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Fig. 9.1 Basic imaging principe when using a lens or lens system

als or elements. Modern electronic light-sensitive elements
are charge-coupled (CCDs) or complementary metal-oxide-
semiconductor (CMOS) devices. A CCD array consists of
coupled detectors that allow charge to be moved across the
array into capacitor bins for further processing. A CMOS
detector works independently of neighboring detectors (pix-
els), as each one has an attached transistor that controls
the analog-to-digital conversion and subsequent readout.
A CMOS sensor is less expensive to manufacture and, prin-
cipally, has a faster readout.

Photography in its simplest case is based on the pinhole
camera model [1]. The geometric theory of optical systems
assumes straight light rays that have been reflected from an
object illuminated by any light source. These rays enter the
camera through the pinhole, forming an inverted image on
the plane opposite to the pinhole. This is where the photo
sensitive material is placed. In the pinhole camera model, de-
scribed in detail in Sect. 9.3.3, each image point is generated
by one single light ray passing the pinhole. The resulting 2-D
image is an ideal projection of the 3-D objects, since the sim-
ple pinhole model neglects, for example, any distortions and
blurring effects due to defocus. It is assumed that pinhole,
object point, and image point define one straight line (central
perspective). The pinhole has the drawback that, ideally, only
one single ray from the bundle of light rays originated from
the object point source forms the corresponding image point.
Thus, lenses, single or more complex lens systems, are used
to enlarge the size of the camera opening but still retaining
a focused image. The optical axis of such a lens system is de-
fined as the line between incident and emergent nodal point,
which are defined in a way that the chief or central rays pass
the lens (system) without deviation, forming the same angles
to the optical axis in both nodal points [2], i.e., the emerging
ray is parallel to the original incident ray (Fig. 9.1).

The nodal points define the object—space incident and
image-space emergent perspective centers. Light rays enter-
ing the lens parallel to the optical axis come into focus at
the focal point. The plane perpendicular to the optical axis,
including the focal point, defines the plane of infinite focus
or simply the focal plane [1]. Any parallel rays entering the

system come into focus in this plane. The focal length of the
system is the distance between the emergent nodal point and
the focal plane. The principal point is defined where the op-
tical axis hits the focal plane. The principal point and focal
length are the elementary geometrical parameters defining
the geometry of a camera. This is called the interior (inner)
orientation of the camera. If this interior orientation of the
camera and its corresponding image is known, a bundle of
image rays can be reconstructed from observed image co-
ordinate measurements. The connection between the bundle
of rays towards their correspondences in the image space
is expressed by collinearity equation, which is presented in
Sect. 9.3. Reconstruction of 3-D coordinates of objects de-
rived exclusively from 2-D image observations is detailed in
Sect. 9.3, while the benefit of integrating navigation sensors
into this process is described in Sect. 9.4.

9.1.1 Frame Cameras

Until recently, the acquisition of texture was done exclu-
sively using films. These have now been almost completely
replaced by electronic sensors, at least for consumer-grade
photography. Consequently, and similarly to consumer grade
photography, analog film-based systems are rapidly being
phased out in operational photogrammetric environments,
and digital sensors have, to a large extent, replaced their
analog predecessors. According to their geometry airborne
digital cameras fall into the two large categories of frame and
line cameras, where the latter are also referred to as push-
broom sensors. The concepts of both of these are described
in this and the following Sect. 9.1.2.

Single Head

Airborne or satellite platforms employ large image formats
to guarantee an efficient data acquisition, as the available
image size directly influences the cost of covering a certain
area with imagery. Indeed, a smaller image format requires
more images to record a given scene with the same spatial
resolution. Especially in airborne imaging, this negatively
influences the efficiency of image data recording and pro-
cessing. Therefore, traditional analog mapping cameras have
been designed with large formats of about 23 x 23 cm?. For
these, focal lengths of 30, 15, or 8 cm are utilized, depend-
ing on the field of view (FOV) needed, which is 60, 95, and
125 degrees, respectively.

Multiple-Head Cameras

The most intuitive way to design a digital mapping cam-
era would be to replace the former analog film by a 2-D
electronic sensor element or sensor matrix. Indeed, such an
approach has been pursued in consumer-grade photography.
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Fig. 9.2 Camera concepts based on CCD frame arrangements, syn-
chronous recording: (a) “butterfly arrangement” with 4 tilted heads,
each head with one CCD located in center position, (b) “shifted CCD
arrangement”, here with 2 nadir-looking heads, each with one CCD lo-
cated in shifted position. Courtesy of ifp-Stuttgart

Unfortunately, the size of a CCD frame is physically lim-
ited by the supporting electronics. Therefore, was some years
until a special multiple-head concept was developed based
on a cluster of CCD sensors with a format comparable to
the former 35 mm format (24 mm x 36 mm negative). Such
a design employs several individual camera heads, each one
equipped with one or more CCD frame sensors that are all
firmly attached to one airborne platform. Due to the spe-
cial geometrical arrangements, individual CCDs of a smaller
format connected to separate camera heads generate multi-
ple smaller-format images with certain overlaps. This allows
for the generation of one synthetic large-format image af-
terwards, which is obtained by resampling the individual
smaller-format single images to a virtual large format on
one focal plane. In other words, the virtual large-format im-
age can be used in later production in the same way as any
other frame images. The only difference is its derivation
from a virtual camera instead of a physically existing cam-
era.

Often, multihead frame cameras are designed in a way
that the individual heads (generally two or four) are arranged
with slightly oblique viewing directions. Such inclined in-
stallation of camera heads results in four overlapping images,
the so-called butterfly pattern, which is necessary to form
a virtual image of a large format (Fig. 9.2). These overlaps
are necessary for the later transfer of corresponding points
(also called tie points) or tie features, which enables the
merging of several smaller images into one virtual image of
a larger format.

Different to the concept of tilted camera heads that gen-
erate overlapping images, some installations rely on nadir-
looking camera heads only. One approach is to slightly shift
the CCD frames against each other in the neighboring camera
cones. There the CCDs are not placed in the center of each
focal plane but slightly decentered, shifted to the direction

of the opposite edges of the individual focal planes. As the
images are taken at the same time, part of the covered scene
overlaps and, therefore, the images can be merged together
(Fig.9.2).

Syntopic Frame

In the concepts of multihead frame cameras presented so far,
the images originating from the individual cones are taken at
the same time, i.e., the image exposure of individual camera
heads is synchronized. A different concept relying on mul-
tiple nadir-looking cameras takes images at different times,
however, over the same place. Such an approach is called
syntopic image recording, and it is based on the idea that
multiple camera cones are arranged in a line, which coin-
cides with the main flight direction (Fig. 9.3). If the different
camera heads take their images one after the other, and this
time shift corresponds exactly to the velocity of the camera
movement, the images will be taken at the same position.
As a result, the camera stations for all images are the same.
Different to the previously described system layout, the cam-
era cones contain between one to four CCD frames, which
are installed in different arrangements in their focal planes.
Depending on the individual arrangement of CCD frames
within the different camera heads, overlapping images are
generated in the object space, which can again be merged
together afterwards. The concept of image formation from
syntopic imaging is illustrated in Fig. 9.3. As can be seen,
up to four CCDs are placed within one single focal plane in
a special pattern. The cone containing the four CCD sensors
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Fig. 9.3 The syntopic imaging concepts. Courtesy of ifp-Stuttgart
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Fig. 9.4 Multihead concept to generate large-format frames: syn-
chronous imaging using 4 tilted camera heads (a) and syntopic imaging
using 4 nadir-pointing camera heads (b). Courtesy of ifp-Stuttgart

in its corners defines the virtual frame obtained after image
stitching. It is named the primary or master cone. The re-
maining cones are used to fill the gaps in between.

Comparison of Concepts

Figure 9.4 compares the two ground patterns of the two
main multihead concepts: four camera heads are used for
both installations, but in the first case, the images are taken
at the same time (synchronously) with tilted camera heads.
Fig. 9.4a shows the particular footprint of such a setup in
the object space, where the different colors indicate each of
the four camera heads. Due to their off-nadir viewing the
four images have individual perspective displacements. This
tilt influences the imaging of the same objects in two cam-
era heads, which is especially of concern in the overlapping
parts. The effect is dependent on the height differences in
object space but should be negligible in most application sce-
narios [3].

Syntopic image recording delivers a different pattern
(Fig. 9.4b). Again, the color shades indicate the arrangement
of CCD frames in the four participating camera cones. All
cameras record at the same place (due to the small time in-
terval between the different recordings) in the nadir-looking
direction. Therefore, they should have the same perspective
displacements, as long as the difference in the perspec-
tive center coordinates or off-nadir variations are negligible.
Again, the overlapping regions between them are used for the
formation of large-format imagery.

The dashed frame in Fig. 9.4 indicates those parts of the
images that are used to form the virtual image of a large
format. As can be seen, smaller parts at the corners of the
butterfly pattern are lost. This is because the format of the
virtual image is chosen to be rectangular. In the case of the
syntopic imaging, the virtual image may use the full part of
the individual frames. Practically, a small margin is also cut
off in this approach.

Virtual Frame

The multihead concepts allow for the generation of virtual
images of a larger format. For this purpose, several individ-
ual images are resampled to a previously defined virtual focal
plane. This is based on the individual interior orientation of
each camera head and their orientations relatively to each
other. The process is called intercone orientation or image
stitching. The knowledge of interior orientation (see Sect. 9.4
for definition) of every contributing camera head is necessary
to exactly reconstruct the 3-D image rays originated from
each camera-head pixel. Moreover, the relative orientation
between the different camera heads (represented by six inde-
pendent parameters) is required to determine their relation to
the virtual focal plane. All together this defines the correct
position where the image ray intersects the virtual large-
format plane. The interior orientation of the camera heads
is assumed to be known, whereas the orientation between the
different camera modules is derived from conjugate points
measured from the overlaps between the different images
[3, 4]. Even in multihead cameras, where the different cones
are mounted on one platform and images are taken in syn-
chronized mode, the existence of such overlapping regions is
necessary to control the stability of the orientation between
the individual camera cones.

Color Generation

The generation of multispectral images from frame-based
sensors can use several concepts. Many digital frame cam-
eras, especially those designed for the consumer market, use
the so-called Bayer pattern approach, where typically red,
green, and blue (RGB) filters are arranged over every pixel
on the CCD sensor in a special pattern. Thus, each pixel be-
come sensitive only to one of the three base colors. The color
is then derived through interpolation from neighboring pixels
that contains the RGB components.

An alternative concept is to employ separate camera heads
for each of the requested multispectral channels. Appropri-
ate filters let each CCD array only capture the corresponding
color information. Red, green, blue, and additional near-
infrared spectral bands are the most common. Full RGB
is derived through a so-called registration of color bands.
The different images are overlaid to generate full color after
adding three selected colors. In order to guarantee congru-
ent features in the different color images a geometrical (2-D)
transformation of images based on corresponding matched
points between the different channels is necessary.

Figure 9.5 illustrates both concepts. When using the Bayer
pattern approach, one CCD frame is sufficient to capture the
full color information, but due to the pixel-wise color fil-
ters, each pixel only contains the color information of the
corresponding channel. Additionally, 50% of all pixels are
sensitive to the green spectral band while only 25% are sen-
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Fig. 9.5 The two concepts to obtain colored RGB digital images from
frame sensors: (a) single CCD using the Bayer pattern. (b) individual
CCDs, one for each color channel

sitive to red and blue, respectively. This is done to adapt to
the color sensitivity of human eyes. Full color information is
then derived from color interpolation of the neighboring pix-
els. If, alternatively, several CCD frames are available with
each of those being sensitive for one color, the radiomet-
ric information can be delivered for each pixel with same
resolution. Each pixel on the ground is imaged in all three
color bands. Still, the three individual images have to be
merged before the full-color RGB image is derived. This ap-
proach typically demands at least one camera head per color

Fig. 9.6 The concept of pan-
sharpening to increase the
spatial resolution of color im-
agery. (a) High-resolution PAN,
(b) RGB low resolution, and
(c) RGB after pansharpening.
Courtesy of ifp-Stuttgart

band or, alternatively, a beam splitter in the camera optic to
separate the different color bands within one single camera
head.

Color Resolution

Multiple-head cameras usually separate registration of
panchromatic (gray values) and color channels. As color
is often generated using the Bayer pattern, this results in
a somewhat lower geometric resolution with respect to the
panchromatic (PAN) image. Also, the design of multispectral
channels is likely to set even lower spatial resolution com-
pared to the large-format virtual pan image. High-resolution
color imagery is then obtained from postprocessing, where
the lower-resolution color channels are combined with the
high-resolution PAN images. This process is called pan-
sharpening and is frequently used in satellite imaging. The
ratio between the spatial resolution of the pan and color
channels is called the pansharpening ratio. Different ap-
proaches are used for pansharpening [5]. The methods can
be classified into substitution approaches and arithmetic and
filter-based techniques. The preservation of the original ra-
diometric color information, depending on the algorithm is
exemplarily discussed in [6]. The basic idea of the pan-
sharpening concept is illustrated in Fig. 9.6. This example
is taken from digital airborne image data. After the fusion of
the lower-resolution RGB image (Fig. 9.6b) with the higher-
resolution PAN image (Fig. 9.6a), pansharpening delivers
a color image with higher geometric resolution of the PAN
channel (Fig. 9.6¢). In this example, one low-resolution RGB
pixel corresponds to 4 x 4 high-resolution PAN pixels, which
equals a 1 : 4 pansharpening ratio.




190

J. Skaloud et al.

9.1.2 Line Sensors

Concept

The previously described group of digital mapping cameras
was based on the CCD (or CMOS)-frame concept. Digital
imaging from moving platforms might also be based on sin-
gle or multiple CCD-lines. Similarly to an office scanner,
only one or a few CCD lines are arranged perpendicular to
the principal moving direction of the sensor. A full 2-D im-
age is indirectly obtained due to the sensor’s motion. While
the platform is moving, the two-dimensional image data are
captured, with the CCD line(s) recording almost continu-
ously. This line scanner concept is also called pushbroom
scanning. Digital pushbroom scanners were first introduced
into satellite imaging, later also to airborne image acquisi-
tion. The principal advantages of a pushbroom scanner is
the possibility of extending the length of CCD lines be-
yond the limits of frame sensors, thus obtaining larger swath
and ground coverage. In the modern airborne imaging this
advantage is challenged by the introduction of previously
discussed virtual frames.

If only one CCD line is used, then the line image has an
extension of just one pixel in flight direction. Such a line im-
age is acquired at one distinct point of location and time. The
image width equals to the number of pixels per line, i.e., the
length of the CCD line. The consecutively imaged lines form
the image strip, which also is named image scene. Notice
that each individual line image has its own exterior orienta-
tion elements, i.e., position and attitude. This is relevant for
the later orientation process of the pushbroom image data
(Sect. 9.4). The pixel size obtained on the ground depends
on the sampling time of the system and the speed of the plat-
form. Since the linear sizes of the ground pixel in-track and
across-track are independent, quadratic pixels on the ground
are only obtained if the so-called pushbroom condition is ful-
filled. The corresponding ground sampling distance (GSD) is

o
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Fig. 9.7 The concept of an airborne line scanning system, after [7]

derived from the relation

GSDalong = VAt

h 9.
GSDycross = Aymb = AyTg s

where At is the sampling time, v the speed of the platform,
hy the flying height above ground, f the camera focal length,
my, the image scale, and Ay the pixel size across the flight
direction.

Typically, more than one CCD line is used in a line scan-
ner system (Fig. 9.7). If two or more CCDs are arranged in
one focal plane, along-track stereo viewing becomes possi-
ble, where the desired stereo angle is constant and exactly
defined through the distance between the different lines in
the focal plane. Multiple CCD lines are also necessary to
record different color channels. Different to the frame-based
approaches no additional sensor heads are necessary for
color and multispectral imaging. Additional lines are simply
placed in the same focal plane that is already used for the
panchromatic channels. Often, at least three panchromatic
channels, as well as four multispectral channels, are used.
All CCD lines provide the same number of pixels. Thus,
panchromatic and multispectral images are obtained with the
same geometric resolution, which is again a characteristic
different from those of frame-based sensors. Even though al-
most all systems have more than three lines, such pushbroom
systems are often referred to as three-line scanners. This is
named after the three panchromatic lines.

Geometrical Configurations

Since the physical location of each of the lines on the focal
plane is different, each CCD line provides a different view-
ing direction, which allows multiple stereo angles within
one flight line. In the Fig. 9.7 three multispectral channels
are exemplarily placed in the nadir-viewing direction plus

Backward
(pan)

Forward
Nadir (pan)

Flight (red, green, blue, pan)

direction
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the three additional panchromatic lines in forward, back-
ward, and nadir directions. Thus, three different stereo angles
are possible, namely between the forward and nadir, back-
ward and nadir, and forward and backward views. The color
lines might also be arranged in off-nadir direction. In some
systems, more than one linear CCD is used for each color
channel. If those are placed at different positions in the focal
plane this also allows color and multispectrum stereo view-
ing capabilities.

As mentioned, the stereo capability depends on the differ-
ent viewing directions due to the parallax effect. Neverthe-
less, such parallaxes also appear in the different multispec-
trum lines, which are needed to later obtain the full color
images by combination of individual spectral bands. Even
though these color/multispectral lines are typically mounted
as closely as possible, their displacement will cause different
perspective distortions in each spectral band. The larger the
distance between the different spectral CCD lines, the larger
the influence of these displacements. In order to correct for
these effects two options are possible:

e The first is that the full color image is always generated in
the orthophoto domain (Sect. 9.5.2). The orthophoto pro-
cessing corrects for any displacements in the perspective
images, also considering the influence of height variations
of the imaged scene. If each color band image is fully rec-
tified, the individual bands can easily be overlaid to obtain
the full color image.

e Alternatively, this problem can be overcome if so-called
beam splitters are installed in the optical system of the
pushbroom scanner. Such an installation allows us to ex-
actly coregister the four different color bands (Fig. 9.8).
Thus, each of the color bands has the same perspective
geometry. Such beam splitters are located in the optic
module of the camera, between the lens and the CCDs.

Image Staggering

The number of pixels per line directly defines the obtainable
maximum swath width of the system. If, for example, a GSD
of 10 cm is requested, the resulting swath will be 1200 m if
the system is based on 12 000 pixels per line CCDs. A larger
strip width improves the efficiency of the data capture, as this
influences the number of strips to be flown to image a project
area.

