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Highly accurate geometric correction of satellite images of
mountain areas
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Abstract:
metric correction of remote sensing images for precise match to the base maps, the difficulties in capturing ground control points
(GCPs), insufficient number of GCPs and low accuracy of the geo-referenced images remain to be frequent issues. In search for
solutions to these issues, this paper proposes a new method for the geometric correction of satellite images for the mountain ar-
eas based on the terrain feature lines extracted from the Digital Elevation Model (DEM). This method uses DEM as the base
maps without any geometric distortion for the geometric correction of satellite images. This paper presents the theories and
method to extract terrain feature lines, such as gorges, mountain ridges, peaks and concaves and describes the procedures for the

Highly accurate geometric correction is fundamental to the application of satellite images. In highly accurate geo-

geometric correction for satellite images of mountain areas based on the terrain feature lines. It further discusses the problems in
extracting terrain feature lines and capturing of GCPs, as well as the solutions to these issues. The outcome from the experiments
shows the number of terrain feature lines of mountains areas are a great many times of those in the conventional map layers of
hydrological systems and road networks, and that terrain feature lines extracted from DEM present high stability and reliability
and can be applied in the highly accurate geometric correction for satellite images of mountain areas. The results of statistical
test show the average geometric error is reduced to the size of one pixel when this method is used in geometric correction.
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control points) for highly accurate geometric correction is the

1 INTRODUCTION

main method for illuminating such errors of random distortion.

) ) ) . Difficulties in capturing GCPs, insufficient number of GCPs as
Highly accurate geometric correction of remote sensing sat- . .
T . L well as low resolution of images to be corrected are the prob-
ellite images is fundamental to the application of remote sens- o . . .
. . . lems existing in processing the satellite images with low- and
ing technology. After geometric correction at the system level, . . . . .

) . : i medium resolutions. Using ground-truthed objects provides
random errors of up to the dimensions of several pixels remain

in the satellite images, e.g. NOAA/AVHRR images corrected at
system level still maintain the errors of 1-6 pixels which ad-

practical solution to the problem in high-accuracy correction of
high-resolution satellite images but means very high cost (zhao
et al., 2007; Ren et al., 2001; Deng & Zhu, 2006), whereas

versely affect its application in assessing agricultural yields and high-accuracy correction of satellite images based on existing

monitoring of forest fires(Lip, 1994; Emery, 1989; Huang ef al.,
2000; Zhao jing, 2000; Wang, 1999). This type of errors is

digital surveying and mapping products is the most economical
and practical method.

generally random and presents unevenness and irregularity in In the application of remotely-sensed data, geographic base

spatial distribution and is attributable to mainly the curvature
and undulated topography on the Earth’s surface, changes in the
internal and external positions of the satellite sensors, atmos-
pheric reflections, and random changes in satellite’ attitude.
Therefore, in actual application of satellite images, highly ac-
curate geometric correction is often necessary (Jiang et al.,
2004; Chen & Qin, 2005), in which using the GCPs (ground
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maps are generally regarded as error and distortion free, and
satellite images need to be precisely geo-referenced to the to-
pographic base maps. The fact that base surveying and mapping
products carry certain amount of errors may enlarge the random
errors in the satellite images if they are to be precisely
geo-referenced on the base maps. Using those ground objects
that are distinctively identifiable on the satellite images, such as
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hydrological systems, road networks and lakes, to control the
geo-referencing of satellite images is an conventional approach
for high-accuracy geometric correction, in which, the sufficient
amounts of GCPs that are selected with high accuracy becomes
the key to accomplish highly accurate correction. However, for
satellite images with medium- and above resolution, distinctive
ground objects such as roads and hydrological systems barely
present. Difficulty in locating GCPs and insufficient number of
GCPs turn out to be a major problem in real-world application.
In high resolution satellite images, although fine road networks
and hydrological systems can all be visualized, such point and
line features may not be readily drawn on the geographic base
maps and it is also difficult to implement geographic correction
with existing digital vector maps. Digital Elevation Model
(DEM) is the most stable data in geographic base maps that
contain all the feature points and lines, or terrain feature lines.
The method of using such terrain feature lines contained in the
geographic base maps to correct the ransom geometric distor-
tions and errors in satellite images is the most economical and
operational solution to the problem. In highly accurate geomet-
ric correction, the selection of GCP files relies on naked-eye
recognition and interactive operations. Searching and selection
of GCPs using raster DEM or 3-dimension images generated
from DEMs are susceptible to the subjective judgment and
difficult manipulation that lead to low work-efficiency and
substantial data errors. This paper proposes a method to use
DEM to extract files of terrain feature lines, and based on
which, to control and correct satellite images. Experiment data
sets taken from DEM data and US LANDSAT ETM data at the
scale of 1:50000 are processed in the research.

