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Abstract

Modeling of 3D scenes has been the defining subject
in photogrammetry or remote sensing for more than
100 years, and it is now for about 30 years one of
the main subjects in computer vision. There are re-
cently significant paradigm shifts in both areas. Digital
imaging reshaped photogrammetry and remote sensing,
and active vision (e.g., integrating laser range finder,
SAR, or structured lighting) allows accurate and cost-
and time-efficient 3D shape recovery in computer vi-
sion. Traditional approaches such as shading based
shape analysis or binocular stereo are supported or even
totally replaced by active vision technologies. New cam-
era technologies (e.g., developments of different sensor
geometries, increase in image resolution, and more ac-
curate photometric properties) are a necessary prereq-
uisite for these developments. This paper briefly re-
views such processes and gives some conclusions.

1 Introduction

A sensor measures properties in 3D scenes, and
maps these into computer-readable data. Examples
are laser range finders which measure distances be-
tween sensor and visible surface points, analog cam-
eras with a subsequent process of photo scanning, dig-
ital cameras with photometric measurements in dis-
crete cells (arranged in a manifold; for example, in
a rectangle for traditional pinhole cameras), or syn-
thetic aperture radar (SAR). Resolution in side-looking
radad/sonar systems is limited by practical restric-
tions on the length of antennas, and SAR overcomes
this limitation by creating a synthetic ”antenna” of
(potentially) unlimited length, thereby narrowing the
beamwidth and increasing resolution.

A vision-based 3D modeling problem is defined by
mapping (analog or digital) camera data into an ap-
proximative 3D model (e.g., 2.5D) of a scene, combin-

ing geometric and photometric data, where additional
sensors or processes (e.g., projecting light patterns into
a scene) can be used as support. The problem is also
specified by the family of scenes intended to be mod-
eled, together with conditions (e.g., lighting). For a
classification of vision-based 3D modeling problems,
see [30]

The dominant 3D modeling problem in traditional
photogrammetry or remote sensing (see, e.g., [17]) is
defined by analog cameras and subsequent scanning
of photos, and architectural details captured by high-
quality cameras, or 3D sceneries captured from planes
or satellites under good visibility conditions.

3D modeling problems in computer vision are typ-
ically defined by multiple images captured by digi-
tal cameras, and close-range scenes as in robotics or
human-body shape recovery applications. Often 3D
modeling problems are characterized by specific appli-
cations (e.g. in biomedical imaging or in industrial 3D
volume inspection), and shape recovery of large scenes
becomes more and more an issue.

The textbook [10] discusses common shape recov-
ery methods in computer vision in the 1990s. Since
then, more methods have been added, some computer
vision methods lead to successful commercial products,
and others appear more and more as being of academic
interest only. We start with commenting on develop-
ments in vision-based 3D modeling, and continue with
illustrating progress in sensor technology. See refer-
ences for details.

A change of approaches, systems or opinions is often
discussed as a “paradigm shift” (see, e.g., [1, 12]). A
paradigm is ”...a constellation of concepts, values, per-
ceptions and practices shared by a community which
forms a particular vision of reality that is the basis
of the way a community organises itself.” [13]. As a
famous example, the transition from Ptolemäus’s con-
ception of the geocentric universe to the heliocentri-
cally world system of Kopernikus was a revolutionary
paradigm shift. However, in this article we discuss an-



other type of a paradigm shift characterized by gradual
transitions in a period of several years, leaving basic
knowledge unchanged, but adding completely new op-
portunities.

2 Developments in Methodology

The general situation today in the field of vision-
based 3D scene modeling reminds the authors about
the rise and fall of some approaches in 3D object sur-
face recovery (e.g., shape from shading, or shape from
focus), and straighforward solutions applying struc-
tured lighting or shape from silhouettes, which lead
to widespread commercial applications. Some of these
3D shape recovery problems defined challenging tasks
in theory, but may have only minor applications. En-
gineering solutions often decided for the use of robust,
simple, and accurate methods.

2.1 Just vision

Methods for shape recovery of objects sometimes
have origins related to the recovery of 3D scenes (e.g.,
shape from shading was originally discussed in remote
sensing), or may generalize to methods for 3D scene
modeling. Shape from silhouettes, for example by
applying volume carving (see, e.g., [2]), is an efficient
way of recovering the shape of a single object, and
recently this has been generalized [28] to 3D scene
visualizations based on volumetric reconstructions of
visual scenes (using multiple calibrated cameras).

