PEER-REVIEWED ARTICLE

GPS Control for 1:50,000-Scale
Topographic Mapping from Satellite
Images

Abstract

Ortho-images from digital SPOT satellite data were generated to
test their application in production and updating of 1:50,000-scale
Canadian National Topographic Maps. The orbital parameters were
modeled with Ground Control Points (GCP), and the transformation
between image and geographic coordinates was defined. Successful
production and update of digital map files, or GIS feature extraction
from base images, requires knowledge of the total error budget in the
ortho-image process. The errors were found to include the GCP geo-
graphic position error, the pointing error for GCPs in image coordi-
nates, DEM error, and transformation and resampling errors. GCP
error was studied using GPS technology, and photogrammetric and
map coordinates with variances in both precision and efficiency in
a production environment, Ortho-image chips were studied through
correlation for residual errors between the varying factors. The re-
sults show that control points acquired through differential GPS
technology with average precision handheld receivers would be suf-
ficient to meet planimetric accuracies for 1:50,000-scale map pro-
duction.

Introduction
The Canada Centre for Geomatics developed under the SIN-
APS Praject a digital approach for topographic data extraction
and map revision at 1:50,000-scale with SPOT satellite data
(Begin, 1991). Furthermore, this approach confirmed the
need for rigorously corrected satellite imagery for topo-
graphic data integration within a GIS environment. Tests
were conducted in Qubec's Eastern Townships on the Sher-
brooke Data Set (Lasserre and Lemieux, 1990). Among the
various tasks, image rectification software was developped
jointly with the Canada Centre for Remote Sensing (Toutin
and Lemieux, 1991) and ground control point (GCP) acquisi-
tion was investigated for image geocoding (Clavet, 1991). Re-
sults of this investigation revealed that, in order to produce
an ortho-image meeting positional topograpical data accura-
cies of 10 m at a 90 percent confidence level, a 4-m plani-
metric accuracy was needed for the control points.
Unanswered questions were: Which cost efficient control
point source meets the required accuracy? Are there alternate
sources and at what cost? A project with the objective to de-
termine a cost-efficient approach for GCP acquisition in or-
tho-image generation at 1:50,000-scale topographic accuracies
was defined, and the results are detailed in this paper.

Daniel Clavet

Energy, Mines and Resources Canada, Canada Centre for
Geomatics, 2144 King Street West, Sherbrooke, Quebec J1]
2E8, Canada

Monty Lasserre and Jacynthe Pouliot

Energy, Mines and Resources Canada, Canada Centre for Re-
mote Sensing, 1547 Merivale Road, 5th Floor, Ottawa, On-
tario K2G 3J4, Canada

PE&RS

In the next section, methods to collect GCP coordinates
for various acquisition sources are given. Two GPS proce-
dures are detailed and compared to other GCP sources. This
is followed by results giving cost estimates for various GCP
sources and showing precisions obtained on a point by point
basis, and ortho-image precisions estimated according to a
Total Error Budget (TEB) or obtained from ortho-image resid-
uals or from image correlation.

Methods

The Sherbrooke Data Set includes an area which can be re-
ferred to as the southern half of the National Topographic
System, NTS map sheet 21E/5 SHERBROOKE and the northern
half of NTS map sheet 21E/4 COATICOOK, thus representing a
land coverage of approximately 26 km by 40 km (Figure 1).
In order to produce an ortho-image of this area, a SPOT PLA
image acquired in June 1987 at a view angle of 29.29° was
utilized. The raw SPOT scene is presented in Figure 2 show-
ing the 31 ground stations serving either as control points or
as check points in the image rectification model. Maximum
distance between stations was approximately 30 km. Posi-
tions were determined at the center of road intersections for
each station. As suggested by Toutin and Carbonneau (1990),
an a posteriori method of GCP acquisition was followed.
Choosing easily identifiable linear feature intersections on
the image before acquiring ground coordinates minimizes
image coordinate reading errors.

For each GCP station, image coordinates were determined
on a raster/vector display system by drawing vectors over the
raster linear features and then by reading, at the intersection
of the vectors, the line and pixel values to a 1-m resolution.
The image coordinate reading error is 0.5 pixel when utiliz-
ing this method on easily identifiable features (Clavet, 1991).

GPS GCP Source

Precise station positions were determined by the Canada
Centre for Surveying using Global Positioning System GPS
Ashtech M-XII receivers. The observation period for each sta-
tion was 2 hours, and road intersection centers were ob-
tained by the antenna swapping method (Remondi, 1986);
when this was not possible in heavy trafic, intersection cen-
ter coordinates were determined by angle and distance mea-
surements from a fixed station on the roadside. Relative
planimetric precision was within 50 cm when compared to
first-order geodetic network control (Clavet, 1991). Having to
deal with data accuracies greater than 5 m RMS, these coordi-
nates are considered as being highly accurate, and were des-
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ignated as absolute values to which other source coordinates
are compared.

