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Abstract

Recent camera technology provides new solutions for wide-angle image acquisition.
Multi- or single-line cameras have been designed for spaceborne and airborne
scanners to provide high resolution imagery. Line cameras may also work as
panorama scanners, and models of these have already been studied in computer vision
for a few years.

These cameras or models require studies in calibration, registration and epipolar
geometry to ensure accurate imaging and stereo analysis. The resulting images or
depth maps also allow new approaches in 3D scene visualisation. The paper informs
about line camera models and camera hardware, the historic background in
photogrammetry and aerial mapping, calibration of line cameras, registration of
captured images, epipolar geometry for along-track and panoramic stereo, stereo
matching with a focus on dynamic programming, and visualisation. The paper
illustrates sketched concepts using a few of the high-resolution aerial and panoramic
image data.
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Abstract

Recent camera technology provides new solutions

for wide-angle image acquisition. Multi- or single-

line cameras have been designed for spaceborne and

airborne scanners to provide high resolution imagery.

Line cameras may also work as panorama scanners,

and models of these have already been studied in com-

puter vision for a few years. These cameras or models

require studies in calibration, registration and epipolar

geometry to ensure accurate imaging and stereo analy-

sis. The resulting images or depth maps also allow new

approaches in 3D scene visualisation. The paper in-

forms about line camera models and camera hardware,

calibration of line cameras, registration of captured im-

ages, epipolar geometry for along-track and panoramic

stereo, stereo matching with a focus on dynamic pro-

gramming, and visualisation.

1 Introduction

This paper discusses (CCD) line cameras with re-
spect to theoretical models, existing hardware and ap-
plications. Related theoretical issues are in the �elds
of calibration, registration, epipolar geometry, stereo
matching and visualisation.

Wide-angle image acquisition has its historic roots
in photogrammetry. Related studies on epipolar ge-
ometry or 3D reconstruction are well established for
stereo pairs of planar images, see, e.g. textbooks
[6, 13, 19, 21, 39]. Compared to these studies, the

computer vision literature still lacks work on images
captured by line cameras which allow a new direc-
tion in photogrammetry, namely digital photogramme-

try which replaces conventional (analog) photogram-
metric images by `streams' of digital image data. New
camera architectures and di�erent image acquisition
strategies have led to a broad diversity of imagery [38].

1.1 Multi-Line Cameras

Figure 1 illustrates the architecture of a symmetric

three-line camera where it is assumed that all three sen-
sor lines are parallel and adjusted in height (see front
view of focal plate), as well as collinear and symmetric
(see top view of focal plate) with respect to an equal
distance a between the left sensor line (or the right sen-
sor line) to the central sensor line, and with respect to
angles ! or �! between rays emerging from the left
and central sensor line, or from the right and central
sensor line. In the case of rotation, the whole cam-
era rotates around a rotation center in a distance R to
the optical lens (along the optical axis of the camera),
where the rotation axis is parallel to the orientation of
the sensor lines in the front view. The focal length f is
de�ned by the distance between the central sensor line
and the optical lens, and the distance a between sensor
lines satis�es f = a � tan(!).

In the case of an airborne three-line camera, the
camera will follow motions of the aircraft which may
be recorded (for example) using a di�erential GPS. In
such an application, the left sensor line, the central
sensor line, and the right sensor line capture a backward
view, the nadir view, and a forward view, respectively.



Figure 1. Model of a three-line camera.

In case of a rotated camera on a tripod, the three-
line camera captures three di�erent panoramas with
respect to a �xed rotation axis, one for each of the
three sensor lines.

For example, the Wide-Angle Airborne Camera

(WAAC) from the German Aerospace Center (DLR),
developed as a follow-up of their miniaturized Wide-

Angle Optoelectronic Stereo Scanner (WAOSS), is a
CCD-line stereo scanner working in along-track, or in-
track mode, which is an example of a pushbroom strat-
egy: three parallel sensor lines are assumed to be per-
pendicular to the aircrafts main orientation, see Fig. 2
on the right. All three lines are in one image plane with
a single optical system. Knowledge of the aircraft's at-
titude data allows stereo processing.

Figure 2. SPOT’s across-track principle (left)
where a second crossing is assumed to cap-
ture exactly the same area, and WAAC’s
along-track principle (right).

1.2 Single-line Camera

Recently also multi-perspective panoramic images
received increasing attention for applications such as
3D scene visualization or reconstruction, see, e.g,
[16, 27, 28, 35, 36, 37]. Some examples of stereo recon-
structions and 3D scene visualizations based on a given
set of single-center panoramic images applications can
be found in [3, 20]. Originally, a small number of im-
ages taken in di�erent directions had to be stitched to-
gether for producing a panoramic image [3, 4]. To avoid
the well-known problems in image stitching it was then
studied that just one column of a `normal' CCD matrix
camera is used during camera rotation for producing a
panoramic image. As a logical consequence, the cam-
era may consist of a single CCD line only. These type
of camera models have been studied in [15], and a �rst
single-line panoramic camera was discussed in [32].

Figure 3 shows a single-line panorama camera (built
at DLR) which may rotate part of, or full 360Æ. The
�gure also provides parameters showing that this color
camera produces images having 10,200 pixels in one
column, and a full 360Æ image has 55,000 columns for
f = 60 mm which results in a single image of size 3.3
gigabytes.

The theoretical model of a single-line camera is
shown in Fig. 4. A panoramic image is acquired by
rotating a line camera with respect to a �xed rotation
axis and taking images consecutively at equidistant an-
gles. A panoramic image acquisition model for single-
line cameras has been formally discussed in [38]. There
are three essential parameters f , R, and ! in this image
acquisition model: f is the e�ective focal length, R is
the distance between the camera's focal point and the
rotation axis, and ! speci�es the viewing direction of
the sensor line. Polycentric panoramas are a collection
of panoramic images acquired with respect to di�erent
camera positions (i.e. rotation axes in 3D scene space),
and parameters f , R, ! may be speci�c for every image
in a set of polycentric panoramas.

Figure 3. EYESCAN camera and [32] its basic
parameters.



Figure 4. [15] Single-line panorama camera.

Below the new technology of line cameras is
discussed in the context of photogrammetry and
panoramic images.

2 Calibration

High resolution CCD-line cameras have both: a
large �eld of view (FOV) and a small IFOV for any
pixel. These extremely large images require an exten-
sive calibration procedure. A calibration process [33]
consists of a geometric, and a radiometric or spectral
subprocess. We briey describe the general task and
sketch solutions for line cameras.

2.1 General Calibration Model

Any calibration approach can be based on the fol-
lowing general input-output relation which describes
the measurement process,

E(a) =

Z
c(a; aw) � h(a; aw) � I(aw) daw + &(a) ;

where I(a) are the incoming signals, E(a) the mea-
sured values, h(a; aw) a system response function (in
the simplest case the point spread function PSF), &(a)
the system noise with expected value 0 and variance
�2, and function c speci�es absolute radiometric cali-
bration factors.