Structure from motion became a popular way of
reconstructing 3D scenes from uncalibrated image
or video sequences (see, e.g., [3, 22]), extending the
common stereo analysis approach which was limited
to calibrated image data. However, besides a few
(impressive) demonstrations (see, e.g., [11]), promising
results are still more at the theoretical level. As a
generalization of the method, structure and motion
is presented in [5, 20]; uncalibrated image sequences
acquired with a hand-held camera are mapped into
visual models of 3D scenes, illustrated by examples
showing a single building or a statue. [5] uses building
primitives such as doors or windows within a recovery
process. [32] discusses the use of an uncalibrated
sequence of panoramic images for 3D scene reconstruc-
tion.

Aerial stereo image analysis is further progressing
and dominates in remote sensing and photogrammetry.
It is widely used for depth map calculation. In case
of city-scene reconstructions it is limited to modeling
of “roof sceneries”, and does not allow to model
“facades”. Obtained depth maps possess less depth

resolution (say, 60-30cm for aerial images, see [18],
compared to 1cm up to submillimeter for laser range
data captured at ground level), and require to solve
accurate camera orientation estimation during a flight,
interframe matching and triangulation, and, of course,
the difficult stereo correspondence problem (see, e.g.,
[9] for ongoing attempts to solve this problem based
on image sequences).

2.2 Using further tools

As a relatively new approach, stimulated in
digital photogrammetry and progress in range finders
in general, combinations of image and laser range data
are more and more used for modeling 3D objects or
scenes. These approaches have to deal with inaccura-
cies in laser scanner data due to, for example, surface
reflection or noise along object edges, or varying
densities of calculated 3D points due to different
slopes of surfaces.

For example, in [6] a camera and two fast, inexpen-
sive 2D laser scanners are mounted on a truck driving
through city roads (under normal traffic conditions),
and the task is to reconstruct textured house facades
(this simplified – with respect to hardware – in [7] to
one laser scanner and a camera on a car).

In [26], data captured at multiple viewpoints of a

Figure 1. LRF and camera data allow to gen-
erate high-accuracy textured 3D models [26].



Figure 2. 3D city model of Karlsruhe [16].

laser scanner and a panoramic camera (rotating line
sensor) within one hall in a building are combined into
a textured surface model of this hall. Figure 1 illus-
trates a reconstructed hall in castle Neuschwanstein
by showing a calculated orthophoto.

For a discussion of large-scale multiview registra-
tion of range images captured from unknown viewing
directions, see [27].

3D models of urban environments, or large-scale
city models might be possible by combining these
(ground-level) textured models with those obtained
via stero vision approaches based on aerial images
(taken from a plane, see, e.g., [32]).

Alternatively to traditional stereo analysis of

Figure 3. Schlossplatz at Stuttgart (courtesy
of N. Haala, Stuttgart University).

aerial images, range data measured from an plane or
helicopter (see, e.g., [15, 16]) are also becoming more
reliable. See Figures 2 and 3 for two city scene recon-
structions from the pioneering days of this approach.
The accuracy in measured height of airborne laser
scanners is about 10 cm or less. As an important
feature, it is today also possible to measure through
vegetation by taking the first and last impulse.

Instead of a laser range finder we can also use (in
appropriate applications, e.g., where a range finder
cannot be used) SAR, which is the most commonly
used system in radar imagery. SAR requires an
extremely stable or accurately known platform (in fact
depth resolution is primarily limited by the ability to
correct for motion of the instrument.)

3 Developments in Technology

Recent technology developments have obvious im-
pacts on camera systems. As an example we cite the
new Ricoh Pro G3, which is a digital camera with auto-
matic image geo-coding (i.e., GPS technology already
becomes an integral part in camera technology). Con-
sequently, a range of different disciplines has (some)
influence on camera developments:

� digital imaging, which is potentially able to re-
place classical (analog) photography for profes-
sional purposes (long-term storage should not be
influenced by changes in storage devices);

� active systems (laser scanner and SAR) which
are able to collect wide-area digital surface mod-
els (DSM) especially in applications where stereo-
image analysis seems to be impossible after many
years of related research (e.g., cities, forests);

� direct geo-referencing with accurate camera loca-
tion and line-of-sight (LOS) determination; and

� digital signal processing, picture analysis, com-
puter vision for fast and unsupervised data pro-
cessing.

These developments simplify traditional photogram-
metry, remote sensing, or computer vision, make re-
sults more accurate and reliable, and allow for new
applications. New screen technologies also point to-
wards 3D visualizations without eyeglasses or other ad-
ditional tools. Multi-layerd displays (MLD) of Pure
Depth [21] are recently two LCD screens, one in front
of the other (information presented on the back layer
can be seen through the front layer), and more layers
are expected to come.



