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ABSTRACT

An orientation theory of two-dimensional affine imagery was first presented by Okamoto (1992), which can be
applied for ultra-precise measurement of very small objects. This theory may be employed for the analysis of
satellite CCD camera imagery by clarifying the geometrical characteristics of the model connection problem with
adjacent stereo models and transforming the central-perspective images into affine ones. Therefore, in this paper, the
orientation and model connection problems of two-dimensional affine images are first discussed in detail. Then, the
transformation of central-perspective images into affine ones is explained with correction of the image
transformation errors due to height differences in the terrain. The proposed method was applied for space
triangulation of simulated satellite CCD camera images taken consecutively and proved to have a fairly high

accuracy.
INTRODUCTION

In satellite photogrammetry, imaging devices (CCD
camera and CCD line-scanner) have usually very narrow
field angle. Therefore, we encounter great difficulty to
apply the conventional orientation theory based on
projective transformation for the analysis of satellite
imagery. In order to overcome this problem, we should
develop another orientation theory. Affine
transformation may be a very promising one, because
affine transformation pertains to parallel projection and
thus the flying height of the satellite plays no role in
the geometry of an affine image.

The orientation theory of two-dimensional affine
images was first derived by Okamoto in 1992. In order
to employ this theory for the analysis of satellite CCD
camera imagery, the central-perspective imagery must
be transformed into an affine one by using the
approximations of the orientation parameters. This
image transformation cannot be carried out without
errors due to both deviations of the approximations and
height differences in the terrain. Thus, a correction
method of the image transformation errors is required.

In this paper, the orientaion problem of
two-dimensional affine imagery is extended to the
model connection with adjacent stereo models so as to
discuss space triangulation of satellite CCD camera
imagery based on affine transformation. Then, the
transformation of central-perspective images into affine
ones is described in detail and the correction of the
image transformation errors is discussed, in which they
are classified into two types: errors due to deviations of
the approximations of the orientation parameters and
errors caused by height differences in the terrain. The
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methods proposed here are tested with simulated
examples so as to explore the difficulties when
applying them to practical cases.

GENERAL ORIENTATION THEORY OF TWO-DI-
MENSIONAL AFFINE IMAGES

ORIENTATION PROBLEM OF A STEREOPAIR OF
AFFINE IMAGES

Let a three-dimensional object space (X, Y, Z) be

projected into a plane based on affine transformation
(See Figure-1.). The basic equations relating an object
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Figure-1 : parallel projection of an object space
into the measured plane of the compa-

rator coordinate system
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point P and its measured image point Pc(X¢, Ve) are
described as

Xe = o X + Y +a37 + 24 1)
Ve = 35X + 3Y + a;Z + ag

inwhich & (i=1,---, 8) are independent coefficients.
Geometrically, the eight orientation parameters of the
affine image are considered to be three rotation

parameters (W, §, K) of the image, two translation
elements (Xoc, Yoc) which indicate two of the
three-dimensional coordinates of the origin of the
measured image coordinate system (Xc, yc) with
respect to the object space coordinate system (X, Y, Z),

the image scale s, and two rotation parameters (%%, [3)

describing the relationship between projected rays and
the normal to the image plane. The eight orientation
parameters of a single affine image can thus be provided
uniquely if four control points are available.
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Figure-2 :

Next, we will consider the orientation problem of a
stereopair of two-dimensional affine images (See
Figure-2.). The basic equations are written down as

Xc1 = a“X+a12Y+a13Z+a14 (2)
Ver = 415X + a16Y +a;7Z + ag

for the left image, and in the form

Xy = ;X + @Y + @37 + g 3)
Voo = d5X + 26Y + 77 + a5

for the right one, respectively. The conditon that
Equations 2 and 3 are valid for all object points
photographed in common on the left and right images
can be formulated as

ary a2 a1z ar4-Xcy
ay5 16 417 a18-yel -0 @)
Q1 A2 B3 BP4X2
Q5 I}e 7 VY2

which is equivalent to the coplanarity condition of
corresponding rays. Under the condition of Equation 4
we can form a three-dimensional space (XM,YM,ZND
which can be transformed into the object space (X,Y,Z)
by a three-dimensional affine transformation having 12

independent coefficients, i.e.,
<

T XM 81X+ BQ,Y + B3Z + B4
YuMm = BsX + BgY + B9Z + Bg 5)

Zm = BgX +BiogY +B(1Z+ By,

Also, the space (X, Y™, Zm) is equivalent to
the model space. From the results obtained above we
can find the following characteristics of the orientation
problem of overlapped affine images:

1) The coplanarity condition of corresponding rays
can mathematically provide four orientation
parameters among the twelve ones of the stereopair
of affine images, and

2) The one-to-one correspondence relating the model
and object spaces can be uniquely determined, if
four control points are given in the object space.