The width of the swath can be further extended if the im-
age lines are staggered. The staggering means that two CCD
lines, so-called A and B lines, are fixed at almost the same
position on the focal plane but shifted by half a pixel in
the across-track direction. Fig. 9.9 shows the arrangement
of a staggered line with 6.5 x 6.5 wm? pixel size. Here, the
distance between the two lines equals to 4 pixels. While both
lines are imaging the same scene, their respective pixel cen-
ters are shifted by half a pixel. This obviously increases the

CCD
IR B G R

I

Ground pixel reflectance

Tetrachroid

Lens

Fig. 9.8 Beam splitter used in a pushbroom sensor (© Leica Geosys-
tems)
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=
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Fig.9.9 Staggered line arrangement, situation in the focal plane

sampling interval across flight direction by a factor of 2. The
line frequency, i.e., the sampling rate in flight direction, is
then adapted according to the new sampling rate in the di-
rection of the CCD line. The A and B lines take one image
each, which can be superimposed and combined to a new
image with a (nominal) doubled resolution compared to the
original images.

Figure 9.10 illustrates the concept of a staggered array.
Here, two CCD lines with only 3 pixels per line are com-
bined. It can be seen that when employing the staggered
mode, each line acquires pixels of rectangular shape. The
sampling rate in the flight direction is duplicated in order to
prepare for the later staggering where the form of staggered
pixels becomes square. Due to the small distance between
the two lines, slightly different parts of the area flown over
are imaged at the same time. In this example, line A at time
1, covers the same area that was already imaged in line B at
time 7y. Due to the half a pixel shift between line A and B in
the focal plane, the two sampling patterns of both scenes on
the ground ideally complement each other, which will deliver
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Fig. 9.10 Sampling pattern on
the ground with the concept of
line staggering. Courtesy of ifp-
Stuttgart
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Fig. 9.11 Stepped arrangement of multiple CCD lines

a combined product with increased resolution. The figure
also shows that the refinement of resolution fails, if the re-
quested ideal sampling pattern overlap is not done correctly.
As lines A and B are physically shifted, there is a small time
difference between their exposures to capture the same object
on the ground. Therefore, the staggering is affected by the
relative change in the sensor attitude during data acquisition
and hence the quality of platform stabilization. This effect is
less critical for satellite-borne sensors, where the trajectory
is much smoother compared to airborne platforms [8].
Another approach to increase resolution and swath width
is the employment of multiple CCD lines that are shifted
against each other across the flight direction. Since these
CCD lines cannot be stitched together directly, a stepped ar-
rangement is necessary (Fig. 9.11). Although this approach
has so far been adopted only in the early stages of line-
camera development, it is used for obtaining high-resolution
satellite imagery. Since the focal plane layout is complex in
this configuration, additional processing is required to over-
come the discontinuities and misalignment between the lines.

9.1.3 Lidars

The acquisition of terrain structure is very efficiently
achieved by optical sensors such as radar and lidar. Both

methods are active, i.e., an energy is emitted from the
sensors, and its reflection by the object is recorded and
processed. The terrain models of highest precision and reso-
lution are usually obtained by airborne laser scanning (ALS),
which is in the primary focus of this section.

Laser Ranging

Introduced towards the end of the last millennium, lidar
is one of the most important geospatial data acquisition
technologies. Together with the state-of-the art navigation
technology mobile lidar systems are capable to collect three-
dimensional data in large volumes, high density, and with
unprecedented accuracy.

The fundamental principle of laser ranging is the ability to
measure the travel time ¢ of an emitted laser pulse along its
path from the instrument to the target and back (Fig. 9.12).
Hence, the distance p from the ranging unit towards the target
is deduced by the following relation

1

p==ct,

3 9.2)

where ¢ is the speed of light. As shown in Fig. 9.12, the
laser-ranging unit comprises an emitting laser and an electro-

Transmitter

a Receiver I -
— 0

\— Travelling time

Fig.9.12 Lidar ranging principle; A, and A, are the amplitudes or in-
tensity of the transmitted and received pulses, respectively, after [9].
Courtesy of ISPRS
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optical receiver. The transmitting and receiving apertures are
oriented in the same direction to ensure that the system will
detect the target to which the transmitter points. The size of
the laser footprint is a function of the distance to the target
and the divergence € of the beam. The angle ¢ defines the
instantaneous field of view (IFOV). The IFOV usually spans
0.1-3 mrad.

There are two technological principles of laser ranging
that are implemented in mapping applications: continuous
wave (CW) lasers and pulse lasers. In CW lasers, the radi-
ation is emitted as a continuous beam instead of a sequence
of discrete pulses. This limits the power of the CW laser to
terrestrial laser scanning, although there are exceptions [10].
CW lasers deduce the range by comparing the phases be-
tween the outgoing and incoming signals. The phase differ-
ence of the received light wave is proportional to the travel
time of one wavelength (period) and, thus, to the range

¢

(9.3)
where ¢ is the total elapsed time, ¢ the phase difference
of the returned wave, T the period of the modulated sig-
nal, and n the number of full wavelengths included in the
distance from the transmitter to the receiver. As the phase in-
formation is ambiguous for a single measurement, the CW
instrument needs to employ a way for its resolution. This can
be achieved by various means, most often by modulation of
frequency or by following range changes [9].

Although CW lasers reach higher-ranging accuracies,
today’s airborne lidar systems almost solely use pulsed
ranging. A pulse laser functions as shown in Fig. 9.12.
The widespread of pulse lasers is due to two technological
advances. First, the progress in accurate quartz-stabilized os-
cillators enables determining the time elapsed between the
emission and the reception at picosecond (ps) level (i.e.,
10~'25); second, the existence of powerful laser sources with
fast shutter limits pulse duration below nanosecond (ns) (i.e.,
< 1077 5s) level. Today’s pulse lasers achieve cm to mm-level
ranging resolution in long and close-range instruments, re-
spectively [11]. In long-range (airborne) applications, the
different implementations of pulse-based rangefinders can be
distinguished:

e Linear mode—discrete echo. After emission of a high-
energy, longer laser pulse, a representative trigger signal
of a return (an echo) is detected in real time using analog
signal processing. As a discrete pulse is spread in space
along its line of sight; part of its energy can be reflected
by multiple targets. This allows us to scan even through
the canopy, because the spacing between the leaves and
branches allows parts of the pulse to penetrate further into
the ground, while some energy is reflected immediately.
This principle is schematically depicted in Fig. 9.13. As

Fig. 9.13 Principle of multi-
ple echoes from a laser signal.
After [12], courtesy of the author

shown in the third plot of Fig. 9.14, the partial reflections
are detectable above a certain threshold as distinct peaks
in the gathered return signal. These are then discretized
into separate echoes. Systems based on this principle can
record several returns with minimum separation between
successive pulses of several decimeters.

o Linear mode—full-waveform. Employing also high-
energy, longer laser pulse, these instruments digitize the
entire analog echo waveform, i.e., the time-dependent
variation of received signal power, for each emitted laser
pulse (lowest plot in Fig. 9.14). This approach overcomes
the pulse-separation limit present in discrete echo systems
and allows finer resolution in the range. The digitization
is performed typically on several channels with an inter-
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Fig. 9.14 Emitted and received impulse for discrete echo scanners and
full-waveform scanners. After [12]



194

J. Skaloud et al.

val of 1ns, which corresponds to spatial quantization of
about 0.15 m. The determination of the individual echoes
is usually performed after the mission, although modern
airborne laser scanning (ALS) systems perform full echo
digitization and waveform analysis in real time.

e Geiger mode. These devices emit medium energy of short
laser pulses into one beam of certain opening. The de-
tector side contains several thousands of pixels that are
sensitive to a weak return (few photons) in a binary man-
ner. This so-called “Geiger” counter requires a hundred
times less power to register a return than linear mode lidar
detectors. The large sensitivity of Geiger detectors al-
lows considerably longer ranging than that of linear mode
scanners. Coupling long-ranging capability with the em-
ployment of a large number of small detectors and a high
repetition rate (hundreds of MHz) allows maintaining
a few pulses per m? from 5 to 10 km above ground, which
increases the swath width and, thus, the productivity con-
siderably. However, the first generation of these detectors
allows us to register one (first) echo only with consider-
ably lower precision than that of linear mode scanners.
These instruments are yet to be introduced into civilian
airborne laser scanning.

e Single-photon. These devices emit very low energy and
short laser pulses into approximately hundreds of beams.
There are separate detectors per beam containing on
the order of hundreds of pixels. Each pixel can detect
single-photon return at high resolution (< 0.1 m) while
registering multiple returns per laser shot with a separa-
tion of 1-3ns. As the system is able to record multiple
events per pixel channel and per laser shot in one beam
while employing multiple beams, several million points
per second are scanned with multiple stops. This technol-
ogy is, therefore, even more productive than Geiger-mode
scanners, albeit not yet as precise as linear-mode lasers.
The first commercially available ALS of this type was
introduced in 2018. In the same year, a single-photon
scanner was placed on an orbit of a satellite mapping ice
(ICESat-2).

Most commercial laser rangers operate between 900 and
1500nm (near-infrared) wavelength, while single-photon
lasers currently use 530 nm (green lasers). The amplitude of
the backscattered energy A, is in practice referred to as inten-
sity and is recorded together with the distance observation.
(This reference is common but incorrect due to adaptive am-
plification of the received signal according to its long term
average.) Its value depends on several factors:

o Laser wavelength and target reflectance. Varying the laser
wavelength results in different reflectance responses on
the same surface. For example, a laser using wavelength
~ 1500 nm has good reflectance responses on dark sur-

faces and manmade structures, whereas surfaces with
water content (i.e., glaciers, snow) reflect weakly. On the
other hand, systems with shorter wavelength (< 1000 nm)
have good reflectance on snow cover but are less optimal
for mapping in urban areas. At the same time, objects with
high reflectivity, such as street mark paintings or cement,
contrast distinctly with objects of low reflectivity, such as
coal or soil.

e [Incidence angle of laser beam. The level of the backscat-
tered signal is a function of the integrated energy distri-
bution across the whole footprint. Accordingly, the larger
the incidence angle, the larger the footprint and, conse-
quently, the smaller the backscattered energy.

o Atmospheric illumination and attenuation. External il-
lumination, such as sunlight or reflectance from clouds
acts as noise in the returned signal. Additionally, light
propagation in the troposphere is affected by both scat-
tering and absorption characteristics of the atmospheric
medium, thus reducing the reflected energy.

Profilers

Laser profilers measure the distances to a series of closely
spaced points distributed along a line on a terrain. In space or
airborne applications the profiler is a simple laser ranger (of-
ten called laser altimeter) that is pointed towards the ground.
Such altimeter measures the distances while is moved over
the ground on board a vehicle. As is schematically shown in
Fig. 9.15, the 2-D terrain profile is obtained when the altimet-
ric distances are connected to the position and orientation of
the laser profiler. Before the invention of satellite positioning,
the precise measurement of a carrier’s position was difficult
to achieve, which was the reason that laser altimetry was used
almost exclusively on spaceborne platforms. There, the mo-
tion was determined by satellite-tracker observations and by

Laser altimeter
instrument

o

Instrument
nadir

Target surface

Laser
footprint

Fig. 9.15 Lidar profiling from a spaceborne platform using a laser al-
timeter
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Fig. 9.16 Lidar scanners: (a) 2-D laser scanner with a rotating polygo-
nal mirror, (b) 3-D scanner based on the same principle

appropriate modeling of the trajectories. This laser technol-
ogy was first used to determine sea-surface topography, ice
cover, desert topography, etc. (e.g. TOPEX/Poseidon, Jason-
1, Envisat satellite missions). Later, more sophisticated laser
instrumentation allowed the conjoint observation of the Earth
surface relief and vegetation canopies (Shuttle Laser Al-
timeter (SLA), [13]) or distribution of clouds and aerosol
(Geoscience Laser Altimeter (GLAS)).

Airborne laser profilers are less common than laser
scanners. Nevertheless, these instruments are still used for
surveying slowly changing surfaces such as ice-covered ter-
rain [14], lakes or costal water bodies. The latter applications
are often connected to the calibration of satellite altimeters or
to the study of local gravity field [15].

In a terrestrial or ground-based laser-profiler, a sequence
of distance measurements is executed in a series of steps with
the slight change of laser-beam orientation between them.
Thus, the 2-D elevation profile Ak with respect to the leveled
instrument is obtained as

Ah = psin(0) 9.4)
where p is the slant distance and the 6 the recorded vertical
angle. This results in a two-dimensional profile or vertical
cross section of the ground. The terrestrial laser profiler is

Fig. 9.17 Different scanning
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essentially a 2-D laser scanner which is described in the fol-
lowing section (Sect. 9.1.3, Scanners).

Scanners

Lasers scanners combine a laser range-finder with a scan-
ning mechanism (e.g. a mirror) to direct the laser beam into
desired direction. The scanning mechanism has either one or
two degrees of freedoms that are used to create 2-D or 3-D
profiles, respectively. Frequently, the 2-D scanning mech-
anism is used (Fig. 9.16a), from which the 3-D profile is
created by either:

e Rotating the whole scanner assembly along a vertical axis,
as would be the case in static Terrestrial Laser Scanning
(TLS) (Fig. 9.16b)

e Movement of the carrier in kinematic laser scanning (air-
borne or vehicle-based scanning).

Thus, in the latter case, the motion of the platform enables
along-track scanning, while the mirror deflection provides
across-track scanning. The total across-track scanning angle
defines the swath width or scanner’s field of view (FOV). The
swath width SW on the ground can, therefore, be computed
as a function of the flying height / and the instrument’s FOV

Pmax as

SW=2htan%.

9.5)
The typical FOV of today’s scanners is 50°-60° in airborne
and 80°-180° in terrestrial scanning. Several scanning mech-
anisms exist. The principle of several scanning principles
used on airborne platforms is depicted in Fig. 9.17 and their
comparison is provided in Table 9.1.

The potential of employing laser ranging for navigation
and collision avoidance systems initiated the development of
devices operating over shorter distances (< 100 m) without
the scanning mechanism. There, a few tens of lasers are ar-
ranged in a line array with a regular angular separation and
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Table 9.1 Comparison of different scanning patterns used in mobile laser scanning

Mechanism Characteristics

Advantages Disadvantages
Polygonal e Constant rotation avoids mirror distortions due to addi- e Observations can be taken only at small portion of each
mirror tional force mirror facet

e Provides regularly spaced sampling along and across track

FOV is fixed and cannot be adapted
e Systems are limited to lower flying heights above ground

(< 1000 m)
Oscillating e Continuous data acquisition possible as mirror points e Mirror acceleration causes systematic distortions due to
mirror always towards ground torsion
e Possibility to compensate aircraft rotation around roll e Z-shaped irregular sampling with lower density at nadir
FOV can be adjusted
Fiber scan High scan rate possible due to fewer and smaller moving e FOV is limited

parts

e Across-track spacing is fixed

Scan rate sufficiently high to provide along-track overlap

Regular ground sampling

Palmer scan °
different perspective

e Scan rate sufficiently high to provide along-track overlap

Line array °
e 3-D scan is created / updated rapidly

FOV of 30°. The 3-D profile is created by rotating the whole
assembly, similarly to in Fig. 9.16b, nevertheless with rota-
tion rates up to several tens of Hz, resulting in a high data
collection rate. Although the ranging is generally less pre-
cise than for scanning lasers, after proper calibration [17, 18],
these devices have applicability in mapping from ground ve-
hicles and UAVs.

Scanner frames

The definition of a scanner frame is chosen arbitrarily and,
therefore, differs among manufactures. The following defi-
nition applies to several systems and can be ported to other
instruments by a simple permutation of axes. The location of
a point within the scan line j can be conveniently expressed
either by polar or Cartesian coordinates, with the former

Object space

Scanner space j

Fig. 9.18 Scanner frame and observation geometry

Scanning is performed twice, each time from a slightly °

Faster than a scan due to concurrent use of many lasers

Increased complexity of two mirror motion is harder to
calibrate and encode

FOV is limited

Across-track spacing is fixed

Limited to close-ranging with lower accuracy

FOV is limited

Across-track spacing is limited to the number of lasers

usually being used. Considering the situation depicted in
Fig. 9.18, the relations between the range measurement p,
the encoder horizontal angle 6, and the vertical angle o with
respect to the scanner frame defined in Cartesian coordinates

are
pij = X5+ 5+ 2k (9.6)
0. — Yij
;j = arctan { — |, 9.7
Xij
Zij
o;; = arctan . (9.8)

,/xi_zl» +J’i_2/

In the case of a 2-D scanner (e.g. airborne or terrestrial
mobile scanning), the angle « is zero and the Cartesian coor-
dinates of the target are expressed as

0

x’=p]sind (9.9)

cos 6

9.2 Navigation Sensors
9.2.1 Mapping Prerequisites

Spatial interpretation of remotely sensed data requires de-
termination of the geometric relation between the sensor and
the real world. Once these relations have been found, the data
can be interpreted in some reference frame (local or global).
In the literature, this process is referred to as georeferencing,



9 Data Acquisition in Geographic Information Systems

197

Fig. 9.19 Use of navigation
technology for sensor orientation

Pushbroom
scanner

geocoding, or (sensor) orientation and concerns the follow-
ing components (Fig. 9.19):

e The determination of internal geometry of the sensor (in-
terior orientation)

e The determination of sensor orientation relatively be-
tween scenes (relative orientation) or with respect to an
external frame (absolute orientation).

According to the sensor type the exterior orientation pa-
rameters (EO) may include position, attitude (e.g., cameras,
scanners), and velocity (e.g., radar). For passive sensors (e.g.,
frame or line cameras), these parameters may be deduced
indirectly from data overlaps and ground control features
distributed across the scene (indirect sensor orientation) by
determining them with a suitable navigation system (direct
sensor orientation) or by combining both approaches (in-
tegrated sensor orientation, Sect. 9.4). Active sensors (e.g.,
laser, radar), on the other hand, urge the use of direct sen-
sor orientation. Due to the sequential measurement principle
and the motion of the carrier vehicle in mobile mapping the
EO parameters differ for every object point. The following
text provides an overview of the navigation technology that
facilitates the problem of sensor orientation tremendously.