2 THEORY AND TECHNOLOGY

Satellite images of mountain areas present distinctly the ste-
reo features of the landscape and contain abundant information
about terrain feature lines, and the DEM data contain all the
terrain feature points and lines at the equivalent scale, including
ridges, gorges, peaks and concaves and so on. Selection of
GCPs by using the feature structures of forking and turning
points and applying common high-accuracy geometric correc-
tion methods, the high accuracy geometric correction of remote
sensing satellite images can be accomplished which follows
these major steps of extracting terrain feature lines, selection of
GCP files, polynomial correction and processing, as well as
error estimation.

2.1 Extraction of terrain feature lines

Topography of mountain areas is often complex and diverse
where ridge and gorge lines reflect the undulations in terrain
structure, and peaks and concaves represent the altitudinal
structure of the topography. By applying raster analysis method,
the simulation algorithm of flow direction, accumulation flow
algorithm, algorithm for recognizing ground object elevation
are programmed for extracting ridge lines, gorge lines, peaks

and concave points.
2.1.1 Extraction of Gorge Lines

Based on the watercourse simulation approach that describes
the movement of surface substance from high to low elevations,
the flow direction of each raster point is identified by using the
method of largest slope of single flow direction. The accumula-
tive water confluence on each raster point is computed based on
the water-flow direction on each single raster point. A gorge, as
is called, is a catchment area in topography. A threshold is set
by human-machine interaction: when the accumulative water
confluence at a given point is greater than the threshold, the
point is taken as one the upper side of the gorge line. The
thresholds are determined through human-machine interaction.
The threshold is correlated to the DEM scale and the size of the
raster point. Too high a value may lead to the loss of those ter-
rain feature lines that describe small topography, whereas too
low a value will form surfaces of closed lines for many low-
lands, rather than the median line in the vicinity of the lowest
gorge areas. Determination of adequate threshold is key step to
the processing and analysis. Extraction of terrain feature lines
based on the above theory includes the follows steps:

(1) Computing the flow direction of raster points. As illus-
trated in Fig. 1, 1, 2, 4, 8, 16, 32, 64 and 128 represent the eight
flow directions of raster point A, e.g. due east, due southeast,
due south, due southwest, due west, due northwest, due north
and due northeast. Array-listing each raster point in the DEM, if
the elevation in vicinities of a given raster point equals, the
raster point has no flow direction and is recorded as zero. The
single flow largest slope drop method bases on Eq. (1) to cal-
culate slope drop of the eight flow directions of each raster
point, in which the largest slope is to be taken as the flow direc-
tion of the given raster point.

Drop =Az/distance x 100 €8
Where, Drop is the value of slope drop between the neighbor-
ing raster points, Az is the elevation difference between the
adjoining raster points, and distance measures the length be-
tween the adjoining raster points. Array-listing each raster
points give the direction of the slope drop in the DEM.

(2) Computing accumulative flow on raster point. The ac-
cumulative flow on raster point indicates the accumulative
value of the number of grids that flow into a given raster point.
The can only be one flow direction for each raster point. If the
adjoining eight pixels of the given raster point is examined, the
maximum inflow for the raster point can only be eight. In
computing the accumulative flow of a raster point, all pixels

32 64 128
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8 4 2

Fig. 1 Eight flow directions of raster point 4
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that flow into the given raster point are array-listed. In other
word, the inflow points are searched along the inflow direction
toward the high elevation until no more inflow points can be
found. Then, counting all the pixel points of the given raster
point generates its accumulative flow. On the basis of the above
theory, an octree is used for modeling, in which, the root nodes
of the entire octree are the raster points for which the accumu-
lative flow will be calculated. The 1st level nodes has eight
bifurcations which corresponds to the eight raster points of the
given node, e.g. upper left, left, lower left, lower, lower right,
right, upper right and upper (See Fig. 2 Inflow model of raster
points). If a given flow direction of the eight child nodes points
toward the parent node, then the bifurcation exists. Otherwise,
the bifurcation is interrupted. Afterwards, child nodes for the
2nd level nodes can be built using the same method, until any
child nodes at any level are not found. Counting all the nodes
that derive from the root node on the octree will generate the
accumulative flow; then remove the repeated computation with
optimization algorithm.