The parameter vectors a = (p; t; �) and aw =
(P; t; �), represent ideal pixel coordinates p = (x; y; f)
in the image plane and camera-centred world coordi-
nates P = (X;Y; Z) in the object space, respectively, as
well as the time t for one-dimensional signals or time-
dependent e�ects in the camera, and spectral depen-
dencies with respect to wavelength �.

Neglecting the time dependencies, spatial and spec-
tral e�ects can be separated

E(p; �) =

Z
dP h(p�P)

Z
d�wc(�; �w)�I(P; �)+&(P)

This equation is valid for multispectral or true color
systems. The (simpli�ed) spatial integral kernel h(p�
P) is assumed to be shift-invariant, i.e. independent
from the location in the focal plate of the sensor. The
integral kernel in the spectral part depends from the
wavelength itself, and it is therefore not shift-invariant.

If the incoming signal is a spectral broadband and a
spatial spot Æ(P), the second integral can be neglected
and the measured signal is directly proportional to the
spatial integral kernel h(p). On the other hand a spa-
tially homogeneous but wavelength-dependent signal
allows a direct measurement of the spectral dependent
kernel in the second integral. Therefore the calibra-
tion process consists of a geometric calibration, and a
radiometric or spectral calibration. The second task
also includes noise investigations. Additional e�ects
and imaging errors, which have or have not to be cor-
rected, are time dependencies and polarization.

2.2 Example of a Calibration Facility

Figure 5 shows the calibration facility in the DLR
Institute of Space Sensor Technology and Planetary
Exploration. The upper right part is related to radio-
metric calibration, and the lower part in Fig. 5 illus-
trates geometric calibration processes. The most im-
portant part of the calibration facility is a large col-
limator with integrated autocollimation device which
allows camera alignment. With the help of two high
accuracy micro-stages, several targets (pinholes, slits
or resolution masks) can be moved into the focal plane
of the collimator. This allows PSF or LSF (line-spread
function) measurements for a static line camera.

The nodal bench carries the camera and is able to
rotate and tilt the camera precisely. In this way PSF
measurements can be done with �xed targets. The
main task of the high precision nodal bench is the accu-
rate determination of the pixel coordinates in relation
to the optical axis.

Figure 6. Result of geometric calibration.



Figure 5. Example of a calibration facility.

2.3 Geometric calibration

Main tasks for geometric calibration are the highly
accurate determination of the interior camera orienta-
tion and the measurements of the PSF or its Fourier
transform, the modulation transfer function (MTF).

A measurement procedure for geometric calibration
can be straightforward: a single pixel in one sensor line
is illuminated by a pinhole spot from the collimator
focus. The direction of the illuminated pixel to the
optical axis is determined by the angle ' (angle around
X-axis, perpendicular to line direction) and # (angle
around Y -axis, in line direction). It is not necessary
to determine all the coordinates of all pixels because of
very smooth changes of the geometric characteristic of
the optics and the CCD-sensor.

A coordinate transformation from an arbitrary but
�xed world coordinate system Pw = (Xw; Yw; Zw)
to the camera-centered world coordinate system P =
(X;Y; Z) can be calibrated as follows: the rotation of
the nodal bench can be described by a rotation matrix
around the X-axisRX(') and Y -axisRY(#). The illu-
mination direction or the collimator is the Z-axis. The
result of this rotation is a direction (in homogenous
coordinates)

[sin# cos'; � sin'; cos# cos'; 0]T ;

Figure 7. PSF (left) and MTF results.

The mapping of an incoming lightspot direction into a
pixel location in the focal plane (for focal length f) can
be described by the following transformation matrix.
Ideal paraxial optics is assumed:2

664
1 0 0 0
0 1 0 0
0 0 0 �f
0 0 f�1 0

3
775 ;

Homogeneous coordinates [X1; X2; X3; X4]T de�ne in-
homogeneous coordinates X = X1=X4, Y = X2=X4,
and Z = X3=X4. The speci�ed relation between ho-
mogeneous coordinates of the incoming spot and focal
plate coordinates leads to

X = f � tan#; Y = �f �
tan'

cos #
; Z = 0 :

An example of a result of such a measurement is shown
in Fig. 6, where the di�erence between real sensor ge-
ometry and calculated positions is less than three pixels
at any end of a WAAC sensor line having 5184 pixels.

Furthermore a pixel related PSF is determined to
predict the system resolution. Figure 7 shows a few
single-pixel related PSFs and MTFs for one sensor line.
The �gure shows, that the PSF becomes broader with
the distance from the center point of the camera sys-
tem. The assumption of a shift-invariant spatial kernel
is not strictly valid.

2.4 Radiometric calibration

Main parameters which have to be measured are
Photoresponse Non-Uniformity (PRNU), Spectral Re-
sponse (SR), and noise. Additional parameters are
photoresponse, dark signal, dark signal non-uniformity

(DSNU), saturation voltage, linearity, and dynamic
range.



Typical results of the precalibration of the WAOSS
sensor module with THOMSON THX 7808A CCD-
lines are shown in Fig. 8 (left part). This curve is
stored in the camera and used for real-time correction
during data collection.

The radiometric correction �le is basically the
PRNU of the CCD-line and the superimposed optics
shading. The spectral responsitivity of the CCD, op-
tics and �lter assembly is shown in Fig. 8, right.

3 Registration for Airborne Cameras

Most of the recent aerial cameras can (still) be clas-
si�ed as being �lm-based frame cameras. The �lm is
held stationary in the focal plane during exposure, or
is moved to compensate for image motion. Parameters
of relative or absolute exterior orientation can be de-
termined by control points which have to be identi�ed
in an image. For digital airborne cameras we only dis-
cuss line sensors because this seems to be the only way
to compete with the very high resolution of �lm-based
cameras.

3.1 Stereo Line Cameras

The use of three-line cameras on board of aircrafts
requires special evaluation procedures because of at-
titude instabilities of the aircraft (roll, yaw, pitch,
ground speed and altitude variation) which directly re-
sult in image distortions.

The main di�erence to classical �lm or matrix cam-
eras is that the data evaluation of an image strip
recorded from an airborne line camera requires atti-
tude parameters for each measured image line in the
strip. Figure 9 shows an image of the WAOSS camera
recorded during a ight over Berlin. The inuence of
the aircraft's motion is better visible in the left of the
image. The three curves on the right hand side of the
�gure show the changes in roll, pitch and yaw angles

Figure 8. Radiometric correction file (left),
normalized spectral sensitivity (right).

Figure 9. Detail of a captured image strip and
related attitude data.

where the interval for the roll angle is [�0:5Æ; 2:4Æ], for
the pitch angle is [4:0Æ; 4:4Æ], and for the yaw [86Æ; 96Æ].

Due to the inaccuracy of a typical inertial navigation
system (INS) conventional photogrammetric methods
use additional control points on the Earth's surface to
improve the attitude parameters. To improve the ac-
curacy of attitude information an applanix-system was
used. This system provides a combined hardware and
software solution for the attitude parameters, which
allows an absolute point accuracy in the range of one
decimeter.