Camera
optical/
digital

Direct measurement of EO parameters typically relies on
integrating receivers of the Global Navigation Satellite Sys-
tem (GNSS), such as GPS (Global Positioning System), with
an inertial navigation system (INS) with the possible aid of
other sensors, whose choice depends on the type of the car-
rier (e.g., odometers in cars or robots, barometers in aircrafts
or drones, star-trackers on satellites). In a GNSS/INS system,
GNSS data provides absolute position and velocity informa-
tion, as well as the error control of inertial measurements,
while the INS contributes with attitude estimation, with the
interpolation of the trajectory between GNSS position so-
lutions and with the mitigation of sudden perturbations in
GNSS measurements (e.g., cycle slips). Both technologies
will be introduced separately, while their integration will be
described in Sect. 9.2.4). The end of this section is devoted
to the introduction of the reference frame and the establish-
ment of relations for transferring the trajectory observation
to sensors.

9.2.2 Satellite Navigation
Available Systems

Satellite navigation have global or regional character
(Fig. 9.20). There are four global navigation satellite systems
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Fig. 9.20 (a) Overview of

today’s GNSS. Left branch: a) Navigation
satellites on global orbits. Right Satellite Systems
branch: satellites moving only
above regions. (b) Satellite- 1
based augmentation system with [ ]
regional implementation of sta-
tionary satellites Global (GNSS) Regional
X
( 1 ) ) ( )
'
GPS Galileo GLONASS | | Beidou-M QZZS IRNSS Beidou-IGSO
(USA) (EU) (Russia) (China) (Japan) (India) (China)
b) Satellite Based
Augmentation (SBAS)
)\
( ( ( ] 1 )
WAAS EGNOS MSAS GAGAN SDCM Beidou-G
(USA) (EU) (Japan) (India) (Russia) (China)

Table 9.2 GNSS nominal Characteristics GNSS
Zg‘g‘?}lga]“"“ characteristics, GPS Galileo GLONASS  Beidou-M

Number of satellites 24-36 24-30 24-30 24-30

Orbital planes 6 3 3 3

Orbital altitude (km) 20,200 23,222 19,130 21,400

Orbital period (hh:mm:ss) 11:58:02 14:04:41 11:15:44 12:52:04

(GNSS), in reverse chronological order, by USA (GPS), Rus-
sia (GLONASS), Europe (Galileo), and China (Beidou-M).
As of 2020, all systems are fully operational with some-
what similar constellations of 24 to 30 satellites (plus several
spares) regularly organized into 6 (GPS) or 3 (others) orbital
planes at medium Earth orbit (MEO). The slight differences
in orbital altitude among constellations result in different or-
bital periods, as denoted in Table 9.2. Through regular (GPS)
or frequent (GLONASS and Beidou) satellite replacement
and late deployment of Galileo, the open radio-navigation
satellite service (RNSS) of each constellation uses either
identical or very close frequencies and similar signal struc-
tures, so the systems are interoperable.

Regional satellite navigation employs Inclined Geosyn-
chronous Orbit (IGSO) with nine (QZZS), seven (IRNSS),
and three (Beidou-IGSO) satellites, respectively. In addition
to emitting proprietary navigation services, these regional
satellites also broadcast open RNSS to enhance GNSS avail-
ability over subcontinental areas. Similar enhancement is
made by satellite-based augmentation system (SBAS) put
forward by civilian aviation authorities. Because it used
exclusively geostationary Earth orbits (GEO), SBAS is prac-
tically reaching a global coverage (bottom part of Fig. 9.20).

Among them WAAS, EGNOS, MSAS, and GAGAN are cer-
tified as operational in meeting the exigence of employing
GNSS for civilian aircraft navigation in terms of accuracy,
integrity, continuity, and availability. Apart from function-
ing as additional GNSS satellites, SBAS monitors GNSS
and provides timely warnings if their signals do not meet
the required specifications. Especially for receivers operat-
ing on a single-frequency, SBAS significantly improves the
accuracy of height determination over the monitored/certi-
fied regions.

Signal Structures

The situation of signals on current satellite navigation
systems is complex due to evolution. As for GPS, the
early satellites broadcasted signals only on two frequen-
cies L1 (centered at 1575.42MHz) and L2 (centered at
1227.60 MHz), while modernized GPS also includes L5
(centered at 1176.45MHz). The signal that remains open
to all users on all generations of GPS satellites is the
coarse-acquisition (C/A) code transmitted on L1. The later
generation of GPS satellites emit an additional open signal
(L2C) on L2 frequency, while modernized GPS added an
open L5 signal on a third frequency and an open L1C sig-
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Table 9.3 Open signals of modern GNSS based on CDMA

GNSS Frequency (MHz)

1176-1207 1227 1560-1600
GPS L5 L2C C/A,LIC
Galileo F5 (a+b) El
GLONASS L30C L10C
Beidou B2 (at+b) B1-C

nal on the first frequency (Table 9.3). The signal complexity
increases from C/A over L2C to LS5 and L1C with the goal
of improving ranging accuracy, increasing robustness, mit-
igating adverse effects such as multipath, while improving
interoperability with Galileo and other systems.

To distinguish signals coming from different satellites
GPS, Galileo and Beidou adopted code division multiple
access (CDMA), while GLONASS used frequency separa-
tion (FDMA), which made the fabrication of receivers more
complex. To improve the interoperability with other systems,
modernized GLONASS added CDMA on three frequencies
while keeping FDMA for continuity. As shown in Table 9.3,
the open service with CDMA on GLONASS is, however,
only available on two frequencies. The situation is some-
what similar for Galileo and Beidou, which both adopted
complex message structures on E5 and B2 that resulted
in a low noise level in code-based ranging (< 0.1 m). The
full benefit of all these signals comes to its full potential
when broadcasted by a large part of the satellites in every
constellation. Due to the interoperability among GNSS the
number of available satellites increased substantially over the
last decade. In addition, a combined single-frequency GPS/
Galileo/GLONASS/Beidou receiver is not significantly more
expensive to manufacture than for one system. As explained
further, receivers accessing signals on additional frequencies
further improve the accuracy and reliability of satellite-based
positioning.

Positioning Methods

An overview of current GNSS positioning techniques is pro-
vided in Fig. 9.21. The selection of a particular method
depends on the factors of accuracy and rapidity in data acqui-
sition and mobile mapping. These methods are the following:

e Single-Point Positioning (SPP) is the most commonly
used method for real-time positioning. It is based on a sin-
gle receiver and phase-smoothed code data processing
(absolute GNSS positioning). Provided that SBAS correc-
tions for altitude are available, this approach can deliver
accuracies of 0.5-3m. However, SBAS is not available
worldwide, and the reception of the ionospheric correc-
tion grid emitted by the geostationary satellite (which
orbits above the equator) is valid only inside the mon-
itored region. In such a case, the Standard Positioning
Service (SPS) provides an accuracy of about 2 to 10 m.

Time delay to position fix

Post -
processing | Static
CP-DGNSS
Near RT A @
RT ~ w

1 mm

Im 10 m
Position accuracy

lcm 1 dm

Fig. 9.21 Overview of GNSS positioning methods as a function of ac-
curacy and rapidity

e Precise-Point Positioning (PPP) is a novel positioning
methodology based on the fast availability (i.e., within an
hour) of precise GNSS satellite orbit parameters and clock
corrections. This technique can achieve subdecimetric po-
sition accuracy [20] and is available worldwide without
the need for an augmentation system.

e Differential GNSS (DGNSS), carrier-phase DGNSS and
postprocessed kinematic (PPK) are relative positioning
techniques based on simultaneous observations by the
rover and base (one or more) receivers, where the latter
is placed at a location with known coordinates. DGNSS
uses only the code (or carrier-smoothed code) observa-
tions, while the other two also employ the more precise
but ambiguous carrier-phase measurements. The ambigu-
ities are resolved via complex processing, whose relia-
bility is increased with dual-frequency observations. For
static carrier-phase DGNSS, subcentimeter to millimeter
accuracy can be achieved when respecting some con-
siderations about baseline length and observation time.
The upper limit in PPK is centimeter to decimeter accu-
racy for a relative baseline length limit of around 15km
when using carrier-phase observations on two (or more)
frequencies. The accuracy of PPK without ambiguity res-
olution is generally not better than a few decimeters, while
ambiguity resolution using observations on a single fre-
quency is limited to a 1-2 km long baseline.

® Real-time kinematics (RTK) applies the above-mentioned
PPK principles in real time. Its prerequisite is the estab-
lishment of a communication link transmitting reference
measurements or correction parameters. Similarly to PPK,
this information is provided from a base receiver or from
anetwork of receivers. National-wide networks broadcast-
ing such types of corrections are available in many regions
and can be accessed via modern communication technolo-
gies (i.e., Internet and mobile telephone networks). This
makes them employable even for kinematic data acquisi-
tion. Subdecimeter to centimeter-level positioning accu-
racy can be achieved by these means in ideal conditions.
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9.2.3 Inertial Navigation

Inertial navigation derives position, velocity, and attitude
from the initial knowledge of these quantities and from the
integration of the accelerations observed (more precisely,
specific forces) and angular velocities along their motion.
These observations are normally obtained from a minimum
of three accelerometers and three gyroscopes that are orthog-
onally mounted in an inertial measurement unit (IMU). An
IMU coupled with a navigation computer creates an inertial
navigation system (INS). A detailed overview of gyroscope
and accelerometer technology can be found in [21, 22]; the
following list is limited to the types common in direct sensor
orientation.

Gyroscope Technology

Gyroscopes usually represent the most expensive part of an
IMU. Their accuracy significantly affects the overall naviga-
tion performance of an INS. Several types of gyros are used
in sensor orientation:

e Mechanical gyros. These gyroscopes use the principle of
conservation of the angular momentum. A mass is spun
at high speed around its axis, and the reaction to exter-
nal forces (called precession forces) acting on its spin
due to the casing rotation is measured. The most com-
mon rotational gyro employed for sensor orientation is
the dynamically tuned gyro (DTG). 1t is relatively small,
affordable, and provides excellent short-term accuracy.

e Optical gyros. Such gyros use the Sagnac effect that rises
due to the fact that speed of light is conserved in rotating
systems [23]. The most common types are ring laser gy-
ros (RLG) and fiber optical gyros (FOG). Both are used
for the most accuracy-demanding applications. FOGs of
lower category are employed in the wider context of sen-
sor orientation.

e Vibratory gyros. These gyroscopes exploit the principle
that an oscillating body preserves the plane of vibration in
inertial space despite rotations. These sensors are usually
less precise, but they are smaller and cheaper to fabricate.
They are often employed in airborne applications with
middle to low accuracy requirements.

o MEMS-gyros. These tiny gyroscopes exploit different
physical principles and come in varying sizes and quality
through microelectromechanical system (MEMS) tech-
nology, which produces small and inexpensive sensors.
They are used in mass market, automotive, robotic, and
entry-level navigation applications. They are indispens-
able on drones for control and guidance. As their high end
in some aspects approaches the quality of low-end FOGs,
they are useful for robotics and UAV-based acquisition.

Accelerometer Technology
For accelerometers, three relevant types have to be men-
tioned:

e Force rebalance accelerometers measure the electrical
current that is proportional to the force needed to maintain
a suspended proof mass at rest under acceleration. These
are used in the most demanding autonomous or airborne
applications (e.g., precise underground or indoor mapping
of large structures or high-altitude flights).

o Vibrating accelerometers exploit the resonant frequency
of a mass hanging on a vibrating string. The frequency of
vibration varies when an acceleration acts in the direction
of the string. Such accelerometers are often fabricated as
high-end MEMS sensors.

o MEMS-gyros based on different physical principles. Their
high-end type is employed in robotics and UAV-based ac-
quisition.

Strapdown INS

In earlier INS realizations, inertial sensors were mounted
on stabilized (gimbaled) platforms, thus mechanically iso-
lated from the rotational motion of the carrier. The advances
in digital processing made it possible to avoid gimbaled
mounts. Nowadays, inertial sensors are rigidly mounted
(strapped down) to their casing, thereby decreasing the com-
plexity and cost of the system while increasing the dynamic
range of motion that can be tracked. As the number of mov-
ing parts is reduced, these systems are also smaller and more
reliable. A strapdown INS is often fitted in the same casing
together with an optical instrument, and its orientation output
can be used for sensor-head stabilization (Sect. 9.4.6).

9.2.4 Integrated Navigation

Principle

Integrated navigation is a technique that combines data
from several navigation systems or sensors with the aim
of improving the accuracy and robustness of the estimated
trajectory. In this respect, satellites and inertial navigation
have a very different but complementary behavior. The
performance of a standalone INS is characterized by a time-
dependent drift in the accuracy of the position, velocity, and
attitude estimates it provides. The rate at which the naviga-
tion errors grow in time is governed predominantly by the
accuracy of the initial alignment, noise, and imperfections in
the inertial sensors and their assembly, as well as the dynam-
ics of the trajectory. Whilst improved positioning accuracy
can be achieved through the use of more accurate sensors,
this cannot match the GNSS-type precision in the long run.
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On the other hand, the GNSS positioning is conditioned by
the requirement of the line of sight to a number of satellites
(four or more), which is difficult to maintain in all situations,
especially in terrestrial mobile mapping or indoors. There-
fore, the combination of both systems enhances the trajectory
determination across the spectrum of motion.

Contrary to GNSS, inertial navigation provides continu-
ous data output for all trajectory parameters (i.e., position,
velocity, and attitude). Therefore, the integrated navigation
principally stabilizes and refines the INS output by esti-
mating and correcting the systematic effects in the inertial
sensors and in the initialization. Different types of naviga-
tion aiding may be categorized as follows:

e External measurements: measurements obtained by re-
ceiving signals or by viewing objects outside the vehicle.
Such observations may be provided by radio navigation
aids, GNSS satellites, star trackers or imagery, for exam-
ple.

e Autonomous measurements: measurements derived using
additional sensors carried on-board without the depen-
dence on external infrastructure or visibility. Navigation
of this type may be provided by odometers, pressure sen-
sors, Doppler radar, or magnetic sensors, for example.

e Dynamic constraints: the application of implicit knowl-
edge of some dynamical state or its form. For example,
constraints such as zero velocity and nonholonomic con-
dition (i.e., the alignment of vehicle speed with its di-
rection) are used as a supplementary aiding method on
terrestrial vehicles or complete vehicle dynamic model is
used for UAVs [24, 25].

Integration Schemes

Optimal integration of different measurement data with iner-
tial observations is commonly achieved by using a Kalman
filter/smoother (Fig. 9.22). Data filtering/smoothing can,
however, be organized in different manners with respect to
GNSS observations. The following two integration schemes
are the most important:

e Loosely-coupled integration. This is the most common in-
tegration approach, especially in airborne or shipborne
installations. Raw IMU measurements are integrated to
yield position and attitude at the IMU output rate (nor-
mally 100-500 Hz). The position and velocity data gath-
ered by GNSS are processed independently, yielding
a sequence of positions and velocities at a certain fre-
quency (normally 0.1-1 Hz). These data are subsequently
fed as updates in an extended Kalman filter (EKF). The
differences observed between the predicted (INS) and
GNSS-determined velocities and positions are used to es-
timate the elements of the filter state vector, containing,
on one hand, the error states related to the trajectory (i.e.,
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Fig.9.22 Typical integrated navigation scheme for direct georeferenc-
ing

position, velocity, and orientation) and, on the other hand,
those related to the inertial sensors themselves (i.e., gyro
and accelerometers biases and scale factors, odometer or
pressure sensor bias, etc.).

e Closely-coupled integration. In this integration scheme,
GNSS raw measurements (normally double-differenced
code, phase, and Doppler measurements) are fed directly
into the Kalman filter. Therefore, the GNSS measure-
ments can be used in the filter even if the number of
visible satellites is not sufficient to compute an indepen-
dent position fix (i.e., lower than four). Accordingly, this
integration scheme is advantageous for environments with
reduced GNSS signal reception (e.g., urban canyons), and
is commonly used in terrestrial mobile mapping.

A performance comparison between the two integration
schemes presented can be found in [26, 27] and, with a focus
on RTK, in [28].

Resulting Accuracy

For strapdown INS, sensor integration solves firstly the prob-
lem of calibrating the systematic errors (i.e., residual gyro
and accelerometer biases, scale factors, etc.). Secondly, the
use of GNSS data mitigates attitude initialization errors
and in certain cases, enables kinematic (in-flight alignment),
which removes the need for the vehicle to be held station-
ary for the north-seeking process prior to movement. (This
concerns all gyroscopes of lower accuracy, like those em-
ployed in UAVs that cannot complete north-seeking without
an external assistance.) At the same time, the inertial system
smoothens noisy velocity outputs from GNSS and provides
high-rate measurement of position and velocity over a larger
spectrum of motion.

There is no such thing as a perfect instrument, and as
strong as it is, the integration cannot eliminate all errors
completely. In other words, the data integration handled by
a Kalman filter/smoother only cancels the nonoverlapping
part of the sensor’s error budget. The performance of error
cancelation depends on the motion of interest, the instrument
type, and the encountered dynamics. While the long-term po-
sitioning accuracy limit depends on the GNSS positioning
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Table 9.4 Orientation accuracy Time Navigation grade Tactical grade
of @ & function of dme and INS Roll/pitch (°) Yaw (°) Roll/pitch (°) Yaw (°)
d Y 1s 0.001-0.0014 0.001-0.002 0.002-0.02 0.001-0.05
1-3 min 0.0014-0.003 0.004-0.005 0.005-0.04 0.008-0.1

Longer time

Table 9.5 Orientation accuracy for small MEMS IMU of high quality

Time Low-end tactical grade

Roll/pitch (°) Yaw (°)
s 0.005-0.1 0.005-0.2
1-3 min 0.03-0.2 0.1-0.2

Longer time Trajectory dependent

solution (Fig. 9.21), the time over which such accuracy can
be maintained in the absence of satellite signals mainly de-
pends on the quality of the INS and its preceding calibration.
Based on the position error accumulated after 1 h of au-
tonomous operation, the INS are normally grouped into four
main categories [29]: strategic grade, navigation grade, tac-
tical grade, and low-cost (MEMS) instruments. A summary
of potential orientation accuracies for today’s most popular
sensors used for civilian applications in sensor orientation is
summarized in Table 9.4. The automotive in Table 9.5 corre-
sponds to small MEMS IMUs of high quality, like those used
by terrestrial and indoor robots or UAVs.

