are distributed mobile GISs and location-aware
multi-media digital personal assistants. As mobile communi-
cations technologies improve, full integration will find more
applications in many new fields after removal of the ob-
stacles in integration.

Introduction

The integration of remote sensing and Geographic Information
Systems (GISs) has received considerable attention in the liter-
ature. Ehlers et al. (1989) first reviewed the necessity of integ-
rating remote sensing with GIS, and discussed the potential of
integration in resource management and environmental moni-
taring. Two years later Ehlers et al. (1991) further elaborated on
how to make remote sensing data available and useful to GIS
users. Lunetta et al. (1991) addressed the issue of errors stem-
ming from data processing, analysis, conversion, and presenta-
tion in integration. They also identified research issues arising
from integration. Recently, Hinto (1996) reviewed the historical
evolution toward a closer integration of GIS with remote sens-
ing for environmental applications, and software requirements
in combining raster remote sensing and vector GIS data. Wil-
kinson (1996) comprehensively reviewed current issues in the
integration of remote sensing and GIS with an emphasis on how
GIS technology should cope with increased capability in remote
sensing data acquisition.

In the late 1980s a new technology, the Global Positioning
System (GPS), became a valuable tool in spatial data acquisi-
tion. This emergence has not only confounded the approaches
by which it is integrated with remote sensing and GIS but also
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diversified the fields to which its integration with them has
been applied. Thanks to the integrated use of GPS, remote sens-
ing, and GIS, more and more research problems in resource
management and environmental modeling can be tackled with
increasing ease. In addition, the approaches by which these
three techniques are integrated have become more compli-
cated,

The objective of this paper is twofold:

® To conceptualize the diversity in integrating the three technolo-
gies through a review of the existing literature. This conceptual-
ization will help to identify the areas in which their integration
has proved the most valuable, and reveal the extent to which
their potential has been realized. The conceptualization will
also enhance our understanding of how they can be further inte-
grated to fulfil new applications; and

e To identify the prospect of the integration, including the obsta-
cles to be overcome to achieve total integration and to deter-
mine the areas that will benefit from the total integration.

[n this paper remote sensing, GIS, and GPS are first defined.
Through these definitions, the necessity of their integration is
justified. Next, all possible methods by which the three disci-
plines have been integrated are summarized and presented
graphically. Four models of integration (linear, interactive,
hierarchical, and complex) are proposed and evaluated. The
applications involving different integrations are systematically
and comprehensively reviewed. Next, the prospect of full inte-
gration is discussed, together with the obstacles to overcome.
Finally, the paper ends with the summary and discussion
section.

Definition

Before any discussion on the integration of GPS, remote sensing,
and GIS can begin, they must be defined precisely first. With
the longest history among the three disciplines, remote sensing
has been defined in a variety of ways in the literature. Colwell
(1983) regarded it as “the gathering and processing of informa-
tion about the Earth's environment, particularly its natural and
cultural resources, through the use of photographic and related
data acquired from an aircraft or satellite.” Lillesand and
Kiefer (1994) defined it as “the science and art of obtaining
information about an object, area, or phenomenon through the
analysis of data acquired by a device that is not in direct contact
with the object, area. or phenomenon under investigation.”
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Campbell (1987) defined it as “the science of deriving informa-
tion about the Earth's land and water areas from images ac-
quired at a distance. It usually relies upon measurement of elec-
tromagnetic energy reflected or emitted from the features of
interest.” In this paper the definition of remote sensing is
broadened to include image processing systems designed spe-
cifically for the analysis of remotely sensed data.

Just as with remote sensing, GIS does not have a universally
accepted definition either. Goodchild (1985) thought GIS was
“a system that uses a spatial database to provide answers to que-
ries of a geographical nature.” Cowen (1988) defined it as “a
decision support system involving the integration of spatially
referenced data in a problem solving environment.” Stephens
(1991) regarded it as “a digital system for the analysis and
manipulation of a wide range of geographic data with associ-
ated subsystems for other forms of input and display, used in
the context of decision making.” Burrough and McDonnell
(1998) referred it as “a powerful set of tools for collecting, stor-
ing, retrieving at will, transforming, and displaying spatial
data from the real world for a particular set of purposes.”