Il

MODEL CONNECTION THEORY WITH ADJA-
CENT STEREO MODELS

We will assumed that an object was imaged on four
different planes based on parallel projection. The first
stereo model is constructed with the first and second
images, and the second stereo model with third and
fourth images. We will investigate what relationship is
valid between the first and second stereo models (See
Figure-3.).  The general three-dimensional affine
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transformation (Equation 5) is satisfied between the first
stereo model space (XMl, YML ZM1) and the object
space (X, Y, Z) in the form

XMI = 81X + BzY + B3Z + B4
YMI = B5X + BsY + B']Z + Bg (6)
M1 = BeX + BioY + B1iZ + By

or inversely as

X = C1XM1 + CzYMl + C3ZM1 + C4
Y = CsXmi + Ce¥mi + C7Zpmy + Cg ()
Z = CoXmMmi + Cro¥YM1+C11ZMm1+C12

The same can be described between the second stereo
modef space (XM2, YM2, ZM2) and the object space

(X, Y, Z) in the form

XMZ = D1X + DzY + D3Z + D4
YMZ = D5X + D6Y + D7Z + Dg (8)
ZM2 = DgX + DloY + D“Z + D12

or inversely as

X =EXm1 + E2Ymy + EsZyy + By
Y = E5XM1 + EGYMI + E7ZM1 + Eg (9)
Z = E¢Xmi + E{oYM1+E; 1Zm1+E12

By substituting Equation 9 into Equation 6, we get
the relatonship between the first and second stereo
models in the form

Xm1=F 1 Xm1+F2Ym1 + FaZyg + Fy
Ymi1=FsXmi+FsYm1 + F7Zypy + Fg (10)
Zmi1=FoXmi1+F10YM1+F11ZMm1+F 12

which coincides with the general affine one-to-one
correspondence (Equation 5) between two three-
dimensional spaces. It means that the first and second
sterec models can be connected by the general
three-dimensional affine transformation.

TRANSFORMATION OF CENTRAL-PERSPEC-
TIVE IMAGES INTO AFFINE ONES

The satellite CCD camera conventionally has an
extremely narrow field angle. Thus, the conventional
orientation approach is not effective due to very high
correlations among the orientation parameters. On the
other hand, the orientation theory of two-dimensional
affine imagery may be effectively applied to the
analysis of satellite CCD camera imagery, if the
central-perspective images can be transformed into
affine ones.  Also, this transformation will be
performed in a following way.

Let the ground surface be flat and a central-perspective

photograph be taken with the rotation angles ¢y and b

The reference coordinate system X, Y, Z) is selected
as a right-handed, rectangular Cartesian system with its
origin at the projection center of the photograph and
with its X - Y plane parallel to the scaled ground
surface, as is demonstrated in Figure-4.  Further, the

inage plane

Figure-4 : transformation of a central-perspective

image into an affine image

photograph is considered to intersect the scaled ground
surface in such a way that its principal point H lies on

the surface. The three-dimensional coordinates (Xpa

Zp) of an image point P(X,¥) of the central-
pempectlve photograph are expressed with xesped; to the
reference coordinate system in the form

’

Xij cosd Osin
Y, |=| 0 10 [0 cos W -sin w][yc] (11)
b _sin$ 0 cos § Osinw cosw

in which ¢ denotes the principal distance of the picture.
Also, the principal point H of the central-perspective
picture is given with respect to the reference coordinate
system as

’

Xy -Cc-sin ¢ cos w
Yyl = Csin w (12)
Z;{ -c-cos §i cos w

Further, Let ﬁ(-ji ?‘, Z) denote the point at which

o
the ray OaP intersects the scaled ground suiface.