9.2.5 Geometrical Relations

Coordinate Frames

Sensor frame - s

While the nature of imagery captured in a static environment
(e.g., terrestrial laser scanning or terrestrial photogrammetry)
allows operations within a local coordinate system, kine-
matic remote sensing with navigation support requires the
employment of a global reference frame, as well as several
intermediate frames. Table 9.6 provides an overview of the
frames used, together with their abbreviated identifiers. All
frames are defined to be right-handed Cartesian frames, and

Table 9.6 Overview of reference frames

ID Frame name Description

s Sensor frame

Trajectory dependent — similar to 1-3 min when optimal

GPS antenna

b-frame
s-frame
[-frame
e-frame
m-frame

XECEF

Fig.9.23 Geometry of direct sensor orientation

their relation is schematically depicted in Fig. 9.23 for the
case of an airborne laser scanner. The situation is similar for
other optical devices for which the sensor frames(s) are de-
fined later (Sects. 9.1 and 9.4).

Earth-Centered, Earth-Fixed Frame - ¢

The satellite orbits of common GNSS systems are referred
to this frame, and so is the outcome of the trajectory com-
putation. A geocentric ellipsoid is normally attached to an
ECEF frame, and its properties together with other geophys-

Frame of the laser sensor, defined by the principal axes of an optical instrument; e.g. xy-axes define an image plane

in the frame imagery, yz-defines the scanning plane of a 2-D scanner

This frame is tangent to the global ellipsoid (normally WGS84), with the orthogonal components usually defined as

Earth-centered Earth-fixed frame. The origin is the geocenter of the Earth, x-axis points towards the Greenwich

Meridian, and the z-axis is the mean direction of the Earth’s rotational axis. The y-axis completes the right-handed

b  Body frame Frame realized by the triad of accelerometers within an IMU
I Local-level frame
N-orth (x), E-ast (y) and D-own (z)
e  ECEEF frame
Cartesian system
m  Mapping frame

Cartesian frame with E-ast (x), N-orth (y), and U-p (z) component. The easiest implementation is the local-tangent

plane frame, but this frame can also be represented by a projection and/or national datum
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ical parameters define a world datum (e.g., WGS84 used where R, (r), R, (p), and R.(y) are defined as
for GPS measurements). Coordinates in this frame can ei-
ther be expressed as geocentric coordinates (x¢, y¢,z¢) or 1 0 0
as geographical coordinates (latitude ¢, longitude A, ellip- R.(r)=|0 cosr sinr
soidal height /). The latter parameterization is often used in .
the output of GNSS/INS trajectory. The relation between the [0 —sinr cosr
Cartesian and ellipsoidal coordinates reads cos p 0 —sinp
R,(p) = 0 1 0 (9.13)
x¢ (N + h)cosg cos A sinp 0 cosp
x¢=|x¢| =] (N +h)cosgsind |, (9.10) _ )
e (ﬁN—i—h)singa cosy siny O
3 a? R.(y)=|—siny cosy 0
0 0 1

where N is the radius of curvature in the prime vertical, and
a and b are the semimajor and semiminor axes, respectively.

Local-level frame -/

This frame is mainly used as the reference for the orienta-
tion angle output from GNSS/INS processing. Its origin is
defined by the sensor position on a reference ellipsoid at
zero height, which corresponds to the intersection of the local
vertical at the actual sensor position with the reference sur-
face. The x’-axis points along the local meridian to the north,
the y’-axis points to the east, and the z/-axis points down-
ward to complete the system. Such a local frame definition
is called /-NED (for north—east-down), while the upward
positive convention of the z’-axis defines the /-ENU frame
(east—north—up). The rotation from the /-frame to the e-frame

can be described by the matrix R}~

—sing cosA —sinA  —cos@ cos A
R =|—singsinA cosA —cosgsind |. (9.11)
cos ¢ 0 —sing

Body frame - b
The body frame is represented by the axes of the inertial nav-
igation system. The origin of the b-frame is located at the
navigation center of the INS, and the axes are congruent with
the axes spanned by the triad of accelerometers. Normally,
the b-frame axis coincides with the principal axis of rota-
tion of the carrier or can be rotated to them by some cardinal
rotation. According to the aerospace norm ARINC 705, the
axis and the rotations describing the 3-D attitude are defined
as follows. The x”-axis points forward along the fuselage,
the y®-axis points to the right, and the z’-axis points down-
ward. The associated rotation angles along the x-y-z-axes
are referred to as roll (r), pitch (p), and yaw (y). Respecting
the aerospace attitude definitions, the corresponding rotation
matrix that relates the /-frame to the b-frame takes the fol-
lowing form

R?

INED

=R:(")Ry(p)R:(y). (9.12)

Transformation of the Exterior Orientation
The relationship between an arbitrary point x , in the s-frame
coordinates and that same vector expressed in the b-frame is

given by
b

xb = 9.14)

b b
xp + RO(@p, 05, k1) X,

where x? = RPx$ denotes the origin of the s-frame in the
b-frame, which is also known as the lever-arm vector. The
rotation matrix Rf in (9.14) is called the bore sight and repre-
sents the relative misalignment between the s and b-frames.
This matrix is usually parameterized by the three Euler an-
gles wp, @p, kp. The magnitude of the bore-sight angles and
the lever-arm vector need to be determined by calibration.
The observation equation for direct sensor orientation for
a point p viewed by a sensor s in the e-frame coordinates
follows from Fig. 9.23 by combining (9.10) with (9.12)

xp(1) = x5(0) + R OR, (OR (@5, ¢y, 1) (3, + x50,

(9.15)
where x{ () is the navigation center of the IMU in the e-
frame, and all other components were defined previously.
The symbol (¢) indicates quantities that vary with time.

Mapping frame - m

For active sensors as laser scanners, the coordinates of ob-
served points in the ECEF-frame can be generated via (9.15).
Howeyver, the final coordinates are often needed in some
other datum and projection. The so-called mapping frame
habitually represents a national coordinate system, and the
results of mapping can be transferred to such a frame point-
wise or pixelwise via relations published by local surveying
authorities. Alternatively, the registration of optical images
and that of lasers can be performed directly in mapping frame
as discussed in detail in [30, 31].

System Calibration
The method of direct sensor orientation requires that the
optical sensor be calibrated for the parameters of interior
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orientation, which includes system installation. The latter
concerns determining the spatial and orientation offsets that
exist between optical and navigation sensors.

The lever arm xzY is either specified by the system
provider or needs to be determined per installation. The same
is true for the lever arm between the IMU center and the
GNSS antenna x,lja, which is needed during GNSS/INS in-
tegration. Calibration of lever arms is best performed by
tacheometry. Such a procedure is discussed in detail in [12,
32] for an aircraft and a small UAV system, respectively.
An alternative solution is to estimate xﬁa directly in the
GNSS/INS Kalman filter/smoother as an additional param-
eter. Similarly, xlgs can be estimated in the block adjustment
(Sect. 9.4), but its value is often strongly correlated to other
parameters, and this approach should, therefore, be avoided
when later used for direct sensor orientation.

The recovery of the bore-sight matrix Rf is more involved
and requires the use of principles described in Sect. 9.4.
For frame cameras, this process can be achieved in ei-
ther one [33, 34] or two steps [35]. A similar procedure is
maintained for line scanners [36, 37]. The bore-sight de-
termination in kinematic laser scanning followed a rapid
evolution [38—40] that converged to the approach based on
surfaces of known form [41, 42]. The calibration principles
are further addressed in Sect. 9.4.

9.3 Photogrammetry

9.3.1 From 2-D to 3-D
The main task of photogrammetry or, equivalently, com-
puter vision is to reconstruct 3-D scenes from 2-D images.
The most important requirement for the reconstruction to
work is the that the scene be imaged from different places,
so that sufficient correspondences between pictures can be
(automatically) established. Position and orientation of each
image is found along the way, which fact allows us to in-
fer the motion of the camera and, thus, the platform (up to
the image acquisition rate). At the same time, the knowledge
of camera motion observed by other sensor(s), like those
discussed in Sect. 9.2, can be used in support of the recon-
struction process, which is a subject of Sect. 9.4.

Given a set of images, the principal challenges (and steps)
of reconstructing 3-D models are threefold (Fig. 9.24):

e Correspondences: automatically detect sufficient number
of key features on each image and establish their corre-
spondences with other images.

o Geometry (motion, orientation): recover camera pose (po-
sition and orientation) between images, its intrinsic pa-
rameters (calibration), and features’ 3-D coordinates.

o Scene (structure): use the knowledge of geometry to cre-
ate dense point cloud to recover 3-D objects (models) with
texture.

This section essentially concentrates on the geometry part
of the reconstruction problem without the help of navigation
sensors. It is known under different names, such as orien-
tation and calibration in photogrammetry or structure from
motion in computer vision, as well as bundle adjustment
(both).

We will describe the process of image formation using
a mathematical model that accounts for three types of trans-
formations:

1. Coordinate transformation between image coordinate
frames

2. Projection of a 3-D scene onto 2-D image coordinates

3. Relation between the camera frame and an external map-
ping frame.

This chapter proceeds as follows. Although a general in-
troduction to the relation between sensor-mapping frames
was given in Sect. 9.2.5, we repeat it here but in a homoge-
neous representation of coordinates (Sect. 9.3.2), the form of
which will be useful later on. Then, after introducing the ba-
sic geometry of the imaging system (Sects. 9.3.3 and 9.3.4),
we describe a model of image formation for an ideal perspec-
tive camera (Sect. 9.3.5. With the necessary components,
we introduce the reconstruction process for a stereo-pair
of images (Sect. 9.3.6), which we later extend to multiple
views (Sect. 9.3.7). We conclude the chapter with different
processing strategies for filtering and optimization in scene
reconstruction.

9.3.2 Camera Pose in a Homogeneous Form

Consider two Cartesian frames, where one is a mapping
frame spanning the object space, and the other is related to
a camera, viewing a scene at certain time ¢, to which belongs
a point p. From the situation depicted in Fig. 9.25, it is clear
that the coordinates of a point p with respect to the map-
ping frame m are simply the sum of the translation x!" of
the origin of the frame c relative to that of the frame m and
the vector x¢ expressed in relation to the mapping frame m,
whichis R x¢, where R is the relative rotation between the
frames
x" =x"+R'x". (9.16)
Every time the camera moves, its motion is captured by
T = (R”, x) or more shortly by T = (R, x) when the
frames involved are clear of the context. It will become an
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advantage when we convert the transformation expressed by
(9.16) to an expression of the form u = Av. This is possible
by adding “1” to the vector x as its fourth coordinate and by
defining operations on so-called homogeneous coordinates.
Such an extension preserves the original Euclidean space,

(9.17)

=
Il
—_ =
SN—
I
— N~ X

The vectors are defined analogically as differences of coordi-
nates v = X | — X,. Differences makes the fourth component
null and give rise to the original subspace. Rewriting (9.16)

z

X

Fig. 9.25 Motion of a camera frame with respect to a Cartesian map-
ping frame
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in the new notation leads to

m Rn1 m C _
=" =" )T | =TrE. a8)
1 o 1/)\1

where the 4 x 4 matrix T’Cn is the homogeneous representation
of the rigid-body transformation. Now it is possible to encap-
sulate the coordinate transformation between several frames
as a sequence of multiplications,

T4 — TaTb — Ry xj Rf;’ xff .
bre o 1/J\o 1

(9.19)

c

As can be easily verified, the inverse transformation is

1
T o (R o¥) _(RT -Rix)
0 1 0 1

9.3.3 Pinhole Camera

(9.20)

Consider the basic imaging system as described by Fig. 9.1
in Sect. 9.1; the aperture of the lens decreases to zero, and the
only feature that contributes to the illumination of an image
point is that on the line going through the center of the lens o.
This way, an image point can be directly related to an object
point, as shown in the upper part of Fig. 9.26, where, for
simplicity, the camera frame is oriented in the same direction
as the object frame, and the point p is such that its image
coordinate y’ = 0.

Let us define the distance from the object point to the op-
tical center along the optical axis as Z, and the “horizontal”
projection of the point on the optical axis as X, while ¥
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Fig. 9.26 Pinhole imaging
model and its frontal counter-
part: the 3-D point p is projected
on the image at the intersec-

tion of the ray going through the
optical center o and the image
plane at a distance c. Note that
tan(e) = X/Z

completes the right-handed system. On the image side, the
distance from the optical center to the image plane along
the optical axis is the camera constant ¢, while the distances
from the intersection between the optical axis with the image
plane to the image point are —x’ and —y’, respectively. By
the similarity of the triangles in the upper part of Fig. 9.26
the coordinates of the image are related to that of the object
by perspective projection.

X . 9.21
AN 9.21)
The negative sign in (9.21) makes the object appear upside
down on the image plane. Such reversing of the scene by per-
spective geometry of the lens is normally compensated by the
optical system, and we can eliminate this effect also mathe-
matically by flipping the image coordinates (—x’, —y’) —>
(x’, y"). This is represented on the lower part of Fig. 9.26 as
virtually displacing the image plane in front of the optical
center, which is the so-called frontal pinhole camera model.
We define the camera frame with x” and y’-axes identical to
the frontal image plane, while placing its origin in the opti-
cal center. The z-axis completes the right-handed coordinate
system, and its positive direction may go either “towards” or
“away” from the object depending on the arbitrary choice of
image coordinates. Applying the change of sign to (9.21) and
combining both coordinates into a vector yields

/

X = —C

(9.22)

or equivalently in a homogeneous form

, (9.23)

o o O
- o O
o O O
- N~

where X' = (x/,y’, )T and x° = (X, Y, Z,1)T are the ho-
mogeneous representation of image and camera coordinates,

respectively. Note also that the unit of ¢ is the same as that
of x',y'.

9.3.4 Image Coordinates
In a digital camera, the measurements of features or points
on the sensor are expressed in pixels. The usual convention is
to situate the origin of pixel counting in the upper left-hand
corner of the image and express its coordinates in terms of
rows and columns. However, we need to relate the pixels to
the frontal pinhole camera model. As depicted in Fig. 9.27
the optical axis intersects the sensor at the principal point
(PP). The principal point is usually close to the physical
center of the sensor denoted as the principal point of sym-
metry (PPS). Based on these different origins we define three
image coordinate systems, units of which are specified in Ta-
ble 9.7.

The transformation from pixel rows and columns (X, y) to
a metric, sensor-centered image coordinate (x, y) with axis
orientation as in Fig. 9.27 considers the position of PPS in
pixels (Xpps, Ypps) and pixel size (e.g., in mm) along rows and
columns (Az, Ay)

(9.24)
Py n; 1 A
= —X R — %,
y 575 e
0,0) | & AL
i
y ~ ~
X0 prs
Yo —-.,r‘ = -
i |
ki PPS| [*o
Az
Yo A;,'

—
Ypps

Fig.9.27 Pixel (¥, y), sensor-centered (x, y) and perspective-centered
(x’, y") image coordinates

Table 9.7 Definition of different image coordinate systems

Coordinates Origin Units Usage

(x,9) Rows/cols counter pixel Computer vision
(x,y) PPS mm Photogrammetry
&',y PP Unitless (= 1) General
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Table 9.8 Relations between image-coordinate systems

(%, 9) (x, ) (CI'D)
(*,5) (9.25) 9.27)
(x,y) 9.24) (9.26)

where 1. and n, are the total number of rows and columns,
respectively. We express also the inverse relation, this time
in a homogeneous form

X s 0 Xpps\ [~
V=10 5 Ypps x |, (9.25)
1 0 0 1 1

with Xpps = (1, — 1)/2, Jpps = (e — 1)/2 given in pixels and
Sy = 1/A;,Sy = I/Ay

To respect the perspective geometry, we define a coordi-
nate system (x’,y’) with an origin placed at the principal
point of autocollimation (PP). The orientation of the axis
is arbitrary but in photogrammetry is usually defined as in
Fig. 9.27. We also choose the unit of this coordinate system
to be equal to the principal distance c, so its coordinates cor-
respond to the tangent of angles as shown in Fig. 9.26 for
x" and «. The transformation from so-called reduced coor-
dinates (x’, y’) back to sensor-centered coordinates (x, y) in
a homogeneous form is

/

X c 0 xp
y|I=10 ¢ yll)Y]. (9.26)
1 0O 0 1 1

with xg, yo expressed in mm (sometimes displayed in pwm
with 1/1000 scaling factor). Analogically, the transformation
from (x’, y’) to rows/columns (X, y) in pixels is

X ¢ 0 Xo\/[—y
yl=10 ¢ ¥ x' (9.27)
1 0 0 1 1

with ¢, Xg, yo expressed in pixels.
Table 9.8 summarizes the transformations between the re-
spective image-coordinate systems.

9.3.5 Imaging Formation Model

We now relate the mapping/object coordinates of point p
with its coordinates on the image by means of perspective
projection, while utilizing the camera frame along the way.
Let us recall from Sect. 9.3.2 that the mapping coordinates
of a point x = (X™, Y™, Z™)T relative to that of a camera
x¢ are related by the rigid body transformation (the inverse
of (9.18))

—¢ m—1

N —m
x=T, x",

(9.28)

where the homogeneous transformation T contains both the
rotation and translation parameters (R, x).

Adopting the frontal camera model introduced in
Sect. 9.3.3 for sensor-centered image coordinates (x, y) we
rewrite (9.23) in vector notation

c 0 xo O
Zx=|0 ¢ y, 0]x° (9.29)
00 1 O

Since the depth of the point p represented by Z coordi-
nate is unknown on a single photograph, we may express it
as one multiplied by an arbitrary scalar u, i.e., Z = u - 1.
Decomposing the matrix in (9.29) into a product of two ma-
trices while substituting for X“ on the right-hand side with
(9.28) we obtain the geometric model for a basic camera

X c 0 xp 1 0 0 O
“lyl =10 ¢ y»||0O 1 0 O
1 0 0 1 0 0 1 0
-1 X"
R xI
YITI
m (9.30)
0 1
1

By defining the first two matrices on the right-hand side
of the above equation as

c 0 xp 1 0 0 O
K=10 ¢ y|. IIo=]0 1 0 0}, (931
0 0 1 0 0 10

we can rewrite the relation for a basic camera model (9.30)
in a matrix form
ux = KIpx¢ = K(T,)"'" = Ix" ., (9.32)
. . =1 .
when combining the 3 x 4 matrix KIT(T into a general
projection matrix I1.
Now we can consider also other intrinsic parameters of

a camera, for example, a basic distortion of perspective-
centered image coordinates (x'q, y’y) with radial symmetry

as
x/ =(1+ar’+ar?) x/d ,
y Y

2

(9.33)

where 72 = x'5 + y'5 is the square of the distance from
the center and a;, a, are the distortion coefficients. When
needed, this simple radial model can be extended by addi-
tional coefficients, as in (9.70). Combining the relation of
simple image distortion (9.33) together with basic camera
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Fig. 9.28 Main steps of photogrammetry/computer-vision process in
3-D scene reconstructions based on 2-D imagery

projection model (9.32) we define the realistic image forma-
tion model that is applicable to many cameras employed in
photogrammetry.

