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ABSTRACT

The Rational Function Model (RFM) has been considered as a generic sensor model. Compared to polynomial models
widely used, RFM is essentially a more generic and expressive form. The RFM is technically applicable to all types of
sensors such as frame, pushbroom, whiskbroom and SAR etc. With the increasing availability of the new generation
imaging sensors, accurate and fast rectification of digital imagery using a generic sensor model becomes of great
interest to the user community. In this paper, the technical viability of use of the RFM is examined. This paper firstly
presents a brief overview of the geometric models used for the rectification of digital imagery. These models are the
collinear equations based differential rectification model, the polynomial model, the projective transform model, the
extended direct linear transform model and the RFM. The remarks on their properties, and the advantages and
disadvantages for different models are discussed so that one will have a better understanding of the generic nature of the
RFM. The two solution methods to the RFM, namely direct solution and iterative solution, are then provided. In fact,
iterative solution is more rigorous in theory but requires many iterative steps to achieve the solution. Finally, the test
results using real-world data sets are described. Comprehensive experiments have been carried out to evaluate the
viability of the RFM solutions.

1 BACKGROUND

Sensor models are required to restitute the functional relationships between the image plane and the ground space. They
can be grouped into two classes, physical sensor models and generalized sensor models. Physical sensor models are
more rigorous and normally provide better accuracies since the model parameters employed represent the physical
imaging process of sensors. However, building of a physical sensor model requires information of the physical sensor
and its imaging model. It is realized that this information is not always available, especially for images from
commercial satellites (e.g., IKONOS). The generalized sensor models are independent on sensor platforms as well as
sensor types. Such properties have made generalized sensor models very popular in the remote sensing community. The
typical generalized sensor models are polynomial-based ones. Their capabilities have been widely tested and examined.

The RFM is essentially a generic form of polynomial models. However, there are few publications that address its
viability, accuracy and stability. In Tao and Hu (2000), the numerical properties of the RFM and its detailed least square
solutions are investigated and documented. The RFM solution has been tested using various data sets including
simulated data, aerial photogrammetry data as well as SPOT data. In this paper, we describe results of the recent tests
conduced in conjunction with the Intermap Technologies Corporation, Canada.

The objective of this work is to test the viability of the use of RFM to image rectification using Intermap SAR
(synthetic aperture radar) imagery and DEMs obtained from Intermap STAR-3i system. STAR-3i is an X-band,
interferometric airborne SAR system that is owned and commercially operated by Intermap Technologies. The system
is able to produce DEMs with sample spacing of 2.5 meter and with vertical accuracy at the meter to sub-meter level
(Bryan and Schnick, 1999). The system can also produce ortho-rectified SAR magnitude imagery (ORIs) by using
direct GPS/INS georeferencing technology. In fact, both DEMs and ORIs are created simultaneously as part of STAR-
3i processing. With the utilization of the ORIs and DEMs, the image rectification process can be simplified since the
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ORIs can be used as a ground reference “map” and the “ground” control points can be selected directly from the ORIs.
It can be seen that an accurate and generalized sensor model is of particular importance to leverage the commercial
applicability and enlarge the market for Intermap’s products, DEMs and ORIs. We, therefore, investigated RFM under
this context.

2  GEOMETRIC MODELS FOR IMAGE RECTIFICATION

2.1  Collinear Equations based Differential Rectification

Collinear equations are rigorous models available for frame and pushbroom sensors. For frame images, it is described as
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Where X, Y, Z are three-dimensional coordinates defined by a DEM pixel; x, y are the corresponded position in the
image which are transformed by the collinear equation; and x’, y " are equivalent to the map (DEM) coordinates X, Y.

For line scanning sensors (e.g. SPOT), the mathematical model has to be modified to line-perspective geometry:
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Where x; is the coordinate in scan-line i, orthogonal to the direction of travel, and x,, y, = 0.

Remarks:

e Image domain corrections can be utilized for removing camera distortions

e  Triangulation is possible so that both systematic and random errors can be reduced to a great deal.
e This is a rigorous model with both relief displacements and camera distortions corrected.
[ ]

Specified information about interior orientation, exterior orientation of the sensor and other related orbital data are
required.

Software must be changed for each different image sensor.
e It is mathematically complex with long execution time.
e The imaging parameters are not always available, e.g., IKONOS, for the use of this model.

2.2 Polynomial Rectification: 2D and 3D

When the image area is flat, polynomials with a low order can serve accurate results. In this case the model can be
represented as a 2D model:

X = ap +611X+ Cle (3)
y:b0+b1X+b2Y

Where x, y are the pixel position in the image; X, Y are the coordinates on ground (map); and ay, a1, a», by, by, b, are
polynomial coefficients.

Some studies have shown that the use of low-order polynomial 3D models for rectifying images in hilly and
mountainous areas can reach the accuracy level that is close to the rigorous models (Pala and Pons 1995, Okamoto et al.
1999). For example, a typical formula is:

x=aytaX+aY+alZ+aX+aYZ 4)
y=by+tbX+bY+bZ+bXZ+bsYZ
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Where X, Y, Z are the ground coordinates and height respectively.