Less accurate GPS observations were determined with
Magellan NAV 1000 PRO receivers. These receivers are han-
dheld, requiring a laptop computer and related software. In
some cases where obstructions could occur ( trees, passing
traffic, etc.), the antenna was mounted on a 3-m extension
rod fixed on a tripod. This single channel GPS receiver uti-
lizes c/A (Clear Access or Course Availability) code to mea-
sure pseudo-ranges between receiver station and satellite
station. The horizontal coordinate accuracies, with a priori
knowledge of elevation to +1 m, are better than 15 m (RMS)
in autonomous mode and better than 5 m (RMS) in differen-
tial mode according to Magellan Systems Corporation (1990).

Figure 3 illustrates the steps that were followed for the
GPS survey with the Magellan receiver (Lasserre and Pouliot,
1990). Site reconnaissance was made on ground stations pre-
viously marked for the GPs Ashtech survey; only 20 of the 31
stations were found to be obstruction free for the Magellan
receiver, antenna, and satellite constellation specifications.
Observation periods were chosen with a Horizontal Dillution
Of Precision (HDOP) <2, HDOP being a scalar representing the
changing geometrical strength of the satellites in GPS technol-
ogy (Wells, 1986). This geometrical strength can be achieved
in most parts of the world; however, at high latitudes (> 55°)
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Fig. 1. Sherbrooke Data Set location.

a slight degradation of accuracy in height will occur in 3D
mode operation (Lachapelle, 1991). At each station, observa-
tions were made in autonomous mode and coordinates were
obtained by the averaging of 32 readings with one roving re-
ceiver. These observations were processed in differential
mode through deploying a second receiver, recording
throughout the observation period at the home station. The
receiver roving on the stations and the home receiver re-
corded coordinates time synchronously. This method uti-
lized two home stations in order to minimize distances
between home stations and the roving receiver (less than 15
km). Of the 20 stations, only 11 were considered in the final
results due to a gross error (> 5 m) in elevation introduced
at one of the home stations during calibration; this resulted
in abnormal discrepencies. Although Magellan GPS coordi-
nates were acquired in both autonomous and differential
mode, the autonomous mode coordinates were rejected on an
operational basis because of Selective Availability (sA). If sA
is set on, this could introduce random errors in coordinate
readings. Post-processing of the data was accomplished on a
PC system with Magellan and SAS statistical software pack-
ages. At this time coordinate values irregularly different were
eliminated. These generally appeared at the beginning and
end of the observation periods. Emphasis was put on insur-
ing the accuracies in datum conversions from the GPS data in
North American Datum NAD83 to NAD27 May 76 adjustment
for the topographic data.

Other GCP Sources

Positions were also determined phologrammetrically for each
station by stereoscopic model readings based on digital aero-
triangulated data, with a first-order stereodigitizer. When
comparing photogrammetric with the absolute coordinates,
the planimetric accuracy of an aerotriangulation block was
determined. The aerotriangulation data were adequate for the

Fig. 2. Raw sPOT PLA, Ground Control Point stations, and Data
Set perimeter. ©SPOT Image copyright 1987, CNES.
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Fig. 3. Flow procedure for GCP acquisition with GPs Magellan.

production of NATO A1, 1:50,000-scale maps specifications
(NATO, 1983), and the NTS maps used in this project were of
A1l standard.

Maps being the conventional source of GCP acquisition
for image geometric corrections, cartographic positions were
determined by reading coordinates from the NTS map sheets

Tasle 1.  Time anD CosT ESTIMATES FOR GCP ACQUISITION SOURCES FOR THE
SHERBROOKE DaTA SET.

GCP Source Acquisition Processing _ Cost (Cnd $)
GPS Ashtech 15 days: team of 6 5 days $800/station
GPS Magellan Dif. 3 days: team of 2 3 days $115/station
Photogrammetric 1 day; 1 operator 3 hours $15/station
Cartographic 4.5 hours; 1 operator 3 hours $8/station
PE&RS

with a digitizer cursor. Cartographic positions were also de-
termined by reading coordinates from a digital topographical
data file produced by stereo-digitization, these data being
more accurale than map data. These stereo digitized GCP co-
ordinates were rejected on an operational basis because of
various uncontrolable errors (i.e., false elevation setting, etc.)
that could have been be introduced during data capture.