Due to its short history of existence, GPS does not have as
many diverse definitions as do remote sensing and G1S. Wooden
(1985) defined it as “an all-weather, space-based navigation
system under development by the Department of Defence to
satisfy the requirements for the military forces to accurately
determine their position, velocity, and time in a common refer-
ence system, anywhere on or near the Earth on a continuous
basis.” Bock (1996) described the purpose of GPS as “to provide
a global absolute positioning capability with respect to a con-
sistent terrestrial reference frame.” The precise determination
of location relies on satellites and ground stations, With the
proper use of equipment, GPS positioning accuracy can be bet-
ter than a meter.

Necessity of Integration

Despite its various definitions, GIS distinguishes itself from the
other two technologies in that it enables data from diverse
sources to be integrated, analyzed, and even modeled owing to
its powerful analytical functionality. These functions, however,
cannot be fully realized if the GIS database is incomplete, inac-
curate, or obsolete. By their nature, the data contained in a GIS
database are either spatial (e.g., administrative boundaries and
boundaries of land-cover parcels) or thematic (e.g., types of
land cover). Traditionally, spatial data and some thematic data
associated with them are digitized from existing topographic
or land-use maps. Nevertheless, these maps are secondary in
nature. They may not show all desired features because of map
generalization. Second, topographic or land-use maps may be
obsolete due to rapid changes on the ground. These limitations
can be overcome with the use of remote sensing and/or GPS.
Aerial photographs and satellite images are original and are
able to offer more current areal-based data than do topographic
and thematic maps, while GPS is an efficient method of collect-
ing data in a timely fashion.

One element common to all definitions of remote sensing
presented in the preceding section is its data acquisition func-
tionality. Original aerial photographs and satellite images, digi-
tal or analog, are geographically referenced to their own coordi-
nate systems. They must be geo-referenced to a common coor-
dinate system or to a universal system if a phenomenon or area
is to be studied from multiple frames of images, or if these data
are to be spatially overlaid with data from other sources. Geo-
referencing requires some kind of geometric control on the
ground. Traditionally, geometric control for remote sensing
imagery has been derived from topographic maps because they
are readily available and geometrically reliable. Nevertheless,
topographic maps are completely ineffective in areas where no
distinct landmarks are present or where the scene has under-
gone drastic changes since the publication of the maps. In this

448 May 2002

case, GPS can be used as an efficient alternative for obtaining
spatial data that are automatically referenced to a universal
coordinate system. Point, linear, or even areal data may be
obtainable in a real-time or near-real-time fashion. Point-based
data at selected landmarks, commonly known as ground con-
trol points (GCPs), may be used to geo-reference remotely
sensed images. GPS data, even if areal in nature, can by no
means replace aerial photographs or satellite images because of
their inability in obtaining truly 2D areal data.

The above discussion illustrates that remote sensing, GIS,
and GPS are intrinsically complementary to one another in
their primary functions. Each of the technologies has its limita-
tions, If applied individually, it may be troublesome or impos-
sible for each technology to function properly in certain appli-
cations. Only through integration can their strengths be fully
utilized. Integration will not only ease their applications in
resource management and environmental monitoring (e.g.,
wild fire fighting), but also broaden the scope to which they are
applicable (e.g., real-time emergency response). As a matter of
fact, the integration of GPS, remote sensing, and GIS in combina-
tion with ground monitoring systems has proved to be an effi-
cient method of managing, analyzing, and outputting spatial
data for regional water resources management (Chen et al.,
1997). Such an integration is indispensable in devising an
effective approach for selectively applying pesticides and fer-
tilizers to improve farming efficiency and reduce environmen-
tal hazards (Runyon, 1994).

Models of Integration

The diverse methods for the integration of remote sensing, GPS,
and GIS, as has been described in the literature, can be con-
ceptulized and summarized by four models: linear, interactive,
hierarchical, and complex. They are elaborated on below.