High-resolution camera technology is especially im-
portant in photogrammetry and remote sensing, but
also computer vision. The last ten years have shown
qualitative progress in CCD (short for ‘charge coupled
device’ - our photo sensor today) and CMOS (short
for ‘complementary metal oxide semiconductor’ - used
for view finders or image displays) technologies, and in
position determination with GPS or INS (i.e., inertial
navigation). Combined with available computer per-
formance and data storage capacities we have reached
the moment where film-based cameras can be replaced
by digital technology in many applications. This also
leads to qualitative improvements of computer vision,
photogrammetric and remote sensing products, and to
a fusion of the three contributing disciplines.

4 Digital Cameras

For an overview on recent camera development, see
[4, 19]. Table 1 lists currently available CCD matrices,
and Table 2 lists CCD lines (e.g., lines for rotating

Table 1. Large format CCD-matrices.
Manufacturer Model Array #Pixels
Kodak KAI-11000M 4k×2.6k 11 Mega
Kodak KAF-16802CE 4k×4k 16 Mega
Kodak KAF-22000CE 5.4k×4k 22 Mega
DALSA FTF4026 4k×2.6k 11 Mega
DALSA FTF7040 7k×4k 28 Mega
Atmel AT71201M 4k×4k 16 Mega
Philips FTF7080 9.2×7.2 65 Mega
Fairchild Imaging CCD595 9.2×9.2 85 Mega

Table 2. Large format CCD-lines.
Manufacturer Model Lines Pixel size
Atmel TH7834 12k 6.5×6.5
Atmel customize 2×12k 6.5×6.5
EEV CCD21-40 12k 8×8
KODAK KLI-10203 3×10k 7×7
KODAK KLI-14403 3×14k 5×5
Fairchild Imaging CCD194 12k 10×8.5
SONY ILX734K 3×10k 8×8

cameras), and column ‘Lines’ may only state the length
of a single line, or multiple parallel lines (e.g., for three
color channels); the unit of the pixel size is µm.

High-end photo applications are the driving forces

for the development of large CCD matrices. Com-
mercial high-resolution photo systems in a price range
of up to ¿10k have 6 to 21 Megapixel matrices (e.g.,
Kodak DCS Pro 14n, or Canon EOS-1Ds). Different
frame sensors can be classified by the pixel number
(i.e., #Pixel in Table 1) of the resulting digital image.
(Note that this number is not necessarily equal to the
size of the internally used CCD matrix since some cam-
eras are build by combining several matrices.)

The use of high-resolution images has impact on
algorithm design and on visualization of images on
screen. Navigating in a 10,000 times 10,000 image re-
quires adequate tools.

4.1 Frame cameras

Following [19] we classify cameras as follows into
three different categories:

Small-format cameras, generating images in the
range of up to 6 Megapixel (i.e., image formats of up
to 2,000×3,000 pixel); typically using one CCD matrix
only, but sometimes combining up to four matrices.

Medium-format cameras with an image format of 6
to 36 Megapixel (i.e., an image format of 4,000×4,000
pixel). RGB or CIR (i.e., color infrared) images are
typically realized using a Bayer color mosaic filter for
interpolating color or spectral information.

Large-format cameras have a format of at least 36
Megapixel (today image formats of up to 13,500×8,000
pixel). These image formats are realized by com-
bining several smaller-format CCD matrices; the
largest recently available single CCD matrix is of size
9,200×9,200 pixel, and it is used in aerial reconnais-
sance systems [8].

The consumer market for CCD matrix cameras con-
verges to sensors of size of 6 to 10 Megapixel, which
correspond in resolution to analog photos captured on
a 35 mm film. Today, large-format cameras are often
used as a subsystem of an integrated airborne data ac-
quisition platform consisting of laser scanners (LIDAR,
which stands for LIght Detection And Ranging) com-
bined with an imaging component and GPS or INS
sensors for direct platform orientation [14].

4.2 Line cameras

Line cameras are a cost-efficient solution for high-
resolution images, for example, for creating panoramic
scenes [31], or for increasing the swath (or resolution)
of a camera in remote sensing. See Table 2 for features
of currently available CCD-lines; the Atmel 2×12k line
is a staggered array, and RGB imaging can use the
triplet arrays from Kodak or Sony.



The typical application of line sensor arrays is
(spaceborne or airborne) remote sensing. (The Atmel
staggered line is the sensor for the SPOT satellite and
the ADS40 airborne camera from Leica.) CCD-line
panoramic cameras have been developed in the last few
years. The system with the highest resolution recently
is the EyeScan camera. (EyeScan M2 [24] is a joint
development between the German Aerospace Center,
known as DLR, and KST Dresden). An off-axis ver-
sion of this camera has been suggested [31] for ensur-
ing stereo-viewable panoramas. For a line camera with
GPS and INS, see [23].