9.3.6 Scene from Two Views

The previously described image formation model (9.32)
ux = TIxX™ relates the object coordinates to image co-
ordinates. Now we would like to perform the inverse and
reconstruct 3-D object coordinates from images. As the scale
(depth) p is generally unknown due to 3-D —— 2-D projec-
tion (note that p varies per point and image), we need to
employ at least two images of the same object with differ-
ent camera poses that are known. Such a situation is depicted
in Fig. 9.28; 3-D can be obtained by intersecting the couple
of vectors pointing to the same object from two cameras. As
suggested by the picture, the vector direction follows from
image observation and internal camera geometry, however,
both vectors need to refer to a common coordinate frame.
This is the same as relating the respective camera poses to
such a frame. Hence, the camera poses need to be found first.
How this can be done using image observation only is de-
scribed in the following.

Coplanarity Constraint B
We can relate the camera pose T} to the first one T in a rel-
= —m . —1 — =
ative sense T(R.7) = (T.;) (T.y), so that x, =Tx7 .
Expressing this in image coordinates we obtain
Hoxy = Rupx) +¢. (9.34)
To eliminate the unknown depth p we follow a couple of

steps. First, we multiply both sides of the above equation
from the left by a skew-symmetric matrix [fx] containing

vector ¢. (This corresponds to cross product between two
vectors.)
WwoltxX]x, = [tx]Ru x + [tx]t . (9.35)
Due to orthogonality, the last term on the right-hand side is
zero. Second, we multiply the last relation by x;
pox 3 [Ex]xs = xJ[Ex]Rux; (9.36)
Since [t x]x, is perpendicular to x,, and the inner product
of the two perpendicular vectors is zero, the left-hand side
x1[tx]x, = 0. Also, as u; # 0, we can write
x1[tx]Rx; =x]Ex; =0, 9.37)
where E = [t x]|R is called the essential matrix. The above
relation is called an epipolar constraint as it conditions the
three vectors x,, #, and Rx; to lie on a common plane,
denoted as epipolar plane. Fig. 9.28 depicts also the two
epipoles e, e, resulting from the intersection between a line

0;—0; and respective image planes. Connections e |—x | and
e,—x, are called epipolar lines.

Essential Matrix Determination

To reconstruct E using only image observations, we briefly
present the basic algorithm of [43] known also as the eight-
point algorithm.

First, we stack the 3 x 3 entries of E into a vector by
columns i.e., E¥ = (e, es1, €31, €12, ...,e33)T. Our goal is
to determine this vector and obtain E by its “unstacking”.

Second, we make use of the Kronecker product of two
vectors,

a=x;®x;=(x1X2,X2X2,x3%)7 , (9.38)
to express the epipolar constraint per one correspondence
(point) as

aTE’ =0. (9.39)
Having a set of corresponding image points (x’i,xé), i =
1,2,...,n we create n vectors (a’')T and put them into a ma-
trix x = (a';a?;...;a"). With that we express the epipolar

conditions for all correspondences in a system of linear equa-
tions

XE*=0. (9.40)

The solution of this equation is unique if the rank of the
matrix ¥ is exactly 8 (a global scale factor cannot be de-
termined). For this reason, we need n > 8 points. Note that
expression (9.40) holds only in the absence of noise. How-
ever, in reality, we have to deal with noise and we are likely to
have more correspondences. In the eight-point algorithm, the
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choice is made to minimize the least-squares error function
of misclosures |y E*|* # 0, which is achieved by choosing
E® to be an eigenvector of (yTy) that corresponds to its
smallest singular value (eigenvalue) A. Practically, this can
be found by performing a singular value decomposition of
X = UXZXV}; i.e., factoring y into a product of diagonal
matrix X, containing the eigenvalues and orthogonal matri-
ces (UTU =1) U, and V,; and defining E* to be the column
of V, associated with the smallest singular value. Then we
reshape the nine elements of £* into 3 x 3 matrix E.

While the reconstructed E minimizes the norm |x E*|* in
the least-squares sense, it is not guaranteed — due to the ob-
servation of unmodeled errors — that its structure belongs to
the space of essential matrices. This space is characterized by
E = Udiag{o, 0,0}VT, where 0 = |t|. A common approach
is, therefore, to reproject the estimated E to such a space.
This is achieved by carrying the singular value decomposi-
tion of E

E = Udiag{A;, A», 23}VT , (9.41)

with A; > A, > A3 # 0 and then setting the smallest eigen-
value to zero and other two as 0.5(A; + A,). Alternatively, as
the global scale cannot be recovered by image observations
only, it may well be chosen as unity, which corresponds to
normalized essential space where the two largest eigenval-
ues are set to 1.

Pose Reconstruction
Let us define a rotation matrix

0 F1 0
R.(+£ /2)=]4+1 0 o0}, (9.42)
0 0 1

where the meaning of + and 7 signs will be explained later.
Considering that (as for any rotation matrix) R.RT = T to-
gether with the elements of singular value decomposition of
E, we can verify the correctness of the following relation

E = [tx]R = USVT = UR.ZRTVT

= UR,ZUTURTVT
S—— ——
[rx] R

(9.43)

since UTU = I due to the orthonormality of U after repro-
jection of E. Then the relative rotation follows directly from
(9.43) as the product of three rotation matrices on the right,
1.€.,

R =URI(£ /2)VT, (9.44)
and the relative translation (up to a scale) as
[tx] = URI (£ /2)XUT, (9.45)

where it can be proven that URI (£ /2)ZUT is of a skew-
symmetric form. The + sign in R, (£ /2) reflects the fact
that each essential matrix gives two possible solutions and
its reconstructed sign is arbitrary. Hence, we could possi-
bly obtain up to four solutions of the relative pose (R,?)
from £E. Three of these correspond to situations where
the scene captured by one camera (first or second) or both
cameras is situated behind the lens, which is physically not
possible. These solutions can be eliminated by imposing the
positive depth constraint. We should also mention that de-
spite its simplicity, the eight-point algorithm is not without
potential numerical weaknesses that may become apparent
in a particular geometry and observation noise. However, as
demonstrated by [44], these can be avoided by data prepro-
cessing (translation and scaling).

Structure Reconstruction
With eight or more correspondences as an input, the previ-
ously described algorithm determined the relative rotation
and translation between the two cameras, the latter up to
a global scale (§). Setting the norm of the translation vec-
tor to unity is equivalent to choosing & = 1. The relative pose
can then be used to retrieve the position of the other corre-
spondences on the images in 3-D.
Considering again the relation (9.34), which relates cam-
era poses to 7 image correspondences
phxh, = p'Rx| +&t, i=1.2,...,n. (9.46)
Since (R, #) are known, this relation is linear and can, there-
fore, easily be solved once the unknown depth w;, pu, with
respect to the first and second camera frames are determined.
One of them is, however, redundant, as it is function of
(R, 1), as well as the arbitrary choice of the global scale &.
Hence, we can eliminate, for instance, (, by multiplying the
above equation by the orthogonal operator [x,x] to obtain
ph[xhx|Rx} + E[xix]t = 0. (9.47)
An equivalent form that regroups the unknowns in a common
vector is

([xix]Rei. [xix]r) (’g‘) SMp =0, (948)
To obtain a unique solution the matrix M needs to be of rank
1 or [x}x]t # 0. Notice that this is not the case when the
point p lies on the line connecting two optical centers.
Regrouping all n correspondences into one equation while
noticing that £ is common to all of them we obtain it =
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(i pd, ..., €)T and a matrix M defined as to its depth this constraint is 1 [x; x]R; x| + [x; x]t; = 0.In
matrix form this is
[x1x]Rx] 0 0 [x1x]e
0 [x%x]Rx? 0 [x2x]t M, K — o . (9.52)
M = ) 1
0 0 : 0
0 0 [xix]Rxt  [xix]t with M, defined as
(9.49)
The solution to the equation [x2x]Ryx;  [x2X]ts
_ | Besx]Raxy [x3x]ts
Mg =0 (9.50) M, = (9.53)
determines all the unknowns in the vector g up to the last [ X]Rpx1  [x,,X]t,
one corresponding to the one global scale &. Similarly to the
approach of essential matrix determination, the minimization This matrix thus associates m views of point p

of the square of misclosures (9.50) can be found as the eigen-
vector of MTM that corresponds to the smallest eigenvalue.

Global Scale

The global scale can be determined only by some exterior
knowledge either on the camera motion, as discussed in
Sect. 9.4.4, or on the object coordinates of some observed
points. For instance, if the restitution of structure is required
in a mapping frame, we need to know the coordinates of at
least three points in both frames to apply the seven-parameter
similarity transformation. Finally, the problem of reconstruc-
tion can be formulated as an unconstrained optimization
problem, where the minimization is searched with respect to
all unknowns xﬁ ,R, ¢, fi. This is known in the literature as
bundle adjustment, and its method will be further detailed in
the next section, as well as in Sect. 9.4.3. The presented form,
however, allows us to develop the needed approximations for
its effective solution, which are based exclusively on image
observations.

9.3.7 Scene from Multiple Views

Multiple-View Matrix
We now consider the existence of more than two views of the
same object, which is rather a standard case. Without loss of
generality, let us take the frame of the first camera as a refer-
ence frame for 3-D reconstruction. With m views/images at
our disposition, from (9.32), we obtain the following projec-
tion matrices

I, = (I, 0)7 I, = (R27 tz), oI, = (Rnu tm) , (9.51)
Considering at the moment only one point p and applying
a similar development as for relations (9.46)—(9.48) we can
derive the multiple-view matrix M,. We do so by inserting
into two columns of M, a coplanarity constraint (9.34) of
view i between the first and i -th camera reference frame. Up

by involving both the image x; and the coimages
[x2%], [x3X], ..., [x,Xx]. In other words, it encodes all con-
straints that exist among the m views of a point. It has rank 1,
as long as the pair of vectors [x; x]¢;, [x; x|R;x; is linearly
dependent for each i = 1,2,...,m, which is equivalent to
the bilinear epipolar constraints

x,-T[tix]R,«xl =0. (954)
In such a situation, the projection of p on the image
is unique, which is not the case for rank(M,) = 2 or
rank(M,) = 0. Rank testing can potentially be used for
filtering out the wrongly established correspondences in fea-
ture matching.

Trilinear Constraint

In some situations, it may be useful to formulate one condi-
tion involving directly three views. Let us consider one point
that is viewed by three cameras 1, i, j . For this situation, we
can write two separate coplanarity constraints, the second be-
ing transposed

wilxi x]R;x 1 = —[x;x]¢t; ,

(9.55)
xR [x;x] Ty = =] [x; ] .

Multiplying across the left and right-hand sides of both equa-
tions (9.55) and making them equal

_ [x,-x]Rixlth[xjx]T = —[x,-x]tixIRjT[xjx]T , (9.56)

then rearranging the terms to one side, we obtain the trilinear
constraint

[xix]<tix-1erT —R,-xﬂ})[xjx] =0. (957)
The trilinear constraint implies a bilinear constraint (9.54),
except for a special case in which [x; x]t; = [x; x]R;x; =0
for some view j . In this rare situation, the point p lies on the
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line connecting the optical centers 0y, 0;. The application of
the trilinear constraint may, therefore, be of a certain advan-
tage for some special cases, such as that when three image
vectors of the same point are coplanar. (This may be the case,
for instance, in a car-based mapping system when views from
the same forward-looking camera are combined between
successive times, i.e., involving displacement only along the
depth of field.) When they still satisfy the trilinear constraint,
3-D coordinates of this point can be reconstructed. It should
also be mentioned that any other algebraic constraint among
m images can be reduced to those involving either two or
three at a time (i.e., application of either bilinear or trilinear
constraints).

Processing Strategies

The processing strategies for handling multiple views vary in
terms of image geometry, scene texture (goodness of feature
detection, matching, and filtering), camera calibration, data
noise, and experience. We therefore present only the main
concepts while leaving out the details of their combination
into to a particular implementation. These are schematically
depicted in Fig. 9.29.

In principle, any multiple view can be broken down into
a sequence of two-view scenarios between first and last cam-
era poses. This situation is highlighted in the upper part of
Fig. 9.29 and is often used in practice when the overlap be-
tween images is small; the texture allows finding only few
correspondences, or there is a large uncertainty in the camera
model. To mitigate the accumulation of random influences in
the sequence, the “two-view step” is followed by a global
optimization involving all views.

The second approach is to use eight-point algorithm only
once for some initial pairs of view and perform global opti-
mization on the rest, as shown in the bottom part of Fig. 9.29.
This method is more suitable for good image geometry, large
overlap, and (pre)calibrated cameras. It involves constructing
a relation containing the multiple-view matrix P;, similar to

a)
Photo 1 Photo 2 Photo 3 Photo 4 Photo 5
\—D—T—d—/ r
> > > =en
b)
Photo 1 Photo 2 Photo 3 Photo 4 Photo 5

! ! ! !

Fig. 9.29 Image reconstruction strategies: incremental (a) versus
global (b)

21
that of (9.53) but involving m images x{xé .oxfofn
points p/, j = 1,2,...n from which we would like to esti-
mate the unknown projections IT; (R}, ¢,)T,i =2,3,...,m

[xix]"® [x]x] A'[x!x]
RS RS
(M) i 2t () <o
Z; . . i
[xix]T @ [xx] A"[x}x]
(9.58)

where ® is the Kronecker product between matrices (simi-
larly to that of (9.38) but with the elements of the left matrix
stacked into a vector), and A/ is the inverse of unknown depth
w'. The matrix P; is of size 3n x 12 and is of rank 11 if more
than n > 6 points are provided. Then the projection matrix
IT; = (R;, t;) can be solved for up to the scale factor. When
P; is of rank higher than 11, the solution that minimizes the
square of misclosures is obtained as an eigenvector of P; as-
sociated with the largest eigenvalue. As the estimate of IT;
is affected by random errors, the estimated matrix R; needs
to be reprojected to the rotational space SO(3) and the vec-
tor ¢; rescaled. Assuming the pose for the second view is
found by the eight-point algorithm, the scalars A/ can be de-
termined from the first row of (9.58) involving A/ [x3 x]t, =
—[xé x]sz'{ . These initial values of A/ can then be used for
the recovery of Il;, i = 3,4,...,m. Since ¢, is recovered
from the eight-point algorithm up to a scale factor, the other
views are recovered from that up to a global single scale.

Optimization

The equivalent and perhaps even simpler formulation of
the global optimization, i.e., the concurrent determination
of object coordinates, camera parameters, and pose (i.e.,
structure and motion) is presented under a name of bun-
dle adjustment, which extension also accommodates other
inputs, is presented in Sect. 9.4 on sensor fusion. Bundle ad-
justment received its name after application of the ray-tracing
collinearity condition (9.32) ux’ = ITx™ on a “bundle of
rays” connecting object points with its projection on the im-
age in combination with a particular sensor model (9.33).
Nevertheless, this optimization approach requires lineariza-
tion and an existence of approximate values of parameters.
With an exclusive use of image observations, the approxi-
mate value of parameters can be obtained by the methods
described in this and previous sections.

9.3.8 Feature Matching

The term image matching stands for the mostly automatic
reference between regions or pixels of two or more im-
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ages that represent the same feature or point in the object
space. Automatic aerial triangulation (AAT) requires the
availability of suitable image matching tools as a key com-
ponent. These tools should enable fully automatic tie-point
measurement by providing homologous features with suit-
able accuracy and reliability. For this purpose, feature-based
matching approaches are frequently used. First, primitives
suitable for image matching are extracted, while in a sec-
ond step, their correspondences are determined by some
similarity and consistency measures. These two steps of
feature-based matching techniques result in a categoriza-
tion into feature detectors and feature descriptors. Detectors
search for image points or regions that are geometrically
stable under different transformations and have a high in-
formation content. The results are generally called interest
points, corners, or invariant regions. Descriptors instead
analyze the image to provide a 2-D vector of image in-
formation at those areas defined by the respective interest
point. The subsequent matching process then exploits this
information for similarity measurement in order to eval-
uate potential point correspondences. To remove outliers
remaining after this matching, geometric constraints such as
epipolar geometry are applied by robust estimators in a final
step.

Feature extraction and matching are strongly related;
however, these two steps are discussed separately in the next
sections. This separation also results from the high accuracy
demands within automatic aerial triangulation, which is usu-
ally fulfilled by hybrid matching approaches. In this context,
tie-point positions as provided by feature-based methods are
refined in a subsequent step using intensity-based correlation
strategies.

Image Matching Primitives

To detect primitives suitable for image matching, so-called
interest operators were first developed in the 1970s. Since
then, a wide variety of algorithms have evolved in computer
vision, pattern recognition, and photogrammetry. Compre-
hensive overviews on feature extraction are given, e.g.,
in [45, 46]. In the context of image matching, feature extrac-
tion aims to identify primitives, which are invariant against
radiometric and geometric distortions, robust against image
noise, and distinguishable from other points [47]. This task
is especially complex for close-range applications in which
one frequently has to cope with convergent images with
different look angles at varying scale. However, the situa-
tion is easier for aerial triangulation. In this context, similar
viewpoints and relatively short time intervals during image
collection avoid problems due to perspective distortions and
large changes in illumination. Furthermore, matching can
be simplified using a-priori information on the respective
image geometry, which is usually available from camera cal-

ibration, the standardized flight geometry of airborne image
blocks, or measured GNSS trajectories. Within commercially
available AAT software, the Forstner operator [48] has been
widely used. This operator was developed for fast detection
and precise location of distinct points including corners and
centers of circular image features.