Linear Model

Data flow linearly from GPS to remote sensing and ultimately to
a GIS in the linear model (Figure 1). In this model the unique
strength of each component is utilized to the maximum. That
is, GPS is used to obtain geometric control for aerial photographs
and satellite imagery. Rectified photographs and images are
then integrated into a GIS database. The linear structure of the
model implies that the three components are not equally
important. A GIS, being the final destination of the integration,
plays a dominant role. Rectified images form part of the GIS
database. All of the spatial analyses and modeling are carried
out in the GIS. By comparison, the role of GPS is subordinate in
that it supplies point-based data to remote sensing. In the final
GIS database, GPS-derived data are not visible due to the absence
of a direct connection between GPS and GIs. In this sense, GPS
data serve to bridge the gap between remote sensing data and
other data in the GIS database. They are used to standardize sat-
ellite images and aerial photographs to a geo-referencing sys-
tem used by other GIS data.

In this model, the integration of GPS data with remote sens-
ing occurs in three temporal modes—simultaneous, indepen-
dent, and post-processing—all of which take place prior to
integration with a GIS. Simultaneous integration is commonly
utilized in recording remotely sensed data in which a GPS unit
is mounted on an aircraft to navigate to the study area and to
obtain the position and orientation parameters of the sensor
(Monday et al., 1994). For instance, the GPS unit is able to direct
the pilot along flight lines, fire cameras at a fixed distance inter-
val, and record the coordinates of every photograph (Biggs et
al., 1989). These parameters are used to rectify the acquired
remote sensing data or to triangulate the aerial photographs.
The use of GPS avoids costly operations in building ground con-
trol for aerial triangulation (Ackermann and Schade, 1993;
Colomina, 1993). In addition to aiding in the acquisition of ste-
reoscopic aerial photographs, simultaneous integration has
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Figure 1. The linear model of integration.
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also found applications in video remote sensing (Thomas,
1997). The integration of a GPS receiver into remote sensing
data acquisition offers flexibility, allowing more information to
be acquired with less time and effort, and thus achieving a
high productivity.

The independent mode of integration applies to remotely
sensed images that have already been acquired. They are geo-
referenced using GPS-acquired coordinates that are logged inde-
pendently from the remote sensing data recording. The accu-
racy of integration is affected by the number of GcPs logged,
whether GPS coordinates are differentially corrected (Welch et
al., 1992; Welch et al., 1995), and the performance of the GPS
receiver used (Clavet et al., 1993). Errors inherent in raw GPS
readings may be suppressed through averaging repeatedly
logged coordinates, either differentially corrected or raw, of the
same location (August et al., 1994; Sigrist et al., 1999). GCP coor-
dinates averaged from as few as 30 loggings are able to achieve
a higher integration accuracy than those obtained from a
1:20,000-scale topographic map (Gao, 2000).

Post-processing integration of remote sensing and GPS data
occurs after remote sensing images have been analyzed. In the
integration the remotely sensed land-cover maps or changes in
land covers detected from multi-temporal remote sensing data
are verified in the field with a GPS unit. Assessment of the accu-
racy of the land-cover maps requires ground-cover information
at selected sites, which is obtained through field visits (Fallas
and Savitsky, 1996). A portable GPS receiver can guide and
locate sites of change identified from the overlay analysis of
multi-temporal remote sensing images (Haack et al., 1998).

Interactive Model

The interactive model bears a striking resemblance to the linear
one in structure (Figure 2). Upon closer scrutiny, data flow
mutually between GPS and remote sensing, and between remote
sensing and GIS. The mutuality implies that the ultimate task of
integration may be carried out in a raster GIS or in a digital image
analysis system such as ERDAS Imagine® Thus, remote sens-
ing can no longer be perceived as a mere feeder of data to a GIS,
Although it is possible for data to flow from a GIS to remote sens-
ing in this model, left-to-right integration is much more com-
mon than is data flow in the opposite direction, as the arrow
width in Figure 2 implies. The interactive nature among GISs
and remote sensing makes it difficult to judge their relative sig-
nificance, even though GPS as a data collection method is con-
sidered less important. Contrary to the linear model, Gps data
may be overlaid with remote-sensing-derived results to map
features such as roads that are invisible on satellite imagery
due to their coarse spatial resolution (Treitz et al. 1992). In this
case, GPS data are directly visible in the GIS database after
integration.

