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Preface 1% edition

Photogrammetry is a science based technology with more than a century of history
and development. During this time, the techniques used to get information about
objects represented in photos have changed dramatically from pure optic-
mechanical equipment to a fully digital workflow in our days. Parallel to this, the
handling became easier, and so its possible also for non-photogrammetrists to use
these methods today.

This book is especially written for potential users which have no photogram-
metric education but would like to use the powerful capabilities from time to time
or in smaller projects: Geographers, Geologists, Cartographers, Forest Engineers
who would like to come into the fascinating field of photogrammetry via “learning
by doing”. For this reason, this book is not a textbook — for more and deeper the-
ory, there exists a lot of literature, and it is suggested to use some of this. A special
recommendation should be given to the newest book from KONECNY (2002) for
basic theory and the mathematical backgrounds or to the book from SCHENK
(1999) for the particular situation in digital photogrammetry. For a quick reference
especially to algorithms and technical terms see also the Photogrammetric Guide
from ALBERTZ & WIGGENHAGEN (2005).

This book includes a CD-ROM which contains all you need from software and
data to learn about the various methods from the beginning (scanning of the pho-
tos) to final products like ortho images or mosaics. Starting with some introduc-
tory chapters and a little bit of theory, you can go on step by step in several tutori-
als to get an idea how photogrammetry works. The software is not limited to the
example data which we will use here — it offers you a small but powerful Digital
Photogrammetric Workstation (DPW), and of course you may use it for your own
projects.

Some words about the didactic principle used in this book. In Germany, we
have an old and very famous movie, “Die Feuerzangenbowle” with Heinz Riih-
mann. This actor goes to school, and the teacher of physics explains a steam en-
gine:

“Wat is en Dampfmaschin? Da stelle mer us janz dumm, un dann sage mer so:
En Dampfmaschin, dat is ene jroBe, schwachze Raum...” (SPOERL, 1933. A lan-
guage similar to German, spoken in the area of Cologne; in English: What is a
steam engine? Suppose we have really no idea, and then let’s say: A steam engine,
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that is a big black hole...). This “suppose we have no idea” will lead us through the
book — therefore let’s enter the big black hole called photogrammetry, let’s look
around and see what happens, just learning by doing. Theoretical background will
only be given if it is indispensable for the understanding, but don’t worry, it will
be more than enough of theory for the beginning!

Concerning the object(s) of interest and the camera position(s), we distinguish
between terrestrial (close-range) and aerial photogrammetry. This book mostly
deals with the aerial case. Nevertheless, the mathematical and technical principles
are similar in both cases, and we will see an example of close-range photogram-
metry in the last tutorial.

A briefly description of the software is included in the last part of this book
(chapter 7).

This is the right place to give thanks to all people who helped me:

To my chief, Prof. Dr. Ekkehard Jordan, for all the time he gave me to write
this book, and for his interest in this science — he was one of the first Geographers
using analytical photogrammetric methods in glacier investigation — and to all my
friends and colleagues from the Geographic Institute, University of Diisseldorf, for
many discussions and tests. To Mrs. Angela Rennwanz from the same institute —
she made the final layout, therefore my special thanks to her!

To Prof. Dr. mult. Gottfried Konecny, who encouraged, helped and forced me
many times and gave me a lot of ideas, and to all my friends and colleagues from
the Institute of Photogrammetry and Geolnformation (IPI), University of Han-
nover, for their scientific help and patience — especially to my friend Dr.-Ing.
Karsten Jacobsen. To Prof. Dr.-Ing. Christian Heipke, now chief of the IPI, who
agreed that I could use all of the infrastructure in this institute, and for several very
interesting discussions especially concerning image matching techniques.

For proof-reading of this book thanks (in alphabetical order) to Dr. Jorg Elbers,
Glenn West and Prof. Dr. mult. Gottfried Konecny.

Un agradecimiento de corazon a mis amigos del America del Sur, especial-
mente en Bolivia y Colombia!

It may be of interest for you: All figures in this book are also stored on the CD-
ROM (directory ...\figures) as MS PowerPoint™ files. Whenever you would like
to use some of them, may be for education or scientific texts, please refer to this
book! Thanks to the publishers for this agreement.

Bad Pyrmont, March 2003 Wilfried Linder



Preface 2™ edition

During the short time between the first edition and now many things happen giv-
ing the editors and me the idea not only to actualise this book but also to include
further chapters. The changes are (among others):

The subtitle. It was the goal to give readers a compact and practical course with
theoretical background only as far as necessary. Therefore we changed the subtitle
from “Theory and Applications” to “A practical course”. Nevertheless, and this
was a remark of several reviewers, some more theory than before is included.

More about close-range photogrammetry. The first edition dealt mainly with
aerial photogrammetry, now the field of terrestrial or close-range applications is
expanded. For instance, an automatic handling of image sequences (time series)
was developed and will be presented.

In this context we also take a special look to digital consumer cameras which
now are available for low prices and which the reader may use for own projects in
close-range applications. Regarding the lens distortion of such cameras, a chapter
dealing with lens calibration was added.

A glossary now gives the reader a quick reference to the most important terms
of photogrammetry. All words or technical terms included there are written in

italics in this book.

Last but not least: The software which you find on the CD-ROM was improved
and expanded, and the installation of software and data is now easier than before.

Bad Pyrmont, July 2005 Wilfried Linder



Preface 3" edition

Also the second edition was sold successful. It seems that the hope I wrote about
in chapter 6.8 (“A view into the future: Photogrammetry in 2020”") will be fulfilled
— photogrammetric techniques are not only in use until today but even new fields
of applications came up. One of them is stereo photogrammetry with high resolu-
tion satellite images about which we will talk and learn in a new tutorial, see
chapter 6.6. Another interesting new chapter (6.7) deals with simple flatbed
scanners which you can use to create anaglyph images from small objects.

