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3-D Shoreline Extraction from IKONOS 
Satellite Imagery

RON LI 
KAICHANG DI 
RUIJIN MA
Department of Civil and Environmental Engineering and Geodetic Science 
The Ohio State University 
Columbus, Ohio, USA

Shorelines are recognized as unique features on Earth. They have valuable properties 
fo r  a diverse user community. A t present, photogrammetry is the most popular technique 
used to capture a shoreline. With improved resolution and accuracy, commercial high- 
resolution satellite imagery is demonstrating a great potential in the photogrammetry 
application domain. One example is the utilization o f IKONOS satellite imagery in 
shoreline extraction. IKONOS panchromatic imagery has a resolution o f  approximately 
one meter as well as the capabilities o f stereo imaging. This article presents the results o f  
an experiment in which we attempted to improve IKONOS Rational Functions (RF) fo r a  
better ground accuracy and to employ the improved RF fo r  3-D shoreline extraction using 
1-meter panchromatic stereo images in a Lake Erie coastal area. Two approaches were 
investigated. One was to rectify the ground coordinates derived from  vendor-provided 
RF coefficients using ground control points (GCPs). The other was to refine the RF  
coefficients using the GCPs. We compare the results from  these two approaches. An 
assessment o f  the shoreline extracted from  IKONOS images compared with the existing 
shoreline is also conducted to demonstrate the potential o f  the IKONOS imagery fo r  
shoreline mapping.

Keywords shoreline, RF, aerial triangulation

Shorelines are recognized as unique features on Earth. They are one of 27 global “Geo- 
Indicators” referred to by the International Union of Geological Science (Lockwood 1997). 
Shoreline mapping has a history that began in 1807. Traditional shoreline mapping in small 
areas is carried out using conventional field surveying methods (Ingham 1992). Currently, 
the method most frequently employed for national shoreline mapping is photogrammetry. 
Recent developments in Global Positioning System (GPS) technology have stimulated an 
interest in its application to large-scale shoreline mapping. Land vehicle-based mobile 
mapping technology uses GPS receivers and a beach vehicle to trace water marks along a 
shoreline (Li 1997; Shaw and Allen 1995). LIDAR (Light Direction and Ranging) depth 
data have also been used to map regional and national shorelines (Ingham 1992).
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With the launching of high-resolution satellites, a new era for digital mapping has 
opened, providing high-resolution images that can be utilized in shoreline mapping. 
IKONOS imagery from Space Imaging, Inc., is currently the only commercial high- 
resolution satellite imagery available to the public. Both 4-meter multispectral imagery 
and 1-meter panchromatic stereo imagery are available. With its capability for stereo imag
ing, it is hoped that IKONOS 1 m imagery can be used to replace the photogrammetry 
approach in some cases.

Rational Function (RF) is a model using a ratio of two polynomials to approximate 
the rigid imaging geometry. It executes the transformation between the object space and 
image space. For computational stability and to minimize computational errors, the image 
coordinates (x, y) and ground coordinates (X, Y, Z) are normalized to the range [—1, 1] by 
their image size and geometric extent. Thus the RFs can be expressed as (Di et al. 2001; 
Madani 1999; OGC 1999; Whiteside 1997):

P i(X , Y, Z) P3( X , Y , Z )
x = ------------------, y = ------------------. (1)

P2(X ,Y ,Z )’ 3 P4(X ,Y ,Z )

Polynomials Pi (i =  1, 2, 3, and 4) have the general form:

mi m2 m3
P(X , Y, Z ) =  LEE a jjk X ^ Z * . (2)

i= 0  j= 0  k= 0

In normal use, the order of the polynomials is limited to 0 < mi < 3, 0 <  m2 < 3, 
0 < m3 <  3 and mi +  m2 +  m3 < 3. Each P(X, Y, Z) is then a third-order, 20-term 
polynomial:

P(X, Y, Z) =  So "P 3jX -F a2Y +  a3Z +  t^X2 -f- ÍI5XY +  a^XZ +  ÍI7Y2 

+  a8YZ +  a9Z2 +  ai0X3 +  a„X 2Y +  ai2X2Z +  a13XY2 

+  aj4XYZ +  ai5XZ2 +  a^Y3 +  anY2Z +  a^YZ2 +  a^Z3. (3)

The RF coefficients in IKONOS products are calculated based on virtual control points 
generated from a rigorous sensor model. In cases where no GCPs are used, the RF coef
ficients provided may contain relatively large errors. Researchers have studied such errors 
and found that these errors often exist as systematic errors in linear form. In this article, 
we investigate a methodology for using IKONOS stereo imagery in digital shoreline map
ping and for improving the ground point accuracy using two techniques developed for this 
research.