The integration of remote sensing with GIS is exemplified
by detection of land-cover change through the overlay of his-
toric and current land-cover maps in a GIs (Welch et al., 1992;
Haack et al., 1998). The integration of GIS with remote sensing
has been applied to facilitate image segmentation and classifi-
cation using the information (knowledge) stored in a GIS data-
base. Incorporation of ancillary data in the classification either
overcomes limitations underpinning conventional parametric
classifiers and those associated with the heterogeneity of the
scene under study, or compensates for topographic effect. In
either case, a higher accuracy is expected. The final mapping
product may be integrated into a GIS for other applications,
such as derivation of the percentage of impervious and pervi-
ous surfaces through overlay analysis (Monday et al., 1994).

Hierarchical Model

There are two tiers of integration in the hierarchical model (Fig-
ure 3), The first tier of integration (overlay) occurs between GPs
data and remote sensing imagery. In addition to the aforemen-
tioned rectification of remotely sensed images using GPS-
derived coordinates, the rectified images are also used to char-
acterize in situ samples according to their locations deter-
mined with a GPS receiver. Overlay of in situ samples with a
digital photograph or satellite imagery helps to establish the
association between the variable under study and its image
properties (Usery et al., 1995; Gao and O'Leary, 1997). Statisti-
cal relationship between the two variables may be established
using a spatial analysis package such as S-Plus. The second tier
of integration (modeling) involves remotely sensed data, other
GIS data, and/or mathematical models. The task of spatial mod-
eling can be implemented in remote sensing or a GIS, depending
on the data format. A digital image analysis system allows mod-
elings in the raster format to be carried out as readily as in a GIS.
In this model of integration there is no direct link between a GIs
and remote sensing. The role of remote sensing has become
more dominant than GiSs in raster-based applications. Remote
sensing supplies the primary data needed for monitoring and
modeling while the GIS supplements more data, and may also
provide the environment in which the modeling is undertaken.
Gps still plays a subordinate albeit expanded role because GPS
data are not directly involved at the second tier of integration.

Complex Model

Containing all possible associations between any two compo-
nents, the complex model represents the ultimate or total inte-
gration of GPS, remote sensing, and GIS (Figure 4). In addition to
all links contained in the previous three models, there is an
extra interaction between GPS and GIS. In this case, GPS data may

Datab construction

Gps ————s RS

GIS
(coordinates) |““ |1 (photos/images) [* (Database)
— I Environmental modeling l

Figure 2. The interactive model of integration.
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Figure 3. The hierarchical model of integration.

be directly exported to a GIs database to update it or to con-
struct new databases (Bor, 1994). These data can be point, lin-
ear, or even areal. Their geometric properties must be trans-
formed to those of the data already stored in the GIS database
before the integration. This integration has found applications
in precision farming in which a GPS receiver is used to measure
coordinates associated with precision-farming variables while
a GIS is used for data integration, storage, and analysis (Swin-
dell, 1995; Lachapelle et al., 1996). The integration of a GIS
with GPS is similar to that between remote sensing and GPS. This
association is initiated when the results from Gi1s modeling are
substantiated in the field, or when more ground information at
positions determined from the modeled results is collected in
the field. The circular nature of integration makes it very diffi-
cult to judge the relative importance of each component. Each
of the components can be of foremost importance, dependent
upon the specific nature of an application.

Existing Applications of Integration

The value of integrating GIS, GPS, and remote sensing lies in
those applications that require comprehensive and geo-refer-
enced data current up to seconds or instantly. These applica-
tions include resources management and environmental
monitoring, emergency response, and mobile mapping.