4.3 Multiple arrays

The swath of a matrix camera (e.g., for remote
sensing) can also be increased by using multiple
camera heads. Commercial photogrammetric systems,
based on this principle, became available recently.

The DMC (Digital Modular Camera, see
imgs.intergraph.com/dmc) from Intergraph was
first exhibited at ISPRS 2000, which is a combination
of four camera. Additional cameras on the same
platform capture true color and the NIR (near in-
frared) spectral channel. DMC is based on the Philips
4k×7k matrix (see Table 1). To avoid ‘gaps’ between
the four captured images, the cameras are slightly
tilted to each other, which results into a characteristic
‘butterfly ground print’ taken with these four cameras.
The UltraCamD from Vexcel camera systems works
on the same imaging principle. The sensor unit of
Vexcels UltraCamD consists of eight independent
cameras, so-called cones. Four of them create a
large-format panchromatic image of size 11,500×7,500
pixel, and the other four cameras are responsible for
multispectral channels (red, green, blue, and near
infrared).

4.4 Subsampling

This approach is useful for pristine still imaging.
Subsampling is possible by changing the optical path,
or by shifting CCD cells in horizontal and/or verti-
cal direction at a subpixel distance. For example, the
JVC Camcorder GC-QX3U achieves double of its nor-
mal resolution by taking two pictures consecutively,
and shifting CCD cells in vertical direction between
both shots. The JY-VS200 INDIE uses the so-called
micron-precise image-shift technology, which increases
image data that can be sampled by its 680,000 pixel
CCD matrix to 1.9 Megapixel.

Subsampling by moving the CCD matrix is also used
in the former Kontron-Progress-Camera 3012 which al-

lows to achieve a resolution of 12.1 Megapixel with a
much smaller CCD matrix. A common approach is ap-
plying 3×3 up to 6×6 sub-sampling-steps. Problems
can arise with signal-to-noise (SNR) ratio and resolu-
tion, which can be determined with the modulation
transfer function (MTF).

4.5 Signal-to-noise ratio

An improvement of the radiometric resolution is
only possible by increasing integration time. To over-
come the resulting ‘smearing’ of (dynamic) image
structures with increasing integration time, different
solutions are possible. In areal photo-cameras so-called
forward motion compensation (FMC) is implemented.
Controlled mechanical motion of the photo-film in a
direction opposite to the platform’s moving direction
allows longer integration time without motion blur.

The same effect can be realized electronically with
TDI (time delay and integration). For example, appli-
cations of TDI-sensors are the high-resolution space-
borne sensors IKONOS and QuickBird. Fairchild
Imaging provides the CCD10121, which is a 12k×128
TDI CCD for aerial reconnaissance. CCD-matrix sen-
sors can also be used for TDI-imaging, as, for example,
the DALSA, FTF7040 matrix in the DMC.

4.6 Color

The easiest way to build a color camera is to
use three CCD matrices or lines, one each for red,
green, or blue colors. A beam-splitting prism behind
the lens breaks the image into the three colors.
Because of the beam splitter, reducing the size of the
camera has its physical limits. Single-chip matrix
or line cameras can be cheaper and more compact.
To realize RGB color sensitivity, an application
of a color-filter mosaic array (CFA) on top of a
pan-chromatic image is the common way. A 3-color
red-green-blue (RGB) pattern is a default for the CFA,
although others also are in use such as 3-color com-
plementary YeMaCy, mixed primary/complementary
colors, or 4-color systems where the fourth color is
white or a color with shifted spectral sensitivity.
Examples of color patterns are shown, for example, at
www.fillfactory.com/htm/technology/htm/rgbfaq.htm.

A completely other approach is realized by
FOVEON (see www.foveon.com) where each pixel on
a CCD chip is able to capture true color.



5 Laser Scanners

The last decade has brought us fast and precise
terrestrial laser scanners with ranging capabilities of up
to more than 100 m. For an overview, see, for example,
[29].

These devices offer depth information which is typi-
cally more precise than those obtained with traditional
computer vision technologies. Achieved precision is
combined with high point densities on scanned sur-
faces, and sampling rates are of up to 600 kHz.