The three-dimensional coordinates of this point can be
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described as

- X .
— Y, .
) o
Z = Zy

(RN S G
Observing the point P(X, Y, Z) on the scaled
ground surface with respect to the picture coordinate
system (X, ¥, Z) we caa find the corresponding affine
image point pa(Xa, Ya) in the form

X, = (XJ— X;i)cosdx

— — - (14)
Ya = (X -Yy)sin wsin §+(Y -Y)cos w

Next, we will consider image errors which cannot be
avoided in this image transformation.  The image
transformation errors of the first type are caused by the
errors of the given crientation parameters and those of
the second type by height differences in the photo-
graphed terrain. The exterior orientation parameters

(W, §) and the interior ones (XH, YH, C) of satellite
photographs are usually given with very accurate
approximations. Thus, the image transformation errors
of the first type are considered to be small. Also, these
errors can be modeled in a linear form, if the deviations
of the orientation parameters are small. This means
that the errors of the first type can be corrected
automatically in the orientation calculation using
Equation 1, because coefficients describing these errors
are absorbed by the orientation parameters A (=1,

-+ -, 8) . On the other hand, the image transformation
errors of the second type increase with the height
difference and distribute almost randomly over the
terrain.  Thus, these errors must be removed by
developing an appropriate correction method. As for
the correction technique, an iterative orientation
calculation may be the most pertinent one, where the
image transformation error of each ground point is
corrected by changing the principal distance of the
camera, corresponding to its height difference from the
average height obtained in the previous iteration step.

TESTS WITH A SIMULATED EXAMPLE

The proposed orientation method of satellite CCD
camera imagery was tested with a simulated example.
For the construction of the simulation model 22
satellite CCD camera images are assumed to be taken
consecutively in a convergent manner (See Figure-5.).
The image coordinates of 63 object points were
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Figure-5 : satellite CCD camera images taken con-
secutively in a convergent manner

calculated by means of the collinearity equations under
the following conditions:

flying height of the satellite: H =700 km
focal length of the used CCD camera: ¢ =300 mm
picture scale : 1/2,300,000

convergent angles : + 30 degrees

CCD pixel size : Spum XS5 pm

number of CCD pixels : 4,000,000

maximum height differences in

the photographed terrains : 100m, 2000m, 4,000m

The perturbed image coordinates were provided in
which the perturbation consisted of random normal
deviates having a standard deviation of 2.0 micrometers.
In the orientation calculation, maximum errors of the
orientation parameters were assumed to be 1 degree for
the rotation parameters, 1000m for the translation
parameters, and Imm for the interior orientation
elements.  Also, the arrangement of ground control
points and check points is shown in Figure-6. The
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@® : ckeck points QO : control point

Figure-6 : configuration of check and control points

obtained results regarding the standard error of unit
weight, the average internal and external errors are given
in Tables-1. From these results we can discuss the
characteristics of the proposed orientation approach of
satellite CCD camera imagery as follows:

1) The field angle of the CCD camera in this case is
about 2 degrees. With such a narrow field angle,
the image transformation errors due to height
differences in the terrain give almost no influences
on the external accuracy, even though the
maximum height difference amounts to 2,000
meters.

2) The external error approaches the theoretical one,
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maximum height difference : 100m

iteration step I I
standard error of 9.1 2.1
unit weight(un) ’ '
average internal 6.9 6.9
error{m) ’ ’
average external 4.8 4.8
error{(im) ’ )
maximum height difference : 2000m
iteration step I Jil

standard error of

unit weight(um) 2.1 2.0
average internal 9.0 8.5
error{(m)

average external 8.6 8.1
error{m)

maximum height difference : 4000m
iteration step I I
standard error of 9.3 2.0
unit weight(un) ’ )
average internal 10.7 8.7
error{m)

average external

error(m) 15.4 8.5

Table-1 : obtained results in simulated
space triangulation using affine
transformation

if the terrain is extremely flat. However, the
external error increases with the height differences in
the terrain.

3) The iterative orientation calculation = becomes
effective when the maximum height difference in
the terrain exceeds 4,000 meters. This means that
the proposed correction technique of the image
transformation errars is mathematically sound.

CONCLUDING DISCUSSIONS

This paper has presented an iterative orientation
method of satellite CCD camera imagery based on
affine transformation and developed an effective
correction approach of the image errors which arise in
the transformation of the central-perspective CCD
camera images into affine ones. The proposed
orientation technique has been tested with a simulated
example of 22 satellite CCD camera images taken
consecutively and proved to have a high accuracy.
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