Upper | (jpper | Upper
left ppe right

Left | A4 | Right

L
ower Lower Ltl)wer
left right

Fig. 2 Relation of the input of raster point A4 and parent node and
child node in an octree

(3) Threshold identification. Plug in the raster data for ac-
cumulative flow and visualize in monochromatic map. High
luminance marks areas with high accumulative flow. Rudimen-
tary visual judgment of the gorge topography helps to select
typical gorge areas for interactive queries to determine the
threshold for the accumulative flow of a gorge. The first com-
putation for extracting gorge features on the image is then con-
ducted by array-listing all raster points: if the accumulative
flow is greater than the threshold, then Mgorge=1, if not,
Mgorge=0. Mgorge is the rasterized gorge map. Visualize
Mgorge, and give a judgment on the extracted product. If the
product is of poor visual effect, adjust the threshold until satis-
factory visual effect is attained.

(4) Vectorization. Using common function to convert the
rasterized catchment areas into vector lines, that is, the genera-
tion of gorge feature lines. Cleaning up of the vectorized maps
is necessary to remove those very short and broken lines and
speckles.

2.1.2  Extraction of ridge lines

Reversing the computation for the DEM, that is, to invert the
high elevation areas into lowlands, and verse versa. Choosing
appropriate M and apply the following conversion formula:

DEM_1 =M —-DEM

Generally speaking, M should be two times of the original
DEM elevation. After the topographical reversion of the origi-
nal DEM, the new output is processed by repeating the methods
in Section 2.1.1 to obtain the ridge line features.

2.1.3  Extraction of single peaks

In general, single peaks are point terrain features that are of-
ten higher in elevation than those neighboring objects.
Smoothing is used to level the highlands on the original DEM.
By comparing the newly processed DEM with the original ones,
those points with significant leveling are peak points. Using
general resampling method to resample the original DEM in
which the pixel size should be two times of the original to gen-
erate the new DEM. The new DEM is then repeatedly proc-
essed two to three times by applying data smoothing with fil-
tering kernels. By calculating the differences between the
original and the latest DEMs with the methods given in (3) and
(4) of Section 2.1.1, the vector data of peak points is obtained.
2.1.4  Extraction of point concave features

By using inversed computing of the DEM as described in
Section 2.1.2, single point concaves can be obtained by repeat-
ing the method in Section 2.1.3.

2.2 Selection of GCPs

In the common map visualization and editing environment
in a GIS interface, input the ETM satellite imagery corrected at
the system level and display in false color; input gorge lines and
display in blue; input ridge lines and display in red; input the
map layer of mountain peaks and display in red, and also the
concave layer visualized in red spots. The needed GCPs for
gorges can be selected by manual manipulation using the
matching method for homonymy ground objects (points)
through collecting the coordinates of the feature points in the
gorges or concaves, as well as the coordinates of the same ob-
jects/points from the corresponding satellite imageries. Rotate
all the datasets by 180 degrees an collect the GCPs for moun-
tain ridges and generate the GCP files.

2.3 Rectification processing

As errors from random distortion inherently maintain un-
evenness and inconsistency, the perimeters of each and every
area on satellite images have their own GCPs which imply in-
adequacy in geometric correction with higher polynomial or
rational function methods for the entire area; in this case,
self-adaptive correction based on the triangle network is
adopted.

2.4 Error estimation

The errors resulting from geometric correction of satellite
imageries are random variables that obey normal distribution by
error theories. Then, the errors can be estimated based on with
statistical test, The sample points for error estimation are ob-
tained by using the following operations: create a map layer of
kilometer grid with a starting point that satisfies the random-
ness needs; Use the grid points as the measurement unit to take
random samples; look for the distinctly identifiable ground
objects located closest to a given grid point; Use the map layer
of terrain feature lines to measure the geometric errors that exist
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in the satellite imagery on the computer screen. The aggregate
of errors on each grid point Xj, X5, ..., X, form the samples of
joint accumulative distribution for error estimation, in which
the mean value AX is taken to estimate the total error using the
following formula for AX:

<X1+X2;---+Xn) ®

where, n is the number of samples and the confidence interval

AX

for confidence 1-a is:
(AX=St,, (n=1)/n"%, AX+ Styn(n—1)In'"?) 3)
Where, S2={(X\~AXY+(Xo-AX)™  + (X-AX} (1), 1

(n—1) is the two-way quantile for #(n—1) distribution.