Feature detectors such as the Forstner and Harris op-
erators were mainly integrated for applications in airborne
photogrammetry [49]. Meanwhile, the scale-invariant fea-
ture transform (SIFT) keypoint detector [S0] has become the
quasi standard for point extraction and matching. Scale in-
variant means that a feature in object space that appears with
a large scale in one image and with a small scale in an-
other can still be detected as the same by the SIFT-operator.
It is scale invariant since feature points are detected in the
so-called scale space by searching for maxima in an image
pyramid as defined by a stack of the difference of Gaussians
(DoG) [50]. Thus, it has become especially popular in close-
range applications, where matching is frequently aggravated
due to the appearance of larger perspective distortions.

Feature Matching Strategies

Feature detection is followed by a suitable matching step to
provide the required point correspondences for the aspired
AAT. This matching is based on information representing
the local image patch in the vicinity of the respective feature
point. Attributes are usually derived from the gray or gradient
values in the feature’s neighborhood. As an example, the fea-
ture description for the SIFT operator is generated from the
histogram of the gradient vectors in the local neighborhood
of the keypoint location [50]. This approach transforms the
image data into a scale and rotation-invariant representation.
A pair of keypoints within two overlapping images is then
regarded as corresponding if the Euclidian distance between
their respective descriptors is less than a given threshold, and
the distance to the second nearest descriptor is greater than
a second given threshold. An overview on the use of local
descriptors is given in [51].

If feature matching is required during the evaluation of
aerial imagery, the homogeneity conditions during image
collection usually allow for the use of gray values in the local
vicinity of a feature point. Thus, the similarities of potentially
corresponding image patches can be measured by normalized
cross correlation (NCC)

[gr(r +i,c+j) — grl
p(r,c) = .

i iolenl, ) — gl
L Y gr(r i + ) — gR)
(9.59)

( Y gt ) — &l )
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where p ist the normalized cross correlation, » and ¢ indicate
row and column, m and n the shift of rows and columns be-
tween both images, g, gr the gray values of a pixel in left
and right images, and g, gr the average gray values of the
search window in the left and right images.

This provides values normalized in the interval with high-
est similarity for a coefficient close to 1. Usually, such
similarity measurements are not robust enough to avoid mis-
matches. Hence, an additional step to reject potential outliers
is required. For this purpose, geometric constraints as pro-
vided from the epipolar geometry of the respective image
pair are frequently used. As an example, algorithms based
on random sample consensus (RANSAC) [52] robustly esti-
mate the relative orientation between image pairs.

This provides a suitable transformation for the corre-
sponding image points and, therefore, allows elimination of
potential mismatches while providing consistent point corre-
spondences. The algorithm can be summarized as follows:

1. A random sample of five corresponding image points is
taken from the list of matched points of the two images.

2. From these five correspondences, the relative orientation
of the image pair is computed using the algorithm de-
scribed in [53], or, alternatively, with (9.43) when setting
the translation vector to unity.

3. This relative orientation defines for each image point j =
1,2,...,n in the left image the corresponding epipolar
line in the right image (9.37), xJEx] = 0. The differ-
ence between this epipolar line and the corresponding
point in the right image defines an error for this potential
match with respect to the calculated relative orientation. If
a matched point pair has a small epipolar error, it fits well
with the estimated relative orientation. In that case, this
potential correspondence is considered as a hypothetical
inlier, otherwise it is an outlier as schematically depicted
in Fig. 9.30.

4. If sufficiently many point pairs are classified as inliers,
the estimated relative orientation is reasonably good, and

5. Otherwise, the RANSAC algorithm continues with step 1
with another random sample of five corresponding image
points.

These correspondences can be directly used as tie-points
during optimization with other data. However, the accuracy
of the applied feature-based matching is usually increased
to subpixel level by subsequent area-based matching. This
can, e.g., be realized using NCC as defined by (9.59). For
subpixel measurement, the center of the correlation masks
g1 and gp are again defined by the coordinates of the left
and right feature points. The NCC is then computed in a lo-
cal 3 x 3 neighborhood of the potential match. Of course,
the best similarity position defined by the maximal NCC co-
efficient will correspond to the center point of this matrix,
i.e., the coordinates of the corresponding right feature point.
However, the correlation coefficients in the local neighbor-
hood of this best match position can be used for subpixel
refinement by interpolation through the second-order poly-
nomial. The cross sections in row and column directions are
parabolas.

f(r.c) = aog+ air + arc + azr* + ayre + asc®. (9.60)

p(](_lv_l) p](—l,O) /)2(_17 1)
p3(05_1) P4(070) PS(O’ 1) ’
pﬁ(lﬂ_l) p7(170) PS(L 1)

9.61)

which represents the NCC coefficients for a x local neigh-
borhood centered at position (0,0) of the maximum value
P4 The NCC coefficients I = (pg, p1, . - -, pg)T computed by
(9.59) for the different positions (r;, ¢;) are then used as ob-
servations within the Gauss—Markov model Ax —/ = v. The
parameters of the polynomial (9.60) can then be estimated
with

1 ro co 1§ roco ¢}

1 rn o "12 rica 612

the algorithm can be terminated. All inliers are preserved, A= : 9.62)
while the outliers are eliminated from the final list of cor- '2
respondences. 1 rg c¢g ry rgcg 3

Fig. 9.30 Filtering of wrongly
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If the available values for (r;,c;) are introduced, the
Gauss—Markov model results in the equation

1 -1 -1 1 1 1 o
1 -1 0 1 0 0 o1
ap
1 -1 1 1 -1 1 0
a
1 0 -1 0 0 1 03
a
1 0o 0 0 o0 ol ?[=|p|l=V. 63
a
1o 1 0 o 1™ ps
ay
11 =1 1 -1 1 06
as
1 1 0 1 0 0 07
111 1 11 s

The standard solution
x = (ATA) AT = [AATA) T =11
then provides the five parameters of the polynomial x =

(ag,ai,...,as)7. The partial derivatives then define the ex-
tremum of this polynomial in row and column directions by

0

ai =a; +2a3Ar +asAc =0, (9.64)
B

0

ai =a; + asAr +asAc = 0. (9.65)
c

This finally gives the subpixel refinement (Ar, Ac) for the
initial center position of the best match as

a2a4—2a1a5
Ar = ——,

9.66
4azas — ai ( )

ajayg — 2612613

Ac = (9.67)

2
dazas —a;

An example input for the computation of subpixel refine-
ment can be found in Fig. 9.31, which depicts a correlation

Fig. 9.31 Feature point with
correlation mask (a) and search
mask (b)

mask in the left-hand image and a search mask in the right-
hand image, both centered at their corresponding feature
point. The NCC coefficients p; computed from using the cor-
relation mask within the 3 x 3 neighborhood of the right-hand
feature point give the matrix

0.9300 0.9088 0.8622
0.9862 0.9922 0.9664
0.9281 0.9646 0.9696

(9.68)

If these values are used as input for (9.63) and (9.66), this
gives a shift of Ar =—0.0409 pixels and Ac =0.2366 pixels.

The use of local sample points to determine the interpo-
lated location of the maximum has also been used in the
context of SIFT keypoint extraction [50]. In this applica-
tion, pixel coordinates x, y and scale s define a 3-D scale
space function D(x, y,s). Thus, subpixel and subscale coor-
dinates x = (x; y;s) of a feature are found by interpolation
with a 3-D quadratic function that has the shape of a parabola
in each of the three dimensions. This provides a substantial
improvement to matching and stability.

As an alternative to NCC-based subpixel measurement
of tie-point coordinates, least-squares image matching [48]
can be applied. This approach estimates the geometric and
radiometric transformations between corresponding patches
g1, and gg from the left-hand and right-hand images, respec-
tively, using the observation equation

grr.c) +v
= hy + hagrl(ag + air + asc), (bg + bir + byo)] .

(9.69)
This approach models geometric differences between im-
age patches by a simple affine transformation with parame-
ters ag, ap, d», by, by, and b,, while radiometric differences
caused, e.g., by different sun lighting are represented by
offset and gain, &, and h,. The transformation parameters
are then estimated through iterate least-squares adjustment.
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Table 9.9 Participants of the EuroSDR-Project Benchmark on Image Matching, 2014

Name of Software Manufacturer Location

SocetSet 5.6 (NGATE) BAE Systems Newcastle upon Tyne, UK
UltraMap V3.1 Microsoft, Vexcel Graz, Austria

Match-T DSM 5.5 Trimble/inpho Stuttgart, Germany
ImageStation ISAE-Ext GEOSYSTEMS GmbH Munich, Germany

Pixel Factory Astrium GEO-Information Services Paris, France

RMA DSM Tool Royal Military Academy (RMA) Brussels, Belgium
Remote-sensing software package Joanneum Research Graz, Austria

MicMac IGN France Paris, France

SURE IfP, University of Stuttgart Stuttgart, Germany

FPGA implementation of his SGM German Aerospace Center (DLR) Oberpfaffenhofen, Germany
XProSGM Leica Heerbrugg, Switzerland

Equation 9.69 equals the Gauss—Markov model, which min-
imizes the squared sum of errors of all the observations
vTv — min. Gray-value differences between the correspond-
ing image patches are used for a typical window size of
15 x 15 pixel, resulting in a matching precision of 0.1-
0.01 pixels.

Dense Matching

Stereo matching aiming at the automatic generation of el-
evation data from aerial images was already introduced
more than two decades ago. Originally, feature-based algo-
rithms were applied to extract feature points and then search
the corresponding features in the overlapping images. The
restriction to matches of selected points usually provides
correspondences at high certainty. However, feature-based
matching was also introduced to avoid problems due to
limited computational resources. In contrast, recent stereo al-
gorithms aim at dense, pixel-wise matches. By these means,
3-D point clouds and digital surface models (DSM) are
generated at a resolution that corresponds to the ground
sampling distance GSD of the original images. To compute
pixel matches even for regions with very limited texture,
additional constraints are required. Local or window-based
algorithms like correlation use an implicit assumption of
surface smoothness since they compute a constant paral-
lax for a window with a certain number of pixels. Those
local algorithms establish references between images only
under consideration of the gray-value properties of a small
environment. This may be error prone, because small varia-
tions of the gray values and repetitive patterns are difficult
to control. In contrast, so-called global algorithms use an
explicit formulation of this smoothness assumption, which
is then solved as a global optimization problem [54]. In
a way, these global algorithms allow a comparison of the
results of the local computation and, thus, allow for a de-
tection of mismatches and the subsequent deletion of the
outliers. One example is scanline optimization, which can
be solved very efficiently by recursive algorithms. Scanline
optimization is applied where beforehand the local image

analysis has been done row by row with mostly a not fully
fitting edge detection. The resulting image looks frayed. Us-
ing the scanline optimization, the edge points are averages
with a geometrically proper and nicely looking result. A very
popular and well-performing example is semiglobal match-
ing [55], which evaluates a cumulative cost function from
the scanlines in the four cardinal and four ordinal directions,
east, northeast, north etc., Though the algorithm operates
in two dimensions, it is still fast, because it substitutes the
2-D computation by 8 1-D computations. Especially when it
is combined with sophisticated aggregation strategies it can
produce accurate results very efficiently [54].

The progress of software tools for image-based DSM
generation is also documented by a benchmark conducted
by the European Spatial Data Research Organization (Eu-
roSDR) [56]. This benchmark tested the DSM programs
listed in Table 9.9.

In addition to the generation of 2.5-D models like DSM
and DTM, the extraction of real 3-D structures especially
in dense and complex urban environments is becoming in-
creasingly important. Such meshed surface representations
are widely used for visualization purposes. Moreover, since
they directly represent neighborhood information they are
especially useful in follow-up processes aiming at semantic
interpretation of 3-D data.

9.4 Sensor Fusion

9.4.1 Principle

In Sect. 9.3, we described how to reconstruct a 3-D scene
using structure-from-motion techniques. Such methods rely
solely on image observations to determine the relative orien-
tation between images at an arbitrary scale (e.g., 1). Other
observations need to be added to resolve the scale correctly
and to obtain the coordinates of objects in a reference/map-
ping frame. Ideally, such additional information is fused
together with image observations in such a way that allows



216

J. Skaloud et al.
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Fig.9.32 General overview of sensor fusion, with the optimization step denoted as block/strip adjustment, also known as assisted aerotriangulation

(AAT)

an optimal recovery of all parameters involved, including
those related to the unknown parameters of optical sensors
for the purpose of mapping. This, generally, requires deter-
mining:

1. The sensors’ interior orientation (IO) parameters. In the
case of frame/line imagery, a basic set of IO parameters
may comprise the focal length ( /) or principal distance
(c), the principal point (xg, yo) and lens distortions that
allow consistent interpretation of sensor data (in the case
of lidars this may be rangefinder bias or misalignment
between the laser-beam reflecting mirror and its angular
encoder).

2. The sensors’ absolute exterior orientation (EO) that, sim-
ilarly to relative orientation, geometrically connects the
sensor data among them, plus with respect to the real
world (Sect. 9.2) (this is also referred to as pose when
limited to position and attitude).

3. Auxiliary system parameters that geometrically relate dif-
ferent sensors with respect to each other in space and
time, such as lever arms, bore-sights, or time-stamping
offsets.

As depicted in Fig. 9.32, the process of sensor orientation
may take different paths (dashed versus full lines):

e The sensor data can be oriented directly using navigation
technology (Sect. 9.2).

e The sensor is oriented indirectly by identifying corre-
sponding features across overlapping parts of data and
connecting them with external references on the ground
(Sect. 9.3.7). This is achieved by a procedure that will be
referred to as bundle block (or strip) adjustment. In the
context of airborne mapping with passive imagery, this
approach is called aerial triangulation (AT).

\ \ A
L[] L] L] L] L] L]
4 4
® Tie feature
Je\ Control feature

Fig. 9.33 Feature (point) conditioning on overlapping imagery

e The methods of direct and indirect sensor orientation
can be combined by extending the adjustment input to
a block/strip for navigation data. In this case, the pro-
cedure is called integrated sensor orientation and can be
considered as an extension of the aforementioned block
adjustment/AT that is referred to as assisted aerotriangu-
lation (AAT). In robotics, this is operated sequentially and
possibly in real time, the reason why it is called simulta-
neous localization and mapping (SLAM).

Aerial triangulation or SLAM belong to the category of
network adjustment techniques that make use of redundant
information in the overlapping parts of optical data (either
pair-wise, strip-wise, or block-wise; Fig. 9.33). The over-
lapping segments are called homologous features and range
from geometrical primitives as points or lines to more com-
plex features such as surfaces. These features are conditioned
within the sensor models to take the same coordinates as in
the object coordinate system. This approach is applicable to
passive (Sect. 9.1.1) as well as active (Sect. 9.1.3) optical
sensors and is indispensable for calibration purposes.

The navigation data usually enter the adjustment as abso-
lute or relative poses, as shown in the upper part of Fig. 9.34.
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Fig. 9.34 Comparison of traditional and modern methods for fusing data from optical and navigation sensors in mapping

Table 9.10 Example of parameters for sensor orientation and calibration

Exterior

Position, attitude, (constant trajectory errors per
block or strip)

Position, attitude, (constant trajectory errors per
block or strip)

Sensor
Frame cameras

Line cameras

Lidar Position, attitude, (constant trajectory errors per
block or strip)
RADAR Position, attitude, velocity

High-orbit satellites
Low-orbit satellites

Polynomial parameters
Position, attitude (or polynomial parameters)

If satellite positioning is absent (indoor environment), in-
termittent (terrestrial vehicles), or the inertial observations
are of poor quality (small UAVs, mobile robots), the tra-
jectory determination process may result in time-varying
biases in position and attitude, the character of which can-
not be correctly modeled within the network of this type.
In such a situation it is better to introduce the original iner-
tial readings (i.e., angular rates and specific forces) directly
into a modified network, as depicted in the lower part of
Fig. 9.34. This approach is rigorous but requires some special
care when introducing the differential equations relating the
inertial observation to poses. This method proposed by [57]
under the term dynamic network bears a number of advan-
tages as well as challenges. With a number of simplifications
that are not appropriate for airborne mapping, this approach
is also employed in robotic indoor SLAM where it is referred
to as pose-graph estimation [59]. Its extended modeling,
which is applicable to large-scale mapping project, is de-
scribed in [60].

9.4.2 Parameters

The goal of setting up a network is the optimal fusion of all
sensor data to determine concurrently and optimally the co-

Interior and system parameters

Lens distortions, PP, PD, (temperature, pressure, bore sight, lever-arm,
synchronization, etc.)

Lens distortions, PP, PD, (temperature, pressure, bore sight, lever-arm,
synchronization, etc.)

Bore sight (rangefinder offset, mirror distortion & alignment, encoder
scale & offset, etc.)

Doppler, bore sight, lever-arm, (synchronization), etc.
(Sensor dependent)
(Sensor dependent)

ordinates of the image features in the mapping frame together
with the set of orientation parameters (exterior, interior, sys-
tem). An example of parameters sets for different sensors is
presented in Table 9.10. More specifically, in the example of
frame/line cameras, these unknown parameters are:

e 3-D positions of distinctive features identified in the im-
ages (e.g., tie points), pi', withn € {I;...; N}

e (optionally) basic interior orientation parameters, i.e., the
camera constant ¢, the principal point (xg, yo)

e (optionally) additional interior orientation parameters rep-
resented either by physical or the replacement models
(Sect. 9.4.3)

e samples of the IMU-body frame pose for each camera ex-
posure j, i.e., the position and the attitude of body frame
with respect to mapping frame m; I}", = [x3 (7). Ry ()]
with j € {1;...;J}

e (optionally) the body to camera lever-arm and bore sight
x? and R

e (optionally in dynamic network/SLAM or in AAT if
GNSS position is used instead of GNSS/INS) GNSS an-
tenna lever-arm xlga, or x§,, respectively

e (optionally in dynamic network/SLAM) INS systematic
errors, e.g., random, yet time-constant 3-D bias vectors
for the gyroscopes b, and accelerometers by.
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The observation models related to the interior orientation
of some optical sensors and those related to navigation sen-
sors are presented in the following.

9.4.3 Optical Distortion Models

Optical distortions directly influence the metric quality of the
image and, therefore, have to be considered. As introduced
in Sect. 9.1 for the case of an ideal camera where the inci-
dent and emerging nodal points define its optical axes, the
chief or central rays pass through the lens without deviation,
while the emerging ray remains parallel to the original inci-
dent ray. The deviation from this ideal, parallel, case needs
to be modeled (and later estimated by the calibration setup)
since the ideal assumptions cannot be perfectly met in a real
camera system design. Such deviations can be best captured
by models that relate to the physical properties of the system.
When this is not possible, either due to the unknown proper-
ties of the systems or its high complexity, it may be better to
adopt some general models (e.g., polynomial) and determine
a subset of relevant parameters.

