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Preface 
 
 
The combined effect of using both space and information technology has 
immensely increased the usefulness of satellite imagery. If using 
photographic film developed on Earth without digital scanning and digital 
transfer together with computer image processing, the information would 
be older, it would take longer time to extract information, and it would 
take longer time to distribute the images and the information contained in 
them. 
 
Without space technology there would be no, or at least less, imagery over 
distant areas and less in-time imagery over “hot spots”. In this thesis, we 
will look into techniques on how to extract information from satellite 
imagery especially concerning detection of air and ground-based activities, 
which is of great importance for defence and security issues. 
 
The reader should bear in mind that this is a thesis in physics. The 
statements and comments concerning treaties and related things might, 
from a strictly jurisdictional point of view, not always be absolutely 
correct. The author hopes reader can be indulgent with this lack of 
stringency. 
 
Some of the methods and algorithms used in the thesis have been 
demonstrated on the problem of detection of nuclear explosion test sites. 
For the moment that problem may not be of the utmost importance in 
today’s world but the mathematical and physical principles underlying are 
nonetheless valid. Since this is a thesis on physics, it is not the purpose of 
the thesis to test change-detection methods on images that concerns 
today’s problems in the world. 
 
 
 





  

 
 
 
 

Abstract 
 
 
This thesis, Earth satellites and detection of air and ground based 
activities by Ulf Ekblad of the Physics department at the Royal Institute of 
Technology (KTH), addresses the problem of detecting military activities 
in imagery. Examples of various techniques are presented. In particular, 
problems associated with "novelties" and "changes" in an image are 
discussed and various algorithms presented. The imagery used includes 
satellite imagery, aircraft imagery, and photos of flying aircraft. 
 
The timely delivery of satellite imagery is limited by the laws of celestial 
mechanics. This and other information aspects of imagery are treated. It is 
e.g. shown that dozens of satellites may be needed if daily observations of 
a specific site on Earth are to be conducted from low Earth orbit. 
 
New findings from bioinformatics and studies of small mammal visual 
systems are used. The Intersecting Cortical Model (ICM), which is a 
reduced variant of the Pulse-Coupled Neural Network (PCNN), is used on 
various problems among which are change detection. Still much more 
could be learnt from biological systems with respect to pre- and post-
processing as well as intermediate processing stages. 
 
Simulated satellite imagery is used for determining the resolution limit for 
detection of tanks. The necessary pixel size is shown to be around 6 m 
under the conditions of this simulation. 
 
Difference techniques are also tested on Landsat satellite imagery with the 
purpose of detecting underground nuclear explosions. In particular, it is 
shown that this can easily be done with 30 m resolution images, at least in 
the case studied. Satellite imagery from SPOT is used for detecting 
underground nuclear explosions prior to the detonations, i.e. under certain 
conditions 10 m resolution images can be used to detect preparations of 
underground nuclear explosions. This type of information is important for 
ensuring the compliance of nuclear test ban treaties. Furthermore, the 
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necessity for having complementary information in order to be able to 
interpret images is also shown. 
 
 
Keywords: Remote sensing, reconnaissance, sensor, information 
acquisition, satellite imagery, image processing, image analysis, change 
detection, pixel difference, neuron network, cortex model, PCNN, ICM, 
entanglement, Earth observation, nuclear explosion, SPOT, Landsat, 
verification, orbit. 
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Introduction 
 
 





  

 
 
 
 
 
 

Chapter 1 
 
 

General Introduction and 
Outline of the Thesis 
 
 
 
 
1.1 Background 
 
During the last 10 years or so, the world has gone through major changes 
in many aspects. On the political side, we have the end of the Cold War 
and the breaking up of the USSR and on the technical side, the fast 
evolution of the information technology (IT), launches of commercial high 
resolution remote sensing satellites, just to mention a few. 
 
In the modern information technology society, there is a great need for 
information on your commercial competitors, on new technologies as well 
as on neighbouring countries. However, new types of conflicts are 
manifesting themselves more and more clearly. This means that 
intelligence about military forces is becoming less important and that new 
targets for the intelligence community increase in importance. 
 
One source for information acquisition is satellite imagery. With the space 
age came the space race and with that, the race for better satellite imagery. 
Later, there came a proliferation of satellite imagery. Since the 1960’s, the 
U.S.A. and the USSR has had a monopoly on satellite imagery. This was 
broken by the launch of the first SPOT satellite in 1986, making “Europe”, 
or maybe one should say France, a new actor in that field. 
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The combined effect of using both space and information technology has 
immensely increased the usefulness of satellite imagery. For if you use 
photographic film developed on earth without digital scanning and digital 
transfer together with computer image processing, the information would 
be older, it would take longer time to extract information, and it would 
take longer time to distribute the images and the information contained in 
them. Without space technology there would be no, or at least less, 
imagery over distant areas and less in-time delivery of imagery over “hot 
spots”. 
 
With the recent and still on-going advances of the information technology, 
it has become possible for everyone to have computers powerful enough to 
handle the large images that usually are the result of Earth observations 
from space. Today’s PCs, that are affordable for individual persons, can 
store and process remote sensing images easily. In the 1980’s, if you did 
not have large expensive computers, the images were handled by PCs with 
great difficulty. 
 
Also the development of storage media has evolved substantial since the 
1980’s. Satellite images were at that time distributed on large magnetic 
tapes, one tape for each spectral band. Today, 15 - 20 of those images can 
be stored on a single CD. With affordable CD readers and writers, satellite 
images are today easily handled and distributed. The development of 
Internet makes it also possible to distribute images all over the world very 
quickly. 
 
However, the image data format can cause problems. To be able to view 
an image on a computer, you need a program that can read the format of 
that specific image. In the 1980’s, each satellite type had its own image 
format. Nowadays, there have come forth some image format standards 
that simplify satellite image reading. This means that a modern standard 
PC, equipped with an image-processing program, can be used to view and 
process remote sensing imagery easily. 
 
Everybody can view an image. However, different people see different 
things in an image because of different knowledge and experiences. To a 
missile expert, a certain pattern in an image, as in the Cuban U2 images of 
1962, can tell him that there is a missile launch pad there. The non-expert, 
who sees the same pattern, does not possess the necessary knowledge in 
order to draw that conclusion from the pattern. 
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For decades, there have been attempts to use computers for extracting 
information from image data. Various techniques, building on spectral 
content, artificial (i.e. man-made) structures, and so on, have been tried in 
order to automate the information extraction of images. Techniques like 
data and information fusion have in later years been used to improve the 
possibilities to extract information from reconnaissance data, with, 
however, limited success. It is now usually believed that computer 
techniques should be used as a tool for the analyst to process the image in 
order to improve the possibilities for the analyst to extract information. 
 
All this taken together means that a modern standard PC, equipped with an 
image-processing program, can be used to view and process remote 
sensing imagery easily. One of the things preventing an extensive private 
use of satellite imagery is, however, the price of such images. Prices of 
digital satellite imagery are typically in the order of 1000 - 3000 US$, or 
even higher if special image processing has been added. 
 
1.2 The Author’s Contribution to the Work 
Presented in this Thesis 
 
In 1978, the author started Ph.D. studies in theoretical physics at the 
University of Stockholm. However, before completing the studies, he 
joined the Swedish Defence Research Establishment (FOA) in 1985, 
where a change of research direction took place. The work, conducted 
under Dr Torleiv Orhaug, was now towards the use of space technology 
for verification and security political issues using satellite imagery. Image 
processing techniques was utilised in order to solve issues of interests to 
the defence and verification community. During the past years, the 
author’s Ph.D. studies continued in physics at KTH. The work on image 
treatments using neural networks techniques presented in this thesis comes 
from that period. Being interested in the description of and in 
understanding nature, the author’s contribution has mainly been in the 
theoretic and algorithmetic parts and in the testing of algorithms in various 
cases. Some programming has been done in Matlab. 
 
This thesis is based on the following publications of which the public: 
 
1. Ulf Ekblad and Torleiv Orhaug, Space - An Arena for Prospects and 

Problems, FOA Report D 30472 - 3.3, 9.3, July 1987. 
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Space is described as an arena for both civilian and military activities. 
A summary of the then existing space technology is given and how 
these technologies can be used to detect activities on the Earth in order 
to verify treaty compliances. (Section 3.1) 

 
2. Ulf Ekblad, High Resolution Satellite Imagery Simulation, FOA Report 

C 30462-3.3,9.3, July 1987. 
 

Simulations of satellite imagery are used in order to investigate the 
possibilities of using satellites for verification of military and 
disarmament treaties. (Chapter 8) 

 
3. Ulf Ekblad, Minimum Number of Satellites for Periodic Coverage, 

FOA Report C 30511-9.4, December 1988. 
 

The problem of obtaining periodic coverage of a site is treated, i.e. how 
many observations of a specific site can be obtained per time interval. 
It is shown that high numbers of satellites are needed in order to obtain 
high-resolution imagery with time intervals less than a day. (Section 
5.2) 

 
4. Ulf Ekblad and Hans-Åke Olsson, Satellite Imagery Detection of 

Preparations for Underground Nuclear Explosions, FOA Report 
C 30560-9.4, January 1990. 

 
It is shown that difference techniques used on satellite imagery are 
possible means of detecting activities on the Earth. (Chapter 9) 

 
5. Ulf Ekblad, “Satellite Technology, Information Warfare and the 

Transatlantic Link: Reconnaissance and Information Dominance”, in 
Bo Huldt, Sven Rudberg, Elisabeth Davidson (eds.), The Transatlantic 
Link, Strategic Yearbook 2002 of the Department of Strategic Studies, 
Swedish National Defence College, 2001, pp. 183-208. 

 
The chapter discusses the consequences of the proliferation of 
information-gathering satellites and the dissemination of high-
resolution satellite imagery. (Section 1.1, Chapter 2, Sections 4.2 and 
4.3) 
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6. Ulf Ekblad and Jason M. Kinser, “Theoretical foundation of the 
intersecting cortical model and its use for change detection of aircraft, 
cars and nuclear explosion tests”, accepted for publication in Signal 
Processing. 

 
The paper describes the theory behind the Intersecting Cortical Model 
(ICM), which is a variant of the Pulse-Coupled Neural Network 
(PCNN) and how the PCNN equations can be reduced to those of the 
ICM. The ICM algorithm is finally applied to some examples. 
(Sections 7.1.5 – 7.1.9) 

 
7. Ulf Ekblad, Jason M. Kinser, Jenny Atmer, and Nils Zetterlund, “The 

Intersecting Cortical Model in Image Processing”, paper presented at 
“Imaging 2003 - International Conference on Imaging Techniques In 
Subatomic Physics, Astrophysics, Medicine, Biology, and Industry”, at 
KVA, Stockholm, Sweden, 2003-06-25 – 27; accepted for publication 
in Nuclear Instruments and Methods in Physics Research A. 

 
The paper presents some tests of using the ICM algorithm on imagery. 
The tests comprise detection of aircraft and of cars. (Sections 7.2.2, 
7.2.6, and 7.2.7) 

 
8. Ulf Ekblad, Jason M. Kinser, Jenny Atmer, and Nils Zetterlund, 

“Image Information Content and Extraction Techniques”, poster 
presented at “Imaging 2003 - International Conference on Imaging 
Techniques In Subatomic Physics, Astrophysics, Medicine, Biology, 
and Industry”, at KVA, Stockholm, Sweden, 2003-06-25 – 27; 
accepted for publication in Nuclear Instruments and Methods in 
Physics Research A. 

 
In this paper the information contained in an image and how it may be 
extracted is discussed, as well as the concept of change and some 
change detection methods. (Chapter 6) 

 
9. Nils Zetterlund, Thomas Lindblad, and Ulf Ekblad, “The Minimum 

Risk Angle for Automatic Target Recognition using the Intersecting 
Cortical Model”, to be presented at The 7th International Conference 
on Information Fusion, Stockholm, Sweden, 2004-06-28 – 07-01. 
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ICM signatures and the minimum risk angle are treated and tested in 
order to distinguish and classify various kinds of vehicles in ATR 
systems. (Sections 7.2.2 and 7.2.3) 

 
10. Nils Zetterlund, Thomas Lindblad, and Ulf Ekblad, “The Intersecting 

Cortical Model for Automatic Target Recognition”, submitted to IPSI-
2004 STOCKHOLM, Stockholm, 2004-09-25, 2004. 