Using attitude and camera calibration data the im-
age strips of the nadir, the backward and the forward
looking line can be geometrically corrected assuming a
at underlying surface (recti�cation on a plane). The
resulting image is equivalent to an undisturbed ight
over a planar surface. Captured strips (using one of the
lines of a multi-line camera) are processed with respect
to the same ight path. This approach ensures a stereo
image geometry equivalent to the epipolar geometry of
ideal binocular vision, allowing parallax shifts in image
line direction.

3.2 Geometric Correction

Geometrically corrected images are a necessary pre-
requisite for further 3D data analysis, e.g. for 3D co-
ordinate measurements with a photogrammetric work-
station. Geometric correction also increases the image
quality (e.g. straight streets become straight lines) and
inuences the outcome of subsequent stereo matching.
The knowledge of attitude parameters allows a geo-



metric correction of an image strip. The algorithm
proceeds in two steps.

(1) For each CCD-line pixel it has to be determined
which geometric distortion in object space was caused
by aircraft movements. This task is equivalent to ray-
tracing from (a yet unknown, to be calculated) actual
position and direction, into the digital elevation model

(DEM). As the original DEM is unknown as well, an
ideal DEM may be assumed as a reference plane. The
following calculation is based on this assumption: an
intersection point with the unknown surface (the DEM)
is given as Pr = Pa + t �Da, where Pa is the actual
camera location and Pr is the intersection point with
the assumed reference plane Z = Zr , and Da is the
actual direction vector. The latter is related to the
undisturbed direction Du by a rotation matrix R,

Da = R �Du ;

where R contains the disturbance of the ight path:
roll, pitch and yaw, as described before. In Fig. 10,
angle � corresponds to the pitch of the aircraft, and
the angle ! is the stereo angle.

(2) The pixel value is then backprojected from the
calculated intersection point Pr with the reference
plane into pu in ideal image plane of a hypothetic cam-
era assumed to be moving on an ideal (undisturbed)
linear ight trajectory, see Fig. 10. The number of
parameters for describing the external orientation is
reduced this way for the whole measured swath. It suf-
�ces to specify velocity v and height h: the aircraft is
assumed to have linear uniform motion with constant
velocity v on a given track at a constant altitude Z = h.

Altogether, the task consists in determining which
pixel (x; y), i.e. point pu = (x; y; h) in an ideal image

Z

Y

X

undisturbed (ideal) trajectoryx

y

actual trajectory

Zr reference plane

terrain

h

ω

ω

Pr=(Xr,Yr,Zr)T

pu

Du
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Pa

β

Figure 10. Aircraft attitude instabilities.

strip, `sees' the intersection point Pr = (Xr ; Yr; Zr)
T

in the reference plane, satisfying

Pr = pu + t �Du ;

where pu is the point projected onto the ideal ight
trajectory (see Fig. 10), andDu is the undisturbed ori-
entation vector. Unknowns are parameter t and pixel
coordinates (x; y) for the point pu.

Due to the along-track scanning principle the order
of scanned lines results from the aircraft's movement in
object space. Indexing of pixels in a CCD-line is done
in the image plane.

The result of a simple approximation is x = x0=(v�� )
where � is the scan time for a single line, and

x0 =

�
Xr ; if nadir line

Xr � (h� Zr) � tan! ; if back- or forward line

and

y =
n+ 1

2
+

Yr � f

(h� Zr) � 4IFOV
;

where n is the number of pixels per sensor line,4IFOV
is the linear size of a sensing element, and f is the
focal distance. The pixel index y is independent of
the viewing angle of the CCD-line (forward, backward,
or nadir). Therefore the geometrical correction cre-
ates images which correspond to the stereo geometry
of binocular vision.

Figure 11 shows a corrected subwindow of the im-
age in Fig. 9. The �gure shows that blurring e�ects
in the uncorrected image can be compensated by the
described pixel reordering procedure.

4 Epipolar Geometry

In stereo camera systems corresponding points are
restricted to be on epipolar curves (in image planes)
de�ned by a 3D surface point (or one of its projec-
tions) and the origins of the camera's coordinate sys-
tems. This allows that stereo matching only has to
proceed along an epipolar line in one image of a given
stereo pair of images. This is of crucial importance
to ensure time-eÆcient search routines for correspond-
ing points. We discuss two possible stereo approaches
using line cameras.

4.1 Along-track Stereo

The epipolar geometry of cameras tilted towards
each other are discussed in [21, 34]. However, a multi-
line camera used for image acquisition following the
along-track stereo approach is related to an even sim-
pler stereo geometry as discussed before. After recti-
�cation, all captured images are aligned, and epipolar



Figure 11. Detail of the corrected image.

lines of one surface point are simply identical straight
lines in all channels captured by a multi-line camera
with an architecture as shown in Fig. 1.

This justi�es that this stereo geometry of a multi-
line camera supports the use of a stereo matching pro-
cedure which proceeds along a given straight line. A
dynamic programming approach as discussed later is
very suitable for such a situation.

4.2 Panoramic Stereo

As mentioned above, polycentric panoramas denote
a wide range of multi-perspective panoramic images
[15]. A set of panoramic images all acquired with re-
spect to the same rotation axis is referred to as a set of
concentric panoramic images. In [37] it is shown that
epipolar geometry consists of horizontal lines if two
height-aligned concentric panoramic images are sym-

metric, i.e. when the associated angular parameters
of these two panoramic images are ! and �!. This
matches our model in Fig. 1 and the architecture of
the WAAC camera.

A panoramic image acquired with a single focal
point, i.e. R = 0, is referred to as a single-center

panoramic image [3, 24, 25]. This matches the EYE-
SCAN architecture. A study about epipolar curves in
a pair of single-center panoramic images can be found

in [24]. Images captured by EYESCAN at the same
tripod location but just with di�erent heights are also
examples of concentric panoramic images (see Fig. 17).

We briey inform about the derivation of an epipo-
lar curve equation for a pair of polycentric panoramic
images as given in [15]. The epipolar curve equation
provides a uni�ed approach for epipolar geometry stud-
ies in any more speci�c class of panoramic images.

Let us consider a pair of polycentric panoramic im-
ages, a source image E and a destination image Ed,
having a width (i.e. number of columns) of W and
Wd, respectively. Given an image point p with image
coordinates (x; y) on E. Possible locations of a corre-
sponding point pd, with image coordinates (xd; yd), on
Ed may be constrained by an epipolar curve which is
speci�ed in the theorem below. In this theorem we use
a number k and vectors V and W which are de�ned
as follows:

k =
Rd sin!d+cos(

2�xd
Wd

+!d)r
T
1 �V�sin(

2�xd
Wd

+!d)r
T
3 �V

sin(2�xd
Wd

+!d)rT3 �W�cos(2�xd
Wd

+!d)rT1 �W
;

V =

0
@ R sin(2�x

W
)

0
R cos(2�x

W
)

1
A � T;

and

W =

0
@ sin(2�x

W
+ !) cos(tan�1( y

f
))

sin(tan�1( y
f
))

cos(2�x
W

+ !) cos(tan�1( y
f
))

1
A :

The 3� 3 rotation matrix R, and the 3� 1 translation
vector T specify the orientation and the location of the
destination turning-rig coordinate system with respect
to the source turning-rig coordinate system. Further-
more, rT1 and rT3 are the �rst and third row vectors of
the matrix R, respectively.