Sensor Physical Models

In many frame/line cameras, symmetric lens distortion has
the most relevant influence on 3-D object point reconstruc-
tion. Relation (9.33) introduced a basic distortion model
of perspective-centered image coordinates. A more gen-
eral model is the Conrady—Brown distortion correction [61]
relating the distorted image coordinates (xq, yq) to the
undistorted (x, y) through third-order radial [k, k;, k3] and
second-order tangential [p, p,] coefficients

xq = x(kir?* 4+ kor® + ksr®) + pi(r? + 2x%) + 2paxy .
va = y(kir® + kor* + kar®) + pa(r® +2»%) + 2pixy
(9.70)
with r? = x2 + y2. Affinity as well as nonorthogonality
effects on image coordinates maybe added to (9.70), and
the size of a particular calibration set may be even larger
depending on the system and the type of calibration [62].
When radial distortion is present, the image point is dis-
placed radially in comparison with its ideal position. If this
displacement is positive, i.e., the point is shifted towards
the image borders, the distortion is referred to as barrel
distortion; if the distortion is negative, it is referred to as
pincushion distortion. Radial distortions can be balanced
through proper adaptation of the focal length f. As can be
seen from Fig. 9.35, the distortion remaining after balancing
is small. Since this modified value is an outcome of the cam-
era calibration and different from the physical focal length,
it is now called the calibrated focal length or camera con-
stant c.

a) A (um)
30

0
_5 >
0 30 60 90 120 150
r' (mm)
b) A (um)
5
o I/\/
=5 >
0 30 60 90 120 150
7' (mm)

Fig. 9.35 (a) Radial distortion curves (A-D) and their mean value
(dashed line). (b) Mean radial distortion after balancing, after [2]

Sensor Replacement Models

A sensor replacement model is a model that approximates
the original, or rigorous, sensor model associated with a spe-
cific sensor by an arbitrary function. Although such models
hide the details of the physical sensor model, they have
some advantages, possibly being applicable across different
sensors. Also, their evaluation may be faster for obtaining
ground-to-image coordinates. This is especially interesting
for voluminous satellite data or real-time mapping applica-
tions. Examples of replacement sensor models include:

e The 3-D polynomial model

e The affine line-based transformation model (e.g., satellite
imagery)

e The rational polynomial coefficients model (e.g., satellite
imagery)

e The universal sensor model (e.g., in general image-
processing packages).

Such replacement models are successfully applied for
transfer of sensor orientation to the final users; however, their
usage in block adjustment is less appropriate.

9.4.4 Observation Models
Image Observations

Frame cameras

Here we combine the basic camera model (9.32) that gives
the undistorted image coordinates of a mapped feature and
the geometrical relations between the optical and navigation
data (Fig. 9.23 and Sect. 9.2.5). Let p}' be the 3-D coordi-

n
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nates of the n-th tie-point expressed in the mapping frame.
Considering the poses of the h-frame associated with the j -
image I}, = [x;' (/). R}'(j)], through the camera bore sight
Rf and lever-arm xzs, this point is projected to the image
plane of an ideal perspective camera with camera constant ¢
and principal point (xg, yo) at image coordinates (x, y), such
that

X ] c 0 xp
Yy =—10 ¢ »
1) "o o 1
[ REGHRY)T (6 = x72(7) — (R, ].

(9.71)
The scale factor u can be eliminated by rearranging the equa-
tion system (9.71) so that the image coordinates are separated
on the left-hand side and then dividing the first two relations.
Then, the distorted image coordinates (xq, y4) can be deter-
mined, e.g., as in (9.70). Finally, with /,,; being the image
coordinate of the n-th 3-D point on the image, as reported
by the tie-points detection algorithm, the image observation

model reads
X,
ln,i +v,,;, = ¢ s
Yd

where v, ; is the correction vector.

(9.72)

Line cameras

The collinearity condition expressed for frame cameras
(9.71) with the column (x) and row (y) image coordinates
can be adapted to line cameras by omitting the y or row pixel
coordinates

X0
0
1

- O =
Il

c
0
0

S o O

— 3:|’—‘

(R GIR) (o = x7 () — (RY)xh, |

(9.73)
Nevertheless, most line cameras are multiple m-line cameras
(with lines k =1, ..., m). In such a case, with the use of pro-
jection matrix K (9.31), the undistorted collinearity model
reads

X
Ok - iKK ?(J)RﬁRf.k)T(pZ“ —x1'(j))
1

- (R)'x) + 0] (9.74)

where p is the common camera-platform reference frame,
x fs « 1s the lever-arm of line k to p-frame origin, and Rf i 18

the rotation from the k-camera to the platform frame. With
l ﬁ.i being the distorted image coordinate of the n-th 3-D
point on the image, as reported by the tie-points detection
algorithm for the line k, the image observation model reads

i +Vni = Xam. (9.75)
The relation between distorted x; and undistorted image co-

ordinates x;; depends on the optical model described in
Sect. 9.4.3, e.g., the first line of (9.70).

Ground Control
If available, observations of the 3-D coordinates of the n-th
mapped feature are introduced as
l,+v,=p). (9.76)
Position
The position of the sensor is determined either by a GNSS
receiver or by GNSS/INS integration. The first observation
refers to the antenna phase center a, the latter is usually the
origin of the b-frame. Both are determined with respect to
some global coordinate system, e.g., WGS-84, which can be
transformed to the m-frame. Referring to (9.14) and consid-

ering the positions fo/ » With respect to m together with the

lever-arm x?/ b and attitude RZ’, the observation model for

sensor position reads
Ly +vp; =x0() + Ry (HxP (9.77)
When the chosen mapping frame is a projection and the
sensor-fusion model is derived for a Cartesian frame, the
position observation should be corrected in height. As de-
scribed in [30], the size of such a correction depends on the
absolute terrain height, the flying altitude above it, and the
value of the projection scale at the perspective center.

Velocity
Velocity observations are needed for sensors like radars.
They can be also useful for estimating a time-stamping
offset between optical and navigation data [63]. GNSS or
GNSS/INS provide velocity observation of the antenna a or
body b, either in e or [ frames, respectively. Similarly to po-
sition, the velocity vector can be transformed to a mapping
frame. The velocity observation model is then

Ly + v, = () + RY (DR, (D (978)
where QZ »(J) is the skew-symmetric matrix of angular ve-
locity vector (w = (w1, w2, w3) = (§232 = —$223, 8213 =
—$231,82,1 = —$21,)) between the m and b-frames ex-
pressed in the b-frame.
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Fig. 9.36 A simplified instance
of a dynamic network formulated ‘

as a factor graph

Attitude

Corrections to attitude observations v  are expressed as non-
commutative multiplication of rotation matrix R,. Hence, if
attitude is observed externally as Rf;, the attitude observation
equations reads

Ir+vg =R.R, =R’R

m

(9.79)

with Rf being the bore sight and R}, the mapping-to-sensor
frame rotation. However, INS/GNSS processing usually de-
livers Rlb, where the orientation of the local-level frame /
with respect to the m-frame changes with the change of po-
sition. In such a case, the attitude observation equations need
to be modified to

R'R, =R’R, R, (9.80)
where the definition of R}" depends on the arbitrary choice
of the mapping frame. For instance, with the mapping frame
defined as the Cartesian system on a tangent plane of a WGS-
84 ellipsoid at geographical coordinates (¢, A¢)

RI'=D = R. (¢, Ao) RS (0 4) (9.81)

where RY = (R!)T is defined by (9.11).

Conformal projections are often used when mapping
in country-specific national coordinates. There, the conver-
gence of meridian ypc at each perspective-center position
(PC) needs to be accounted for. Considering the east-north-
up axis convention usually used in projections, the attitude
observation for the projection reads

R’ = Ryp Rs(rec) (9.82)
where the matrix on the left-hand side involves exchanging
the first and second axis and mirroring the third one, and
the second term is a standard rotation matrix about the third
axis of the (modified) p-frame with the meridian conver-
gence value ypc computed at the sensor perspective-center

for the particular projection. When the mapping frame is
a conformal projection defined on a national reference el-
lipsoid, the observation equation for attitude may need to
be further modified for the relative rotation between the el-
lipsoid employed for INS/GNSS integration and that of the
national datum [31].

Angular Velocity and Specific Forces

As outlined in Sect. 9.4.1, some method of robotic’s SLAM
or dynamic networks, directly employs the inertial raw ob-
servations, i.e., the angular velocities w and specific forces
f . The rigorous form of these observation equations is rather
long and is described in detail in [60]. As schematically de-
picted in the bottom part of Fig. 9.36, w and f constrain
the unknown poses Fb’fj via differential relations that are
approximated by first and second-order finite differences.
Also shown schematically in Fig. 9.36 are the connections
between other previously mentioned observation models
(represented by boxes) with the unknown parameters (rep-
resented by circles): p for GNSS positions, /" for image
observations, and O for so-called zero observations. The latter
relates some parameters by known functional relationships
without being associated with an actual sensor reading, e.g.,
interpolation between poses to image observation times 0;,
or time-correlated evolution of accelerometer biases 0y . Al-
though usually applied, the evolution of gyroscope models
0p 1s not represented in Fig. 9.36 for the sake of clarity.

9.4.5 Estimation

The goal of estimation is in the optimal combination of all
observations that leads to the most correct values of unknown
parameters. Assuming that the correction or residual vec-
tors v of all observations are randomly distributed, this is
achieved by solving a nonlinear weighted least-squares prob-
lem. Gathering all the terms on one side of each observation
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equation will result in the following condition

gl +v,x)=0, (9.83)
where [ represents the vector of the given observation, x is
the vector of unknown parameters, and v is the vector of
residuals of the observations that are assumed to be normally
distributed, i.e., v &~ N(0, Cy). Although the conditioning
relation g(-) varies per sensor and observation, the general
estimation methodology by the least-squares principle stays
the same:

e First, a linear model is obtained by linearizing the (non-
linear) function g(-) according to the observations / and
parameters x;, where the index i = 0 denotes its initial
approximation

0 d
gll,x;)+ (—g) v+ (—g) Ax; =0 (9.84)
W )y xi) 0% /1.xi)

or
—gi—Biv—i—A;Axi:O, (985)

where g; = —g(l,x;), B; = —(9g/dl); +,) and A; =
(ag/ax)|(l.x,-)'
(In the case of v = —I + g(-), this derivative is trivial.)

e Second, the nonlinear model (9.83) is solved by iterating
the solutions of the linear model (9.85) to convergence.
The corrections to the parameters Ax;; are obtained by
the best linear unbiased estimation (BLUE). As for the
parameters, the BLUE estimation is the solution of the
so-called normal equation [64]

—1
Axiz(AT(BCUUBT)_1A> AT(BCyB) g, (9.86)

while the corrections to observations are obtained as

v; = C,,BT(BC,BT) '(Ax —g,) . (9.87)

After each iteration, the set of parameters is rectified by
the estimated correction Ax; as x;4+; = x; + Ax;, and
the observations are updated according to I, = I; + v;.
The linearization of (9.84) is repeated with the updated set
of parameters and observations (x;—¢ and /;—o denotes pa-
rameters and observation initial values, respectively). The
iteration is stopped when the corrections to parameters A x;
are no longer significant (i.e., A x; ~ 0). After convergence,
the last iteration step is repeated with the original observa-
tions (/;—o). The respective covariances characterizing the
accuracy of parameters and measurements are estimated in
parallel at each step by the relations presented in [64].

The quality of the estimation may be judged according
to the analyses of residuals and global a-posteriori esti-
mation of the variance. The latter is evaluated as 302 =

(vT Cge ™' v)/(n —u), where n is the number of observations
and u the number of parameters. Special situations may lead
to some simplification of the general model (9.84) and its
solution (9.86). Detailed information on this subject is pre-
sented in [65] and [64].

The general formulation of the sensor fusion may be
very large, leading to hundreds of thousands unknowns (or
even millions of unknowns for dynamic networks) but is
inherently sparse and can be solved efficiently exploiting
state-of-the-art least-squares solvers [66] based on very ef-
ficient sparse linear algebra routines [67]. (Reducing the
number of unknowns in dynamic network is possible by
preintegrating a certain number of IMU observations [68].)

9.4.6 Adopted Approaches

Frame Sensors
Advances in computer vision and digital-image processing
enabled fully automated selection and measurement of cor-
responding points, which together with satellite positioning
improved the productivity and accuracy of mapping. The sta-
bility of GNSS-assisted aerotriangulation remains dependent
on the image texture, whose variation may cause problems
in large-scale or oblique imagery, in forested areas, or over
snow-covered landscape. These problems can be somewhat
mitigated with the concurrent employment of integrated in-
ertial navigation that allows also direct orientation. The latter
concept found its place in fast mapping, applications of lower
mapping accuracy, corridor mapping, and terrestrial mobile
mapping. Absolute orientation based solely on ground con-
trol points remains in use for small mapping projects, such
as those performed by small drones without RTK capacity.
GNSSs are included for quality control or for calibration
purposes on larger missions, benefiting navigation technol-
ogy. Indeed, when factors such as accuracy and reliability
are important, the method of integrated sensor orientation re-
mains the most sophisticated alternative for frame-camera
orientation (Table 9.11). In this method, the first approxi-
mation of exterior orientation is provided by the navigation
technology, which is present on all modern large-scale digital
cameras and autopiloted drones (for the purpose of naviga-
tion, guidance, and control capacity on automated missions).
Knowledge of the initial EO limits the search space for ho-
mologous points and thus improves their transfer between
images on challenging texture. In this regard, external knowl-
edge of attitude parameters is more important for oblique
photography or situations with corresponding image texture
than for vertical configurations and where sufficient image
texture is available. In the next step, the optimization is run
first to eliminate outlier observations and later to provide
the final solution to the orientation problem. Ground control
points are included for quality control or for calibration pur-
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Table 9.1 Comparison of main orientation approaches

Aerial Observations Advantages

Independent of airborne satellite signal
Simple processing chain

Independent of navigation quality
Independent of synchronization errors
Absorbs IO instability

Consistent determination of all parameters
Potential for radiometric adjustment
Self-calibrating and possibly no GCPs

None

Position

Full

~20% side-overlap OK
Automation, no GCPs

Suitable for corridors & multisensor systems

Disadvantages

Impractical over large or steep areas

May lead to systematic deformations (func. of GCPs)
IO correlated to EO

Large overlaps required

Weak geometry at block ends

Not ideal for corridors

Larger side-overlap required

Textureless (e.g., costal) mapping is difficult
Problematic transfer of points in oblique imagery
Lower redundancy in corridors

Attitude accuracy dependent

Table 9.12 Indicative frequency Satellite Aircraft Vehicle

of sensor deployment and ori- On-board sensors GNSS ++ +++ +++

entation method used for frame

cameras across different plat- MU iai iai iatal

forms: (—) = never, (+) = rare, Star Tracker Siatet e =

(++) = sometimes, (+++) = com- External measurements GCP +++ ++ +

mon Orientation approach Direct + ++ +++
AAT/(GNSS) ++ +++ +
Integrated + ++ +

poses. Similarly to position-assisted AT, the use of full aerial
control results in lower correlation between EO/IO param-
eters. Table 9.12 indicates common orientation approaches
across different platforms. Generally, it is acknowledged that
object—space accuracy is two to four times better when using
an integrated rather than a direct sensor orientation approach.

Line Sensors

Theoretically, the orientation of line sensor data can also
be determined indirectly, in a manner similar to frame im-
agery [69]. However, this approach is rarely used in practice
because the computational effort is large, and the resulting
mapping accuracy is lower without the support of attitude
and position sensors [70]. Also, to ensure sufficient overlap
between successive exposures, the line-camera head needs
to be placed on a stabilized mount. Such stabilization can be
more precise when based on a real-time GNSS/INS trajec-
tory, which is also the case for modern line cameras.

The common approach to line-camera orientation is de-
picted in Fig. 9.37. The onboard GNSS/INS measurements
are recorded for postprocessing (PPK) and integration. At
the same time, a real-time navigation solution based on point-
positioning GNSS/INS integration is used to steer the camera
platform stabilization. The captured images are stored and
rectified during postprocessing using the best available cali-
bration parameters and the improved EO parameters from the
postprocessed trajectory. The distortion in the original im-
agery, caused by the motion of the sensor, is removed by this
rectification, and the resulting scenes can be viewed stereo-
scopically. The automated matching process is performed,
but the tie-points coordinates are referred back to the origi-

nal imagery. The orientation parameters are updated by the
block adjustment using image measurements and orientation
parameters. Possibly, ground control points (GCPs) may also
be included for calibration, improved accuracy, or for control
purposes. The block adjustment provides final orientation pa-
rameters that are applied either to the prerectified images for
DEM (digital elevation model) generation or also directly to
the raw images for the (best possible) orthophoto production.
Investigations with modern line cameras have revealed
that when a real-time GNSS/INS solution is used to sup-
port the matching process, the number of matched points is
approximately 25% less compared with the use of a postpro-
cessed trajectory [70]. Also, the accuracy of object points
was two to three times worse when using EO parameters
based on a real-time trajectory, which is not acceptable for
applications with the highest accuracy demands (i.e., <0.1 m
in object space). It was also observed that the mapping ac-
curacy is two to four times worse when based on direct
orientation as compared to integrated sensor orientation.