Resources Management and Environmental Monitoring

The integration of remote sensing, GPS, and GIs coupled with
powerful computer modeling tools enables resources manag-
ers to better adapt to the dynamic, multi-use management com-
plexities of natural resources. Integration empowers them to
quantitatively model the resources and objectively analyze
their multiple demands in nearly real time. Remote sensing is
critical to acquiring data for the efficient management of natu-
ral resources such as forests. A digital database of native and
exotic vegetation can be created from aerial photographs inte-
grated with a GIS and GPS data (McCormick, 1999). GPs data

Overlay (Insitu || GPS
samples/obs.) (coordinates)

Geo-referencing Lnatahass construction J

‘ In situ data
/ collection
v
RS

(photos/images)

& GIS
(database)

A

| Environmental modeling I

Figure 4. The complex model of integration.
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supplement the rectification and interpretation of satellite and
aerial images to be included in a forestry information system.
Additionally, a comprehensive database incorporating all
anticipated data requirements may be constructed from remote
sensing and GPS data for the assessment of ground-water
resources (Hardisty et al., 1996). In such applications satellite
imagery is used to generate base maps and initial surface hydro-
geological interpretations, whereas ground truthing and point
sampling data are obtainable using hand-held GPS units. The
parameters in water resource models may also be estimated
from remote sensing images in order to implement the model-
ing in a GIS (Chen et al., 1997).

Precision farming is one application that can benefit from
the integration of a GIS, satellite images, and GPS technologies,
resulting in the reduction in the loss of nutrients from agricul-
tural fields (Ifft et al., 1995). The location of planned cropland
areas and the associated database can be created from satellite
imagery. Remote sensing images rectified using differentially
corrected GPS coordinates have been integrated into a GIS to
determine the property of in-situ biophysical samples from
which suitability models of conifer habitat are created
(McGregor, 1998).

One environmental application of integrating ground pho-
tographs with Gps data and a GIS is visualization of scenic
resources (Clay and Marsh, 1997). This integration is achieved
through locating with a GPS unit the ground positions from
which photographs are taken. A series of three-dimensional
surfaces can be produced from the scanned images in conjunc-
tion with site data. Monitoring of beach morphodynamics is
another environmental application area that benefits tremen-
dously from the integrated use of GPS and remotely sensed data
in a GIS. The lack of distinct and stable landmarks in the coastal
environment necessitates the use of GPS in building geometric
control for remote sensing images. The development of an inte-
grated resource database, in turn, enables coastal managers to
evaluate proposed coastal management scenarios and make
ecologically sound decisions (Welch et al., 1991). Radiologi-
cally contaminated sites can be identified using portable
gamma radiation survey instruments integrated with Gps
equipment and GIS technology (Runyon et al., 1994). Maps
depicting these sites are produced in a GIS from coordinate data
along with surface gamma radiation data. The proficient col-
lection, integration, and predictive modeling of spatial data are
vital to describing and monitoring environmental cleanup
problems. Airborne remote sensors appear to have the greatest
potential for meeting these environmental needs (Albers and
Purdy, 1994).

Emergency Response

Emergency situations such as fires, accidents, and crime scenes
require automatic vehicle navigation to the concerned spot.
Profound breakthroughs in GPS and mobile communications
combined with revolutionary developments in computer tech-
nology have led to the development of land navigation systems
(Adams et al., 1990). One of the most noteworthy applications
of Gps and GIS in public safety is the Mayday system in which
motorists can call for assistance without knowing their loca-
tion in case of emergency (Carstensen, 1998).

In disaster mitigation, such as fire fighting and emergency
evacuation, it is essential to have real-time geo-referenced
information. In wildfire fighting, GPS and radio communica-
tions are used to track fire equipment and field personnel in
real time, whereas integration of GPS and GIS with communica-
tions technology provides firefighters with operational re-
sources (Ambrosia et al., 1998). Real-time remote sensing data
and near-real-time map integration and development can be
relayed to a disaster control center. Surfaces affected by forest
fires may be mapped from satellite imagery (Fernandez et al.,
1997). A GIS can be used to assess fire damage to soil and the
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environment and plan remedy measures after the fire. Imagery-
derived results can be validated by Gps-logged perimeters of
large fires. Ground and aerial observations can be integrated
with digital images to produce maps of burn intensity in order
to devise an appropriate rehabilitation program. Information
on fire-induced watershed conditions may be gathered and
mapped using GPS data, videography, aerial photographs, and
satellite imagery (Lachowski et al., 1997). GPS and satellite
imagery produced data may be overlaid on GIS data layers to
reveal details of burned property parcels (Difani and Dolton,
1992).