 
Signatures and its properties are used on imagery of vehicles in order 
to investigate the possibilities of using ICM signatures in ATR 
systems. (Sections 7.2.2 and 7.2.3) 

 
11. Thomas Lindblad, Clark S. Lindsey, Ulf Ekblad, Jason M. Kinser, and 

Johnny S. Tolliver, “Sensor Fusion Networks using Biologically 
Inspired Signature”, unpublished manuscript, 2004. 

 
The paper discusses the use of multi-channel PCNNs for the sensor 
fusion of data from large sensor nets. (Sections 3.6 and 7.2.5) 

 
The author’s contribution to the enhancement of scientific knowledge is as 
follows: 
 

• A completely novel method of obtaining the minimum number of 
satellites for periodic coverage is presented in section 5.2. 

 
• In section 7.1 a comprehensive view of how the PCNN is related to 

the ICM through the mathematics as well as explaining how the 
physics behind the ICM makes it usable for change detection in 
image processing is given. 

 
• Through out the thesis, several tests of using the ICM, presented in 

section 7.2, show the usefulness of the ICM for change detection. 
 

• The use of image filtering techniques in obtaining simulations of 
satellite images resulting in novel understanding of the concepts of 
geometrical resolution in terms of half-width and pixel size is 
presented in Chapter 8. 
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• Using difference technique on two low-resolution satellite images, it 
is shown in Chapter 9 that, even under non-optimal conditions, 
activities as nuclear explosion tests can be detected. 

 
• In Chapter 10, it is shown that pre-explosion detection of nuclear 

explosions can be obtained from analysis of satellite imagery. 
 

• New advantages of using the ICM have come forth from the new 
tests presented in this thesis. These advantages are listed in 
Chapter 11. 

 
1.3 Outline of the Thesis 
 
The thesis is divided into five parts, namely: 
 
Part I: The first part contains an introduction and the outline of the thesis 
(Chapter 1). 
 
Part II: The second part deals with remote sensing from space, starting 
with descriptions of satellite types for observing the Earth, i.e. for 
collecting information about the Earth and activities on the Earth 
(Chapter 2). Sensors used on satellites for information acquisition are 
described (Chapter 3) followed by discussions of questions like why using 
remote sensing from space (Chapter 4). Finally, some classical limitations, 
as well as new possibilities arising from quantum mechanics, with remote 
sensing from space are discussed (Chapter 5). 
 
Part III: The third part addresses issues concerning how activities can be 
the detected in imagery. What is a change in an image or between two 
images (Chapter 6)? How is a change detected in an image (Chapter 6)? 
Finally, artificial neural networks are investigated and tested for detection 
of moving objects (Chapter 7). 
 
Part IV: In the fourth part some examples of satellite image analyses are 
presented: first, a simulated satellite image is analysed (Chapter 8) and, 
thereafter, an example of using the difference technique (Chapter 9). 
Finally, an example of information extraction is presented where the need 
for having additional information (i.e. information not contained in the 
image) is shown (Chapter 10). 
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Part V: The last part contains a summary and the conclusions drawn in the 
thesis (Chapter 11). 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part II 
 

Remote Sensing from Space 
 
 





  

 
 
 
 
 
 

Chapter 2 
 
 

Satellites for Earth 
Observations 
 
 
 
 
2.1 Historical Background 
 
One of the first applications of satellites was reconnaissance. Already 
around 1960, the two space powers of the time, the USSR and the U.S.A., 
began mounting optical cameras in their satellites. A large number of 
reconnaissance satellites have since then been launched by these two 
countries. The fact that the U.S.A. used reconnaissance satellites was kept 
secrete for many years. [Ekblad, ed., 2001, p. 7] In 1978, President Jimmy 
Carter acknowledged that the U.S. employed reconnaissance satellites and, 
in 1995, the Director of Central Intelligence John Deutch acknowledged 
the use of space-based SIGINT (signals intelligence) satellites [NRO]. In 
February 1995, President Clinton declassified thousands of these early 
images [Broad, 1995], which now can be obtained from the Internet. (See 
[Ekblad, 2002] for a discussion of the development of the significance of 
satellite imagery.) 
 
Of the various U.S. satellite reconnaissance programs CORONA (the 
program was declassified in February 1995), which started in 1959 and 
was operational from August 1960 until May 1972, is the most well 
known. The CORONA satellites de-orbited a film capsule (referred to as a 
"bucket"), ejected from the satellites, containing the exposed film. It took, 
however, over a year and 14 launches before an operational CORONA 
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spacecraft was placed in orbit and the film canister could successfully be 
snatched in mid-air by a specially equipped aircraft. [Richelson, 1999] 
 
The imagery of the CORONA spacecraft, called KH for Key-Hole by the 
intelligence community, had in its beginning a geometric resolution of 
around 8 – 12 m (the first image taken is shown in Figure 1). Although the 
resolution in the beginning was far from what was to come, the first 
CORONA flight produced “more images of the Soviet Union in its single 
day of operation than did the entire U-2 program”. [Richelson, 1999] 
 
 

 
Figure 1: The first KH-1 CORONA image, taken in 1960, showing a 
Soviet Airfield. [FAS KH-1] 

 
 
“The primary objective of the CORONA program was to provide "area 
surveillance" coverage of the Soviet Union, China, and other parts of the 
world” [Richelson, 1999]. The CORONA satellites photographed Soviet 
ICBM (Intercontinental Ballistic Missile) complexes, air defence and anti-
ballistic missile sites, nuclear weapons related facilities, submarine bases, 



 

 29 

IRBM (Intermediate Range Ballistic Missile) sites, airbases together with 
military facilities in other countries. The satellites also made it possible for 
the U.S. to assess military conflicts and to monitor Soviet arms control 
compliances. [Richelson, 1999] 
 
For decades the two superpowers were the two dominating space 
reconnaissance nations until the 1990’s, when the first French-Spanish-
Italian satellite Hélios was launched. [Ekblad, ed., 2001, p. 7] 
 
The first civilian Earth observation satellite, the American Landsat 1 as it 
later came to be called, was launched in 1972. The Landsat series of 
satellites did not have any competitors until 1986 when the French-
Swedish-Belgian satellite SPOT 1 was launched. It was the first 
commercial Earth remote sensing satellite. [Ekblad, ed., 2001, p. 7] 
 
Unlike the governmentally funded SPOT series of satellites, the first 
privately funded remote sensing satellite was launched in 1999. This 
Ikonos-1 satellite had a geometrical resolution of around 1 m. It was thus 
not until then that the civilian technology produced satellites capable of 
rendering imaging of the Earth with resolution comparable to that of the 
military reconnaissance satellites. [Ekblad, ed., 2001, p. 7] 
 
2.2 Satellites for Information Acquisition 
 
There are basically four types of satellites or space-based functions when it 
comes to collect information about the Earth and activities there upon. 
These types are remote sensing satellites using optical sensors, satellites 
using (thermal) infrared sensors for detection of ballistic missile launches, 
remote sensing satellites using imaging radar techniques (SAR systems), 
and satellites for so-called signals intelligence. In 2004, there are a total of 
50 – 60 operational satellites for Earth observation (EO) belonging to 
various countries; 18 of these EO satellites are NASA satellites [King, 
2004]. 
 
An overview of satellite types is given in Table 1. The sensors are 
discussed in Chapter 3. With sensor we mean a device that detects, 
observes, and/or measures the observable [Lindblad et al., 2004]. An 
observable is a phenomenon that can be observed, detected, and measured 
[Lindblad et al., 2004]. Sometimes the word detector will be used. A 
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detector is another word for sensor or collection of sensors [Lindblad et 
al., 2004]. 
 
 
Table 1: Some characteristics of satellite functions 
 

 Optical Remote 
Sensing 

Early Warning SAR Signals 
Intelligence 

 
Orbit types 

 
LEO1 

GEO 
HEO 
LEO 

 
LEO2 

LEO3 
GEO 

Sensors optical thermal imaging radar radio receiver 
 
Notes:  LEO = Low Earth Orbit; MEO = Medium Earth Orbit; GEO = Geostationary Earth Orbit; 

HEO = Highly Elliptical Orbit; 1) 200 – 900 km; 2) 500 – 900 km; 3) 400 – 1500 km 
 
 
2.2.1 Optical Remote Sensing Satellites 
 
There are apparently great beliefs in, and needs for, space reconnaissance 
in many states. States having geographically vast neighbours should be 
highly motivated to acquire space reconnaissance options, because of the 
deep territorial reach of satellites [Gupta, 1994 (opportunities)]. An ability 
to view beyond ones own national borders is important in e.g. search for 
air bases and long-range missile sites [Gupta, 1994 (opportunities)]. 
 
The importance of information has led to a satellite imagery competition. 
The launch of the first SPOT satellite can be said to be the beginning of 
this imagery competition on the civilian market and the proliferation of 
remote sensing satellites in the sense that many nations have constructed 
and launched remote sensing satellites of their own. 
 
In 1999, American commercial companies started to launch truly 
commercial, i.e. not financed by governmental means, remote-sensing 
satellites with resolutions of around 1 m for panchromatic imagery and 
4 m for colour imagery. The idea behind the concept was to rapidly deliver 
high-resolution imagery of interesting areas using modern information 
technology. 
 
Since the 1990’s, we also see a beginning of a proliferation of 
reconnaissance satellites, i.e. military Earth observing satellites. France 
launched its first reconnaissance satellite, Hélios, in 1995. The resolution 
of Hélios is believed to be around 0.5 m or better. 
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2.2.2 Early Warning Satellites 
 
Satellites for detecting launches of ballistic missiles are called early 
warning (EW) satellites. They were initially intended to detect launches of 
intercontinental ballistic missiles (ICBM) and submarine-launched 
ballistic missiles (SLBM) armed with nuclear warheads, but newer 
American systems are constructed to detect also shorter-range missiles. 
These satellites use thermal sensors to detect the thermal infrared radiation 
of the flames during the launch phase. EW satellites are not only in 
geostationary orbit but also in highly elliptical orbits. Future American 
systems will be complemented by satellites in low Earth orbits (LEO). 
 
Only the U.S.A. and the USSR/Russia have developed EW satellite-based 
systems. For more information on these systems see e.g. [Forden, 2001] 
and [Ekblad and Mylén, 1995]. The first steps towards en European EW 
system has been taken by France with the “contract to build two tiny 
demonstrator satellites that could prefigure a European anti-ballistic 
missile warning system” [Lewis, 2004]. 
 
2.2.3 SAR Satellites 
 
SAR (Synthetic Aperture Radar) satellites are using the emission of 
electromagnetic waves on radar frequency bands in order to create images. 
 
2.2.4 Signals Intelligence Satellites 
 
Signals intelligence satellites are used by the military for listening on radio 
and radar emissions.  
 
 





  

 
 
 
 
 
 

Chapter 3 
 
 

Sensors for Information 
Acquisition 
 
 
 
 
3.1 Space-based Techniques for Information 
Acquisition 
 
3.1.1 Sensors for Acquiring Information 
 
In [Ekblad and Orhaug, 1987] the technical means of collecting 
information from various types of sensors are discussed. Image generating 
sensors are e.g. optical cameras using ordinary films. Modern cameras use 
electro-optical photon sensitive media resulting in digitally stored images. 
This can be done in the visible as well as in the infrared part of the 
electromagnetic spectrum. 
 
By sending out radio waves at radar frequencies and collecting the return 
signals, images can also be produced. A modern variant of this technique 
is the so-called SAR technique, where SAR stands for Synthetic Aperture 
Radar. In this technique, the motion of the radar platform, in our case the 
satellite, is used to create a larger aperture than the physical, real, aperture 
of the radar antenna. The advantage of this technique is an increased 
resolution in the images. 
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The third basic sensor type is the radio receiver. The receiver collects radio 
emissions in a vast part of the electromagnetic spectrum. The collection of 
radio emissions, or signals, is called signals intelligence (SIGINT). 
 