Accuracy Refinement for RF Outputs
The IKONOS images used in this experiment were taken in the Lake Erie coastal area in 
March 2001. In our project, we performed a GPS survey and obtained 11 control points. 
Image coordinates for these control points were measured manually. Ground coordinates 
were calculated using the Rational Function that came with the image data. After registering 
the two sets o f ground coordinates within the same reference system, differences between 
these two control point sets were calculated (Figure 1). The display in Figure 1 is magnified 
50 times for better visualization. From Figure 1, we can see that the dominant errors are
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FIGURE 1 Systematic error distribution detected at GPS control points from IKONOS 
stereo images.

systematic and exist mainly in the X-direction. The maximum difference between GPS- and 
RF-derived coordinates for the control points falling within one stereo image pair equals 
16 m. Thus the accuracy of the ground coordinates calculated from IKONOS RF should be 
improved if the satellite image data are to replace aerial photographs for shoreline extraction.

There are two ways to improve the accuracy of ground coordinates. As mentioned 
above, the RF model can approximate the rigid imaging geometry using vendor-provided 
RF coefficients. However, these coefficients are derived from virtual control points instead 
of ground truth. Thus the first approach is to improve the accuracy of the coordinates 
calculated from these rational functions by refining the vendor-provided RF coefficients 
based on ground truth. This method requires a large number of ground control points. The 
second approach is to directly refine the ground coordinates that were calculated from the 
vendor-provided RF. This second method is usually performed as a linear transformation 
based on significantly fewer ground control points than that used in the first approach. While 
the first method requires more control points, refinement is carried out at one time and the 
refined RF coefficients can be used in producing different products such as orthoimages 
and DEM. Though the second method requires fewer control points, the refinement process 
needs to be performed separately for each output. We investigated these two methods and 
discuss the results below.

Refinement o f  Vendor-Provided RF Coefficients (First Method)

An RF coefficient refinement method was developed based on the ground control points in 
order to increase the accuracy of the rational functions. New RF coefficients were calculated 
iteratively based on least-squares adjustments. In our research, derived RFs are in the same 
form as that of the vendor-provided RFs—the ratio of two third-order polynomials where 
the numerator and denominator in the rational functions are both third-order polynomials.
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The functions we have are upward projection functions that transform ground coordinates 
into image coordinates. Considering the first coefficient in the denominator as a constant, 
there are in total 78 unknowns in both functions of X and Y coordinates. Thus at least 
39 ground control points are needed for each image in the stereo pair. Unfortunately, there 
were less than 39 GPS control points available within the coverage area of the IKONOS 
images. To obtain sufficient high-accuracy control points for RF coefficient refinement, an 
aerial bundle adjustment of the NOAA/NGS aerial photographs was carried out and accurate 
orientation parameters of the aerial photographs were estimated.

In the bundle adjustment, 10 GPS control points were used. Tie points were intentionally 
selected so that they could also be picked up from the IKONOS image and thus, if sufficiently 
accurate, be used as control points in the RF coefficient refinement. After performing the 
bundle adjustment, we obtained 57 control points for each stereo image. These control 
points had accuracy levels of 0.3 m, 0.3 m, and 0.5 m, respectively, for the X, Y, and Z 
coordinates. We then refined the RF coefficients using these control points.

For each IKONOS image, 52 of the 57 GCPs were chosen to derive the new RF 
coefficients; the remaining five were used as checkpoints. Figure 2 shows the distribution 
of these points (Triangles are control points and dots are checkpoints).