Calibration

As soon as sensors such as GNSS are added to derive the
camera perspective-center coordinates in order to directly
measure the exterior orientation elements with high absolute
accuracy, systematic differences between perspective center
coordinates derived from a bundle adjustment without “assis-
tance” and directly measured coordinates are likely to occur.
These differences cannot always be attributed to errors in
the trajectory computations, especially when GNSS trajec-
tory solutions can be delivered with high accuracy. Thus,
such differences might also be caused by changes in the cam-
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era geometry. For example, since airborne images are mostly
taken in nadir direction, incorrect assumptions of the focal
length will shift the adjusted perspective center coordinates
along the vertical axis. This immediately causes offsets be-
tween the directly measured perspective center coordinates
and the coordinates obtained from the photogrammetric bun-
dle adjustment. On the other hand, the availability of direct
exterior orientation measurements of sufficiently high ac-
curacy now offers the possibility to completely calibrate
the camera geometry based on in-situ approaches even for
airborne sensors. However, a flat field such as the Earth’s
surface combined with parallel viewing directions does not
allow for determination of the full camera geometry, unless
the test field is of special design (e.g., it has significant height
variations). Such requirements are necessary to suppress the
high correlations between unknown exterior orientation el-
ements and certain sensor parameters (i.e., sensor interior
orientation). The additional sensor parameters are estimated
in extended aerial triangulation. Additional parameter mod-
els that directly relate to physical changes in the sensor
geometry are well established in photogrammetric imag-
ing [64] but have rarely been used for airborne camera
calibrations in the past. Due to the previously described cor-
relations, mostly mathematical polynomials were preferred
to overcome remaining systematic effects in airborne im-
agery. Such parameter sets have been proposed by [71] and
others. These additional parameters are not correlated with
the exterior orientation elements and can, thus, be used in
standard aerial triangulation, but they do not refer to changes
in the camera geometry. Another aspect is the need to cal-
ibrate sensor systems instead of single system components

ortho images

only. This is also referred to as system versus component cal-
ibration and becomes obvious if the design of today’s digital
imaging sensors is considered. They typically consist of sev-
eral components:

e The imaging sensor itself, which may contain several op-
tical lens systems.

e Additional sensors for direct measurement of the sensor
trajectory during data capture, which are almost standard
for new digital sensors.

In contrast to film-based cameras, where calibration mainly
considered the lens component only, the overall calibra-
tion of such, more complex systems cannot be done from
laboratory calibrations exclusively. The relative orientations
between the optical sensor and inertial measurement unit can
only be derived from in-situ approaches. This method is also
convenient to derive the relative positions between the GNSS
antenna and the inertial and camera perspective-center.

Laser Scanners

The process of kinematic laser scanning relies on direct
sensor orientation. Nevertheless, the principle of integrated
sensor orientation can be introduced either for system cal-
ibration [42], the mitigation of residual systematic errors
in trajectory determination [72], or both [39, 41, 73]. Such
an adjustment process also serves as an internal control
of the laser-scanning mission. The initial development of
block adjustment in kinematic laser-scanning used the con-
cept of tie-points (based on return-intensity values). Contrary
to cameras, this principle is not very suitable, as the corre-
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Fig. 9.38 Principle of surface-patch conditioning in airborne laser
scanning. After [39]

spondence between laser points is only approximate. Modern
approaches, therefore, rely on conditioning surface patches
or other geometrical primitives that overlap between differ-
ent passes (Fig. 9.38). The success of this approach depends
on the number of patches and their form, size, and spatial
variation. Generally, this approach works better on patches,
whose form is known a priori. This is the case for pla-
nar surfaces on buildings or other manmade structures. The
parameters of the planes are estimated together with the
calibration parameters that may include also biases in the tra-
jectory [73]. Such trajectory bias modeling is approximate
and can be avoided when the estimation includes the iner-
tial raw readings as observations [68] (Sect. 9.4.6, Angular
Velocity and Specific Forces). When considering the simpler
formulation with the platform position and orientation pro-
vided by a GNSS/INS, together with the range and encoder
angle values measured by the laser scanner, there are eight
observations per laser return. Using (9.15), the observation
equation for a laser target in the e-frame x{ lying on a plane

s; is given by
x¢ 0
Sj s =V,
I\

where, the plane parameters are given by

(9.88)

s;=(s1 52 53 547, (9.89)
with sy, $,, s3 the direction cosines of the plane’s normal
vector and s4 the negative orthogonal distance between the
plane and the coordinate system origin. Note that the direc-
tion cosines must satisfy the unit length constraint |s;| = 1.
The details of how such a constraint is added to the ad-
justment model are described in [42]. The principle can be
extended to natural surfaces [74]; however, this approach has
certain limits. First, most naturally flat surfaces are horizon-
tal, which makes their contribution less significant. Second,

perfectly flat surfaces are less common in nature, and their
identification remains problematic [58]. Future methods of
integrated sensor orientation with laser data will most likely
start using general surface models with somewhat tighter
feedback to the trajectory determination, as is the case of
robotics, SLAM [59]. However, as terrestrial robots usually
employ multibeam 3-D scanners, there is only one set of pose
parameters per one instance of beam-array activation. This
configuration is somewhat similar to that of line cameras and
geometrically stronger than the more usual case of airborne
scanning, where each single laser pulse has a unique set of
poses.

9.5 Mapping Products

9.5.1 Surfaces

In this section, remote sensing is used in a general sense and,
thus, incorporates photogrammetry. The products of remote
sensing may be grouped by their production process in geo-
metric and radiometric products. Here, we briefly introduce
two typical photogrammetric products, one in 3-D and the
other in 2-D: surface models and the orthophoto.

Representation

The term digital elevation model (DEM) encompasses sur-
face representation without specifying its nature. On the
other hand, the digital terrain model (DTM) is a discrete de-
scription of the physical surface (terrain), while the digital
surface model (DSM) considers the terrain with all surface
features, including buildings and vegetation. The informa-
tion captured about terrain height by means of optical sensors
(Sect. 9.1) is usually heterogeneous and unorganized. There-
fore, it needs to be restructured into a form that is both
comprehensive and usable for further exploitation like inter-
pretation, visualization, manipulation, etc.

Regardless of its form, a surface model will always re-
main an approximation of the reality with limited resolution.
However, the choice of its representation is important, as
it dictates the requirements on data storage, possibility to
portray sharp changes in the topography or the efficiency
in model manipulation and analysis. Among the number of
possibilities of terrain representation, grids, triangles, and
contours are the most common and will, therefore, be dis-
cussed in more detail (Fig. 9.39).

Elevation grid

An elevation grid is the most straightforward representation
of terrain (Fig. 9.39c¢). It is characterized by the regular, lat-
tice organization of equally spaced points in the horizontal
(x, y) projection. Each point of such a mesh contains one
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Fig. 9.39 Typical surface
modeling based on irregularly
distributed points (a). (b) Gen-
eration of a triangular irregular
network (TIN). (¢) Interpola-
tion of TIN to regularly spaced
grid. (d) Smoothing of grid and
derivation of contour lines. Af-
ter [12]

d) DTM raster
smoothed

C) DTM raster

b) DTM TIN

a) Raw ground
points

height (z) value for its location, which together with the x, y-
coordinates is referenced to a common origin. The spacing
between points is predefined and thus implies the resolution
of the model. Such an organization is similar to that of an
image and due to such a resemblance, this representation is
referred to as a raster. In this structure, only z-values need
to be stored, as the x, y-coordinates are derived from corre-
sponding indices and cell spacing.

The grid structure is convenient for its simplicity of
organization, which is also practical for further data manipu-
lation. On the other hand, it is less suitable for the modeling
of steep landscapes where the resolution with respect to slope
normally decreases progressively (Table 9.13). It is also not
suitable for the modeling of complex shapes in three dimen-
sions as overhangs, because the storage of several z values
per grid cell is not possible. The grid arrangement is also
suboptimal in capturing characteristic landscape features like
highest points or break-lines which may not coincide with
a grid cell. To describe finer terrain features by this method
the cell size needs to be reduced. However, this increases
storage requirements without providing additional informa-
tion in areas where coarser cell size is adequate. Such an
inconvenience could be circumvented by allowing the cell
size to be adaptive (e.g., quadtree storage) or by applying
image-like compression [75].

TIN

Compared to a grid, the triangulated irregular network (TIN)
structure (Fig. 9.39b) is considerably more adaptive to local
terrain variations. It constitutes a set of nodes (points) that
are connected by lines to form triangles. The surface within

» Contour lines

Raster files

ncols 41?!
rrows 300
r'i'lce"ter 56?“"0 50‘3000

-9950,
1052.37 1052,42 1052.47 1052, 52 1082, 5
106685 1067, 35 1067.66 1068, 59 1068.33
1105.73 1105.55 1105.37 1105.11 1105.03
1091.89 108i.50 1081.12 1080, 76 1080.3
1684, 6% 108642 1684, 71 1086, 84 1087.12
1095.40 1095.53_1095.46 1095.47 100549
1075.08 107842 1077.63 1077.06 1076, 5

each triangle is represented by a plane facet. The individual
facets fit in a mosaic that yields a surface. Such modeling
is appropriate for areas with sudden changes in slope, where
the edges of triangles can be aligned with discontinuities in
the landscape (e.g., ridges, bottoms of gullies).

The storage requirements of irregularly spaced points and
their associated TIN structure are quite large, as all three
coordinates per point need to be stored separately. A so-
lution that overcomes this problem is the above-mentioned
generation of uniformly spaced elevation grids, where the
X, y-coordinates are described by an array of indexes, and
only the z-value is stored.

Contours
Terrain representation by contours (Fig. 9.39d) was the most
common way of surface modeling before the digital era. It is
also the most frequent means of coding the vertical dimen-
sion into topographical maps. Contours are lines of constant
elevation (isolines) that are usually projected onto a 2-D sur-
face. In the past, contours were generated manually from
oriented photographs on stereoplotters. Although laborious,
this process was accurate when carried out by a skilled op-
erator who, at the same time, made judicious generalization
of reality. Although the DTM could be derived from con-
tours by interpolation, this practice is left to cases when
a cartographic source (i.e., map) is the primary input for its
generation. In modern mapping, the contours are produced
automatically from a grid, TIN, or irregularly distributed el-
evation points [75].

A comparison between different forms of terrain repre-
sentation is given in Table 9.13.
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Table 9.13 Comparison be- Grid TIN Contours

tween diffgrent forms of DEM Structure @ Simple © Complex © Complex

representation; 69. and © denote ET— T e B e Bl

advantages and disadvantages,

respectively Exchange @ Excellent © 2.5-D possible © Difficult
Applicability © Limited 2.5-D @ 3-D possible © Limited 2.5-D
Adaptability © With quad trees @ Adaptable @ Adaptable
Modeling © With sampling rate @ Excellent © Modest
Discontinuity © Limited @ Good © Limited
Operations @ Fast and robust © More complex © Not practical
Usage in maps @ As hillshade © Not practical @ Excellent

Fig. 9.40 Point-cloud clas-
sification, after [12]: (a) Raw
laser point cloud, (b) point cloud
classified into ground, bridge,
vegetation, and building points

Reconstruction

DEMs of coarse resolution covering all continents are mostly
produced by satellite missions (InSAR). The acquisition of
DEMs of finer resolution at the scale of large countries is
most effectively performed by airborne SAR, less effectively
but more accurately by image processing using the princi-
ples presented in Sect. 9.4. Altimetric models of the highest
precision and resolution usually come from airborne laser
scanning.

Classification

As laser scanning is a nonselective mapping method; the
acquired point cloud includes all kinds of objects (e.g., veg-
etation, buildings, wires) apart from the terrain itself. Hence,
prior to the derivation of elevation models the point cloud
needs to separated into categories of objects as depicted in
Fig. 9.40. This process is called classification and is highly
but not entirely automated. When the point data are obtained
by insertion from oriented images (Sect. 9.4), the classifica-
tion can be performed together with image matching.

Triangulation

As mentioned previously, triangulation creates a polygonal
or triangular mesh from a set of unorganized points, where
the facets of polygons are the discrete representations of the
surface (Fig. 9.39b). Triangulation can be performed in 2-D
or in 3-D, according to the geometry of input data. Large,
country-like elevation models are usually created in 2.5-D,
which means that the triangulation is performed in 2-D, and
the z-value gets attached to each node using a unique ele-
vation function z = f(x, y). Such models are not ideal to

setation

Buildings

a)

Fig. 9.41 Isometric view of a vertical rock face obtained by airborne
laser scanning and triangulation; after [12]: (a) 2.5-D triangulation,
(b) 3-D triangulation

represent steep terrain (Fig. 9.41a) or complex manmade
structures. As can be seen in Fig. 9.41b, performing 3-D
triangulation is more suitable for this purpose, however, its
evaluation is very complex in large datasets. Also, data ex-
change in the GIS community is not necessarily standardized
for 3-D TIN structures.

Grid generation

An evenly-spaced DTM grid can be obtained by interpola-
tion from the TIN facets. This approach is, however, only
practical when the TIN model already exists. The grid can
also be derived directly from the point data by various in-
terpolation techniques. The popular interpolation methods
used for this purpose are trend surface analysis, Fourier anal-
ysis, or kriging. These approaches have a global character
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Fig. 9.42 Analysis of the raster height elevation model; after [12]:
(a) DEM color coded by elevation, (b) DEM slope grid, (¢) DEM color-
coded by aspect, (d) DEM hillshade grid

and various levels of smoothing that are either predetermined
or estimated from the data itself. On the other hand, meth-
ods of local character are more appropriate when the terrain
varies abruptly, as they are based on the elevation informa-
tion from the nearest points. The most frequent methods of
such type are spline or cubic interpolations and inverse dis-
tance weighting [75].

In places where ground point sampling is low, like in
forested areas or in dense urban zones, it is preferable to
apply triangulation prior to grid generation, because the re-
sulting DEM is less affected by the lack of data. The maximal
size of data gaps to be closed by triangulation can be limited
by specifying the largest length of the facet edge.

DEM Analysis

Grid representation of DEM allows the application of image-
like operations that are useful for highlighting different
aspects of the surface. The most common are filters that
perform terrain smoothing and gradient operations to visu-
alize steepness and orientation, as shown in Fig. 9.42a—c.
Fig. 9.42d depicts a so-called hillshade raster that improves
visualization of the terrain by a chosen source (in position
and angle) of illumination.

9.5.2 Orthophotos

Orthogonal Perspective

Orthophoto is a technical term reserved for an image that
shows objects on a reference surface using an orthogonal
perspective. The reference surface is a DEM that consists
of points with three coordinates each (x, y, z) and that de-

a) b)

Fig. 9.43 Central perspective: (a) frame camera with central perspec-
tive in both dimensions, (b) line camera with central perspective across
track and orthogonal perspective along track

fines the Earth’s surface. The orthogonal perspective means
a vertical view of the ground above each pixel, which is typ-
ically used for maps. However, any image taken by a camera
does not have this perspective, because the whole scene is
photographed from one point, thus leading to a central per-
spective. Frame cameras have a central perspective in x and
v (Fig. 9.43a). Line cameras operating on satellite platforms,
and in some cases also on aerial platforms, produce images
that have a central perspective along the line photographed
at one moment but an orthogonal perspective along the flight
track (Fig. 9.43b).
An aerial image is distorted primarily for two reasons:

e The camera cannot be kept exactly horizontal when the
photo is taken. Therefore, the roll and pitch components
of attitude are not exactly zero, and, consequently, the im-
age suffers from perspective distortion.

e Only in some exceptional cases is the Earth’s surface flat.
The central perspective of a camera causes height paral-
laxes that displace objects on higher ground towards the
image border and objects on lower ground towards the
image center.

Both effects are eliminated during orthophoto computa-
tion. In addition, the pixel size is set to a defined ground
sample distance (GSD). This simplifies joint processing with
vector data in later applications.

Other image errors, such as lens distortion, atmospheric
refraction, and Earth curvature, are not eliminated during
orthophoto computation, as their influence is usually consid-
ered in a basic part of the photogrammetric image-processing
process that includes sensor calibration. Despite this, the
geometry of the camera plays a prominent role in the com-
putation of an orthophoto.

Rectification Methods
The orthographic projection is obtained from the central per-
spective through an analytical process called rectification.
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Table 9.14 Overview of the
rectification methods

Rectification method
Perspective transformation
Polynomials

Standard orthophoto

True orthophoto

The complexity of this operation depends on the scale of im-
agery and the required degree of exactness. An overview of
the different approaches is provided in Table 9.14.

The perspective transformation provides only an approx-
imate solution to rectification and has been employed in the
past when airborne photogrammetry made use of analog rec-
tification instruments. The polynomials provide a somewhat
better two-dimensional relation between the image and the
ground. Such an approximation is usually sufficient for the
rectification of satellite images. The transformation coeffi-
cients are commonly obtained through the identification of
ground control points that are distributed across the image.
This way, the images are simultaneously oriented and recti-
fied.

By far most orthophotos are produced by making use of
DEM (Sect. 9.5.1), especially DTMs that exclude vegetation
and manmade structures. Consequently, the imaged build-
ings are rectified only at the base and not above the ground.
Apart from the existence of the DTM, the prerequisite for
correct rectification is the knowledge of image orientation
parameters (interior and exterior) that shall be transformed
to the same datum as the DTM employed. A common
procedure for orthophoto creation using DEM is the follow-
ing:

1. An empty orthophoto is created at the start. Such an or-
thophoto can be regarded as a grid or matrix with cells of
predefined (pixel) size. Hence, knowing the coordinates
(x and y) of the image-corner point, the geographical po-
sition of each pixel is uniquely defined by its row and
column.

2. The geographical height (z-coordinate) of each pixel is
identified through DEM as a function of its x- and y-
position (e.g., by interpolation).

3. A vector is formed between the image origin and the
x-y-z-coordinates of an empty pixel in the orthophoto
(Fig. 9.44). This vector is intersected with the image
through the collinearity condition to define its x’- and y’-
photo-coordinates.

4. As the resulting x’- and y’-photo-coordinates do not nec-
essarily correspond to the center of a pixel, its RGB-color
(or gray) value on the orthophoto is found via interpo-
lation with the neighboring pixels on the photograph. The
interpolation can also be performed across several images,
and these values can be further averaged to stabilize the
resulting orthophoto radiometrically.

Elevation model Application
No model Analytical plotter (approximation)
Satellite imagery

DTM Airborne imagery

DTM + buildings Airborne imagery (special application)
Perspective
center
Image
Digital
elevation
model

EEEII:JIH111111111111111111111111&]1llllll Orthoimage

Fig. 9.44 The creation of an orthoimage with the use of DEM

Fig. 9.45 Creation of a true orthophoto based on a dense point cloud
(3-D). Green points: Points of the true orthophoto; red points: Points
not used for the true orthophoto because they are not highest at their
2-D-position

Today, a true orthophoto is computed based on a dense
point-cloud that represents a surface-model, i.e., mainly
ground, buildings, and vegetation. Out of that point-cloud,
all those points are deleted which are not the highest at
any given position. The remaining points form the true or-
thophoto (Fig. 9.45).
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