3 EXPERIMENT RESULTS

3.1 Target area for the experiment

The target area for this data processing experiment is Anning
City that adjoins Kunming City and located between E102°10'—

102°37" and N24°31'—25°06". Anning is located on the eastern

brim of the Central Yunnan Plateau where the landscape is
conspicuously undulating and belongs to mid-mountain physi-
ognomy.

3.2 Data preparation

The Enhanced Thematic Mapper (ETM) satellite image that
Southwest Forestry University procured from Chinese Acad-
emy of Sciences in 2000 is used for the experiment. Specifica-
tions of the satellite image are as follows: Satellite orbit pa-
rameters WRS (Word Reference System): 129/043; array size:
6969 columns by 5965 lines; sun altitude: 52.4 and sun azimuth:
139.8; scene center at E103°5'0” — N24°33'0". It is a product

generated from system-level geometric correction and a
near-true color composite satellite image by compositing RGB
band 5, 4 and 3.

A map layer of contours generated from a relief map with a
scale of 1 © 50000 is used as base data for extracting the terrain

feature lines.

3.3 Extraction and results of terrain feature lines

3.3.1 DEM generation and processing
The digitized contours (scale: 1 : 50000) is input for gener-

ating TIN data, which is then converted into raster data arrays
with a resolution of 10 m, or the DEM, which is smoothed,
noises eliminated and false depression points cleared.
3.3.2  Extraction of and results from terrain feature lines

In the ArcGIS Workstaion environment, a computer program
tool is written in AML programming language for automated
extraction and processing of gorge and ridge lines. Through
multiple experiments and adjustment of thresholds, satisfactory
results are obtained when L is assigned the value of 60. Fig. 3
presents the effect of a product from overlaying the gorge and
ridge lines extracted from DEM on the 3-diemension image in

which blue vector lines are the gorge lines, and red vector lines
the ridge lines.

Fig. 4 gives a visual display of overlaying gorge lines ex-
tracted from the DEM and hydrology system from the relief
map (scale: 1:50000) on the satellite imagery. It is obvious that
the vector data for the hydrology system and gore lines are not
of the same scale of data quantity: hydrological lines present
only in large watersheds whereas gorge lines show up in any
undulating topography. Therefore, it is quite feasible to control
the correction of random geometric distortions on the satellite
image wherever there is undulating topography.

Legend

—— Ridge lines |

Valley lines

Fig.3 A Visual presentation of overlaying extracted ridge (red) and
gorge lines (blue) on a topographic map
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Fig. 4 Overlay visualization of gorge and river lines on
a satellite image

3.4 Extraction and correction of Ground Control
Points (GCPs)

A GCP collection program is written in AML to perform the
operations of adding, deleting, saving GCPS and exit from the
program to allow the interactive selection of GCPs in large
batches. In the area of more than 1000 km? of Anning City, the
GCPs created in the FGCP file reach as high as 1175. During
the GCP selection, those crosses and turning points with good
visual effect on the satellite images are chosen as the GCPs.
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Moreover, GCPs should also be located to small locals on the
satellite image. The territory of Anning City is very fragmented
and undulating, therefore, dense GCP collection can be attained
by using gorge lines; therefore, the GCPs in the experiments are
mainly taken from the gorge lines.

3.5 High accuracy correction and error estimation
based on the terrain feature lines

Geometric correction is processed in a Workstation environ-
ment and image with nearly perfect rectification is obtained.
Those identifiable topographical features represented in the sat-
ellite image are accurately rectified with most of the gorge lines.

From graticules created with 0.02° intervals and codes as-
signed to the grids, a small sample of 20 grid points is ran-
domly selected, as shown in Fig. 5. Base on projection of the
graticule map and taking the gorge lines as true value, the errors
of the grid points selected as samples are measured by using an
integrative method to obtain the sample data (See Table 1).

] 1
fae™ |

4
Legend 1
—— Valley line |
¥ i TSI O

Fig. 5 Interaction interface of GCP collection

Table 1 Sample points used in error estimation

Code Error/m
01 28.63
02 16.98
03 30.35
04 41.55
05 26.88
06 34.28
07 56.35
08 29.86
09 22.32
10 46.53
11 34.63
12 12.87
13 22.23
14 9.11
15 35.30
16 24.16
17 34.71
18 24.68
19 42.40
20 35.24

Applying Eq. (2) gives an overall average error of:
AX=30.453 s=1.381.