The new RF were refined using a least-squares adjustment performed on the GCPs, 
taking the vendor-provided RF coefficients as the initial values to reduce the iterative com
putation. Ground coordinates of the checkpoints were computed by space intersections

FIGURE 2 Distribution of control points (triangles) and checkpoints (dots) in the first 
stereo pair for RF coefficient refinement.
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TABLE 1 RF Refinement Results
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RMS errors of the refined 
ground coordinates (m)

Refinement method Stereo pair X Y Z

First method Stereo 1 2.489 4.404 0.746
Stereo 2 1.863 4.124 4.318

Second method Stereo 1 1.342 1.051 1.632
Stereo 2 0.991 0.787 1.513

using the refined RF coefficients. Accuracy of the refined RF coefficients was then assessed 
on the checkpoints by calculating the difference of their coordinates computed from the 
refined RF and the coordinates calculated from the aerial triangulation. Root Mean Square 
(RMS) differences are listed in Table 1.

It is important to note that horizontal ground coordinates calculated using the original 
and refined RF coefficients are in the geographic coordinate system in latitude (degree) and 
longitude (degree). The elevation unit is meters. All the measurements are in the WGS84 
reference framework. Ground coordinates used in accuracy assessment were the coordi
nates in meters in a Universal Transverse Mercator (UTM) projection. This was done by 
transferring the geographic coordinates into UTM coordinates, after which the discrepancy 
was calculated.

Refinement o f  Ground Coordinates Calculated from  Vendor-Provided RF  
(Second Method)

The second method is to correct the ground coordinates calculated from the vendor-provided 
rational functions directly using the ground control points. This method was tested using 
first-, second-, and third-order polynomials for a transformation from the RF-derived ground 
coordinates to the final corrected ground coordinates. Only the first-order polynomials were 
found to be most efficient. The other two have error levels of tens of meters. This is due to the 
fact that the errors between calculated and actual coordinates are linearly distributed. This 
experiment was also carried out on the ground control points. We first derived the transfor
mation coefficients using the control points. Subsequently we transformed the checkpoints. 
By comparing the coordinates of the checkpoints calculated from the transformation with 
the coordinates calculated from the aerial photogrammetric triangulation, we obtained the 
RMS errors for the checkpoints. Nine GCPs and 45 checkpoints were used in Stereo Pair 1 ; 
eight GCPs and 49 checkpoints were used in Stereo Pair 2. See Figure 3 for the point dis
tribution in the second stereo pair. Three of the 57 points in Stereo Pair 1 were eliminated 
because the discrepancies were too large and, therefore, they were treated as blunders. The 
RMS errors of the checkpoint ground coordinates for the Second Method are also listed in 
Table 1.

Comparing the results of these two refinement methods listed in Table 1, the second 
method (refining the ground coordinates from vendor-provided RF) appears superior. This 
outcome may be partly due to the result of the flatness of the test site (where a polynomial 
fit is more effective). Further research with mountainous terrain data sets may conclude 
differently. The over parameterization issue should also be investigated. In general, ground 
coordinates derived using either method can reach an accuracy of 2 to 4 meters.

The U.S. Geological Survey (USGS) 1:24,000 scale topographic map is accurate to ap
proximately 12.2 meters. The National Oceanic and Atmospheric Administration/National
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FIG U R E 3 Control and check point distribution in the second stereo pair for coordinate 
refinement.

Geodetic Survey (NOAA/NGS) 1:5,000 scale Coastal Topographic Survey Sheet (T-Sheet) 
is accurate to approximately 2.5 meters (Li et al. 2001). In comparison, ground points de
rived from IKONOS 1-meter panchromatic stereo images reach an accuracy level close to 
the NOAA/NGS T-Sheets and are more accurate than the USGS 1:24,000 topographic maps. 
Thus IKONOS imagery in certain situations can achieve the same accuracy level as the pho- 
togrammetric approach for coastal mapping, while providing less expensive processing and 
production procedures in the future.