Effective hazard warning and disaster evacuation cannot
function properly without the integration of the three technol-
ogies. Remote sensing and communications satellites are useful
in disaster prevention, preparedness, and relief (Walter, 1990),
and already provide operational capability for storm warnings
and search-and-rescue efforts. Other capabilities, such as
improved flood prediction and global mobile communications
during relief, are almost within reach. Decisions related to
floodplain management require a high-resolution digital eleva-
tion model (DEM) and floodplain-related GIS data layers. A
high-resolution DEM may be generated using digitally scanned
photos in conjunction with highly accurate ground control
from a GPS survey (Sugumaran et al., 2000).

Mapping and Mobile Mapping

Mapping of linear features (e.g., roads, pipelines, power lines,
river networks, coastlines, etc) (Cooper et al., 1995) and, to
some extent, areal features, is achievable with GpS alone by log-
ging data along the features or their perimeters. Special point
features such as black mangrove populations can be mapped
from geo-referenced video imagery in a GIS in terms of the
latitude/longitude coordinates of mangroves (Everitt et al.,
1996). Furthermore, GPS and GIS in combination with aerial
photographs can be used to accurately locate trees and to create
appropriate maps that highlight individual trees and other
landmarks (Kane and Ryan, 1998).

Road network plays an essential role in certain GIS applica-
tions (e.g., vehicle tracking) that require road or road related
information. Road maps may be produced using innovative
methods of combining GPS with digital orthophotography (Joffe,
1994). Mobile mapping systems have proven to be by far, the
most accurate and efficient in automatically collecting road
data and relating them to other information. Through a combi-
nation of GPS with digital cameras, a mobile mapping system is
able to acquire geo-referenced images in a real-time fashion
(Tao, 2000). This system consists mainly of a moving platform,
navigation sensors, and mapping sensors (Li, 1997). The mobile
platform can be a vehicle, a vessel, or an aircraft. A successful
extension of this technology to helicopter-borne and airborne
systems provides a powerful tool for large- and medium-scale
spatial data acquisition and database updating. Navigation sen-
sors (i.e., GPS receivers) track the vehicle and provide posi-
tional and orientational parameters of the mapping sensors.
Spatial objects and their attributes are extracted from the geo-
referenced mapping sensor data in the form of digital and video
images either automatically on the mobile platform or during
post-processing (Novak, 1995). The comprehensive set of
multi-media information captured by mobile mapping systems
can be used for highway and railway maintenance, softcopy
photogrammetry, and utility mapping (Novak, 1993). Mobile
mapping technology has evolved to such a stage that it is able to
capture more information with less time and effort while still
offering high flexibility in data acquisition (Li, 1997).

Prospects for Integration

One of the exciting prospects for the integration of GPS with
remote sensing and GIS is the development of the location-
aware personal digital assistant (PDA). This system consists ofa
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hand-held computer that is equipped with a GPS receiver. Such
classic information as roads and their geometry and attributes
is stored in the GIS database (Van Essen and De Taeye, 1993).
More innovative data include popular tourist attractions, with
their ground and aerial photographs, as well as satellite imag-
ery. Common applications of PDA are vehicle navigation, route
planning, and tourism. Drivers can also rely on the system to
find their way around. Another example of a PDA application is
computer-assisted self-interview in which a PDA is used to cap-
ture vehicle-based daily travel information for the purposes of
studying transportation (Murakami and Wagner, 1999). Data
such as date, start time, journey duration, and vehicle position
(latitude and longitude) are collected automatically at fre-
quent intervals,