Again the software (included on the CD-ROM) was improved, a new program-
me (LISA FFSAT) was added, and the text in this book was actualised to the new

possibilities of the software.

This is the place to thank the publisher and in particular Dr. Christian Witschel
for the pleasant and straightforward collaboration since nearly 10 years!

Diisseldorf, January 2009 Wilfried Linder
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1 Introduction

1.1
Basic idea and main task of photogrammetry

If you want to measure the size of an object, let’s say the length, width and height
of a house, then normally you will carry this out directly at the object. Now
imagine that the house didn’t exist anymore — it was destroyed, but some historic
photos exist. Then, if you can determine the scale of the photos, it must be possi-
ble to get the desired data.

Of course you can use photos to get information about objects. This kind of in-
formation is different: So, for example, you may receive qualitative data (the
house seems to be old, the walls are coloured light yellow) from photo interpreta-
tion, or quantitative data like mentioned before (the house has a base size of § by
6 meters) from photo measurement, or information in addition to your background
knowledge (the house has elements of the “art nouveau” style, so may be con-
structed at the beginning of the 20" century), and so on.

Photogrammetry provides methods to give you information of the second type,
quantitative data. As the term already indicates, photogrammetry can be defined as
the “science of measuring in photos”, and is traditional a part of geodesy, belong-
ing to the field of remote sensing (RS). If you would like to determine distances,
areas or anything else, the basic task is to get object (terrain) co-ordinates of any
point in the photo from which you can then calculate geometric data or create
maps.

Obviously, from a single photo (two-dimensional plane) you can only get two-
dimensional co-ordinates. Therefore, if we need three-dimensional co-ordinates,
we have to find a way how to get the third dimension. This is a good moment to
remember the properties of human vision (see also chapter 4.4). We are able to see
objects in a spatial manner, and with this we are able to estimate the distance be-
tween an object and us. But how does it work? As you know, our brain at all times
gets two slightly different images resulting from the different positions of the left
respectively the right eye and according to the fact of the eye’s central perspective.
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Exactly this principle, the so-called stereoscopic viewing, is used to get three-
dimensional information in photogrammetry: If we have two (or more) photos
from the same object but taken from different positions, we may easily calculate
the three-dimensional co-ordinates of any point which is represented in both pho-
tos. Therefore we can define the main task of photogrammetry in the following
way: For any object point represented in at least two photos we have to calculate
the three-dimensional object (terrain) co-ordinates. This seems to be easy, but as
you will see in the chapters of this book, it needs some work to reach this goal...

For the first figure, let’s use the situation of aerial photogrammetry. To il-
lustrate what we have said before, please take a look at figure 1:

f =focal length

P = object point

P = representation of P
in the left photo

P*‘ = representation of P
in the right photo

C = projection centre

epipolar
plane

z terrain surface = object space

object (terrain)
co-ordinate system

Fig. 1: Geometry in an oriented stereo model. Changing the height in point P (on the surface)
leads to a linear motion (left — right) of the points P’ and P’’ within the photos along epipolar
lines.



1 Introduction 3

Each point on the terrain surface (object point) is represented in at least two
photos. If we know or if we are able to reconstruct all geometric parameters of the
situation when taking the photos, then we can calculate the three-dimensional co-
ordinates (X, y, z) of the point P by setting up the equations of the rays [P' = P]
and [P" = P] and after that calculating their intersection. This is the main task of
photogrammetry as you remember, and you can easily imagine that, if we have
reached this, we are able to digitise points, lines and areas for map production or
calculate distances, areas, volumes, slopes and much more.

1.2
Why photogrammetry ?

There are many situations in life or science in which we must measure co-ordi-
nates, distances, areas or volumes. Normally we will use tools like a ruler or a foot
rule. This is the place to discuss situations in which photogrammetric techniques
may be used as an alternative or in which photogrammetry is the only possible
way to measure:

In many cases the methods of measurement depend on the kind of the objects.
As already mentioned in chapter 1.1 it may happen that the object itself doesn’t
exist any more but only photos from the object. Similar to this are situations in
which the object cannot be reached. For instance, imagine areas far away or in
countries without adequate infrastructure, which then can be photographed to
create maps.

Measure in photos means also measure without a physical contact to the object.
Therefore, if you have very smooth objects like liquids, sand or clouds, photo-
grammetry will be the tool of choice.

Further, all kind of fast moving objects will be measured with photogrammetry.
For instance these may be running or flying animals or waves. In industry, high-
speed cameras with simultaneous activation are used to get data about deformation
processes (like crash tests with cars).

In some examples, nowadays laser scanner equipment is an alternative to pho-
togrammetry. In the aerial case laser scanning is used to get information about the
relief (terrain models), but also in the close-range case these techniques are widely
spread especially if it is necessary to get large amounts of three-dimensional point
data (point clouds). The advantage here is that the object can be low textured — a
situation where photogrammetric matching techniques (chapter 4.6) often fail. On
the other hand, laser scanning is time consuming and up to now very expensive,
comparing with photogrammetric methods, and laser scanning cannot be used for
fast moving objects. Therefore, these methods may be seen as a supplement to
photogrammetry.
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1.3
Image sources: Analogue and digital cameras

The development of photogrammetry is closely connected with that of aviation
and photography. During more than 100 years, photos have been taken on glass
plates or film material (negative or positive). In principle, specific photogrammet-
ric cameras (also simply called metric cameras) work the same way as the ama-
teur camera you might own. The differences result from the high quality demands
which the first ones must fulfil.

Beside high precision optics and mechanics, aerial cameras use a large film
format. You may know the size of 24 by 36 mm from your own camera — aerial
cameras normally use a size of 230 by 230 mm (9 by 9 inch)! This is necessary to
receive a good ground resolution in the photos. As a result, the values of “wide
angle”, “normal” and “telephoto” focal lengths differ from those you may know —
for example, the often used wide angle aerial camera has a focal length of about

153 mm, the normal one a focal length of about 305 mm.