3.1.2 Characteristics of Sensors 
 
The primary parameters for assessing the quality of sensors are resolution 
and range. The resolution describes the ability to distinguish fine details 
and the range is a measure of the ability to cover an area. 
 
These parameters in turn can be applied to three important parameters, or 
dimensions, for imaging sensors namely: spectral (spectral resolution and 
spectral range); intensity (contrast accuracy and contrast range or dynamic 
range); and geographical (spatial (2D) resolution and area coverage). 
 
Many of the interesting military targets and activities are revealed by the 
detection of target shape and other geometrical details. Therefore, high 
geometric (spatial) resolution is needed. The spatial resolution power of an 
imaging sensor is determined by parameters as focal length of the optical 
system, detector resolution, satellite altitude, aperture, wavelength, and 
disturbances (atmospheric haze and irregularities, and platform stability). 
 
The actual resolution of the best cameras in military reconnaissance 
satellites is highly classified. It is generally believed, however, that 
cameras and satellite technology permit focal lengths of several meters and 
this should give a resolution as good as a few decimetres. For resolution 
values as good as this, atmospheric conditions start to be important. 
 
It should be pointed out that cameras working in the visual part of the 
electromagnetic spectrum are needed for detailed investigation of ground 
activities. Cameras using the longer wavelengths of optics (TIR1) do not 
give the same ground resolution. On the other hand, such cameras are very 
useful for the detection of hot objects (e.g. missile launches), camouflage 
penetration, and underground activities.  
 
 
 

                                                
1 Thermal IR (Infra-Red). 
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3.2 Optical Sensors 
 
Remote sensing satellites, or in military terms reconnaissance satellites, 
are put in low Earth orbits (LEO) in which they complete a revolution in 
90 to 100 minutes. They “fly” over the Earth’s surface with a velocity of 
around 7 km/s. 
 
Already around 1960, as mentioned in section 2.1, the U.S. and the USSR 
started reconnaissance from space with optical satellite systems. It took, 
however, a few years before the techniques can be said to have been 
operational. 
 
In 1972, the first civilian optical remote sensing satellite, Landsat 1 as it 
was later to be called, was launched. The geometrical resolution in these 
images was, however, much lower than the presumed resolutions of the 
American military reconnaissance satellites; 80 m compared to maybe 5 m 
at that time. 
 
From the first Landsat launch in 1972 until today, there has been a 
dramatic change in geometric resolution. The best resolutions of new 
commercial systems are now about 1 m, or even less, for monochromatic 
images. On the military side, the resolution has previously always been 
better than on the civilian side, but now the difference has almost 
disappeared. 
 
3.3 Thermal Sensors 
 
The exhaust plumes of the ballistic missiles during their launch phase can 
be detected by heat sensitive detectors, so-called infrared cameras. From 
the information given by such sensors, on so-called early warning (EW) 
satellites for detection of ballistic missiles launches, the location of the 
launch site and determination of the time of launch can be calculated. 
 
3.4 SAR Systems 
 
SAR satellites use the same types of low Earth orbits as optical ones. The 
SAR technique was developed later than optical techniques and it was not 
until the 1970’s the first SAR satellite was launched. 
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One advantage with SAR systems is that imagery can be obtained at night 
and through clouds. Disadvantages are that the geometric resolution is not 
as good as for optical systems and that the images are not as easily 
interpreted as optical ones. 
 
Being more complex, and hence more expensive, than optical satellites, 
SAR satellites are still less frequent than optical ones. On the civilian side, 
we can mention the ERS satellites of ESA (European Space Agency)2 and 
the Canadian Radarsat. U.S. military SAR satellites, called Lacrosse, were 
used in the Gulf War. 
 
3.5 Signals Intelligence Systems 
 
One important way of obtaining information is through signals intelligence 
(SIGINT), so-called electronic eavesdropping, where you detect and 
interpret radio-frequency signals. The first SIGINT satellites were 
launched in the early 1960’s. Outside knowledge on the use of satellite 
SIGINT technology is very low due to the top-secret nature of these 
activities. 
 
The first SIGINT satellites were launched in low Earth orbits. Later 
satellites are reported to be in the geostationary orbit (see e.g. [Ball, 
1988]). Optical and SAR reconnaissance satellites use low Earth orbits for 
obvious reasons. However, when listening to radio emissions, you want to 
keep on listening for an extended period. This cannot be done from a low 
Earth orbit, from where you can listen for only maybe 10 to 20 minutes 
because of the motion of the satellite. However, from the geostationary 
Earth orbit (GEO), you can listen continuously on emitters from nearly 
half of the globe. Because of the distance to the orbit and the large field of 
view from it, the satellites have to be equipped with very large antennae 
(diameter 100 m or even more) [Ball, 1988, p. 27, pp. 29 ff]. There is, 
however, no direct evidence of these antennae in space. 
 
The aforementioned type of SIGINT is called COMINT (communication 
intelligence). In another type, called ELINT (electronic intelligence), 
telemetry data are recorded giving information on missile tests, as size and 
type of payload, fuel consumption, etc. 
 

                                                
2 ESA is a joint European research agency for peaceful exploitation of space. 
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3.6 Sensor Fusion 
 
3.6.1 Multi-Sensor Systems 
 
The amount of information in the world has risen extremely fast during the 
last century. At the end of the 20th century, the information technology 
progress made information more widely and easily accessible. Space 
technology is one means for faster obtaining information without physical 
presence. 
 
With the progress of sensor technology, there came electro-optical 
cameras, radars, and eavesdropping techniques. Sensor fusion should be 
used in order to make use of all these types of sensors and to extract 
information quantitatively and qualitatively to its utmost. 
 
The need to rapidly collect and sort all relevant information from multi-
sensor systems is a challenge that is common to such diverse fields as 
basic research in particle physics and widely distributed contaminant 
detection systems for deterring terrorist threats. 
 
An example of the first case is the ATLAS detector, which will be used at 
the Large Hadron Collider at CERN, Geneva. It involves dozens of sub-
detectors, which in turn involve up to millions of sensitive elements. Data 
comes in fast and heavy during accelerator operations. Also the coming 
Swedish Network Centric Warfare system will benefit from data and 
information fusion. Satellite imagery constitutes of course one information 
source that should be exploited. 
 
SensorNet is an example of the second case. It will integrate many 
dissimilar sensor systems and fuse the information into one common data 
base. Functional requirements further include scalability to very large 
areas using a trust architecture with multi-level security. The net should 
have a high reliability with some “self-healing/organizing” capabilities. 
 
The SensorNet will be different from the ATLAS detector, at least in one 
respect: it will be located all over the North American continent. 
Eventually, the concentration of detector systems will roughly follow 
population densities. Today there are several SensorNet test beds under 
development. The one at Washington DC involves meteorological sensors 
(wind, temperature, etc), nuclear sensors (counters and spectrometers), 
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chemical detectors, etc., located at different places from the National Zoo 
to Fort Trotter. 
 
The problem of having vast quantities of many different sensors is to 
“fuse” the sensor information. One often talk about sensor fusion meaning 
a process that combine or fuse the various information from the different 
types of sensor modules in order to derive a “final” decision. Not all types 
of data can be fused at the same stage. They may become available at 
different times and/or need extensive pre-processing before fusion. 
Instead, you fuse what you can (similar data from similar sensors) and 
create multiple viewpoints of the same phenomenon. In addition, you have 
to trigger on or flag interesting events for subsequent off-line analysis. 
 
The international monitoring system for the monitoring of compliance 
with Comprehensive Nuclear-Test-Ban Treaty (CTBT) (see section 4.3.2) 
is an additional example of a multi-sensor system that could benefit from 
sensor-fusion techniques. 
 
3.6.2 The ATLAS Detector System 
 
The ATLAS detector system involves elaborate trigger and data 
acquisition systems [Cambridge, 2001; Mandjavidze, 1998; ATLAS; 
KTH, 2002; LIP, 2002]. A trigger system is an electronic device or an 
algorithm applied to the data that flags an event for further analysis, while 
rejecting other events as background. 
 
The purpose of the ATLAS detector system is to discover and, if found, to 
study the Higgs particle, which is of critical importance in particle theories 
and is directly related to the concept of (particle) mass. 
 
In the case of the ATLAS detector one may describe it as consisting of 
four major parts: a magnet, inner tracker, calorimeter, and muon 
spectrometer. Like layers in an onion, these systems surround the beam 
pipe where collisions of protons occur. 
 
The ATLAS detector will generate a torrent of data. To “digest” this data 
flood, an elaborate system of triggers, data acquisition electronics, and 
data processing is required. When the protons collide, only a minute 
fraction of the events are “interesting” and may tell us about new particles. 
Most other events are “ordinary” collisions (referred to as “background”). 
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The trigger system must filter out the enormous number of background 
events without throwing out the interesting ones. It will select 100 
“interesting” events per second out of 1000 million total events. The data 
acquisition system will be channelling the data from the detectors to the 
storage device. Finally, the computing system will be analyzing 1000 
million events recorded per year. 
 
One of the biggest and most complicated trigger systems will be used 
together with the ATLAS detector. It is a three level trigger (see Figure 2). 
The first level is synchronous, pipe-lined, and uses dedicated and special 
electronics. Decisions are made in 2 �s at a rate of 1000 Gbit/s. The 
second level looks at the Region of Interest (RoI) and is asynchronous at 
1 – 10 ms variable time and uses commercial DSP, RISCs (Reduced 
Instruction Set Computers), etc., at a rate of 30 Gbit/s. The third level uses 
a farm of workstations and looks (approximately 1 sec) at partial or almost 
full event data at 3 Gbit/s.�
 
The ATLAS experiment is expected to produce some PB (peta (1015) byte) 
of data per year and will require large storage space and computing power 
and the use of the EU DataGRID [CERN, 2003]. 
 
3.6.3 Image Information Mining 
 
The amount of archived data, as e.g. satellite images, has in the 20th 
century grown almost exponential [King, 2004]. Therefore there is an 
increased interest in techniques in finding the right image, i.e. the image 
containing the sought for information. These techniques go by the name of 
image information mining. 
 
We will in section 7.2.2 use the concept called image signatures which are 
extremely efficient representations of image information. Maybe images in 
the future could be stored together with its signatures. Searching for an 
image could then be done by searching for a signature. 
 
 



 

 

 

40 

 
Figure 2: The ATLAS triggering system. 
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Chapter 4 
 
 

Purposes of Earth 
Observations 
 
 
 
 
4.1 Civilian Uses of Earth Satellites 
 
Earth monitoring from space include many civilian applications, e.g. 
weather surveillance and classical remote sensing with applications in 
vegetation, geology, oceanography; for creating maps and digital elevation 
models. Among civilian remote observational purposes there are the 
exploration of the celestial environment (astronomy and astrophysics), the 
exploration of the environment in the vicinity of the Earth (magnetic 
fields, Earth-solar interrelationships, and the ionosphere), and exploration 
of the environment on and close to the Earth (geodesy, cartography, 
archaeology, meteorology, vegetation, oceans, the atmosphere, and 
environmental important parameters. 
 
Application areas for Earth satellite imagery when it comes to detecting 
civilian activities can e.g. be divided into: rapid changes, as forest fires, 
floodings, clear-cuttings, urbanisation development, and infra structure 
changes; and slow changes, as tree growth, and vegetation and desert 
spreading. [Lantmäteriet] 
 
From Earth satellite imagery, it is possible to detect vehicles, on the 
ground and on water, and now also, under favourable conditions, separate 
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persons. Observation of these fast-changing activities under an extended 
time might be used to acquire data for statistical analyses. 
 
Areas where change detection techniques are important include oil cover 
on water, whether it is due to accidents or to deliberate oil outlet from 
ships; activities resulting in environmental changes, as e.g. spreading of 
deserts and reductions of (tropical) forests; and changes due to natural 
catastrophes, as e.g. flooding and earthquakes. Furthermore, observations 
of the change in the ice cover are of great importance to ship travel. 
 