Remarks:

The model is simple and computationally fast.

It is independent of the sensor geometry and platform.

Applicable when the relief displacement does not influence the result significantly.

Polynomial expressions are characterized by a great capability for absorption of accidental distortions.

Accuracy is less than rigorous models in general.

For the inexperienced user a high-order polynomial may seem to provide a perfect fit at the reference points, as the
residuals are small. However, undulations between the reference points occurred could create large errors.

2.3  Projective Transformation

The projective transform describes the relationship between two planes. It is defined by eight parameters, which can be
derived from four object points lying in a plane and their corresponding image coordinates.

x= BB - f ey )
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Where x, y are coordinates of the original image; x’, y’ are coordinates of the rectification; and a;, a,, a3, by, by, b3, ¢y, 3
are projective parameters.

For the images of pushbroom sensors the projective transformation can be modified as:
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where y is given in the flying direction and x represents the pixel in a scan line. Compared to (1), the elements of
exterior and interior orientations are implicit in these parameters

Remarks:

® This method is typically used to rectify aerial photographs of flat terrain or image of facades of buildings (Novak,
1992).

® The elements of exterior and interior orientation are not required, as they are implicit in the eight parameters.
® This method has little practical significance for satellite sensors, but could be applied for airborne line scanners.

2.4  Extended Direct Linear Transformation (DLT) Model: 3D
The mode was investigated by Okamoto, et al. (1999) and has been compared with other models for SPOT rectification.
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Where x,, y. are the coordinates on the image, and X, Y, Z are the coordinates on the ground.

Remarks:
®  With the extended DLT model, the acquisition of approximate values is quite straightforward.
® Individual orientation parameters are not required in many instances.
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The presence of the additional parameters helps to account for wider field angles of the scanner, and the additional
parameter a;, has proven most effective for SPOT imagery.

With this model, although a reasonable degree of geometric stability is obtained, triangulation results can be
expected to deteriorate when only a small number of GCPs are available.

3 A GENERIC SENSOR MODEL - RATIONAL FUNCTION MODEL

The RFM uses a ratio of two polynomial functions to compute the x coordinate in the image, and a similar ratio to
compute the y coordinate in the image.
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Where x, y are normalized pixel coordinates on the image; X, Y, Z are normalized 3D coordinates on the ground (map
and DEM), and a;y, byi, ¢, dj are polynomial coefficients.

The above equations can be rewritten as follows:
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The polynomial coefficients are called rational function coefficients (RFCs). In general, distortions caused by optical
projection can be represented by ratios of first-order terms, while corrections such as earth curvature, atmospheric

refraction, and lens distortion etc., can be well approximated by second-order terms. Some other unknown distortions
with high order components can be modeled using a RFM with third-order terms.

Direct vs. Iterative Lease Square Solution

Given a DEM and an image acquired from the same earth surface using some physical sensor, we assume that many
object-image coordinate pairs of ground points (GPs) and corresponding image points (IPs) can be collected evenly
over the entire ground area. Now, what we should do is to solve RFCs under rational function model using these GP/IP

coordinate pairs, some of which are used as control coordinate pairs (CCPs) to solve RFCs, others are used as check
ones (CKPs).

To solve the RFCs by a linear least squares method, first of all, equations (8) have to be linearized with respect to the
RFCs. From equations (9), error equations can be written as:
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and W is the weight matrix:
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The direct solution to RFCs is given by setting 7, to be the identity matrix. In this case, equation (12) can be solved
using a standard least square method.

As for the iterative solution, The initial value 7 of the coefficients can be firstly solved using the direct solution
method, then @ and I will be calculated by solving the normal equation (12) iteratively until some termination

condition is satisfied. For more details on the derivation of the equations, one can refer to Tao and Hu (2000).

Remarks:

e [t is essentially a generic form of the models described in section 2. In fact, the collinearity model, the projective
transform model, and the extended direct linear transform model are in the form of the RFM with the first order,
while, the polynomial model is a special case of the RFM, when its denominator is equal to 1.

® In the polynomial functions, the three ground coordinates and the two image coordinates are each offset and scaled
to have a range of from —1.0 to +1.0 over an image segment.

® The maximum power of each ground coordinate (ml, m2, m3, nl, n2, and n3) is limited to 3. Furthermore, the
power of all the three ground coordinates is limited to 3. That is, the polynomial coefficients are defined to be zero
whenever i+j+k > 3.
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®  One ratio of polynomial model can be used for all types of images.

® The same ratio model can be used by all exploitation software, producing the same errors and error estimates. This
commonality will make enterprise wide error analysis easier.

® Exploitation software using the ratio model can be completely ignorant of the rigorous image geometry model used
to create it. The rigorous image geometry model is thus easier to update as sensors evolve, since changes to it do
not cascade into the exploitation software.