Fig 2: The DMC (Digital Mapping Camera) — an example of a digital aerial camera. Left: Cam-
era mounted on carrier. Right: View from below — you can see the lenses belonging to the four
area sensors. Courtesy of Intergraph Corp., USA.

Furthermore, the lens system of aerial cameras is constructed as a unit with the
camera body. No lens change or “zoom” is possible to provide high stability and a
good lens correction. The focal length is fixed, and the cameras have a central
shutter.
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Similar to this, also for close-range applications special cameras were devel-
oped with a medium or large film format and fixed lenses.

Since long times, manufacturers like Z/I imaging (now Intergraph Corp.), Leica
or Vexcel have been developing digital aerial cameras. As we can see today, there
are two construction strategies. One is to keep the central perspective principle
well-known from existing film cameras with the advantage that you can use ex-
isting software to handle the data. For this solution (called frame camera), an area
sensor is required. Considering the fact that a high-resolution area sensor giving
the same information like 230 by 230 mm photos taken on film would be ex-
tremely expensive, efforts are made to use four overlapping smaller sensors of
industrial standard and then match the four image parts together (DMC from In-
tergraph, see figure 2). The other strategy is to use a line sensor across the flight
direction and collect data continually during the flight. This is a bit similar to the
techniques known from sensors on satellites or from hyper-spectral scanners (ADS
40 from Leica).

Fig. 3: Example of metric digital cameras: The medium-format AIC (left) and the small-scale d7
metric (right) from Rollei. Courtesy of Rollei Fototechnic, Germany.

For the close-range case the transition from film to digital cameras can be de-
scribed in the way that existing film cameras are still in use, but if a new camera
shall be purchased it will be a digital one in any case. On the market are small-
format and medium-format cameras like those from Rollei (d7 metric, d30 metric
or the AIC, also well suitable for the aerial case, see figure 3).

Nowadays digital consumer cameras have reached a high technical standard
and good geometric resolution and are available for low prices. Due to the fact
that these cameras can be used for close-range photogrammetry without any prob-
lem if the accuracy to be reached is not too high, a separate chapter will deal with
this kind of equipment.
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1.4
Digital consumer cameras

As mentioned just before, various types of digital consumer cameras are on the
market which may also be used for photogrammetric applications. The differences
of the construction principles between metric and consumer cameras can be seen
in general in quality and stability of the camera body and the lens. Further, con-
sumer cameras usually have a zoom (“vario”) lens with larger distortions which
are not constant but vary for instance with the focal length, so it is difficult to
correct them with the help of a calibration.

If you want to purchase a digital camera to use it for photogrammetry please
take the following remarks into account:

General: It should be possible to set the parameters focal length, focus, expo-
sure time and f-number manually, at least as an option.

Resolution (Number of pixels): Decisive is the real (physical), not an interpo-
lated resolution! The higher the number of pixels, the better — but not at any price:
Small chips with a large number of pixels of course have a very small pixel size
and are not very light sensitive, furthermore the signal-noise ratio is less good.
This you will find especially with higher ISO values (200 and more) and in dark
parts of the image.

Focal length range (zoom): Decisive is the optical, not the digital (interpolated)
range!

Distance setting (focus): It should be possible to de-activate the auto focus. If
the camera has a macro option you can use it also for small objects.

Exposure time, f-number: The maximum f-number (lens opening) should not be
less than 1:2.8, the exposure time should have a range of at least 1 ... 1/1000 sec-
onds.

Image formats: The digital images are stored in a customary format like JPEG
or TIFF. Important: The image compression rate must be selectable or, even bet-
ter, the compression can be switched off to minimise the loss of quality.

Storage: Usual are SD memory cards with capacities up to 4 GB. Modern PCs /
Laptops are supplied with SD card readers — this will save accumulator energy
when transferring data from the camera to the computer.

Energy supply: Make sure that you can use customary batteries or accumula-
tors. They are much cheaper than special ones and available everywhere.
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Others: Sometimes useful are a tripod thread, a remote release and an adaptor
for an external flash. Two sets of accumulators, a battery charger, additional
memory cards, if need be a card reader and a good tripod complete the equipment.
A final remark: As everywhere in life, “cheap” is not always equal to “good”!
Therefore you should better proof the quality than the price...

To work with image data from a digital camera you need some information like
the focal length or the size of the pixels on the CCD chip. In the appendix you find
a table with technical data of several CCD chips, and in the tutorials 3 and 4 you
will see how to handle the images.

1.5
Short history of photogrammetric evaluation methods

In general, three main phases of photogrammetry can be distinguished concerning
the techniques of the equipment used for evaluation and the resulting workflow.
The transition from one phase to the following took a time of about 20 years or
even more.

In the chapter 1.1 you saw that, if we want to get three-dimensional co-ordi-
nates of an object point, we must reconstruct the rays belonging to this point from
the terrain through the projection centres into the central perspective photos, a
procedure which we call reconstruction of the orientation or briefly orientation. In
the first decades of photogrammetry this was done in a pure optical-mechanical
way. The large, complicated and expensive instruments for this could only be han-
dled with a lot of experience which led to the profession of a photogrammetric
operator. Not only the orientation of the photos but also any kind of the following
work like measuring, mapping and so on was carried out mechanically. In later
times, this phase was named the Analogue Photogrammetry.

With the upcoming of computers, the idea was to reconstruct the orientation no
more analogue but algorithmic — via formulas with their parameters (coefficients)
being calculated and stored in the computer. The equipment became significantly
smaller, cheaper and easier to handle, and was supplied with linear and rotation
impulse counters to register hardware co-ordinates, and with servo motors to pro-
vide the ability to position the photos directly by the computer. Nevertheless, the
work still was done with real (analogue) photos and still needed a high precision
mechanical and optical piece of equipment, the so-called analytical plotter. Ac-
cording to that, this phase was called Analytical Photogrammetry.