The location-aware PDA differs from automatic vehicle
tracking and navigation in that the navigation is guided by
voice. Furthermore, scenic views along the route of travel
together with the current location of the vehicle and the road
map of the immediate vicinity are displayed on the computer
screen. The display may be periodically refreshed and automati-
cally updated as the vehicle roams a route. The view outside the
vehicle is able to reassure the driver that he or she is on the
right track. Although such a multi-media location-aware PDA is
not available at present, it could become a reality in the not too
distant future. With the developments in mobile multi-media
communications technologies, it is anticipated that the hand-
held computer will some day be replaced with a cellular phone.
In this case, the road map and scenic views will have to be
extracted from a remote server rather than being stored locally.

Another prospect in integration is the distributed mobile
GIS (DM-GIS) which is very similar to a PDA in principle (Karimi
et al., 2000). A common DM-GIS architecture is comprised of
hand-held maobile computers and a cluster of remote backend
servers storing the GIS database. The mobile computers,
equipped with a GPS unit and cameras, communicate with the
servers via wireless networks. Unlike a PDA, the database can be
updated frequently with photographs captured by the cameras
in the field. A DM-GIS will be invaluable for applications that
require computation by field crews and/or fleets of vehicles.
Examples of such applications include emergency services,
utilities, transportation, rescue missions, telecommunications,
scientific field studies, and environmental monitoring and
planning (Karimi et al., 2000). The most severe challenge to the
implementation of a DM-GIS is the efficient checking of topology
for the data in the database, and the reconciliation of topologi-
cal inconsistencies when they occur.

Summary and Conclusions
The wide variety of approaches by which GPS is integrated with
remote sensing and GIS is summarized in four models: linear,
interactive, hierarchical, and complex. The linear model is the
classic example of integration in which the unique strength of
each discipline is utilized. Representing the ultimate integra-
tion, the complex model contains all possible interactions
between any two components. This model may degenerate into
one of the other three if some interaction is missing from the
integration, Except in the complex model, GPS, which is used to
collect point-based data for images and guide ground sam-
pling, is considered less important than remote sensing and GIS.
Remote sensing plays a more dominant role in the interactive
model than in the linear one. Its importance exceeds that of a
GIS in the hierarchical model. As the manner of integration
becomes more complicated, it is increasingly difficult to rank
the order of importance of each component in the integration.
This review has revealed that most of the integration cases
fall into the linear model. That is, remotely sensed images that
have been geo-referenced with GPS data are used to map re-
sources and model environmental issues in a GIS. In the inter-
active model, the integration of remote sensing and GIS with GPS
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is less common than in the opposite direction, probably
because GPS-guided data acquisition in the field is severely
restricted by accessibility, a problem that may be overcome
with the use of helicopters. Under the hierarchical model, there
are only few application cases, all of which are restricted to
environmental modeling and precision farming. Integration in
the complex model has found applications in emergency
response and mobile mapping.

In mapping natural resources, land-based resources such
as farmland, vegetation, and forests have been studied exten-
sively. Among environmental problems, the coastal zone has
received the most attention. By comparison, hydrology, espe-
cially watershed and stormwater management, an area that can
benefit considerably from the integrated approach, has re-
ceived insufficient attention. Nor has landscape ecology.
Although the integrated approach has been applied to hazard-
ous environments, it has not been used to monitor and model
natural hazards such as flooding, landslides, and volcanic erup-
tions. Thus, the full potential of integrating GPS with remote
sensing and GIS has not yet been realized. Predictably, more
research on the applications of integration to these areas will be
carried out in the future.

The value of integrating GPS with remote sensing and GIS is
the greatest in applications that require comprehensive, geo-
referenced, real-time or almost real-time data. These applica-
tions include mobile mapping, disaster mitigation, and emer-
gency response. The future prospects for integrating GPS with
remote sensing and GIS are in the development of enhanced
location-aware multi-media PDA systems and distributed DM-
GISs. Many new applications will become possible if the obsta-
cles to integration and mobile communications are success-
fully tackled.
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