4.2 Military Reconnaissance 
 
The military advantages of observing the enemy have always been 
obvious. For long times, it was natural terrain that provided the high 
lookout posts advantageous to military observers, but with the technology 
development, higher and higher observation grounds have come into use. 
 
The first ascent by man in a balloon in 1783 in France made it possible to 
change this limitation. After the French revolution, the French army set up 
a “corps aérostatier”. The first military application of observations from 
balloons was undertaken March 26, 1794, during the battle of Fleurus 
against the Austrians (see [Thébaud, 2001, p. 34] where a painting of the 
battle with a balloon in the background is shown). The “corps aérostatier” 
furnished e.g. general Bernadotte, later king of Sweden, with 
reconnaissance reports. In 1795, before crossing the Rhine at Andernach, 
he was persuaded to test himself this new possibility to make 
reconnaissance. Due to the bad weather conditions at the ascent, the 
tethered hot-air balloon was forced down after 20 minutes and general 
Bernadotte made no significant observations. He drew the conclusion that 
hot-air balloons had no military value. [Palmer, 1990] The U.S.A. took up 
this concept nearly 200 years later using new techniques as tethered 
airships for border surveillance. Airships are now being considered as a 
possible part of the coming Swedish Network Centric Warfare system as a 
means for obtaining increased battle-space information. 
 
The military applications of Earth satellites were developed approximately 
simultaneously by the USSR and the U.S.A. Among military functions 
benefiting from satellites are: reconnaissance; signal intelligence; 
communications; navigation and positioning; and observations of missile 
launches and nuclear explosions. [Orhaug, 1985] 
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When the fear of global nuclear war was over, the interest in local 
conflicts grew stronger. Satellite imagery can be used for monitoring crises 
over an extended period. Satellite imagery does not, however, exclude the 
need for other means of intelligence. 
 
After the Yom Kippur war in 1973, Israel focused its efforts of preventing 
being exposed to surprise attacks and saw satellite imagery “as a vital tool, 
able to provide unprecedented warning about the movement of enemy 
troops and equipment in preparation for war” [Zorn, 2001]. 
 
One of the first examples where satellites played an important role in a 
conflict is the so-called Gulf War. From our point of view here, this war is 
interesting because of all the satellites involved. During the half-year that 
the alliance was building up its military forces, the U.S.A. prepared maps 
from satellite imagery of the area. To the U.S. disposal were its military 
reconnaissance satellites in the KH series (KH stands for key-hole), the 
military Lacrosse SAR satellites, and the Landsat satellites. The right 
relationship between resolution and field of view was found in the imagery 
of the SPOT satellites and the U.S. bought 200 SPOT images during the 
conflict. 
 
The U.S. restricted its exchanges with their allies when it came to images 
from its reconnaissance satellites during both the Gulf War and in the 
Kosovo operation almost ten years later. The principle of “for eyes only” 
is used by the Americans to give them the right to withhold information. 
[Isnard, 2001] 
 
Israel was for a long time very dissatisfied with its access to U.S. military 
satellite imagery which subsequently led to Israel getting its own 
independent space reconnaissance capability in 1995 with the Ofeq-3 
satellite. [Zorn, 2001] 
 
“While high-resolution imaging can be used to make long-term threat 
assessments and provide advance warning on provocative force 
movements, it can also be used to support the preparation and execution of 
an offensive attack” [Gupta, 1994 (missiles)]. The imagery can be used for 
selection of invasion routes, for generating digital simulations, for training 
of military personnel, for terminal guidance of cruise missiles, etc. 
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4.3 Verification Purposes 
 
4.3.1 Satellite Imagery Verification 
 
Satellite imagery constitutes an independent source of information. Either 
the “imagery could be used to filter fact from fiction in eyewitness and 
government reports” [Gupta, 1994 (opportunities)] or it could be used to 
obtain information independently of other states. One important use of 
satellite imagery is for verification purposes. Among objects that could be 
observed by Earth satellites are ground-based weapons, targeting e.g. 
space assets [Ekblad and Orhaug, 1992]. 
 
Earth satellites could be used for detecting [Wallin et al., 1988, pp. 29-34]: 
 

• time and place of military activities 
• participating states in military manoeuvres (if state characteristic 

materiel is used and can be identified) 
• that military activities are carried out in permitted areas 
• indicators for an imminent military attack 
• nuclear explosions 

 
Satellite imagery can be used for CSBM (Confidence- and Security-
Building Measures) purposes. They can provide means for verifying an 
adversary’s compliance with an agreement and supply independent data on 
force structures for use in arms control negotiations as well as insight on 
the verifiability of specific provisions. In connection with UN operations, 
it can be used for crisis prevention, for peacekeeping and peace-enforcing 
operations, for protection of humanitarian programs, for implementation of 
internal peace agreements, for enforcement of UN Security Council 
ultimata, for searching for mass movements of refugees, for searching for 
isolated encampments, and for searching for mass graves. Other uses of 
satellite imagery include terrorists combating, surveillance of rogue states, 
threat assessments, and troop movements (cf. the simulation in Chapter 8). 
 
Sensors for detection of nuclear explosions in the atmosphere or in the 
space are part of the payloads on the GPS satellites [Wallin et al., 1988, 
p. 38]. The nuclear detonation sensors detect gamma and X-ray emissions 
from the explosions. 
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Satellite imagery may also support detections of proliferation of WMD 
(Weapons of Mass Destruction). It may be used to direct inspectors to sites 
worth investigating in countries suspected of breaking the NPT ((Nuclear) 
Non-Proliferation Treaty). In Chapter 9, we will use difference technique 
to detect underground nuclear explosions in Earth satellite imagery. That 
pre-explosion detection of underground nuclear explosions is possible in 
some instances is shown in Chapter 10. 
 
4.3.2 Nuclear-Test-Ban Treaty 
 
Since the early 1950s, there has been a strong opposition against, firstly, 
atmospheric nuclear explosions, and, later on, against all types of nuclear 
explosions, even those conducted under ground. A step towards a 
Comprehensive Nuclear-Test-Ban Treaty (CTBT) was the Partial Test Ban 
Treaty (PTBT) of 1963, which banned nuclear tests in the atmosphere, 
underwater, and in space. [CTBTO] 
 
In 1991, parties to the PTBT held an amendment conference with the 
purpose of converting the PTBT into a CTBT. Negotiations for a 
comprehensive test-ban treaty then started in 1993. On 10 September 
1996, the adoption of CTBT by the United Nations General Assembly in 
New York took place. The CTBT prohibits all nuclear explosions in all 
environments. As of 2002, there are 193 parties to the treaty, of which 165 
states have signed and 93 ratified it. [CTBTO] 
 
The CTBT has, however, not entered in force, since India and Pakistan 
have not (as of 2004) signed it, which was a prerequisite of the treaty. 
[Jasani, 2004] 
 
The Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) in 
Vienna is the organisation set up for ensuring the treaty’s implementation. 
To its help it has an international data centre which uses a global network 
(cf. the U.S. SensorNet in [Lindblad et al., 2004]; see also section 3.6.1) of 
monitoring stations comprising facilities for seismological monitoring, 
radionuclide monitoring, hydro-acoustic monitoring, and infrasound 
monitoring. In 2002, there were 170 seismological stations, 80 radio-
nuclide stations, 11 hydro-acoustic stations, and 60 infrasound stations 
[CTBTO, Addendum Part I]. 
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At FOA in the late 1980’s, the idea of using satellite imagery as a 
complementary means of verification was tested. As will be shown later, 
satellite imagery can be of use for detecting nuclear explosion sites 
(Chapter 9) and, even prior to explosions, for detecting sites of on-going 
preparations for nuclear explosions (Chapter 10). However, this concept 
was not adopted in the CTBT. If it had been implemented as 
complementary means of verification, the Pakistan detonations might not 
have come as a surprise to the world community (see section 10.3). 
 
As can be seen from this, the problem of nuclear weapons and its testing 
has a burning issue at least from the 1980’s to the 1990’s. There is no 
reason to believe that the importance to survey the Earth for nuclear test 
sites and of proof for nuclear explosions taken place will diminish in the 
future as long as there are nuclear weapons and persons having the 
knowledge to manufacture them. 
 



  

 
 
 
 
 
 

Chapter 5 
 
 

Classical Limitations and 
Quantum Possibilities 
 
 
 
 
5.1 General Considerations 
 
As with all technology, space reconnaissance offers both possibilities and 
has limitations. One limitation is that optical remote sensing and 
reconnaissance satellites are dependent on light and visibility; they cannot 
see through clouds. Here, however, we will discuss, in section 5.2, 
limitations due to the gravitational force as described by celestial 
mechanics and, in section 5.3, limitations due to data handling processes. 
 
Due to the laws of nature, satellites are obliged to circle the Earth in 
elliptical orbits in a plane passing through the centre of the Earth. It is only 
in the geostationary orbit, 35800 km above the equator, that a satellite can 
“stand still” over a point on the Earth. In all other orbits, the satellite orbits 
the Earth in 88 minutes and more. These satellites will, after a certain 
period, make new passes over one and the same point on the Earth. This 
period, the revisit time, is, however, not equal to the orbital period because 
of the rotation of the Earth. For satellites in LEO, it takes generally many 
days before a satellite passes near to the same spot again. 
 
However, there exist some techniques that can shorten this period. One, 
which consumes lots of on-board fuel, is to raise or lower the satellite. 
Another, which all modern remote sensing satellites use, is to look not 
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straight down but to its left or right. In this way, a satellite can generally 
observe the same spot on the Earth once a day or once in a few days. 
 
In order not to be observed by a satellite, activities can be carried out when 
there is no satellite passes overhead. If exact knowledge of the time for the 
satellite passages is not known, activities can be avoided during a couple 
of hours in the morning (say between 8 and 11 local sun time). Almost 
every commercial remote sensing satellite passes [Ekblad, ed., 2001, p. 10] 
at around that time, i.e. if a remote sensing satellite passes over an area one 
day at a certain time of the day, it will pass the same area the same time of 
the day every time it passes that area3. These types of orbits are called sun-
synchronous. 
 
Because of the size of the Earth, and hence the vast amount of imagery 
needed to cover the whole surface, not even dozens of satellites will make 
it possible to obtain a real continuous coverage of the Earth from LEO; for 
that, enormous amounts of satellites would be needed, as will be shown in 
section 5.2. However, with a couple of dozens of satellites, a reasonable 
short interval between registrations can be obtained. 
 
Since the probability of discovering by chance a specific short-lived 
activity is extremely low, access to additional information from other 
sources will always be of the greatest importance. Research on 
computerised information-fusion techniques (cf. section 3.6) has therefore 
a high priority with military organisations. 
 
5.2 Coverage Limitations due to Orbital 
Constraints 
 
5.2.1 Minimum Number of Satellites for Periodic Coverage 
 
When designing a satellite system for observation purposes, the number of 
satellites needed to fulfil the requirements posed on the system is very 
important; one is naturally interested in using as few satellites as possible. 
The problem is then how to determine the minimum number of satellites 
that are needed for the system. 
 

                                                
3 There is, however, a night pass as well, but we will ignore that here. 
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The case of continuous coverage has been extensively studied previously 
in the literature (see e.g. [Luders, 1961; Beste, 1978; Emara and Leondes, 
1977]). It turns out that a very large number of observation satellites are 
required in order to obtain global continuous coverage of the Earth. 
 
The purpose here is to show that the minimum number of satellites for the 
periodic coverage needed for a certain task is easily calculated from a 
simple formula. With periodic coverage we mean that a specified area can 
be “observed” a certain number of times during a specific time interval. 
One may e.g. be interested in photographically observing a specific region 
of the Earth (e.g. a region were a military conflict might start, or an 
ongoing one, or to monitor a military treaty) a certain number of times per 
day or week. 
 