As everybody knows, in the last decades the power of computers rose at breath-
taking speed. So, why not use digital photos and do the work directly with the
computer? Even a simple PC nowadays has power and storage capacity enough to
handle high-resolution digital photos. That is the phase now: Digital Photogram-
metry, and that’s what we want to explain with the help of this book, the included
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software and some examples. The only remaining analogue part in the chain of a
total digital workflow often are the photos themselves when taken with traditional
cameras on film, but also this will end soon.

For existing photos on film or paper, we will need a high-precision scanner as
the only special hardware periphery. And due to the fact that around the world
hundreds of “classical” aerial cameras are in use — instruments with a lifetime of
decades — and digital cameras are much more expensive up to now, photo produc-
tion on film with subsequent scanning may be the standard for many years
(MAYR 2002). On the other hand we must recognise that a totally digital work-
flow has much advantages and is much faster, and no film development is neces-
sary, a fact which significantly decreases the costs.

1.6
Geometric principles 1: Camera position, focal length

To explain the relation between the distance camera position — object (aerial case:
flying height) and the focal length, we use a terrestrial example. First, take a look
at figure 4:

Our goal is to take a photo of the house, filling the complete image area. We
have several possibilities to do that: We can take the photo from a short distance
with a wide-angle lens (like camera position 1 in the figure), or from a far distance
with a small-angle lens (telephoto, like camera position 2), or from any position in
between or outside. Obviously, each time we will get the same result. Really?

Figure 5 shows the differences. Let’s summarise them:

e The smaller the distance camera — object and the wider the lens angle, the
greater are the displacements due to the central perspective, or, vice versa:

e The greater the distance camera — object and the smaller the lens angle, the
smaller are the displacements.

In a (theoretical) extreme case, if the camera could be as far as possible away from
the object and if the angle would be as small as possible (“super telephoto”), the
projection rays would be nearly parallel, and the displacements near to zero. This
is similar to the situation of images taken by a satellite orbiting some hundreds of
kilometres above ground, were we have nearly parallel projection rays but also
influences coming from the earth curvature. The opposite extreme case are photos
taken with a fisheye lens which have an opening angle of up to 180 degrees, some-
times called whole-sky-systems.
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Fig. 4: Different positions and lens angles. The situation, view from above.

What are the consequences? If we would like to transform a single aerial image
to a given map projection, it would be the best to take the image from as high as
possible to have the lowest displacements — a situation similar to satellite images
(see above). On the other hand, the radial-symmetric displacements are a pre-
requisite to view and measure image pairs stereoscopically as you will see in the
following chapters, and therefore most of the aerial as well as terrestrial photos
you will use in practise are taken with a wide-angle camera, showing relatively

high relief-depending displacements.
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] [ ] ]

Photo taken from camera position 1

mE ]

Photo taken from camera position 2

[ ] []

Photo taken from a position infinitely far away

Fig. 5: The results: Photos showing the house in same size but in different representations due to
the central perspective.
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1.7
Geometric principles 2: Image orientation

As already mentioned before, the first step of our work will be the reconstruction
of the orientation of each photo, which means that we have to define the exact
position of all photos which we want to use within the object (terrain) co-ordinate
system. Now please imagine the following: If we know the co-ordinates of the
projection centre, the three rotation angles (against the x-, y- and z-axis) as well as
the focal length of the camera (part of the interior orientation, see chapter 4.2.2),
then the position of the photo is unequivocally defined (see figure 6). Therefore
our first goal will be to get the six parameters of the exterior orientation (X,, ¥, Z,,
0, o, K; see chapter 4.2.5).

In the case of aerial photos, the values of ¢ (phi) and ® (omega) will normally
be near to zero. If they are exactly zero, we have a so-called nadir photo. But in
practice, this will never happen due to wind drift and small movements of the
aircraft. Always remember the rule “nothing is exact in real life”! The value of x
(kappa) is defined as “east = zero” according to the x-axis of the terrain co-ordi-
nate system, then counting anti-clockwise in grads, defining north = 100, west =
200, south = 300 grads (see chapter 1.10 for the units).

Please note that only exact nadir photos of a true horizontal plane would have a
unique scale or, in other words, non-zero values of ¢ and/or ® as well as the form
of the object (for instance the relief) lead to scale variations within the photo.

If M, is the mean photo scale or m, the mean photo scale number, h, the height
of the projection centre above ground and f the focal length, we can use the fol-
lowing formulas (see figure 7):

m, =h/f or M, = I/m, = f/h, 1.7.1

Now take a look at the different co-ordinate systems (CS) which we have to
deal with. First, the camera itself has a two-dimensional CS; this may be a tradi-
tional or a digital one (image CS). Second, in case of film or paper material we
must use a scanner which has a two-dimensional pixel matrix (pixel CS) — the
equivalent to the photo carrier co-ordinates of an analytical plotter (see chapter
1.5). And finally our results should be in a three-dimensional object (terrain) CS —
normally a rectangle system like used for the Gauss-Krueger or the related UTM
projection, connected with an ellipsoid to define the elevation (for instance, in
Germany the Gauss-Krueger system is related with the Bessel ellipsoid, the UTM
system with the ellipsoid defined from Hayford).
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film or CCD chip

principal point
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projection centre
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o (omega)

rotation angles (@, ®, K)

Fig. 6: Focal length, projection centre and rotation angles

As we will see later on, the values of the three rotation angles depend on the
sequence in which they were calculated. Often used are the sequences @, ®, ¥ and
o, ¢, K — most software packages have the option to convert the angle values

between these sequences.
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Fig. 7: Relations between focal length f, height above ground h, and the photo scale f/h,

1.8
Geometric principles 3: Relative camera positions
(stereo)

To get three-dimensional co-ordinates of object points we need at least two images
from our object, taken from different positions, as we already said in chapter 1.1.
This leads to the question which rules we must fulfil concerning the relative cam-
era positions.