3-D Shoreline Extraction from IKONOS Imagery 
Shoreline Extraction in Image Space

Deriving a shoreline from IKONOS images is done by calculating shoreline ground coor
dinates from shoreline image coordinates using rational functions. In this procedure, the 
first step is to obtain the shoreline image coordinates in both images of a stereo pair. During 
satellite imaging, one ground point is projected onto both images of the stereo pair. The 
resulting points in the stereo images are called conjugate points. The major task in shoreline 
calculation is to find the conjugate points on the shoreline in both images. We first attempted 
to pick up the conjugate points manually and then connected these points in a sequence to 
represent the shoreline. This work was very labor intensive. In addition, it is very difficult 
to find the conjugate point on the shoreline in areas where the shoreline does not have much
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curvature change and the background does not have sufficient texture information. To solve 
these problems, we developed a semiautomatic method. A shoreline was digitized in one 
stereo image by manually selecting the shoreline vertices. Then the conjugate points of 
these vertices in the other stereo image were determined using an image-matching method.

The manually digitized shoreline was overlaid on the first image to make sure that 
sufficient digitized points are used to represent the shoreline in each image. Extraction of the 
conjugate points in the other image should be performed with great care because mismatched 
conjugate points can produce significant errors in the computed ground coordinates. The 
shoreline is a clear feature on the IKONOS stereo images that are resampled using epipolar 
geometry by the vendor so that y-parallax values of the conjugate points are very small 
(Grodecki 2001). In our data set, the maximum y-parallax is 3 pixels with most values 
being 0 or 1 pixel. Thus, an area-based matching using normalized correlation coefficients 
was performed directly in the original images. Figure 4 shows the matched points in the 
Sheldon Marsh area. There are 560 points matched along the shoreline. We used Arc View 
software to check the quality of the matched points and edit them. Six mismatched points 
were deleted and 12 points were added manually. For the second stereo pair, we manually 
selected 192 points in one image. Their conjugate points were all found by the area-based 
image matching technique.

3-D Shoreline Calculation

3-D coordinates of the shoreline can be calculated from the matched image points in the 
stereo images using upward rational functions (Di et al. 2001). Since the rational functions 
calculate the image coordinates from the ground coordinates, an iteration algorithm was 
employed. Note that the RF coefficients were refined by using the ground control points. A 
transformation was carried out to convert the geographic coordinates (latitude, longitude)

FIG U RE 4 Matched shoreline points in first and second image.
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Sheldon Marsh

Lake Erie

A  /  Shoreline 1997 
f \ /  Shoreline 2001Huron Harbor

FIGURE 5 Shorelines from 1997 aerial photos and 2001 IKONOS imagery.

into the UTM coordinates (X, Y). Figure 5 shows the calculated shoreline from the IKONOS 
stereo images along with the shoreline extracted from 1997 orthophotographs generated 
from NOAA aerial images. Figure 6 illustrates both shorelines in an enlarged area of Sheldon 
Marsh. The solid line is the shoreline from the 1997 aerial orthophotographs and the spurred 
line is the shoreline calculated from the 2001 IKONOS stereo images.

In Figure 6 , the difference between the two shorelines is obvious. The maximum 
difference is approximately 43 m (seen in the lower right section). We can also see that a

Lake Erie

/ \ /  Shoreline 1997 
/ \ y  Shoreline 2001

Sheldon Marsh

100 M eters

FIGURE 6 Shorelines enlarged from Figure 5 in Sheldon Marsh area.
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portion of the 2001 shoreline extends into what was formerly the lake. This is because the 
water level in Lake Erie has dropped significantly in the past three years. In addition, the 
sand barriers were disconnected in 1997 and are now connected in 2001 when the water level 
dropped. There are also sections where the shoreline moved landwards, showing erosion.

Conclusion

Shoreline mapping is attracting increasing attention from experts of photogrammetry, re
mote sensing, and GIS. The new generation of commercial satellites offers high-resolution 
image data as well as the capability for stereo imaging. Thus they provide new possibili
ties for efficient shoreline mapping. This study demonstrates that a shoreline derived from 
IKONOS satellite imagery can reach a ground accuracy of about 2-4 meters, which is 
close to the NOAA/NGS 1:5,000 T-Sheet accuracy and higher than the accuracy of USGS 
1:24,000 topography maps. Shorelines thus derived can be used in a variety of coastal 
applications.

The above shorelines are not tide-coordinated shorelines (Li et al. 2002) referenced 
to MLLWL (Mean Lower-low Water Level) or MHWL (Mean High Water Level). Deriva
tion of such tide-coordinated shorelines from the instantaneous shorelines from IKONOS 
imagery is a subject of our current research.
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