Ortho-Image Generation

GCP coordinates and image coordinates were modeled within
the geometric correction software package (Toutin and Car-
bonneau, 1990, in press). This software models orbital pa-
rameters related to the scene center and resamples the image
according to calculated coordinates. It utilizes general image
information such as longitude, latitude, time and view angle,
satellite ephemeris such as satellite velocity and position,
and attitude data related to angular velocity along the three
axes. Image resampling utilizes a Digital Elevation Model
(DEM) to produce an ortho-image. For each GCP source, image
coordinates were compuled and the SPOT PLA was resampled
to produce an ortho-image.

Analysis

In order to determine the optimum type of ground control,
ortho-images were produced for each GCP type and accura-
cies were determined by either comparing ortho-image resid-
uals or by image correlation. For the analysis of residuals,
values are based on the same 11 stations for control points in
model generation, and 16 GPS Ashtech stations served as
check points for all GCP sources. Residuals were obtained by
comparing check point adjusted coordinates with the Gps
Ashtech coordinates.

Ortho-image correlation was done by comparing the
photogrammetric, Magellan GPS, and Cartographic GCP ortho-
images to the Ashtech derived ortho-image. This study uti-
lized image chips in which pixel displacement between im-
age pairs was measured (Guindon, 1985) in order to
determine their accuracy.

Results

Results are given in terms of logistical efforts (time and cost
estimates) and in terms of accuracies before geometric cor-
rection on a point by point basis. After geometric correction,
estimated and calculated ortho-image residuals were deter-
mined from check points.

Logistics

With the GpS Ashtech, 31 station coordinates were deter-
mined for a SPOT scene, in 15 days by a team of six experi-
enced operators. It took five days to process the data
(network compensation, datum conversion, and formatting).

With the Magellan in differential mode, the survey took
two days with one operator at the home station and two op-
erators on the roving receiver. Handheld receivers like the
Magellan are designed for use by non-specialist operators
and require lower overhead costs in operations and supervi-
sion. In an operational mode, the roving receiver would re-
quire only one operator, Data processing (formatting, datum
conversion, editing, and differential processing) was accom-
plished by an operator in three days.

When determining photogrammetric GCPs, one experi-
enced operator took one day to read the coordinates on a
stereodigitizer and three hours to process the data (datum
conversion and formatting).

When determining cartographic GCPs, one operator took
half a day to read the coordinates on the map sheets and
three hours to process the data (datum conversion and digital
formatting).
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Cost estimates are given in Table 1 for each source of the
ceps. They include persannel salary and travel expenses, and
amortized values of equipment or rental prices. Computer
time is not included, nor is the pre-processing phase which
is similar in cases of GPS surveying. Estimates do not include
the acquisition of frame photography for photogrammetric
GCPs.

Accuracies

Accuracies obtained with the different GCP sources are given
in Table 2, Values for photogrammetric and cartographic GCP
sources are based on 31 stations, while for the Magellan
source 11 stations were utilized. Planimetric accuracies
(CCSM, 1984) are given in terms of

csk or Circular Standard Error (confidence level = 39%),

CSE = VoX? + oY ? * 0.7071

where ¢ is the standard deviation.

MSEP or Mean Square Error in Planimetry (confidence
level = 63%),
MSEP = CSE * 1,4142

and cmas or Circular Mean Accuracy Standard (confi-
dence level = 90%).

CMAS = CSE * 2.1460

MSEP * 1.5174

Estimated ortho-image accuracy is obtained from a Total
Error Budget (TEB) formula expressed as a cMAs value:

TEB = \/m? + p? + e? + ¢2 * 1.5174

nn

where

m is a model error of 1.0 m (Toutin and Carbonneau,
1990),

p is an image coordinate reading error of 4.0 m (Clavet,
1991),

e is a planimetric error induced by the DEM of 4.0 m
(Clavet, 1991), and

¢ is the GCP source error.

Based on the MSEP (Table 2) values, the following TEB is
given for different GCP sources:

Photogrammetric = 10.0 m
Magellan Diff. = 12.4 m
Cartographic = 39.0 m

Ortho-image accuracies were also determined from the
geometric correction model residuals and by ortho-image
correlation.

Ortho-image accuracies are given in Table 3. CMAS values
at check points indicate that Ashtech precise GCps do not
produce better ortho-images than the less accurate photo-
grammetric or Magellan GCPs, Errors introduced in reading
image coordinates or errors in the DEM, both being greater
than GCP precision, have an overriding effect on ortho-image
accuracy. GCP precision would have a direct influence on or-
tho-image acuracy only when it is less accurate then the
other parameters involved in the mathematical model, as in
the case of cartographic GCPs.