Remember figure 1: The point P (x, y, z) will be calculated as an intersection of
the two rays [P' = P] and [P" = P]. You can easily imagine that the accuracy of
the result depend among others from the angle between both rays. The smaller this
angle, the less will be the accuracy: Take into account that every measurement of
the image points P' and P" will have more or less small errors, and even very small
errors here will lead to a large error especially in z when the angle is very small.
Besides, this is a further reason why wide-angle cameras are preferred in photo-
grammetry (see next figure).
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Fig. 8: Camera positions parallel (above) and convergent (below). MapTEC, Germany (2004).

Let A be the distance between the cameras and the object and B be the distance
between both cameras (or camera positions when only a single camera is used),
then the angle between both projection rays (continuous lines) depend on the ratio
A/B, in the aerial case called the height-base ratio. Obviously you can improve
the accuracy of the calculated co-ordinates P (X, y, z) by increasing the distance B
(also called base, see figure 1). If then the overlap area (stereo model, see next
chapter) is too small you may use convergent camera positions — “squinting” in
contrast to human vision (parallel). The disadvantage of this case is that you will
get additional perspective distortions in the images. Please keep in mind: The
parallel (aerial) case is good for human stereo viewing and automatic surface
reconstruction, the convergent case often leads to a higher precision especially in z
direction.
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1.9
Some definitions

Before starting with the practical work, we want to introduce some standard tech-
nical terms of photogrammetry.

Photo: The original photo on film

Image: The photo in digital representation — the scanned film or the photo
directly taken by a digital camera

Model (stereo model, image pair): Two neighbouring images within a strip
Strip: All overlapping images taken one after another within one flight line
Block: All images of all strips

Base: Distance between the projection centres of neighbouring photos

To illustrate what we mean, please take a look at the next figure:

photos (images) ... ... forming a strip

ool

v

flight direction

A\

model formed by image 1 and 2 (overlap area)

<
<

next strip

Fig. 9: Photos, models and strips forming a block

An image flight normally is carried out in the way that the area of interest is
photographed strip by strip, turning around the aircraft after every strip, so that the
strips are taken in a meander-like sequence. The two images of each model have a
longitudinal overlap of approximately 60 to 80% (also called end lap), neighbour-
ing strips have a lateral overlap of normally about 30% (also called side lap). As
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we will see later on, this is not only necessary for stereoscopic viewing but also
for the connecting of all images of a block within an aerial triangulation (see fig-
ure 32).

1.10
Length and angle units

Normally, for co-ordinates and distances in photogrammetry we use metric units,
the international standard. But in several cases, also non-metric units can be
found:

e Foot ('): Sometimes used to give the terrain height above mean sea level, for
example in North American or British topographic maps, or the flying height
above ground.

e Inch (" ): For instance used to define the resolution of printers and scanners
(dots per inch).

I'=12"=30.48 cm I"=254cm
Im =3.281" I cm=0.394" 1.10.1

You will surely know angles given in degrees. In mathematics also radians are
common. In geodesy and photogrammetry, we use grads. In the army, the so-
called mils are used.

A full circle has
360 degrees = 400 grads = 27 (pi) = 6400 (mils) 1.10.2
1.11

A typical workflow in photogrammetry

Before starting our practical work let’s take a look at the next figure, showing us
the typical workflow for photogrammetric applications. Beginning with the cap-
ture of the images, we have then to calculate the orientation parameters of all
images we want to use. After this we can measure co-ordinates, create several
kind of image products like surface models, and finally we may use the results in
additional cartographic or GIS software.
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Fig. 10: A typical workflow
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2.1
Hardware requirements, operating system

If you want to use the software included on the CD-ROM and work with the ex-
ample data or even use your own materials, it is necessary to have an adequate PC
supplied with sufficient main memory (RAM), storage capacity (hard disk) and
high resolution graphics. In particular, you need:

Minimum Recommended
Processor frequency 400 MHz >> 1 GHz
Main memory (RAM) 256 MB >> 512 MB
Hard disk 1 GB >> 10 GB
Graphics resolution 1024 x 768 pixels 1280 x 1024 pixels
Screen size 17" 21"
Mouse 3 (!!) buttons central wheel

Furthermore, to handle (aerial) photos on paper or film material, you need a
scanner (see chapter 3). For stereoscopic viewing you need red-green glasses, a
simple example is included in this book. You need a mouse with 3 buttons or with
a central wheel which, when pressed down, also serves as middle mouse button.

It is urgently recommended to use a professional operating system like MS
Windows NT (with service pack 6), 2000, XP or Vista. Nevertheless, you may
also use MS Windows 95, 98, ME and other MicroSoft Windows 32 bit systems,
but then no guarantee can be given for full functionality! In particular, older
operating systems like Windows 95 and 98 didn’t support the FREEIMAGE
library used in some parts of the software (for instance, see chapter 7.6.4).
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2.2
Image material

In the first tutorials we will process aerial photos which were taken by an analogue
aerial camera (see chapter 1.3) in the usual format of 23 by 23 cm (9 by 9") which
must be converted into a digital format using a scanner. Nevertheless, also images
from non-metric, réseau or digital cameras, and not only aerial but also terrestrial
photos can be handled.

From a practical point of view, for the following tutorials all image material is
prepared in digital representation on the CD-ROM. To help you handle your own
examples, chapter 3 will discuss the basic principles of scanning paper or film
photos. Beside this, you may of course use images taken with a digital camera.

The aerial photos used in chapter 4 and 5 are owned by the Corporacién Auto-
noma del Valle del Cauca (CVC), Cali, Colombia. Thanks to Ing. Carlos Duque
from the CVC who managed everything to give me the rights using these photos
here.

The photos used in chapter 6 are owned by the Institute of Photogrammetry and
Geolnformation (IPI) of the University of Hannover, Germany. Thanks to Dr.-Ing.
Folke Santel for her patience and help.