® Usually fit to a rigorous image geometry model with limited accuracy (not triangulated with several overlapping
images).

® Complex fitting process, to avoid a denominator polynomial function going to zero within the image segment
extent (producing excessive errors).

4 TEST RESULTS AND EVALUATION
4.1 Test Data Set

The test data set is provided by Intermap Technologies. A total
of 50 control coordinate pairs well distributed in the image were
manually collected from an ortho-rectified aerial image with 2.5
meters resolution (shown in Figure 1). Figure 2 provide a 3-D
view of the distribution of these selected control points (marked
by “e” dots). In Figure 2, the terrain was generated using a
cubic interpolation based on a Delaunay triangulation of these
points. An independent set of 49 points was collected as

checkpoints from an ortho-rectified aerial image with 1 meter
resolution, marked as “+” in Figure 2. Figure 2 The distribution of control/check points in 3-D

p2# p4 78 39

6 p2=p4 59 30
p2=pd=1 40 20

p2# p4 38 19

4 p2=p4 29 15
p2=pd=1 20 10

Table 1 Test configuration of the RFM

four-degree six-degree
at CCPs at CKPs at CCPs at CKPs

Solution

Direct 1.06e+00 | 2.62e+00 | 1.15e+00 | 3.45¢+00 | 8.42¢-01 | 2.05e+00 | 1.40e+00 | 3.68e+00
Iterative 9.32e-01 | 2.34e+00 | 1.02¢+00 | 2.80e+00 | 8.39e-01 | 2.09¢+00 | 1.42e+00 | 3.81e+00
PCI 1.05e+00 | 2.50e+00 | 1.19e+00 | 3.59e+00 | 8.77¢-01 | 2.40e+00 | 1.28e+00 | 3.01e+00

Direct 1.24e+00 | 2.73e+00 | 1.11e+00 | 3.27e+00 | 9.05e-01 | 2.26e+00 | 1.28e+00 | 3.14e+00
Iterative 1.05e+00 | 2.14e+00 | 1.03e+00 | 2.50e+00 | 9.03e-01 | 2.29¢+00 | 1.29e¢+00 | 3.11e+00

Direct 1.17e+00 | 2.50e+00 | 1.10e+00 | 3.06e+00 | 9.78e-01 | 2.23e+00 | 1.24e+00 | 3.90e+00

Table 2 Residuals in image with the test data set (unit: pixel)

4.2 Results and Evaluation

In order to compare the solution methods to RFM, both direct and iterative solutions were tested. We have also tested
the RFM performance under the different parameter configurations. As shown in Table 1, third-order RFM (i.e., degree
is 6) and second-order RFM (i.e., degree is 4) are tested under the following cases: (a) p2# p4 with 78 or 38 unknown
RFCs; (b) p2=p4 with 59 or 29 unknowns; and (c) p2=p4=1, regular polynomials with 40 or 20 unknowns.
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PCI software supports several sensor models including the rational function model. The results computed using the PCI
RFM module are also given in Table 2. Both the root mean square (RMS) of the residuals and the maximum errors at
control points and checkpoints in image are listed. Based on the analysis of these results, the following observations are
obtained:

=  Both the rational function models and the polynomial model (i.e., p2=p4=1 case) can reach the accuracy around 1
pixel.

= In general, the cases with rational components are slightly better than the polynomial models.

= The fitting accuracy of the cases with four-degree is very close to those with six-degree. It is understandable since
the aerial photogrammetry data set may not involve high order distortions.

= The accuracy of the direct solution method is comparable with that of the iterative solution method when the
number of control points (i.e., 50 or more) are enough. The iterative solution is often slightly better than the direct
solution when only a few more control points than the minimum number of control points required are available.

5 CONCLUSIONS

An overview of sensor models are given in this paper. These models are the collinearity equations based differential
rectification model, the polynomial model, the projective transform model, the extended direct linear transform model
and the rational function model. The remarks on their properties, and advantages and disadvantages are also discussed.
It can be observed that the RFM is essentially a generic form of the all described models.

Unlike the physical sensor models, the rational function model needs no knowledge specific to each type of imaging
sensor physics, such as orbit parameters and platform orientation parameters. It has been noticed that rigorous models
are not always available, especially for images from commercial stateliness (e.g., IKONOS), where the rigorous sensor
model is hidden to the end user. Therefore, the RFM becomes an alternative sensor model to image rectification.

For aerial optical images (i.e., frame sensor type), the test results show that both the rational function model and the
polynomial model can reach reasonably good accuracy. Because the fitting accuracy of the cases with four-degree RFM
is almost the same with those with six-degree RFM, high order forms are often not necessary. The iterative solution
method to RFM provides a better accuracy than the direct solution method, but the direct solution method is usually
adequate when enough control points are available.
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Figure 1. Test DEMs (left top) and images (up image-flat residential area, bottom image-ridge areas).
Red dots are selected control points and green dots are chosen checkpoints.
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