Furthermore, influence of GCP precision on ortho-image ac-

Taste 2. Accuracies (IN METRES) FOR Various GCP SOURCES.
Bias Std Dev. MSEP
GCP Source X Y X Y P=63%
Photogrammetric —1.2 -0.3 2.0 2.6 3.2
Magellan Dif. -0.6 -0.1 4.5 3.8 5.8
Cartographic -4.7 —8.7 19.0 16.8 25.1

TaBte 3.  ORTHO-IMAGE AccURACIES (IN METRES) AccoRDING TO Various GCP
SOURCES.
Bias Std. Dev CMAS
GCP Source X Y X Y (P=90%)
GPS (Ashtech) 1.1 0.5 3.5 5.9 10.2
GPS (Magellan) -29 0.2 4.1 6.3 11.3
Photogrammetric 2.6 -0.9 4.8 5.9 11.5
Cartographic -1.3 6.9 3.5 10.0 16.0

curacy was tested by cross-correlating ortho-image chips. Re-
sults in Table 4 indicate that Photogrammetric and GPS
Magellan GCP ortho-images were best correlated with the
Ashtech ortho-image. Although cartographic Gcps produced
an ortho-image with similar standard deviations to the refer-
ence, offsets of 7.5 m were encountered.

Conclusions

Digital topographical data can be extracted from SPOT im-
agery when introduced through a rigorous geometric correc-
tion model utilizing orbital data, an accurate DEM, and good
quality GCPs. In order to obtain good ground control, sites
must be chosen on the image and then measured on the
ground. Coordinates must be read accurately on the image
with a maximum error of 0.5 pixel. To obtain an accurate or-
tho-image requires a minimum of six GCPs (Toutin and Car-
boneau, 1990). It was found more reliable in a production
environment to use a minimum of ten GCPs (Savopol and Le-
clerc, unpublished data, 1991) in order to strenghten model
computations, thus minimizing extrapolations in the ortho-
image.

For the Sherbrooke Data Set, photogrammetric source co-
ordinates based on precise aerotriangulated data and accurate
DEM produced ortho-images that met 1:50,000-scale plani-
metric accuracies. This is the cost efficient and accurate
method of acquiring GCPs. The main drawback is that it re-
quires existing aerial photography, an experienced operator
to read coordinates on a stereodigitizer, and precise aero-
triangulation blocks which are not always available.

When no photogrammetric data are available or they are
of doubtful quality, GPS coordinates are sufficient. GCPs ob-
tained with an average precision handheld GpS receiver pro-
duced topographically accurate ortho-images. This method
has the advantage over the previous approach of being acces-
sible to the non expert in GPS technology. When utilizing
this type of receiver in the presence of potential SA, it is sug-
gested that autonomous mode coordinates not be used but
that one should rely on differentially obtained coordinates.
When initializing the receiver for two-dimensional fix re-
cording, elevation data must be accurate to one metre for
best results. It is also recommended that test readings be run
at known points a day before the projected survey to cali-
brate the receiver, satellite constellations, and HDOP expecta-
tions.

Cartographic GCP coordinates read on A1 standard topo-

TABLE 4. CORRELATION RESULTS IN FRACTIONS OF A PixeL (10 m)
DISPLACEMENT BETWEEN IMAGE PAIRS.
Bias Std Dev. corr.
X Y X Y Coef. Remarks
Ashtech/Ashtech 0.00 0.00 0.01 0.01 1.000 to test roundoff
Asthech/Photog. 0.03  0.03 0.02 0.02 0.999

Asthech/Magellan —0.15 —0.16 0.06 0,02 0.993
Asthech/Cartog. 0.07 —0.65 0.05 0.06 0.988 max. adjust —.75
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graphic map sheets are not recommended to generate ortho-
images utilized for the production of 1:50,000-scale topo-
graphic data,

It was also demonstrated that, with image coordinates
and DEM errors not exeeding 4 m, ortho-image accuracy was
not increased with GCP accuracy greater than 3 m and that
the ortho-image meels planimelric precision for topographi-
cal data when GCP source error does not exceed 6 m. This
becomes an impetus for the use of handheld GPS receivers
similar to those utilized in the present project for GCP acqui-
sition and ortho-image generation applied in 1:50,000-scale
topographic data production and manipulation.
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GIS: A MANAGEMENT PERSPECTIVE

Roy Mead, in his review in Geo Info Systems said this book "can be helpful to most of us
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understood."

al exploration, and municipal information management.

who need to use this technology to manage resources, people, or things."

"Aronoff covers the topics just enough to give most of us an understanding of what choices
we have to make when building data bases."

Jim Smith recommends this work without reservation. In his review in PE&RS, he said this
book is "the best overall introductory GIS textbook I have seen.. complete..well written..easily

GIS: A Management Perspective discusses concise and practical ways to use GIS technology
when making management decisions. GIS principles are presented with examples that dem-
onstrate the wide range of applications in such fields as agriculture, land use planning, miner-
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