A new chapter in the 3" edition, 6.6, deals with high resolution satellite images.
For our tutorial we will use images from the Cartosat-1 satellite, showing an area
south-west of Warszawa, Poland. Thanks to the Space Application Centre ISRO,
Ahemdabad, India, and to GEOSYSTEMS Polska, Warszawa, for the courtesy to
use the data (images and control points) in this book!

2.3
Overview of the software

On the CD-ROM delivered with this book you find a small but really useful digital
photogrammetric software package with which you can make everything de-
scribed in the following chapters and much more. In particular, the software is not
limited to the example data but can be used for a wide range of photogrammetric
tasks. The package is divided into three parts:

LISA BASIC: A raster GIS software with a lot of possibilities in image proc-
essing, terrain modelling and more. A complete programme description will be
copied onto your PC during the installation (see c:\lisa\text). You can choose
between the English, German or Spanish language version. Copyright by the au-
thor.
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LISA FOTO: Extension of LISA BASIC, digital photogrammetric workstation.
This is the main software used in the following chapters. The programme descrip-
tion is given in chapter 7 of this book but will also be copied onto your PC during
the installation (see c:\lisa\text). You can choose between the English, German or
Spanish language version. Copyright by the author.

LISA FFSAT: Digital photogrammetry for stereo satellite data. Developed by
the author in cooperation with Dr.-Ing. Karsten Jacobsen, University of Hannover.

The LISA programmes delivered with this book are special versions with
slightly reduced functionality: The maximum size per image is limited to 10 MB,
only grey scale (not colour) images can be processed, and the tools to create and
handle a data base for geocoded images are not available. See chapter 2.7 for
information about the complete software.

BLUH: A professional bundle block adjustment software optimised for aerial
triangulation. A “light” version including the central five modules of this pro-
gramme system with reduced functionality will be installed on your computer.
Only available in English but with manuals also in German and Spanish (see
c:\lisaltext). Copyright by Dr.-Ing. Karsten Jacobsen from the Institute of Photo-
grammetry and Geolnformation, University of Hannover, Germany.

According to HEIPKE (1995) and SCHENK (1999), the following functional-
ity of a digital photogrammetric workstation (DPW) is provided:

Stereo DPW: Interactive stereo plotting, optional elevations from a DTM
Mono DPW: Planimetric plotting, optional elevations from a DTM
Aerial triangulation DPW: Manual and automatic aerial triangulation
measurement, block adjustment with BLUH

DTM DPW: Automatic derivation of terrain models, contours etc.

Ortho image DPW: Creation of ortho images and mosaics

All programmes are mostly written in Fortran 95, few parts in C++. Using
inline code programming and other functions of the powerful FTN95 Fortran
compiler, real-time zooming and roaming was realised and an easy-to-use design
could be created.

If you still like to use the software after reading this book, may be for your own
applications, it is a good idea to look onto my homepage and to download actual
software versions from time to time (http://www.lisa-geosoftware.de).
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24
Installation

Important: If you use a professional operating system like MS Windows NT,
2000, XP or Vista, it might be necessary to log in with full rights, usually select
user = administrator!

Put the CD-ROM into your PC. Start a file manager like MS Windows Ex-
plorer, Norton Commander or similar, and go to the CD drive. Now click onto
SETUP. The rest is standard and self-explanatory. The default values given by the
installation software should be used if possible. For consistency with the data on
the CD-ROM it is urgently recommended to use the proposed installation path
c\lisa! Now all of the software we need is ready-for-use, and all directories for
the tutorial data are created. Finally we have to copy the data which normally will
be done by the setup; if not, simply click onto SET_DATA.

Now click successively onto Start, Settings, System control, then onto the icon
Display and again onto Settings. Control / set the following parameters:

e Colours: 65536 colours (“high colour”, 16 bit) or higher.
e  Resolution: At least 1024 x 768 pixels.
e  Fonts: “Small fonts”.

Now click above onto Representation. Within windows (active or inactive) as
well as the dialogue box the following parameters may not be exceeded:

o  Pixel: Size 18
o Text: Size 10

In case you have less than 512 Mbytes main memory (RAM) available on your
computer and/or you want to process large raster images a certain part of the hard
disk capacity can be made available in addition. Therefore a correspondingly large
paging file is to be defined within the Windows system control: successively click
Start, Settings, System controls, then onto the icon System and there onto Perform-
ance data. In the menu Virtual storage you can define the size of the paging file
using the button Modify. For more details, please refer to the Windows manual.

After the installation has finished, you will find the following additional direc-
tories on your PC:

c:\lisa LISA and BLUH programme files, fonts,
runtime libraries etc.
c:\lisa\text LISA and BLUH manuals, PDF format

c:\lisa\common\pal  directory for palettes
c:\lisa\common\sig  directory for area symbols
c:\lisa\common\cam directory for cameras
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c:\lisa\cameras some standard aerial camera definitions
c:\lisa\tutorial_1 data prepared for tutorial 1
c:\lisa\tutorial_2 data prepared for tutorial 2
c:\lisa\tutorial_3 data prepared for tutorial 3
c:\lisa\tutorial_4 data prepared for tutorial 4
c:\lisa\tutorial_5 data prepared for tutorial 5

If you prefer to use the German or Spanish programme versions of LISA, just
copy the executables (*.EXE) and the descriptions (*.PDF) from the CD-ROM
into the respective directories on your PC (c:\lisa, c:\lisa\text).

2.5
Additional programmes, copyright, data

Beside the software mentioned before, some further programmes are used:

e For the development of the LISA programmes: Products from the Salford
Software Ltd. company, England, now purchased by SilverFrost Ltd. (compil-
ers FTN95, CPP and SCC, editor SIDE, ClearWin+ library etc.). See also
http://www silverfrost.com/

e  For the installation of the software: InstallUs from Schellhorn media produc-
tions, Germany. See also http://www.media21.de/

e For the import and export of some raster image formats, the FREEIMAGE
library is used. See also http://freeimage.sourceforge.net/

e  For the real-time display of 3D data, my friend Dr. Michael Braitmeier wrote
a plug-in called IMA3D.

e  This book was written using MS Word, all graphics have been created using
MS PowerPoint from MicroSoft, USA. See also http://www.microsoft.com/

All software used for the tutorials or mentioned in this book, including the
brand names, are under copyright of the respective authors and/or companies!