Theorem. Let (x; y) and (xd; yd) denote the image co-

ordinates of the projection of a 3D point on the source

image E and the destination image Ed, respectively.

Consider x and y as being given. The relationship be-

tween xd and yd can be described by the equation

yd =
fdY

X sin(2�xd
Wd

+ !d) + Zcos(2�xd
Wd

+ !d)� Rd cos !d
;

where values X, Y , and Z are given as0
@X
Y
Z

1
A = R(V + kW) ;

and a corresponding point (xd; yd) is only valid if the

value of the denominator of yd is greater than zero.



Figure 12. Epipolar curves shown in a
panorama captured from the top of the Auck-
land harbor bridge.

This theorem from [15] provides a general epipo-
lar curve equation for arbitrary pairs of polycentric
panoramas, which describes the relationship between
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Figure 13. Epipolar curves for WAAC.

the coordinates xd and yd of pd. Figure 12 shows curves
for a pair of horizontally aligned panoramas with iden-
tical values of R but di�erent values of !.

Assume that a three-line camera as shown in Fig. 1
is used for capturing a triple of panoramic images E1

(for !), E and E2 (for �!). The focal length f1 for
E1, and f2 for E2 satis�es f1 = f2 = f=cos!. We
assume that we know parametersW ,W1 andW2 which
are the numbers of columns in these three panoramic
images. The task is that we have a point (x; y) in
E, and we have to specify epipolar curves for all the
possible locations of corresponding points (x1; y1) in
E1, and (x2; y2) in E2. It follows that

y1 =
y

cos!
�
sin (� + !) � sin!

sin �

with � = 2�
W1

x1 �
2�
W
x, and

y2 =
y

cos!
�
sin! � sin (� + !)

sin �

with � = 2�
W2

x2�
2�
W
x. Figure 13 illustrates these epipo-

lar lines for focal length f = 21:7 mm, rotation radius
R = 50 cm and ! = 25Æ.

5 Stereo Matching

From a mathematical point of view, stereo recon-
struction is an ill-posed problem with no unique solu-
tion because a stereo pair of images might be produced



by many di�erent optical surfaces. The ill-posedness is
caused by uniform or repetitive textures, and by par-
tially occluded (and thus only monocularly observed)
parts of the surface. Because human vision is quite ef-
�cient in perceiving surrounding 3D scenes, the goal of
computational stereo is not to restore an actual surface
but to mimic human stereo perception of the surface
by a proper regularization of the problem [22, 29].

Reconstruction algorithms are based on stereo im-
age matching that searches for the maximum similar-
ity between optical signals (grey values or color signa-
tures) corresponding to every 3D surface point in the
images. Usually matching is based on an explicit or
implicit assumption that most of the surface points are
not occluded and thus visible in more than one image.
Matching strategies fall into two categories: (i) local

optimization that searches each time for a relatively
small surface patch maximizing the similarity between
corresponding regions in both images, and (ii) global
optimization searching for an entire (and mostly con-
tinuous) surface supporting a maximum similarity be-
tween both images [2, 7].

5.1 Correlation Methods

When the corresponding image signals only have
random deviations, the similarity for a stereo pair can
be measured in terms of Cartesian or Euclidean dis-
tance between both signals. But this assumption does
not hold in practice. More general assumption of uni-
form contrast and brightness variations results in a
cross-correlation measure of similarity [7, 12]. Due
to its theoretical and practical simplicity, correlation-
based stereo matching is used for many years, and
still it is the most popular matching technique in pho-
togrammetry.

To take account of projective geometric deforma-
tions of corresponding image regions, photogrammet-
ric matching is usually performed by an exhaustive
least-square search for the most appropriate terrain
slope [7, 14]. To simplify the search, a planar terrain
patch is assumed, and projective transformations are
aÆnely approximated. Experiments show that in this
latter case a combined directed and exhaustive search
for the optimal least-square correlation allows to cor-
rectly match pairs of substantially deformed images of
the same 3D scene obtained from di�erent positions by
various cameras [11].

Figures 14 and 15 show some results of a least-square
correlation matching of entire images of size 83 � 65
depicting the same 3D model-board scene \RADIUS-
M" [30]. The correct matching was obtained for many
other image pairs although it failed for some pairs with

a b

c d
Figure 14. [11] Matching of images M11 (a)
and M19 (b) from the RADIUS-M set: the
affinely transformed images M19 (c) and M11
(d) yield the best least-square correlation
found (0.68 and 0.82, respectively).

dominating homogeneous regions.
Independent local matching usually results in dis-

continuous and mutually incompatible surface patches
so that a complicated post-processing has to be in-
volved to obtain a self-consistent �nal surface. More
reliable reconstruction is obtained if the reconstructed
surfaces are assumed to be continuous and with no
repetitive texture and the set of possible matches is re-
stricted to only stable ones [31]. The stable matching
means that for every stereo correspondence there are
no competing variants with higher correlation values
that are not over-competed by other correspondences
in this matching.

a b

c d
Figure 15. [11] Matching of images M12 (a)
and M40 (b) from the RADIUS-M set: the
affinely transformed images M40 (c) and M12
(d) yield the best least-square correlation
found (0.76 and 0.66, respectively).



Figure 16. [8, 9] Nodes of the symmetric GVP
(B, ML, MR - the binocularly visible 3D point or
the point observed only monocularly by left
or right stereo camera, respectively; �scjsp -
probability of transition from the state sp to sc
in the preceding and current GVP nodes).

5.2 Global Approaches

An alternative (but theoretically less innovative)
approach to exclude inconsistent correlation-based
matches is based on following a desired terrain by
choosing at each step its most appropriate local ex-
tension. To suppress error accumulation (it can break
the process far away from the actual surface), adaptive
selections of regions to be correlated can be used [18].

Stereo by global optimization is based on stating
and solving the statistical problem of estimating hid-

den Markov models (HMM) of epipolar terrain pro�les.
Every digital epipolar pro�le is modelled by a Markov
chain of transitions between the neighboring nodes of a
speci�c graph of variants of the pro�le (GVP). In gen-
eral, every node has potential visibility states as shown
in Fig. 16. Each state indicates whether the node is
binocularly (B) or only monocularly visible (ML,MR)
in the left or the right image of a stereopair [9].

The prior Markov{chain model of a pro�le is com-
bined with a conditional model of image signals. The
resulting posterior model of the pro�le is used to mea-
sure similarity between both images and implement
Bayesian or other optimum statistical decision rules
to recover the HMM. The HMM allows for taking ac-
count of possible partial occlusions, and the global op-
timization is usually performed by dynamic program-
ming [1, 2, 5, 8, 23, 26]. But some other approaches
such as a gradient-based global matching using similar-
ity measures that allow to partly avoid traps of multiple
local maxima were also proposed [17].