Some laser scanners provide a gray-level image by
detecting the intensity of the backscattered laser light.
This results in monochromatic images. If higher resolu-
tion color information is required additional sensors or
CCD cameras must be implemented. Panoramic laser
scanners scan their surrounding area with a vertical line
scan and turn the sensor head like the panoramic cam-
era. The combination of laser scanners with panoramic
cameras is obvious because system features and imag-
ing geometry are nearly identical. In terrestrial laser
scanning ranging is carried out either by triangulation
or by measuring the time of flight of a pulsed laser
signal. The triangulation measurement principle is ap-
plied for laser scanners with low depth dynamics. In
close range applications of, for example, up to 5 m, ac-
curacy of less than 1 mm is possible. Such scanners are
produced by Mensi and Minolta. Due to very limited
range performance and range dynamics they are not
well suited for panoramic mapping. Improved range
dynamics can be achieved by radar measurement prin-
ciples. Ranging by radar is basically a time-of-flight

Table 3. Performance of laser scanners

Laser Scanner FOV [°] Rmax fsamp σ25m

vert. hor. [m ] [kHz] [mm]
Zöller & Fröhlich

LARA25200 310 360 25.2 625 4.5
LARA53500 310 360 53.5 500 9

iQsun
880HF40 320 360 40 120 3
880HF40 320 360 80 120 3

Leica
HDS 4500 310 360 25 500 7
HDS 4500 310 360 53.5 500 11

Riegl
LMS-Z360i 90 360 60 12 12
LMS-Z420i 90 360 250 12 10
LMS-Z210i 80 360 120 12 25

measurement. Additional to determining the travelling
time of a signal, the phase difference between trans-
mitted and received signal allows further increase in
accuracy. Fast vertical scans can be realized with, for
example, polygonal mirrors or a rotating shaft. The
second dimension is realized by a rotation of the whole
opto-mechanical head. Recent commercial laser scan-
ners are, for example, iQsun 3D Laserscanners of iQvo-
lution, Imager 5003 of Zöller & Fröhlich, the HDS series
of Leica and the LSM series of Riegl (see Table 3). Im-
ager 5003 has been used for the range scan shown in
Figure 4.

In Table 3, Rmax is the maximum range and fsamp

is the sampling rate of pixels. The standard deviation
of the measured slant range s is related to 25 m. The
angular field of view (FOV) of the scanners is sepa-
rated into horizontal and vertical direction. The laser
scanners of Zöller & Fröhlich, iQsun and Leica promise
better accuracy than the Riegl scanners. However, they
are limited in range, because all work based on the mea-
surement principle of measuring the phase difference.
These scanners typically cover ranges up to 20 m to
50 m. This satisfies the needs of typical indoor mea-
surements and even of some outdoor surveys. Up to
now, only laser scanners using the pulse measurement
technique (e.g., Riegl scanners) reach ranges of up to
several hundred meters.

6 Conclusions

The dominant paradigm shift (in the sense of Kuhn)
in photogrammetry has been a move from analog, or
partially analog, to completely digital image process-
ing and analysis. The integration of laser range finders
or further sensors in 3D scene modeling in computer
vision can also be seen as a paradigm shift, which is
contributing to the ongoing integration of methods in
photogrammetry, remote sensing, and computer vision
into one unified field of 3D object and scene recon-
struction. Basically, range data are now available via
direct measurement, and correspondence problems in
stereo imaging can be totally avoided this way. Digital
systems based on discussed technologies allow for new
types of applications. These systems provide informa-
tion which was not available before in such combina-
tions (e.g., geo-referencing and absolute multispectral
measurements, or multispectral or color information
together with digital elevation models). In comparison
to traditional analog frame cameras (the basic tools in,
e.g., photogrammetry for more than 100 years), prob-
lems arise with respect to the short life cycle of modern
electronic systems.



Figure 4. Laser range generated depth map of the yard of castle Neuschwanstein [25] (captured in
bright daylight).

The new camera and range finder technologies also
create new tasks to be solved, such as very-high accu-
racy calibration of different sensors supporting multi-
viewpoint data fusion, appropriate approaches for han-
dling or storing of, and navigating in huge volumes
of data. (Just as an example: the order of num-
bers of triangles in triangulated surfaces is increas-
ing dramatically if combining super-high resolution
panoramic images with range data of comparable accu-
racy.) The new technologies provide new challenges for
traditional approaches. For example, stereo matching
in panoramic images (e.g., captured with a rotating line
camera) or omnidirectional images (e.g., captured on a
hyperbolic mirror) requires an understanding of epipo-
lar geometry for non-planar image manifolds. Again,
this is not a paradigm shift but a demand for “continu-
ous” progress in stereo imaging (for this example), and
in general in photogrammetry, remote sensing, com-
puter vision, and computer graphics.
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