Taking the confidence of 90% and checking the two-way
quantile table of T distribution with a 19 degree of freedom, the
overall estimated interval is calculated to be (29.92, 30.99).
With Eq. (3), the overall estimated interval is (29.92, 30.99).

The outcome from the experiment shows that the average
geometric error is less than one pixel, or 30 m, and 90% of
certainty leads to the judgment that the corrected error is be-
tween 29.92m and 30.99m.

4 CONCLUSIONS AND DISCUSSIONS

4.1 Conclusions

The following conclusions are drawn from the above study:

(1) The study proposes a set of theory and methodology for
rectifying remote sensing satellite images of mountain areas by
controlling terrain feature lines. This methodology is based on
the special features of the DEM terrain feature lines to represent
the topographical undulation and uses these features as baseline
to implement highly accurate correction of the random geomet-
ric distortions of remote sensing satellite images.

(2) By replacing conventional control and correction of map
layers with the new method based on the DEM terrain feature
lines, the quantitative scale of control lines is greatly expanded,
which provides solutions to the difficulties in identifying GCPs
and insufficient number of GCPs.

(3) This method is applicable in the highly accurate geomet-
ric correction of satellite images for mountain areas with sig-
nificant topographical undulation.

(4) Outcome from the experiment shows that the geometric
error of satellite images after highly accurate correction is less
than one pixel.

4.2 Discussions

Due to poor visibility of small roads and hydrological sys-
tems on remote sensing satellite images with a resolution below
10 m, there exist difficulties in locating GCPs and insufficient
number of GCPs during the highly accurate geometric correc-
tion. In particular, in mountainous areas, due to the impact of
projection distortion, there are only a few identifiable GCPs
which lead to poor quality in some local areas in a corrected
image. In areas of undulating topography gorge lines and ridge
lines are often present, which can be extracted to create terrain
feature lines with DEM data and used to control and correct the
satellite images, as solutions to the aforementioned problems.

In the process of extracting the terrain feature lines, there are
considerable difficulties in setting the threshold. In the case of
too small a threshold, those small topographical features can
not be sufficiently extracted, whereas those larger topographical
features can not be presented in terrain feature lines if too large
a threshold is set. In future practice, consideration should be
given to acquire terrain features lines at various scales through
manipulating multi-resolution and multi-temporal data sets.
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In areas with insignificant topographic undulations, artifi-
cially enlarging elevation ratios can produce considerable to-
pographic undulations for flat areas. The approach to apply this
method to extract the terrain feature lines in areas with more
flat landscape is worth further research attention.

In reversed DEM conversion, the M value can be taken to be

1.5—2 times of the highest elevation and will not affect the

outcome of the analysis, as in nature it is a simple linear trans-
formation. In the future, considerations should be given to to-
pographic inversion by using inversely proportional inversion.

In the process of GCPs collection, due to visual limitations,
it is generally easy to identify the correlations between a pseudo
stereoscopic images and terrain feature lines of gorges, but
difficult to identify such correlations between the terrain feature
lines of mountain ridges. Certainly, due to erosion on the
Earth’s surface in the long past, relatively flattened ridges of
some mountain peaks is another cause of such difficulties. In-
verting all the spatial data by 180 degrees can be one practical
method to collect the GCPs of mountain ridges, but it has not
been further researched into in this study.

In the error estimation as discussed in the paper, mid-point
estimation and interval estimation in statistics is used to esti-
mate the errors in highly accuracy correction. The error gener-
ated from the mid-point error estimation is 33.25m which is the
size of one pixel on the image and approximate to the error
estimate in the study. As the performance of the highly-accurate
correction effect in this study is assessed by the distance be-
tween the ground objects and the terrain feature lines, regard-
less of the plus-minus values, therefore, using the error estimate
method in the paper help to ascertain the accuracy in the image
correction.

As the multiband ETM image comes with a resolution of 30
m, when the image is enlarged to a scale of 1:20000, mosaic
effect adversely affect not only GCP identification and selection
by naked eyes but also the measuring and assessment of errors.

Data fusion of multiband images, sub-pixel decomposition and
image enhancement contribute significantly to improving the
visual effects and visible scales of satellite images.
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