5.3 Probabilistic Regularization

In most of the above-mentioned dynamic program-
ming stereo algorithms, regularization is based on some
heuristic weights assigned to monocularly visible points

(MVP) of a terrain in order to make them compatible
with binocularly visible points (BVP) in specifying an
overall similarity between both stereo images [5, 9].

By reformulating the stereo problem as a search for
epipolar pro�les having a maximum likelihood ratio,
the regularization can be related to transition proba-
bilities in the GVP between di�erent visibility states of
successive nodes [10]. This allows that probabilities of
transitions to the MVPs are directly derived from the
probabilities of transitions to the BVPs in the GVP in
Fig. 16, and both probabilities are explicitly related to
the similarity between both images.

Figures 17 and 18 show the vertical stereopair of a
close-range scene acquired with EYESCAN and results

Figure 17. Upper (left) and lower (right) im-
ages of a vertical close-range stereopair
“Horse” 886 � 818 (segment of a larger
panoramic stereo image captured by EYES-
CAN at two different heights).

Figure 18. SDPS reconstruction of the
“Horse” scene: the grey-coded range (DEM)
image (left) and the corresponding cyclopean
image (right) formed by fusing images of the
stereo pair in line with the DEM.



Figure 19. Backward (left) and nadir (right) im-
ages obtained by the 3-line scanner WAAC
to form the horizontal stereopair “Berlin” (a
2400� 2400 window of a larger stereo image).

of the symmetric dynamic programming stereo (SDPS)
reconstruction [9] of the scene. This variant of the
SDPS exploits the above-mentioned probabilistic reg-
ularization.

The DEM of this scene is represented in Fig. 18 as
a grayscale-encoded range image. The related cyclo-
pean image of the scene is obtained by merging both
stereo images in accordance with the DEM. These re-
sults show that the probabilistic regularization yields
rather accurate stereo matching (the corresponding
cross-correlation between BVPs in both stereo images
is 0.92 for the above DEM). Similar results of a SDPS
reconstruction of a particular terrain are shown in
Figs. 19 and 20. In both examples most points of the
DEM seem to be correct although there are unavoid-
able errors in regions with uniform textures (such as,
for instance, river and lake surfaces in the \Berlin"
scene or windows in the \Horse" scene).

Figure 20. SDPS reconstruction of the
“Berlin” scene: the grey-coded range (DEM)
image (left) and the corresponding cyclopean
image (right) formed by fusing images of the
stereo pair in line with the DEM.

6 Conclusions

The paper discussed current activities in wide-angle
sensor development and related theoretical and algo-
rithmical issues. It illustrated that today's digital
multi- or single-line cameras can already successfully be
used on board of aircrafts and for panoramic imaging.
A broad diversity of applications and related research
and development is expected.

Direct and accurate measurements of attitude pa-
rameters (roll, yaw, pitch), ground speed, and alti-
tude variation are the parameters of exterior orien-
tation for each measured CCD-line. It has been dis-
cussed that attitude and camera calibration data allow
that CCD-line scanner data can be geometrically cor-
rected and successfully used for stereo analysis, shape
reconstruction and visualisation. Digital resolutions re-
cently already available in line cameras approach the
optimumresolutions availablewith �lm-based cameras,
time-consuming chemical photo processing and expen-
sive large-scale hardcopy scanners. Complete process-
ing lines connecting digital image acquisition, trans-
mission, and stereo analysis will rede�ne digital pho-
togrammetry and panoramic imaging within the next
years.
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Appendix A: Historic Context

Computational stereo, or 3D surface reconstruction
from stereo images is of continued theoretical and prac-
tical interest for several decades. Solutions of stereo
problems are considered as crucial steps towards the
understanding and simulation of human spatial per-
ception [71]. In application areas such as photogram-
metry, autonomous navigation, or robotics, computa-
tional stereo allows automated precise terrain measure-
ments and representations in terms of digital surface
models [48].

A1: Progress in Photogrammetry

The last �ve decades in photogrammetry are char-
acterized by several successive waves of automation re-
placing conventional optical, mechanical, and photo-
graphic processes by computations and digital image
acquisition. These waves reected general advances in
computing and in imaging devices.

A �rst wave in the late nineteen �fties was related
to the innovative principle of analytical photogrammet-
ric devices [48, 58]. Until that time stereo reconstruc-
tion was performed by a human operator using analog
photogrammetric devices. The new analytical devices
were not limited anymore by optical and mechanical
constraints so that a much higher degree of accuracy
became possible [48]. The conventional optical and/or
mechanical modelling of relationships between 2D im-
age coordinates and 3D world coordinates of a terrain
was replaced by mathematical computations.

A second wave occurred in the nineteen seventies
when these analytic devices were enhanced by im-
plementations of automatic stereo image matching.
This assisted the human operator in performing basic
stereo-photogrammetric operations such as image rec-
ti�cation and terrain reconstruction. Typically, these
new systems now processed photographic stereo im-
ages as input data, and used cross-correlation tech-
niques for automatic detection of stereo correspon-
dences [12, 14, 64, 66, 81, 84]. Small image regions
were converted into analog or digital signals by electro-
optical scanners which were mechanically moved across
the given input images.

This second wave allowed for correlations of stereo
images. At that time also extensive investigations
of stereo problems were conducted in computer vi-
sion [2, 40, 41, 47, 55, 70, 71]. These studies resulted
in a better understanding of ill-posed mathematical
problems related to human early vision processes. Ill-
posedness of stereo reconstruction (as well as of many
other inverse photometric problems) is caused by ob-

ject surfaces in natural scenes possessing uniform or
repetitive texture (such surfaces do not support unique
stereo image matching) or by partially occluded sur-
faces (which do not have stereo correspondences at all).

Human vision overcomes such diÆculties to a great
extent. Computational stereo reconstruction attempts
to obtain results compatible with human vision. Al-
though these attempts last now already for almost
three decades, the accuracy of automatic reconstruc-
tion is still signi�cantly lower than of visual percep-
tion. To solve the problem, di�erent image matching
strategies either based directly on pixel intensities (grey
values, colors), or local intensity changes (edges), or
higher level features such as curves have been proposed
and tested. These matching algorithms use various lo-
cal or global search techniques for �nding correspond-
ing image points having maximum similarity. Many of
the known optimization techniques have been tried for
matching image intensities, edges, curves, more com-
plicated local features, or their combinations, for in-
stance, cooperative relaxation [55, 71, 86], dynamic
programming [5, 8, 26], least-square correlation [7, 14],
adaptive-window correlation [18], gradient-based dis-
similarity minimization [17], and so forth. But the ob-
tained results are still rather far from the speed and
accuracy of human stereo vision. Correlation-based
image matching is still the most popular technique in
photogrammetric applications [7, 12].