5.2.2 Assumptions 
 
We are interested in global coverage so polar orbits are chosen. In order to 
have just the lowest order of approximation, circular orbits will only be 
considered and all perturbations will be discarded; e.g. the Earth is 
considered to be a perfect homogeneous sphere and the gravitational 
effects of the moons and other celestial bodies are neglected as well as 
atmospheric drag. This model satellite network will thus give us a 
minimum number of satellites that is an approximation to the actual 
number for a real satellite network. One circular polar orbit plane with N  
satellites evenly separated and with the same radius will be assumed. 
 
5.2.3 Number of Satellites 
 
Let N  be the number of satellites and S  the swath width. At the equator, 
the number of swaths times the swath width must be greater or equal to the 
Earth equatorial circumference in order to have global coverage in 24 
hours. Figure 3 shows the coverage of a satellite in polar orbit under two 
ground tracks (with swath widths S ) in a reference system where the Earth 
is fix. In such a system, the orbit plane rotates from east to west (the same 
as the sun goes up in the east and sets in the west). In each 24-hour interval 
there will be n2  swaths crossing the equator (one from north to south and 
one from south to north for each revolution of the satellite). North of the 
dashed line at latitude λ , there is a complete periodic coverage (in the 
southern hemisphere, there is complete periodic coverage south of latitude 
λ ). 
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Figure 3: Coverage of a satellite in polar orbit. Two ground tracks (with swath widths S ) are 
shown in a reference system where the Earth is fix. In such a system, the orbit plane rotates 
from east to west. In each 24-hour interval there will be n2  swaths crossing the equator (one 
from north to south and one from south to north for each revolution of the satellite). North of 
the dashed line at latitude λ , there is a complete periodic coverage (in the southern 
hemisphere, there is complete periodic coverage south of latitude λ ). 
 
 
One satellite passes the equator n2  times in 24 hours, where n  is the mean 
motion (revolutions/day). The factor 2 is due to the fact that the satellite 
crosses the equator twice in each revolution. Thus we have 
 

RnNS π22 ≥       (1) 
 
where R  is the radius of the Earth. 
 
Generalisation of equation (1) to be valid only north of latitude λ  on the 
northern hemisphere (and south of latitude λ on the southern hemisphere) 
is done simply by replacing R  with λcosR . Hence, 
 

Sn
R

N
λπ cos≥       (2) 

 
The swath width S  can be expressed as 
 

RS ψ2=        (3) 
 
where ψ  is the Earth half-central angle. Figure 4 shows the geometric 
relationships between the quantities used in the calculations. The 
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necessary quantities for the calculations are the satellite altitude h  above 
the Earth’s surface, the Earth’s radius R , the half-opening angle of the 
sensor α , the elevation angle (i.e. the angular height of the satellite above 
the horizon) β , and the Earth’s half-central angle ψ . Hence, equation (2) 
becomes 
 

n
N

ψ
λπ

2
cos≥       (4) 

 
when using equation (3). 
 
 

 

 
 
 
 
h   = satellite altitude 
R  = Earth’s radius 
α  = half-opening angle of the sensor 
β  = elevation angle 
ψ  = half-central angle 

Figure 4: Geometric relations for obtaining the geometric coverage of a satellite. 
 
 
On using equations (16.9) and (16.8) in [Haviland and House, 1965], 
namely 
 

βαπψ −−=
2

      (5) 

 
and 
 

βα cossin
hR

R
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=      (6) 
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respectively, we obtain for the Earth half-central angle 
 

��

�
��

� +−−= − ααπψ sin)1(cos
2

1

R
h

   (7) 

 
(see Figure 4; note the change of notation from [Haviland and House, 
1965]). 
 
Equation (4) gives the number of satellites required for observing each 
point on the Earth once every 24 hour. If one observation is needed every 
12 hour (i.e. roughly one day-time observation every 24 hour) the number 
of N  has to be multiplied by 2. 
 
The general expression of equation (4) that gives the number of satellites 
required for ν  observations every d  day north and south of latitude λ , on 
the northern and southern hemisphere respectively, is 
 

nd
N

ψ
λπν

2
cos≥       (8) 

 
with ψ  given by equation (7). Equation (8) is seen to depend on five 
parameters (taking into account that ψ  depends on the two parameters α  
and h , and that n  depends on h ), namely4: α , h , λ , ν , and d . For 
examples of the use of equation (8) with numerical values of the 
parameters see Appendices A and B. 
 
5.3 Limitations due to Data Handling Processes 
 
5.3.1 Demands on Information Accessibility 
 
For the military, it is vital to achieve information dominance, a term that 
should be understood as having enough or more information than the 
opponent in order to win over him. To obtain information dominance, 
information most be treated in the right way, be stored suitably, and be 
distributed to the users. 
 

                                                
4 There is a one to one correspondence between h and n for circular orbits. 
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There are at least two recent examples of activities that seem to have 
passed unnoticed by the intelligence organisations: the invasion of Kuwait 
by Iraq and the nuclear explosions by India and Pakistan (see section 
10.3). If these activities went unnoticed, they either could constitute 
examples of excess data, that there was too much information collected 
which was not analyst in time, or that the surface of the Earth is too large 
compared to the existing intelligence resources. 
 
5.3.2 Data Transfer 
 
Until 1976, U.S. reconnaissance satellite images were brought down to 
Earth in canisters containing conventional film. When this canister, or if 
the whole satellite had to be sent back to the Earth, there was a large time 
delay, up to typically two weeks, before the image analyses could start. 
This can be acceptable when it comes to surveillance of slowly changing 
infrastructure or non time-critical activities. The technical advances would, 
however, come to change this. 
 
In 1976, the electronically registered images made by the KH-11 satellite 
were, in form of electronic signals, for the first time transferred, using a 
relay satellite in a higher orbit, down to a ground station. This meant that 
the U.S. could then obtain imagery of a site or activity almost in real-time 
when the satellite past overhead. [Richelson, 1990, pp. 123-143, 362] 
 
However, on the civilian side, digital satellite imagery had since 1972 been 
transferred to ground receiving stations from the Landsat satellite. The use 
of relay satellites, however, is still today not commonly used by civilian 
remote sensing satellites. Now, however, modern optical communication 
techniques using laser beams between a SPOT satellite and a relay satellite 
have been tested (see section 5.4.4) so we may anticipate a change in the 
future. 
 
Even with electronically received imagery at the ground station, it is vital 
that the analyst and the persons depending on timely delivered images get 
access to the imagery through electronic means. 
 
Satellites circling the Earth cover vast areas in short times. This implies 
that the sensors collect enormous amounts of data that has to be transferred 
to the ground stations. For instance, a SPOT satellite, with two 
panchromatic sensors with 10 m resolution, collects 64 Mb of data each 
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second. SAR satellites and hyper-spectral (sensors with hundreds of 
spectral bands) satellites can produce much more data. 
 
These large amounts of data put high demands on the radio link to the 
ground stations. Also, storing the data poses high demands on computers 
and storage media. 
 
5.3.3 Data Processing 
 
The large amount of data produced by the satellites results in high 
demands on the processing capacities. Today, image processing is 
performed on ground and not on-board satellites. A reason for wanting to 
do image processing on-board would be to reduce the amount of data to 
transfer to Earth. However, automatic non-supervised processing may not 
be something desirable even in the future. In order to have fast, real-time, 
delivery of image information, this must, however, be accepted. [Ekblad, 
ed., 2001, p. 19] 
 
The purpose of using image processing techniques is to facilitate 
information extraction from the image. These techniques make it possible 
to [Richelson, 1999]: 
 

• build multicoloured single images out of several pictures taken in 
different bands of the spectrum 

• make the patterns more obvious 
• restore  the shapes of objects by adjusting for the angle of view and 

lens distortion 
• change the amount of contrast between objects and backgrounds 
• sharpen out-of-focus images 
• restore ground details largely obscured by clouds 
• conduct electronic optical subtraction, in which earlier pictures are 

subtracted from later ones 
• make unchanged buildings in a scene disappear while new objects 

remain 
• enhance shadows 
• suppress glints 

 
The data analysis is still today very personnel and time demanding. This 
will probably continue to be the case even if computerised techniques will 



 

 55 

facilitate and speed up the process. The amount of automatic processing 
that can be accepted is dependent on application and wanted result. A large 
part of the image information extraction and analyses is made manually 
and demands highly skilled personnel (photo-grammetrists, remote sensing 
specialists, and photo-interpreters). [Ekblad, ed., 2001, p. 19] 
 
A technique for reducing the amount of imagery needing manual analyses 
is to produce images of the ”normal conditions” of a scene. Semiautomatic 
techniques exist for obtaining change images relative to the ”normal 
image”. Only the new images, where this technique has signalled for a 
substantial change, has then to be analysed. This increases the image 
processing capabilities. [Ekblad, ed., 2001, p. 19] The following chapters 
will deal with change detection from various aspects. 
 
5.3.4 Data Security 
 
When making decisions based upon some given information, you want to 
be sure that the information is correct. For instance, it is very important to 
know whether or not the image received is correct and has not been 
manipulated with, either during the transfer process or before being sent. 
You must, e.g., know that it comes from a known and reliable source or 
sender. These are some of the authentication problems. 
 
Before the printing press, it was easy to change the hand-written text while 
making a copy of a manuscript. The importance of the printing press for 
scientific development has been exemplified [Christianson, 2000] in 
connection with the science centre of Tycho Brahe on the island of Ven. 
The printing press “allowed precise, unchanging data, words, and images 
to be transmitted in all directions, across any distance” [Christianson, 
2000, p. 103]. 
 
Today, there is still the problem of preventing unauthorised persons to 
access your data and to change it. The means of doing that changes, 
however, with the changing of the techniques being used. Now when data 
are stored and transmitted electronically, hackers, e.g., should not be able 
to enter your computer systems to access the stored data or intercepting the 
data on the Internet. However, there are today many ways to make this 
more difficult, but you can never be 100 % sure of the correctness of the 
data. In addition, if data are accessed by an intruder, he should not be able 
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to interpret the data. The classical way to hinder this is by encrypting the 
data. 
 
Fast computers and the Internet have made it more difficult to protect 
one’s information. Today, because of the high computation rates of CPUs, 
PCs can “open closed doors” and decipher encrypted data to an extent that 
was impossible only a few years ago. 
 
New possibilities to protect data might arise from the physics of quantum 
mechanics using a phenomenon called quantum entanglement. The 
entanglement of photons is described in the section 5.4. 
 
5.4 Photon Entanglement 
 
5.4.1 Introduction 
 
One opportunity for increasing communication security comes from 
quantum mechanics. It is a phenomenon called quantum entanglement that 
could provide a means of communicating without being eavesdropped or 
at least knowing that you are or was eavesdropped. 
 
“Entanglement is unique to quantum mechanics in that it involves a 
relationship (a ‘superposition of states’) between the possible quantum 
states of two entities such that, when the possible states of one entity 
collapse to a single state as a result of suddenly imposed boundary 
conditions, a similar and related collapse occurs in the possible states of 
the entangled entity no matter where or how far away the entangled entity 
is located.” [Star Trek] 
 
Entanglement is the theoretical foundation for such, more or less, exotic 
and futuristic things as teleportation, made famous in the TV series and 
films on Star Trek, and quantum computation. 
 
5.4.2 Theory 
 
The term entanglement was coined in 1935 for a certain kind of 
connection between quantum systems [Schrödinger, 1935, p. 555]: ”When 
two systems, of which we know the states by their respective 
representatives, enter into temporary physical interaction due to known 
forces between them, and when after a time of mutual influence the 
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systems separate again, then they can no longer be described in the same 
way as before, viz. by endowing each of them with a representative of its 
own. … By the interaction the two representatives [the quantum states] 
have become entangled.” 
 