2.6
General remarks

During the standard installation process, you have only those data files copied
onto your hard disk which are used as input files in the following tutorials (see
chapter 2.4). Besides, many of the intermediate and final results are also prepared
on the CD-ROM (sub directory data\tutorial_x\output, see below) and can be used
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for control purposes or, if you would like to skip some steps and go on later, to get
intermediate results necessary for the following steps. Therefore, at the end of any
tutorial chapter all created files are listed.

For consistency it is a really good idea to use the file names proposed in the
tutorials. In general, it is of course possible to choose any output name.

The CD-ROM has the following directory structure:

deutsch (... if you prefer to work with the German
espanol or the Spanish LISA versions)
data\tutorial_x\input (... directory with input data, x =1 ... 5)
data\tutorial_x\output (... directory with some intermediate and

final results for control purposes, x =1 ... 5)

figures all figures of this book, stored as
MS PowerPoint files

To make the work a bit clearer in the following tutorials, special fonts are used:

e Options and parameters: For instance, Image No. refers to the corresponding
text in an input window.

e Menu entries: Separated by “>”, for example: Processing > Stereo measure-
ment means that you first have to click onto Processing, then onto Stereo
measurement.

Definitions or key words are printed in italics.

Any results stored in a file and listed here for control purposes are printed in
this font.

File names are always printed in UPPERCASE Ietters.

Units are printed in [square brackets], example: [um].

Vectors are also printed in square brackets with an arrow showing the direc-
tion like [start point = ending point].

See also chapter 7.4 for some remarks about the programme handling.

2.7
Software versions, support

The software presented here is distributed by LISA Geo-Software, Germany, and
by the Institute of Photogrammetry and Geolnformation (IPI), University of
Hannover, Germany. For details about unlimited or student programme versions,
update downloads, news and prices please look at our homepage (http://www.lisa-
geosoftware.de). If you have questions or need support don’t hesitate to mail to
info@lisa-geosoftware.de.
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Note: To purchase an unlimited version you must use the Registration button
right-hand in the main window, fill out the form and send us the file t2v_reg.txt
(see the LISA BASIC programme description). Students also may purchase a
“student version”.

Within LISA BASIC, FOTO or FFSAT you can use the buttons Info and then
Homepage or E-Mail to contact these addresses from within the software.



3 Scanning of photos

3.1
Scanner types

A lot of scanners exist on the market with differences in construction, geometric
and radiometric resolution, format size and last but not least price. For use in
photogrammetry, some basic requirements must be fulfilled: Format A3, trans-
parency unit (for film material), high geometric and radiometric resolution and
accuracy.

The format A3 is necessary because for photogrammetric purposes the photos
must be scanned in total, in particular including the fiducial marks (see chapter
4.2.1), and most of the aerial photos usual today have the format 23 by 23 cm (9
by 9") which exceeds the A4 format. On the other hand, the side information bar
(mostly black; contains additional information like altimeter, clock, film counter)
should not be scanned to save storage capacity. Remark: If you only have an A4
scanner, you may use a special option of the software (see chapter 6.1) according
to our principle “Something is more than nothing”.

In low-cost photogrammetry often flatbed (DTP) scanners are used with a geo-
metrical accuracy of about 50um (see for instance BALTSAVIAS & WAEGLI,
1996 or WIGGENHAGEN, 2001). For a better understanding, three important
aspects of influence shall be mentioned:

e Accuracy along the CCD array (charge coupled device; under the moving
bridge beneath the glass plate): Constancy of size, distance and linear
arrangement of the CCD elements.

e Accuracy across the CCD array (in moving direction of the bridge): Con-
stancy of step width and linearity of the moving.

e Angle between bridge and moving direction: Deviations from a rectangle.
Some words about the radiometric resolution: The absolute minimum a photo-

grammetric scanner must have is the possibility to scan grey scale (panchromatic)
photos with 8 bit which means 256 grey levels. In case of colour photos, normally
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we need a radiometric resolution of 24 bit which means 8 bit or 256 levels for
each of the three base colours (red, green, blue), scanned in single-pass mode.

3.2
Geometric resolution

The geometrical scan resolution is given in the units “dots per inch” [dpi] or mi-
crometers [um] and reflects on the maximum accuracy to attain. For simple pho-
togrammetric investigations as shown in this book, a value of 300 or 600 dpi may
be used. A scan resolution of 600 dpi (42um) is near to the geometric accuracy of
most flatbed scanners (about 50um, see above). The conversion from [dpi] to
[um] is based on the formula:

pixel size in [um] = 25400 / resolution in [dpi] 3.2.1
resolution in [dpi] = 25400 / pixel size in [um]

The table below serves to illustrate the relation between scan resolution in [dpi]
or [um], the image size in [MB] (grey scale / 8 bit photo), the aerial photo scale
and the ensuing pixel size in terrain units, usually [m]:

Resolution [dpi] 150 300 600 1200 2400 4800
Pixel size [um] 169.3 84.7 42.3 21.2 10.6 5.29
Image size ca. [MB] 2 8 32 128 512 2018

Photo scale

1: 5000 0.847 0423 0.212 0.106 0.053 0.026
1: 7500 1.270 0.635 0.318 0.159 0.079 0.040
1:10000 1.693 0.847 0423 0212 0.106 0.053
1:12500 2.117 1.058 0.529 0.265 0.133 0.066
1:15000 2540 1270 0.635 0.317 0.159 0.079
1:17500 2963 1482 0.741 0.370 0.175 0.093
1:20000 3386 1.693 0846 0424 0212 0.106
1:25000 4233 2117 1.058 0.529 0.265 0.132
1:30000 5.080 2540 1.270 0.634 0318 0.159
1:40000 6.772 3386 1.693 0.846 0.424 0.212
1:50000 8.466 4.234 2.116 1.059 0.530 0.265

Pixel size in terrain units ca. [m]
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For the geometrical scan resolution it is a good idea always to follow the rule
“As high as necessary, as low as possible”! On the other hand, the maximum at-
tainable accuracy in z (altitude) depends, among other factors, on the scan resolu-
tion. The accuracy in z can reach a value of 0.1 %o (per thousand) of the flying
height above terrain, using an analytical plotter and photos with an end lap of
60%.