Another new generation of photogrammetric devices
emerged in a third wave since the early eighties, and
these devices are still in ongoing competition with mod-
ern analytical devices. This new generation is based
on the principle of digital, or softcopy photogramme-

try [56, 63, 67]. In this case the input data consists of
digital imagery, and all the photogrammetric process-
ing is performed by a specialized workstation equipped
with a stereoviewing display that allows for human-
computer interactions [56, 72]. Such a workstation is
connected to a precise photogrammetric scanner for the
purpose of digitizing and inputting conventional pho-
tographic images.

Finally, this third wave is supported by the rise
of fully digital photogrammetry which completely ex-
cludes conventional photographic images by digital im-
age acquisition. Image data are now acquired by
photogrammetric airborne line scanners [77, 79, 80].
Due to extremely large amounts of digital input image
data [63, 67, 82] it also follows that the importance of
automated stereo reconstruction is even increased in
this new technology. The development of digital pho-
togrammetry allows a higher exibility in wide-angle
image acquisition in general covering not only aerial
digital photography but also panoramic imaging or fur-



ther methods of wide-angle image scanning.

A2: Image Mosaics

Image mosaics are nearly as old as the history of
photography. The French Academy of Arts and Sci-
ences honored in 1839 the �rst practical photograph
(daguerreotype). In 1860, J.W. Black took the earliest
aerial photograph still in existence, a balloon-view of
Boston, and such aerial photographs have been used
for creating image mosaics since that time. One of the
earliest known aerial mosaics shows the city of Bengasi,
Libiya, presented in 1913 by Capt. Tardivo. Several
pictures had to be aligned and joined manually. The
colors of the pictures had to be adjusted by techni-
cians using brushes and dye. The resulting image mo-
saic might be inaccurate due to di�erent factors such
as lens distortion or di�erent lighting conditions.

Mosaicing of aerial and satellite images was one
of the �rst major tasks in digital image processing,
for example with LANDSAT images [44] for creating
panoramic views of the Earth. In 1979 panoramic im-
ages of Jupiter and its satellites were assembled from
images brought back by the Voyager ships. Image mo-
saicing was also used to assemble images of galaxies
and nebulae, as well as unrelated images for special
e�ects [62].

S.E. Chen proposed in 1995 a technique for creating
360Æ cylindrical panoramic images [3] based on join-
ing a series of overlapping digital images, i.e. the pro-
posed method is a special variant of image mosaicing.
These panoramic images created by using a so-called
image stitcher became very popular since that time.
Basic problems inherent to the used approach remain
such as geometric distortions and inaccurate represen-
tations, especially close to seams between neighboring
images, e.g. due to di�erent lighting conditions. Even
intensive e�orts in improving image merging strategies
[4] have shown that panoramic imaging based on image
mosaicing has its limitations.

A3: Digital Stereosensors on Satellite and Airborne
Platforms

The history of wide-angle image acquisition dates
back to the early days of photography when pictures,
for example captured from a balloon, allowed to cre-
ate 'mosaics' of larger images. Stereo image analysis in
the context of photogrammetry has a history of more
than one hundred years. New camera technologies have
changed the �eld of wide-angle and stereo imaging re-
peatedly over the time. Fundamental changes in image
sensors, platforms, and applications are taking place re-

cently again. Commercial (digital) line camera systems
on airborne- and spaceborne platforms are becoming
available, and panoramic sensors became available as
an `o�spring'. Such image sensors are of interest for
photogrammetry, computer vision, robotics or image
based visualizations - just to list four areas.

SPOT (Syst�eme Pour l'Observation de la Terre) was
the �rst digital commercial system for the Earth re-
source mapping designed by CNES (Centre National

d'Etudes Spatiales), France, and developed under par-
ticipation of institutes in Sweden and Belgium. On 22
February 2001, the Earth observation satellite SPOT
1 completed its 15th year in service. SPOT was the
�rst satellite to use an across-track scanning technol-
ogy illustrated in Fig. 2 which is another example of a
pushbroom strategy. The GSD of SPOT 1-4 is 10 m
at a height of 822 km, and it will be improved by the
forthcoming SPOT 5 which is expected to have a GSD
of 2:5 m at the same height of ight.

The viewing angle of the SPOT sensors can be ad-
justed to look to either side of the satellite's vertical
(i.e. nadir) track, allowing o�-nadir viewing which in-
creases the satellite's revisit capability. This not only
improves the ability to monitor speci�c locations and
increases the chances of obtaining cloud free scenes,
but the o�-nadir viewing also provides the capability
of acquiring imagery for stereoscopic coverage. Oblique
viewing of the SPOT system makes it possible to pro-
duce stereo pairs by combining two images of the same
area acquired on di�erent dates and at di�erent angles
(across-track stereo). The main problem of this stereo
approach is that an investigated region is viewed un-
der di�erent illumination and weather conditions. This
contributes to the problems of automatic stereo match-
ing programs as discussed above.

An alternative possibility is the above-mentioned
three-line principle (along-track, or in-track stereo),
which was proposed for airborne sensors in [46]. This
PhD thesis investigated stereo possibilities for airborne
line scanners and concluded that a three-line-scan al-
lows to determine spatial coordinates from scanned im-
ages using tuples of corresponding points in two of the
captured strips and a standard triangulation. Three
lines reduce invisibility problems compared to two lines
(i.e. a surface point might be captured with one line
but hidden for another line).

The German aerospace research institute DFVLR
(Deutsche Versuchsanstalt f�ur Luft- und Raumfahrt),
a predecessor of DLR, developed the �rst pushbroom
scanner to be used in a space mission. The Modular

Optico-electronic Multispectral Scanner (MOMS) was
aboard shuttle missions STS-7 and STS-11 in 1983 and
1984. It used two bands, at 0:575 � 0:625 �m and



0:825� 0:975 �m with a GSD of 20 m. MOMS-2 was
own on STS-55 in May 1993. It had four multispectral
channels with 13 m GSD (at 200 km typical shuttle
ight height), a panchromatic (grey-scale) band with
4:3m GSD, and allowed for along-track stereo mode.

A new generation of spaceborne imaging systems
which have a GSD of 1 m or better is used commercially
since 1999. The �rst successful system of this kind was
IKONOS. This digital camera system was designed and
built by Eastman Kodak. The resolution of each cam-
era is such that objects of less than one square meter
can be seen on the ground at an orbital altitude of
680 km. This represents a signi�cant increase in image
resolution over any other commercial remote sensing
satellite system.

The camera system of the IKONOS satellite is
able to collect simultaneously panchromatic imagery
with one-meter resolution and multispectral data (red,
green, blue, and near infrared) with four-meter resolu-
tion, across an 11 km swath (at a height of 681 km)
of the Earth's surface. The panchromatic imagery
provides highly accurate Earth imagery, enabling ge-

ographic information system (GIS) users to generate
high-precision maps.

IKONOS allows sensor-tilt-in and across-track scan-
ning directions. First the system scans a surface patch
in forward viewing direction, and after obtaining this
measurement the mirror may tilt into another view-
ing direction to measure (e.g. the same surface patch)
under a di�erent viewing angle.