Since physicists disregarded this puzzle, the research of it was delayed 
until 1964 when the so-called EPR (Einstein-Podolsky-Rosen) argument 
[Einstein et al., 1935] from 1935 was taken up in [Bell, 1964]. In the 
article [Einstein et al., 1935], two quantum particles were in a certain 
quantum state before being moved apart. In that state, there were 
correlations between the canonical quantities position and momentum, in 
that a measurement of the position on one of the particles will have as a 
consequence that the position of the other particle will be determined 
without uncertainty (which can be checked by measurement) and 
correspondingly for the momentum. This is valid if you just measure either 
the position or the momentum. If you first make a measurement on one of 
the quantities and then a measurement on the other, the other quantity will 
not possess the above correlation. Particles in such a state are called 
entangled. [Stanford] 
 
Since an entangled state is a sort of state were the quantum particles are in 
some way bound to each other, which they can have become after having 
interacted with each other in some way [Thompson, 1999], there are 
several possible ways of constructing entangled states. 
 
In [Bell, 1964] other types of entangled quantum states, as polarisation and 
spin, were studied. Since then, it has been demonstrated that this 
entanglement continues to exist even if the particles are separated over 
long distances (which Schrödinger disbelieved). These non-local 
correlations of entangled quantum states started in the 1980’s to be 
considered as something that could be exploited. [Stanford] 
 
5.4.3 Experiments 
 
There are numerous problems involved in practical applications of 
entangled quantum states. Usually, such states must be kept isolated from 
the surroundings, since any interaction with other atoms, or for that matter 
a single photon, can disrupt the entangled state. [Collins, 2001] 
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There have been numerous attempts to prove experimentally quantum 
effects due to entanglement. In one of these experiments carried out in 
1997 [Tittel et al., 1998], two spin entangled photons were sent through 
fibre-optic cables separating them as much as about 11 km. Changing the 
spin of one of the photons resulted in an instantaneous change of the other 
photon, “as if space did not exist between them” [Star Trek]. [GSReport] 
 
This experiment was claimed to be the first long-distance EPR test proving 
the entanglement phenomenon. However, the experimentalist later backed 
on their conclusion stating that the test was invalid. [Thompson] 
 
Experiments have since then proved the existence of entanglement not 
only for a few particles but for clouds of cesium containing trillions of 
atoms. The importance of this is that if a few atoms are disturbed, the 
entanglement continues for the rest of the atoms although with some 
degradation. [Collins, 2001] 
 
Furthermore, a first step towards producing a laser of entangled photons 
has been taken. In a process similar to laser amplification, the number of 
entangled photons was increased by a number of 16. [Collins, 2001] 
 
Experimental sending of classical information from one point to another, 
where entanglement was involved, has been carried out. In the process, 
called superdense cooling, two bits were transferred on a particle that only 
should have had been able to transfer one bit [Nielsen, 2002]. Other 
experiments have succeeded in transmitting quantum keys over tens of 
kilometres using fibre optics [Delete, 2002]. 
 
Experimental evidence of the possibilities of using entangled photons for 
free space communications has still to come. There the entangled photons 
can not be isolated from the rest of the world and will thus probably 
involve both lasers and large number of photons. 
 
5.4.4 Secure Communication 
 
The phenomenon of entanglement could be used in obtaining more secure 
communications and perhaps solve the authentication problem. Suppose 
entangled photons were used in communications. Any eavesdropping 
attempt would then be detectable, at least in principle, since it would 
create a disturbance detectable at the receiver. Also there exist a ‘no-
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cloning’ (i.e. no-copying) theorem stating that it is impossible to clone an 
unknown quantum state. This is what is exploited in quantum 
cryptography and in making communication secure. [Stanford] 
 
The Shannon entropy H , measured in bits, tells us the amount of 
information we obtain when measuring a random variable. It can also be 
said to be the amount of information in a message. Shannon called it “the 
entropy of the set of probabilities ni pp ...,, ” [Shannon, 1948] and it is 
defined as 
 

�
=

−=
n

i
ii ppKH

1

log      (9) 

 
where K  is a positive constant. 
 
The Shannon entropy H  corresponds to the entropy S  in statistical 
mechanics [Reif, 1965]: 
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where H  here is the H  in the H  theorem, first derived by Ludvig 
Boltzmann in 1872, and k  is of course the Boltzmann constant. 
 
A qubit is the unit of quantum information, corresponding to the bit in 
classical information. The amount of classical information that can be 
encoded in a qubit is infinite. The Shannon noiseless coding theorem states 
that “the minimal physical resources required to represent the message are 
given by the Shannon entropy of the source”, i.e. the Shannon entropy is a 
measure of the classical information that can be stored in a state of a 
physical system. [Stanford] 
 
However, the maximum information that can be accessed from a 
probability distribution over a set of alternative qubits is always less than 
the Shannon entropy. This means that the amount of information that can 
be obtained from a quantum system is less than or equal to the amount of 
classical information in the system. [Stanford] 
 
Encryption based on a cypher called the Vernam cypher together with 
quantum key distribution could solve the problem of using unbreakable 
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cyphers. The reason for this is that the entanglement makes sure that the 
key is absolutely secure and that the encryption method is unbreakable. 
This is proved by Shannon’s theorem. In quantum key distribution, a 
random key, which is identical at each end of the quantum 
communications channel, is generated through the use of entanglement. 
Any unauthorised measurements on the communication channel would 
disturb the entanglement, thus creating a means of detecting this intrusion. 
[Collins, 2002] 
 
Whether it will one day be possible to construct communication systems 
making use of entanglement is not yet proven. But if it would be possible, 
one could perhaps have a system that when someone tries to listen in or 
decipher a message the sender would be alerted, since the SIGINT receiver 
would change an entangled photon. 
 
5.4.5 Possible Space Applications of Entanglement 
 
If photon entanglement is possible over long distances, space may be one 
of the areas where it may come to use. Today information is transferred 
between satellites using radio communication frequencies. The Iridium 
satellite system, for instance, uses such inter-satellite links (ISL). Other 
communication satellite systems have been designed to have inter-satellite 
links using laser communications. 
 
In November 2001, a data link between satellites using a laser beam as 
signal carrier was established for the first time. It was a data transfer of 
satellite imagery from SPOT 4 to Artemis, an ESA satellite in GEO. 
Several connections were made during subsequent orbits. Each connection 
lasted between 4 and 20 minutes permitting a data transfer rate of 50 
Mbps. [Spacedaily] The transmissions were carried out using SILEX 
(Semiconductor Inter-satellite Link Experiment) terminals, one onboard 
the SPOT 4 satellite and the other on Artemis. SILEX is the first civil 
inter-satellite data relay system using lasers as carriers for the signal 
transmission. [ESA] 
 
Since the 1970s, the American military system TDRS (Tracking and Data 
Relay Satellite) has been used for relaying satellite data between satellites, 
probably satellite imagery from U.S. reconnaissance satellites in LEO to 
the TDRS in GEO. There are many information gathering satellites in 
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LEO that would benefit from the use of a system like TDRSS (Tracking 
and Data Relay Satellite System). 
 
Entanglement could be used for ensuring that the data transfer between 
satellites is uncorrupted. The lower the frequency of the communication 
signal, the higher the need for securing the data transfer. This is due to the 
fact that the higher the radio frequency, the narrower the beam can be 
constructed and hence the difficulty to eavesdrop increases. If e.g. lasers 
are used, the beam-width can be made extremely narrow. 
 
Any attempt to listen to communications between satellites using 
entangled photons would be exposed. It must be emphasised, however, 
that long-distance communication with entangled photons have not yet, as 
publicly known, been shown to be possible, but it is a military interesting 
use of quantum mechanics at a macroscopic level. 
 
5.4.6 Summary 
 
Quantum entanglement is a physical phenomenon that may be used in 
securing the data in communications, since, at least in the theory, 
interacting with one of two entangled photons results in an instantaneous 
change in the other. [Star Trek] 
 
In theory, the entanglement will exist over unlimited distances. Using it in 
practice, without fibre-optic cables, can, however, involve many problems 
yet to overcome. 
 
However, the first experiments have been carried out that shows that 
quantum entanglement may in the future be of practical use. If this 
happens, it will not be realised yet for many years. But if so, it might be 
used in securing the transfer of satellite imagery from satellites to the 
ground stations and data transfer between satellites. 
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Chapter 6 
 
 

Change Detection in Images 
 
 
 
 
6.1 Image Information Content and Extraction 
 
Everybody can view an image. However, different people see different 
things in an image because of different knowledge and experiences. To a 
missile expert a certain pattern in an image, as in the Cuban U2 images of 
1962, can tell him that there is a missile launch pad there. Actually, the 
intelligence analyst can “see” more in the image than technically speaking 
is possible based on pixel sizes, contrast, spectral content, etc. of the 
image. [Wallin et al., 1988, p. 42] 
 
For decades, there have been attempts to use computers for extracting 
information from image data. Various techniques, building on spectral 
content, artificial (i.e. man-made) structures, and so on, have been tried in 
order to automate the information extraction from images. Techniques like 
data and information fusion have in later years been used to improve the 
possibilities to extract information from reconnaissance data, with, 
however, limited success. It is now usually believed that computer 
techniques should be used as a tool for the analyst to process the image in 
order to improve the possibilities for the analyst to extract information. 
 
When discussing the information content of an image, one often 
concentrates on the geometrical resolution. However, there are other 
parameters that are of importance for the extraction of information of an 
image. Among these are [Ekblad et al., 2004b]: 
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• sensor (type, characteristics, imaging system, registration system, 
parameters used, amplification, etc.) 

• radiometric resolution 
• wavelength band used 
• degree of multi-spectrallity, i.e. the number of spectral bands 
• area of view 
• degree of image processing 
• interpretation aids (computers, data-fusion techniques, etc.) and 

experience of the interpreter 
• amount and types of complementary information 

 
Furthermore, in SAR imagery e.g., polarisation can be used to extract 
information of image content. In such images, the reflection of an object is 
dependant on the polarisation, i.e. vertically polarised radar pulses are 
reflected differently than horizontally polarised radar pulses. 
 
There are basically two approaches for extracting information from digital 
imagery. In one of them, the quantitative approach, computers are used to 
examine each pixel individually or together with its neighbouring pixels. 
In the other, the qualitative approach (also called photo-interpretation or 
image interpretation) a human analyst/interpreter is extracting information 
by visual inspection. [Richards, 1986, p. 69] 
 
Usually, the two approaches are not used separately. Often some kind of 
computerised enhancement technique is used first under the supervision of 
the analyst, who then extracts the information. It is not a two step process 
but rather an interactive one, where the analyst investigates the image after 
each computer process until he is satisfied or believes he will not be able 
to extract any more information from the image. 
 
Information extraction from an image benefits from use of known 
information from other sources. For instance, many types of man-made 
structures are rectilinear, often in combination with right angles; if not 
rectilinear, they may be circular etc. Such information can, at least in 
principle, be utilised in automatic photo-interpretation. It should, however, 
be remembered that human assistance is always needed to control and 
verify results from any computerised photo-interpretation. 
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Other intelligence data, GISs (Geographical Information Systems), etc., 
complement the information obtained from a satellite image and facilitate 
the analyses. It also makes it possible to extract more information from the 
image. Data and information fusion techniques are therefore very 
important areas of research (cf. section 3.6). [Ekblad, ed., 2001, p. 19] 
 
6.2 The Concept of Changes in Imagery 
 
The notion of change involves time, since it is only with respect to time 
one can talk about change. If one says that a change has occurred in an 
image, one actually means that there is a time series of two images and 
that the later image is different from a previous image. 
 
Image changes consist of changes in pixel values, i.e. corresponding pixels 
(pixels at the same locations) change values. One object that has moved in 
one image relative to another image will thus have new image co-ordinates 
(located at a different place in the new image) but otherwise the images 
should be identical. 
 
In practise, there will often be many changes from one image to another. 
Many of these changes are just noise, or changes due to illumination 
variations, varying aspect angles, automated camera gain and offset, etc., 
or irrelevant changes that one wants to ignore. 
 
How should one define identical images? The changes could be gradual 
from one image to another. How much should an image change before it 
becomes a different image? Is a change in one pixel enough? 
 
Since a human analyst only can differentiate between a limited number of 
brightness levels (maybe 16 levels) [Richards, 1986, p. 70], two images 
(containing say 256 pixel levels each) of which one has all the pixel values 
augmented by one relative to the other look the same to the naked human 
eye. However, a computer would immediately discover this difference. 
Are the images different or identical? 
 