3.3
Radiometric resolution

Only grey scale photos (8 bit / 256 grey values) can be used with the software
versions prepared on the CD-ROM (see chapter 2.3). Colour images may be
scanned also with 8 bit and stored as grey scale images, or with 24 bit and subse-
quently be separated into three colour extracts of 8 bit each, one of which will be
used. A further possibility is to scan with 24 bit and calculate a “mixed” mono-
chrome image using the well-known formula

Grey value = 0.3*red + 0.11*green + 0.59*blue 3.3.1

For instance, this formula is used if you import a 24 bit image in LISA BASIC,
using File > Import raster image > BMP 24 bit, then activating the option Mixed image
(see also the programme description).

3.4
Some practical advice

As a general rule the photos should be put onto the glass plate in the way that the
direction of the strip (flight) is parallel to the CCD array of the scanner (see figure
11). It is suggested that all photos are first arranged on a table in the same position
and orientation in which they form the block. This means that, for example, all
photos are situated with “top = north” independent from the position of the side
information bar. Then every photo is scanned “west-east parallel to the CCD ar-
ray” (see figure 12). This method has the advantage that the resulting digital im-
ages are arranged in the same way as they follow in the strip.

e If at all possible only master film material should be used as scan sources. If
film is not available prints must be used instead. They should be processed on
plain (non-textured) paper of high geometrical stability.

e Please note that the whole aerial photo must be scanned — in particular, the
fiducial marks must be included, which we will need to establish the interior
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orientation (see chapter 4.2.2). On the other hand, the photo borders and the
side information bar should not be scanned to save memory space.

Grey scale images must be stored as “grey scale”, not as “colour” images!
The standard file formats to choose for storing and later to import into LISA
FOTO are BMP, JPEG or TIFF (8 bit, grey scale, uncompressed). Please note:
The file extensions used by LISA are JPG (not JPEG) or TIF (not TIFF)!

Image names: As a general rule, the image names should be identical with the
image numbers with no other or further text. Example: Image No. 137 will be
stored, depending on the format, as 137.BMP, 137.JPG or 137.TIF, but not as
LEFT.BMP, FOTO_137.BMP or anything else.

Some general remarks for scanning: Switch on the scanner without a photo on
the glass plate! Let the equipment run at least 5 minutes to warm up. After
that, put the photo onto the glass plate and cover the unused area of the plate
with a black cardboard. In this way, the radiometric self-calibration of the
scanner is supported.

L orientation of photo on the scanner

l CCD array
&
S
<
g
g L
2| L
=3
scan area (glass plate) model area
flight direction

Fig. 11: Flatbed DTP scanner and suggested positions of the photos. See also figure 55.
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strip 1
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information
strip 2 flight
direction

Fig. 12: All photos of a block should be scanned in the orientation in which they form the block,
regardless to the flight direction.

3.5
Import of the scanned images

LISA use a special image format with the extension IMA. Within in programme,
you can directly use also image data in one of the formats BMP, JPG or TIF. Nev-
ertheless, it may be more comfortable to have all data in the same format, there-
fore let’s take a look onto the import option:

Of course this can be done manually image by image, for example using the
option File > Import raster image from the LISA BASIC module. But often you will
have a great amount of images within one directory. In this case it is much easier
to import all files one by one automatically (batch mode).

Please start LISA FOTO by clicking on Start > Programmes > LISA > FOTO,
then go to the option File > Import raster images. Choose the format (BMP, JPEG or
TIFF). As you will see, you have some additional options used simultaneously for
all images which shall be explained here:
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Turn by 180 degrees: If the photos where scanned against our general rule
concerning the position on the glass plate.

Half resolution: If the original data are too large, the resolution can be reduced.

Delete originals: To save storage capacity, each original image file can be
deleted immediately after the import.

Negatives > Positives: If the photos are film negatives. To work with them, in
particular for interpretation, it is better to transform them into positives.

Numerical output name: Automatic creation of a numerical name according to
our advice (chapter 3.4). Image files containing a number will be processed
like FOTO_137.BMP > 137.IMA, files without any number will be stored
with an increasing number (1.IMA, 2.IMA, 3.IMA, ...).

24 > 8 bit: True-colour images (24 bit) can be converted to 8 bit grey-scale
images directly during the import to the IMA format. Please note that the
software versions coming with this book on CD-ROM are limited in function-
ality — therefore, if you want to use your own images you should use this op-
tion if your images have 24 bit radiometric resolution.

Now click onto the OK button. A protocol window appears showing each im-

ported image. After the last file is processed, the window will be closed.

Remark: For these import routines, parts of the FREEIMAGE library are used.

Several tests have shown that the import may fail in older semi-professional oper-
ating systems like MS Windows 95 / 98, but work properly in MS Windows NT /
2000/ XP / Vista.



4 Example 1: A single model

4.1
Project definition

To work with the LISA programmes, it is necessary first to define a project or to
select one already existing. All projects which we will use during the following
tutorials are prepared and have been copied onto your computer in the installation
process. Nevertheless, this is a good moment to take a look at this topic.

Start LISA FOTO by clicking on Start > Programmes > LISA > FOTO. In the first
appearing window you will be asked if you want to

e Use the last project
e 