Since the end of the nineteen eighties various CCD-
line stereo scanners have been own on airborne plat-
forms. HRSC (High Resolution Stereo Scanner) was
the �rst system which worked operationally. The
French ISTAR company derived city models from dig-
ital HRSC airborne data. HRSC has �ve sensor lines
assembled on the focal plate, namely one nadir line
and two pairs of forward/backward lines with di�erent
stereo angles (the nadir line is actually combined with
a stack of four additional multispectral lines). This
�ve-line HRSC was part of the imaging payload of the
Russian Mars 1996 mission and was �rst own on an
airborne platform in 1997.

Let us mention two prototypes of modern three-line
cameras for space and airborne applications, WAOSS
and WAAC developed at DLR. Test applications of
WAOSS (also part of the Russian Mars 1996 mission)
led to a more exible camera, which was suitable for
airborne imaging applications. The latter (WAAC) was
developed based on the WAOSS concept and reusing
WAOSS modules [76, 79]. Figure 21 shows WAAC
mounted in an aircraft.

The �eld of view of the WAAC camera is 80Æ and the

Figure 21. A three-line WAAC.

number of pixels is 5184 (in each sensor line) with an
instantaneous �eld of view (IFOV) of 0:3 mrad. For
a typical ight height of 3000 m the ground sample

distance (GSD) is about 1 m. For Earth-related air-
borne applications of three-line stereo cameras, there
are typical constraints for mass (about 5 kg), volume
(L : 30 cm � W : 20 cm � H : 20 cm), and power
consumption (15 W ). A PC allows on-board camera
control, and image and gyro data collection. Typi-
cal imaging errors, e.g. pixel-response-non-uniformity

(PRNU) and optical shading, are corrected in real time.
After real-time normalization and JPEG compression
methods reducing the amount of data, three recorded
image strips are stored on the PC's hard disk.

ADS40, jointly development between LH Systems
and the German Aerospace Centre (DLR), is the �rst
commercially available digital airborne stereo scanner.
This system is a digital alternative to common aerial
�lm-based cameras, and it possesses a GSD of 10 cm
at 2 km, and 0:5 m at a height of 10 km. The cam-
era has three panchromatic sensor lines of 2 � 12; 000
pixels (each line composed of two by resampling and
interpolation) each, staggered by 3:25 mm and four
multispectral CCD lines of 12; 000 pixels each. The
panchromatic image strips can have more than 20; 000
pixels in line direction, and this makes them compa-
rable to the performance of aerial �lm-based cameras
for derivations of digital elevation maps or GIS appli-
cations in general.

A4: Panoramic Cameras

Panoramic cameras have been designed to overcome
mosaicing problems (e.g. radiometric adaptation of dif-
ferent image strips). Panoramic camera design seeks to
combine high resolution and wide swath in one cam-



era. Panoramic imaging is used in normal ground pho-
tography as well as in aerial photography: in ground
photography, a camera which captures a wide view of
terrain by rotating horizontally about the vertical axis
through the center of the camera lens, and in aerial
photography, a camera which, through a system of
moving optics or mirrors, scans a wide area of terrain,
usually from horizon to horizon. The camera may be
mounted vertically or obliquely within the aircraft, to
scan across or along the line of ight.

A panoramic camera may follow one of the following
three basic design principles for meeting these require-
ments:

� a narrow-angle, fast lens system uses only the por-
tion of the lens system which is in or near the op-
tical axis,

� a lens system which scans through large angles
across a main direction of scanning, or

� �lm of normal width is advanced parallel to the
direction of scanning at rates compatible with the
vehicle ground speed in order to obtain continuity
of coverage along the scan path.

Panoramic cameras have been produced for at least
150 years in various types and sizes around the world.
Typically, these cameras produce an image of at least
110Æ width, and some for full 360Æ. Besides com-
mercial products there were also a number of military
panoramic cameras.

An 1843 Austrian patent started o� �lm-based
panoramic camera developments. J. Puchberger paten-
ted a hand crank driven swing lens panoramic camera
that used daguerreotype plates being 19 to 24 inches
long. The camera had an 8-inch focal length lens and
covered a 150Æ viewing angle. We cite a few more re-
cent developments:

� (1992) the V-Pan Panoramic Camera is a 6 cm by
17 cm view camera using 120 �lm and built by
V-Pan Panoramic Cameras, St. Louis, MO,

� (1992) the Horizon 202 Panoramic uses 35mm�lm
and takes a 120Æ 24 mm � 58 mm image,

� (1992) the Noblex Pro makes a 146Æ 50 mm �
120 mm image on 120 roll�lm, its rotating slit
drum is battery powered and the camera is manu-
factured by Kamera Werke, Noble, Dresden, Ger-
many,

� (1992) the Roundshot Super Camera made by
Seitz of Switzerland is designed for interchange-
ability with Hasselblad bayonet lenses, makes 360Æ

images with battery power on changeable 70 mm
and 220 �lm magazine,

Figure 22. Panorama captured with WAOSS.

� (1993) the Fujo GX617 from Japan, a �xed 6 cm�
17 cm format camera with three interchangeable
lenses (90 mm, 105 mm and 180 mm) using 120
or 220 roll �lm, and

� (1994) the Noblex Pro 06/150 HS, a high speed
146Æ rotating lens panorama camera made by
Kamera Werke, Noble, Dresden, Germany, that
is battery powered and uses 120 roll �lm.

Film-based panorama cameras are for specialists work-
ing in commercial photography, and not designed or
priced for the private sector where image mosaicing
approaches towards panoramic images prove to become
more and more popular.

A �rst application of digital line cameras was pro-
posed in a patent for cylinder assembly inspection in
1982. High-accuracy panorama applications, e.g. in
architecture documentation [75], are an interesting op-
portunity for CCD-line cameras. One of the �rst
panoramic images taken in 1995 by a line camera is
shown in Fig. 22 which shows the `Gendarmenmarkt',
a historic square at Berlin. These experiments with
WAOSS, designed as an aerial scanner, lead to the
panorama line camera EYESCAN (see Fig. 3).

Further commercially available digital line cameras
are, e.g., ePan (Seale Studios, San Antonio, Texas)
with a 2k line sensor and the Karline camera from Dr.
Claus Bild- und Datentechnik, which also allows stereo
image acquisition.

The main stimulus for developing airborne
panoramic cameras has been remote sensing. Re-
cently di�erent applications in computer vision and
robotics also demand omnidirectional viewing. The
development of airborne panoramic cameras started
in 1949, when a strip camera was modi�ed and tested
by Boston University Physical Research Laboratories.
In this particular version of a panoramic system, the
entire camera was rotated about the longitudinal axis
of the aircraft and the �lm was pulled past the slit
synchronously with the rotation of the camera body.

The application of panoramic cameras to mapping
has been hampered by the facts that the calibration



of such cameras is diÆcult and the photography has
comparatively complicated geometry. Both factors are
due to the mechanical motions in and of the panoramic
camera during exposure. However, with the re�ne-
ment and increased exibility of analytical photogram-
metric solutions brought about by the advent of high-
speed electronic computers and analytical stereoplot-
ters, it has become feasible to use panoramic photog-
raphy in conjunction with ground control, or simul-
taneous lower-resolution frame photography, for aerial
mapping.