Changes can be random or systematic. There can be a global displacement 
of the whole image content. The displacement can be linear, rotational and 
so on. Are we to say that there has been a change in such images? 
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Two images of the Earth registered within a few seconds from a satellite in 
Earth orbit will have many of the pixel values in the two images different 
from one to the other by small amounts. A precise mathematical definition 
of image change would be very difficult to construct. 
 
6.3 Change Detection 
 
6.3.1 Introduction 
 
When speaking of change detection we mean detection of changes within a 
scene. What we want to detect are changes of pixel values of an object in 
respect to some image background. Military interesting changes are often 
very localised, as e.g. buildings and roads [Rowe and Grewe, 2001]. 
 
When drawing further information on what has been detected, one speaks 
of identification. With identification one means that the image is detailed 
enough in order to show some information about the detected object, e.g. 
that it is a tank and not a truck or car. [Wallin et al., 1988, p. 32] 
 
The notions of detection and identification are closely related to the notion 
of resolution. It is not the purpose of this thesis to investigate this and the 
reader is therefore referred to the literature on the subject (for an overview 
of some work in the area see [Nyberg and Orhaug, 1991]). In Chapter 8, 
we present a simulation of a column of moving tanks as an example of the 
possibilities to detect a military activity. 
 
6.3.2 Review of Computerised Change Detection Methods 
 
Attempts to detect motion in imagery started early in computerise image 
processing. The first paper on the subject known to us is [Reichardt, 1957] 
in which an autocorrelation model for motion detection is presented. Since 
then, there has been many papers published of which only a few will be 
mentioned in this short overview, which by no means is a complete survey 
and important contributions may accidentally have been left out. 
 
One of the early papers on motion detection is [Jain et al., 1979], where 
the effects of occlusions were analysed in order to detect motion. The 
approximate velocity of a pixel was determined in [Potter, 1977] by using 
template matching. 
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In [Jayaramamurthy and Jain, 1983] masks of moving textured objects 
against a textured background were used. The approach of using masks 
consisted of three stages: active region extraction; motion parameter 
estimation; and object mask estimation. Tests on random dot stereograms 
showed good results. 
 
Among other background strategies, there are techniques using mean and 
covariance estimates of the background (in [Wren et al., 1997]), a 
Gaussian model (in [Grimson et al., 1998]), normalised block correlation 
(in [Matsuyama et al., 1999]), temporal derivatives (in [Haritaoglu et al., 
2000]), Baysian detection (in [Osher and Sethian, 1998]), and 
eigenbackgrounds (in [Oliver et al., 2000]). 
 
Interframe differencing operations were used in [Jain et al., 1977] and in 
[Jain and Nagel, 1979]. These schemes are, however, of limited 
applicability because “images can be extracted only when they have been 
displayed completely from their position in a specified reference frame” 
[Jain et al., 1979]. 
 
The simplest method for detecting changes in two co-registered images is 
subtraction of the two images. This method for detecting changes (see e.g. 
[Radjabpour and Mir, 2001] and Chapter 9) has been used numerous times 
despite of its inherent lack of handling differences between the images not 
due to motion, such as noise, illumination changes, varying aspect angles, 
automated camera gain and offset, etc. These problems either cause false 
alarms or prevent the detection of sought for changes. However, these 
techniques are “good at detecting temporal changes in controlled situations 
where we have good control over illumination conditions so as to reduce 
the effect of shadow and secondary mutual illumination effects” [Sarkar et 
al., 2002]. 
 
A technique based on statistical multi-feature analysis of video sequences 
is presented in [Hötter et al., 1996], where additional features of texture 
and motion beyond temporal signal differences are used in order to reduce 
the problems of false alarms and failures to detect real motion. 
 
Based on optic flow or motion field vectors, three classes of techniques to 
detect motion have been introduced [Elnagar and Basu, 1995]: a) the first 
class uses feature-based methods to estimate motion field (se e.g. [Kories 
and Zimmermann, 1986]); b) the second class uses correspondence of 
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points or lines (see e.g. [Spetsakis and Aloimonos, 1990]); c) the third 
class uses optic flow estimation as a minimisation problem under certain 
constraints. Examples of constraints that have been used include: 
smoothness (in e.g. [Horn and Shunk, 1981]), oriented smoothness (in e.g. 
[Nagel and Enkelmann, 1986]), line clustering (in [Shunk, 1984]), 
background (in [Elnagar and Basu, 1995]), and low-dimensional 
directional components of flow field (in [Fejes and Davis, 1999]). 
 
In the case when stationary cameras are used, motion detection by 
subtracting successive images and then search for significant differences 
has been used in [Willick, and Yang, 1989]. 
 
The rotational aspects of planar motion are addressed in [Fermin et al., 
1996]. There a randomised algorithm is proposed for estimating motion 
parameters of a planar motion. Points on two shapes (i.e. one shape 
registered at two times) are searched randomly in order to determine the 
centroids of each of them. 
 
A non-traditional approach to motion detection is presented in [Sarkar et 
al., 2002], where an image sequence is treated as a single 3D spatio-
temporal volume. The data is treated over three levels, called: signal, 
primitive, and structural. The signal level detects individual pixels of the 
moving object; the primitive level groups these pixels into something 
called temporal envelops; and the structural level detects the compositions 
of the envelops resulting from object motion. 
 
In summery, change detection methods can be divided into the following 
classes ([Lantmäteriet]): 
 

• Post-classification change detection 
The change detection is performed after classification. 
 

• Mono-temporal change delineation 
Pattern recognition techniques are used based on pre-registration 
assumptions. 
 

• Multi-temporal RGB image 
An RGB image is constructed from two images registered at 
different times. 
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• The dipole method 
A variant of the multi-temporal RGB image method where the 
resulting image is a black-and-white image. 

 
• Multi-temporal composite 

Two images registered at different times are used plus clustering and 
classification. 

 
• Edge segment matching 

Edge segments in two images are matched. 
 
The multi-temporal RGB image method is used in Chapter 9. The dipole 
method is discussed in section 6.3.4. The edge segment matching method, 
as discussed in section 6.3.3, is of military interest. 
 
6.3.3 Edge Segment Matching 
 
Military significant changes often require attention to changes of man-
made objects, which normally involves straight lines. It can be 
appearances, disappearances, or size and orientation changes, but also the 
aggregation of segments into higher-level structures having some distinct 
shapes. Furthermore, weather and lighting conditions may not always be 
as good as wished, so robust methods are important. [Rowe and Grewe, 
2001] 
 
The method of matching edge segments as compared to pixel subtraction 
has the advantages that it is less sensitive to changes in illumination, 
vegetation, and viewing conditions. Furthermore, quite different images, 
as black-and-white and colour images, can be compared. It is also more 
tolerant of small errors in registration due to shadows, perspective, and 
vegetation and water changes. Thus, effects of misregistration, which is a 
problem in pixel subtraction methods, are reduced. [Rowe and Grewe, 
2001] 
 
The edge segment matching is performed as follows: brightness and 
contrast of the images are normalised; the edge cells are found; significant 
line segments are extracted; the best matches of line segments between the 
images are found; the pixel-location mapping function between the images 
are calculated; corresponding segments and edge pixels are subtracted; and 
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the “difference” pixels are highlighted on the original images. [Rowe and 
Grewe, 2001] 
 
The edge segment matching method will not be investigated in this thesis. 
Various examples of the use of pixel difference approaches will instead be 
given. 
 
6.3.4 The Dipole Method 
 
One technique for detecting objects in images is the use of difference 
images. Let the computer take the difference of corresponding pixels in the 
two images, i.e. the difference of their respective pixel values is computed. 
If the images are of the same area, the result is an image showing where 
changes have occurred in between the registrations of the images. By 
letting the computer alert the analyst of significant changes that merit 
further analysis, the amount of necessary analyst time is reduced. 
 
A successful example of using different satellite images and spectral bands 
is the discovery of the hot water outlet from the Chernobyl reactor after the 
accident in 1986, where a SPOT image was used together with the Landsat 
thermal infrared band in order to make visible the temperature variations 
of the water outlet. Without modern computer technology, these types of 
image information extraction processes are very cumbersome. 
 
The difference technique has, in [Radjabpour and Mir, 2001], been used 
on aerial photos of a car moving on a road. In Figure 5, two images, 
registered with some time interval between, shows a car at two different 
locations on the road before and after having past by the Viggen aircraft 
park at the side of the road. 
 
After subtracting, the cars appear in Figure 6 as one “negative” and one 
“positive” object (marked by the circles), like a dipole and hence the name 
of the method, in the locations corresponding to the positions in the two 
input images respectively. As often when taken the difference between two 
real images the non-moving objects (i.e. the background) does not 
completely cancel out. In Figure 7, the pixel values of a straight line 
passing through the dipole pair is shown. The dipole pair is visible as the 
global maximum and minimum values.  
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Figure 5: Two aerial photos of a car moving on a road. In the middle of the images is a 
Viggen aircraft. Images by courtesy of the Swedish Armed Forces. (From [Radjabpour and 
Mir, 2001].) 
 
 
 

 
Figure 6: The dipole image obtained from the images in Figure 5. The cars appear as one 
“negative” and one “positive” object, marked by the circles, in the locations corresponding to 
the positions in the two input images respectively. (From [Radjabpour and Mir, 2001].) 
 
 
 

 
Figure 7: The dark and bright spots in the dipole image is seen here as a variation in the pixel 
values along a straight line through the spots. (From [Radjabpour and Mir, 2001].) 
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Estimation of the extent of small changes, such as shaking leaves of a tree 
or moving waves on a lake or sea, can be drawn from a diagram like that 
in Figure 7. From the diagram, a threshold value can easily be chosen for 
discarding small non-desirable change values. Also, knowing the time 
difference of the two images, the mean object velocity is straightforwardly 
read off in the diagram. However, what you really need, in order to 
discover unknown changes, is actually a 3D diagram, i.e. a diagram with 
the pixel value as a function of every pixel location in the whole dipole 
image. 
 
This technique has also been tested on two IR images from the STRV-2 
satellite of one Draken aircraft. In the resulting dipole image, the two 
locations of the aircraft are clearly seen. [Radjabpour and Mir, 2001] 
 
Even with the use of modern computer technology, it is a time consuming 
task to obtain these dipole images. Between 35 and 50 minutes was spent 
on obtaining the dipole images here, since it involves quite a lot of manual 
manipulation of two nearly identical images in order to prepare them for 
the last matching. [Radjabpour and Mir, 2001] 
 
It is not conceivable with present knowledge to have a system 
automatically comparing images fast enough in order to use it for tactical 
purposes. 
 
The dipole method can be said to have been used, although without that 
label, in the work presented in Chapter 9. There the “negative” and 
“positive” ends of the dipole are colour coded as red and green. It can thus 
also be called a multitemporal RGB image method. It was there also very 
time consuming to rectify the images in order to be able to obtain the 
dipole image. Apart from rectification, it is also often necessary to perform 
adjustments of the grey levels of the images and selecting a suitable 
threshold in order to be able to obtain a useful dipole image. 
 
6.3.5 Global Change Detection 
 
The surface of the Earth is approximately 510 million km2, of which 26 % 
is land surface, i.e. ca 130 million km2. Suppose we want to detect changes 
by satellite imagery with the resolution 4 m. Each scene may then be of the 
size 625 km2 and some 200 000 scenes with cover the Earth land surface. 
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If 30 minutes on each scene is spent on dipole image creation (and this is 
probably an optimistically low figure), then it will take 11 years to have a 
dipole image of the whole Earth. This is under the assumption that you 
work 24 hours a day and only have one computer to work on, but one 
easily sees that this method can not be used for tactical purposes of 
detecting fast and time critical activities even if a large number of 
computers were to be used and with a large personnel staff. 
 
Analysis of the dipole images cannot be automated and will be personnel 
demanding. What one might hope for is that some computerised 
algorithms could use dipole images for indicating where interesting 
changes has occurred. 
 