A recent, panoramic-imaging based system is the
KRb 8/24 of Z/I-imaging, the German-American joint
venture of Zeiss and Intergraph. This camera is a low-
to-medium altitude reconnaissance drone system.

Appendix B: Height Data and Visualiza-
tions

The �nal steps in the discussed processing line of
capturing and analyzing line camera images are (1) the
use of the calculated disparities for de�ning an eleva-
tion map, and (2), possibly, a visualization of input
images, calculated data or �nal elevation maps.

DEM Calculation

We briey describe a procedure as used for the re-
construction of a DEM based on registered along-track
image stripes (we assume a three-line camera). The
�rst step is �nding corresponding points in at least two
di�erent images using a matching algorithm (e.g. dy-
namic programming with probabilistic regularization)
as described before. With the knowledge of their co-
ordinates in the focal plane and of the attitude of the
sensor, so-called pixel rays fpx : x = 1; :::; ng can be
de�ned:

px = Pa + t �D

where Pa is the current actual camera location, D de-
notes the camera orientation, t is an unknown param-
eter, and x is the index of the current image column.

Under ideal circumstances the three coordinates of
an object point in the depicted terrain are given by
a unique intersection point of such rays. Due to dis-
cretization errors caused by the �nite resolution of the
camera, there is actually no such ideal intersection
point. But the least-square error criterion, a vector
having the minimum distance to these rays can be de-
termined. Such a vector speci�es the 3D-coordinates
of a reconstructed point

bPx = Pa;0 + t0 �D0 + �0 = Pa;1 + t1 �D1 + �1 ;

where bPi denotes the estimated intersection point, and
� is the deviation between an estimated and actual in-
tersection point.

This allows that pixels of di�erent CCD-lines are
identi�ed after the matching procedure as being re-
lated to the same object point. If a suÆcient num-
ber of such terrain points has been calculated, a DEM
can be retrieved by a two-dimensional interpolation al-
gorithm. Figure 23 shows the result of the described
procedure, where the corrected nadir image strip was
texture-mapped onto the calculated DEM.

Visualizations

Visualisation of high-resolution input images is quite
a new challenge, e.g. a panoramic image may have a
size of up to several GBs. Figure 24 illustrates the
available resolution by zooming into a panorama cap-
tured with EYESCAN in the America's Cup Village
in Auckland. More traditional visualisation tasks are
2.5D surface graphics, incremental 3D data transmis-
sion, or surface animations.

Stereo visualisation techniques have been used in
photogrammetry since its beginning, for more than one
hundred years. Anaglyphic visualizations were con-
sidered to be not suitable for color information but
are very popular due to its inexpensive realization.
Traditional panorama visualization techniques such as
[3, 4] give only single eye's depth cue to the audience
for 3D-world navigation. A panorama visualization
technique using a color-anaglyphic stereoscopic tech-
nique has been introduced in [85]. Camera setups of
panoramic and anaglyphic image acquisitions are in-
trinsically incompatible. The proposed technique was
based on estimating geometric errors and an error-
controlled positioning of the panoramic camera. Be-
sides the anaglyphic technology, also a real-time inter-
active navigator has discussed in [85] for navigation in a
stereo panoramic virtual world also allowing that scene
objects may be manipulated within panoramic videos.

Figure 23. Stereo reconstruction result.



Stereo analysis results (e.g., a DEM) de�ne a 3D
surface model (see Fig. 23) and allow further visualisa-
tion techniques such as \y-through" animations. Fig-
ure 25 shows on top one of two stereo input images,
in the middle a calculated isoline image, and at the

Figure 24. Zooming into a high-resolution
panorama.

Figure 25. One of two stereo images, an iso-
line map [52], and a frame of a fly-through
video.

bottom one frame of a y-through visualization of the
texture-mapped 2.5D surface model. Weather map vi-
sualisation is one example of an application which may
bene�t from such an approach.

A very important issue related to internet-based 3D
surface visualizations are incremental data transmis-
sions allowing 3D surface visualizations with increas-
ing accuracy based on a local or global optimization
approach for transmitting \most relevant but still miss-
ing" surface details next for incremental visualisation.



For Computer Vision, multiresolution surface recon-
struction techniques are employed to remove existing
redundancies, and to speed up subsequent display or
recognition operations. For large-scale map produc-
tion in cartography, surface simpli�cation is vital to
simplify the representation of rivers, roads, coastlines,
buildings, and terrains. A typical application is the
construction of Triangulated Irregular Networks (TINs)
from large amounts of geographical data acquired from
satellites.

Surface simpli�cation is a subproblem of multireso-
lution surface reconstruction. Taking input in the form
of height measurements at a regular grid or TIN, mul-
tiresolution surface reconstruction will generate a series
of approximation surfaces with continuous incremen-
tal resolutions while surface simpli�cation will generate
only one simpli�ed surface. In short, multiresolution
surface reconstruction can be summarized as:

Assume a given surface with n vertices and
their neighborhoods, �nd a series of approx-
imation surfaces with m vertices, m = i; i +
1; : : : ; n, with i > 0), or �nd a series of ap-
proximation surfaces with approximation er-
rors "1 � "2 � : : : � "m � 0, for m � n.

Survey papers [57, 78] extensively describe and clas-
sify surface simpli�cation and multiresolution surface
reconstruction. These techniques can be mainly cate-
gorized as: polygon merging, wavelet based representa-
tions, volumetric approaches, vertex clustering, energy
function minimization, hierarchical representations, re-
tiling methods, vertex or edge or face decimations, and
combined algorithms.

The terrain surface or a height �eld Z = H(x; y)
is a function of two coordinates. Besides TIN or
regular grids, terrain surface reconstructions can also
take a set of organized or unorganized sample points
(x; y;H(x; y)) as input. Incremental insertion algo-
rithms [73], see Fig. 26, are the most widely used algo-
rithm. Such an algorithm incrementally inserts sample
points into the previous mesh and performs Delaunay
retriangulation on the new mesh. This algorithm's ad-
vantage is its high speed.

Furthermore, incremental insertion algorithms
transform a 21

2
D modeling problem into a 2D mod-

eling problem. A drawback for terrain surface recon-
struction is that such a transformation will not handle
steep valleys gracefully. [65] proposed a revised version
of the incremental insertion algorithmby modifying the
retriangulation method such that slopes are taken into
account.

1 : procedure: Incremental insertion

2 : input: S = set of points on a 3D surface
3 : output: N = approximated surface
4 : P = projection of S into xy plane
5 : N = two triangles in 3D enclosing P
6 : V = set of vertices of N
7 : until (approximation threshold satis�ed)
8 : let p 2 P which introduces maximum error
9 : insert p into V and delete p in P
10 : N = Delaunay retriangulation of N
11 : enduntil

Figure 26. Incremental insertion algorithm.
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