In practise, in the security and intelligence community additional 
information is used to select “hot spots”, i.e. areas, depending on your 
interest, where things could happen that you want to detect. This reduces 
the amount of area that has to be covered, but then there is always a risk of 
not detecting activity outside of your selected areas. 
 
6.3.6 Discussions of the Methods 
 
Pixel subtraction is almost always used in one form or another in 
detecting, or showing, changes. In the pure pixel subtraction method it is 
the only process involved in the change detection process. The other 
methods usually use pixel subtraction in one of the stages, often in the 
final one. The other stages can be regarded as steps to enhance areas in the 
images that involve the sought for changes. The edge segment matching 
method shows some robustness (and this will be shown in section 7.2 to be 
the case with the Intersecting Cortical Model (ICM) method as well). 
[Ekblad et al., 2004b] 
 
It is natural to try to seek for one single method that can be applied to any 
images and can detect any type of changes. This seems to be extremely 
difficult to obtain. The criteria for selecting a change detection method are 
several: robustness, computer processing time, analyst intervention time, 
etc. Thus, it seems futile to try to make any general recommendations 
concerning the choice of change detection method. [Ekblad et al., 2004b] 
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6.4 Analyst versus Computer 
 
In the 1980s, so-called AI (Artificial Intelligence) techniques, using 
knowledge-based systems, grow very popular in many fields, so also in 
image processing. Then, in the 1990s, neural networks became the fashion. 
 
At the WEU (Western European Union) conference “The Image Analyst at 
the Heart of the Space Observation System”, held in Torrejón outside 
Madrid in 1998, the general conclusion was that computerised processing 
of images is of great importance, but that it can not be automated, at least 
not in a near future. Instead, the analyst should be assisted by the 
computers that recommend various “tools”, i.e. image processing 
algorithms, in order to facilitate the work of the analyst. 
 
It is quite safe to say that the human mind in the form of a photo-
interpreter or analyst will always be needed to extract the full information 
content of an image. However, increased support from computerised 
techniques will speed up the information extraction process and rendering 
it more accurate. 
 
 



  

 
 
 
 
 
 

Chapter 7 
 
 

Change Detection Using Neural 
Networks 
 
 
 
 
7.1 Artificial Neural Networks 
 
7.1.1 Introduction 
 
The ability to recognise, classify, and discriminate objects through the use 
of visual inputs are extremely high for humans. Any attempt to simulate 
this in computers has run into considerable difficulties. Today in 2004, 
computers are still far from being close to human capabilities. We will 
here describe some of the attempts that have been made to use computers 
for the purpose of detecting changes in imagery. 
 
Biological systems are used as model for artificial neural networks in the 
way that artificial neural networks simulate the internal structure of the 
brain with its neurons and the interconnections between them. Outside 
stimuli are the input to the system (i.e. the network). 
 
Within the network the signals propagate in ways that are controlled by 
weighting the connections between the nodes (i.e. the neurons). In 
artificial neural networks, the weights are adjusted by a process called 
training [Binning et al., 2002, p. 45]. The training procedure can either be 
automatic (which is called unsupervised training or training without a 
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teacher) or needing a response from a teacher (which is called supervised 
training or training with a teacher). 
 
Unfortunately, the terminology in the area of artificial neural networks is 
not standardised. It is, however, the hope of the author that the 
terminology used in this part of the thesis will neither be inconsistent, nor 
confusing. 
 
Before going into describing a change detection technique using neural 
networks, we will give a short description of the biological systems that 
are the models of artificial neural networks and a brief overview of 
artificial neural networks. Then, after these fundamental background 
concepts, we will describe how to use neural networks to detect changes. 
 
7.1.2 Biological Neurons 
 
The idea behind artificial neural networks is the functioning of the brain. 
The human brain consists of neurons, elementary nerve cells, that 
communicate through a network of axons and synapses. The axons (as 
they were later to be called) were first described in 1718 by van 
Leuwenhook and, in 1824, the first observations of neurons were made by 
Dutrochet. The present day image of the nerve cell is due to Deiters in 
1865 and, in 1897, Sherington discovered the synapses. [App. Aut.] 
 
There are about 1011 neurons in the human brain and 104 – 105 synapses 
per neuron. The communication is performed by electrical impulses, which 
propagate at speed of about 100 m/s. The total number of connections is 
estimated to be around 1015. 
 
The neuron system is very flexible, especially in childhood but seems to 
persist during the whole lifetime. For instance, in the cat brain, the number 
of synoptic contacts has been observed to increase from a few hundred to 
12 000 between the 10th and the 35th day. However, the long stated opinion 
that the number of neurons decreases after birth during the whole lifetime 
has recently been questioned. [App. Aut.] 
 
The neuron network gets its input from sensory receptors. These stimuli, in 
the form of electrical signals, can be either from external or internal 
receptors. The results of the brain information process are handled by 
effectors resulting in human responses. 
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The human information processing system can thus be said to consist of 
three stages, or layers: the receptors (the sensory input system), the neural 
network (the brain), and the effectors (the muscular output system or the 
motor organs). 
 
In the brain the information is processed, evaluated, and compared, 
through internal feedback, with stored information (the memory). The 
output to the effectors is controlled through external feedback by 
monitoring the motor organs. 
 
The main element in the biological network is the neuron. The electrical 
impulses, or signals, between the neurons are transported by the axons. 
After the reception of incoming signals, the neuron can generate a pulse in 
response to them. The time between this firing and the reception of the 
signals is called the period of latent summation. In order for the neuron to 
fire, certain conditions have to be fulfilled. 
 
The incoming signals can either be excitatory or inhibitory: excitatory 
signals are those signals that stimulate the neuron to fire; inhibitory signals 
hinder the neuron to fire. The excitation must exceed the inhibition by a 
certain amount, the threshold. In the model, the excitatory connections are 
assigned positive weight values and the inhibitory are assigned negative 
weight values. Hence we conclude that the neuron fires when the sum of 
the weights exceeds the threshold value during the period of latent 
summation. 
 
The neuron only receives signals from neighbouring neurons and the 
neuron itself. The probability for a neuron to fire is high when the signals 
arrive closely spaced in time and synchronously. 
 
It has been discovered that the signals are binary and that there is a time 
interval, the refractory period, between any two signals passing the axon. 
This makes it suitably to discretise the time. These time units are of the 
order of one millisecond. The refractory periods are not equal all over the 
brain, so we may say that the biological neuron network consists of a set of 
interconnected neurons communicating via discrete asynchronous signals. 
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7.1.3 Artificial Neurons 
 
The first definition of an artificial neuron was made in 1943 by McCulloch 
and Pitts. In 1949, the first representation of an ensemble of 
simultaneously working neurons as a model for the brain was put together 
by Donald Hebb. In 1958, Frank Rosenblatt introduced the concept of 
perceptron (see section 7.1.4). It was the first model in which a learning 
process could be applied. [App. Aut.] 
 
One of the many definitions of artificial neural systems, or neural 
networks, is that it is a “physical cellular systems that can acquire, store, 
and utilise experiential knowledge” [Zurada, 1992, p. XV]. Another is that 
it is “an interconnection of neurons such that neuron outputs are 
connected, through weights, to all other neurons including themselves” 
[Zurada, 1992, p. 37]. 
 
The artificial neurons are the basic processing elements of the network and 
can be considered as the nodes in the network. These neurons are 
organised in layers and operate in parallel. Feedback connections, both 
within the layer and to adjacent layers, are allowed. The strength of each 
of these connections is expressed by weights. 
 
One of the fundamental differences between ordinary computers and 
neural networks are that neural networks have to be taught, which is called 
training or learning. Instead of programming an algorithm to solve a 
problem, an architecture with initial weights is chosen. Then knowledge is 
acquired from various sets of input data. As already mentioned in section 
7.1.1, the learning can be either supervised or unsupervised (learning 
without supervision). 
 
Neural networks are used as classifiers and for performing function 
approximations. Detection of data clustering is an important usage of 
neural networks. 
 
7.1.4 Multi-Layered Perceptron Networks 
 
The perceptron is an artificial neuron model with learning and it can be 
defined as a linear step-function which takes n integer values nxxx ,,, 21 �  
as input and calculates an output o  according to 
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where iw , ni ,,2,1 �= , are synaptic coefficients (the weights) and θ  the 
threshold (or the bias). [App. Aut.] 
 
This one neuron perceptron is not well adapted for many real problems, 
which often are not linear. However, by adding more neurons into so-
called multi-layered perceptron (MLP) models, it becomes possible to 
handle more complex problems. 
 
A multi-layered perceptron network (MLPN) is a network of hidden 
neurons and can be defined as an architecture fulfilling the following 
properties [App. Aut.]: 
 

• The neurons are distributed in several layers. 
• The first layer consists of the input layer corresponding to the input 

variables. 
• The input to one layer (apart from the first layer) consists of the 

output from the neurons of the previous layer. 
 
One disadvantage of MLPNs are that they converge slowly and are often 
trapped in local minima in the parameter spaces. [Kim et al., 2000, p. 166] 
 
7.1.5 The Visual Cortex and Locally Coupled Neural Oscillators 
 
One of the many processes that take place in humans in order to 
understand the content of the visual input takes place in the visual cortex 
system. This system is the part of the brain that receives information from 
the eyes. In the visual cortex, the input is transformed into a stream of 
pulses. [Lindblad and Kinser, 1998, pp. 1-2] 
 
Studies of the mammalian visual cortex have led to models consisting of 
locally connected neurons containing coupled oscillators. Studies of other 
visual cortex systems might also have led to the same models. “The 
oscillator model can be biologically interpreted as a mean field 
approximation to a network of excitatory neurons” [Wang, 1995]. An 
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oscillator is a feedback loop between an excitatory unit and an inhibitory 
unit. 
 
The background of the oscillator model comes from the study of cells 
[Ekblad and Kinser, 2004]. A model of a cell membrane can be 
constructed from the fact that the cell membrane carries a potential across 
its inner and outer surfaces. Many cell membranes are excitable in the 
sense that the potential can change drastically if an applied current is 
sufficiently large. Experiments by Hodgkin and Huxley around 1950 on 
the giant axon of the squid gave rise to an electrical model of the cell 
membrane, later to be known as the Hodgkin-Huxley model [Hodgkin and 
Huxley, 1952]. From it a two-variable reaction-diffusion system was 
derived. This FitzHugh-Nagumo model [FitzHugh, 1961; Nagumo et al., 
1962] is a system of differential equations which can be written in many 
ways (see e.g. [Winfree, 1991]). One formulation of the FitzHugh-
Nagumo model is as follows: 
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where a , b , and c  are three free parameters. The variable ),,( tyxu  
corresponds to the electrical potential across the cell membrane and 

),,( tyxv  to the ion concentrations. These coupled differential equations 
give rise to oscillations. 
 
When the state of one of the oscillators exceeds the state of another then 
the neuron containing that oscillator fires, i.e. a positive output is created 
and, concurrently, its state is drastically altered. This strongly influences 
the states of neighbouring neurons in the way that a group of neighbouring 
neurons, initially in similar states receiving similar stimuli from a firing 
neighbouring neuron, will be encourage to fire. If the neurons receiving 
stimuli are close to a firing state then this additional stimulus may be 
sufficient to cause them to fire as well. Subsequently, they in turn 
encourage their neighbours to fire. The result will be a chain reaction of 
firings of groups of neurons based upon input stimuli. Since the stimulus is 
generated by the intensity of an input image, the resulting areas of 
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stimulated pixels strongly resemble the areas causing the stimulus in the 
input image. 
 
7.1.6 Pulse-Coupled Neural Networks 
 
The theory of Pulse-Coupled Neural Networks (PCNNs) is based on 
biological studies of pulse synchronisation in the visual cortex in small 
mammals. The studies have led to several models as e.g. the Eckhorn 
model [Eckhorn et al., 1990], the Rybak model [Rybak et al., 1992], and 
the Parodi model [Parodi et al., 1996]. The Eckhorn model is based on 
studies of the cat and the Rybak model on the guinea pig. 
 
A PCNN is, however, far from a complete model of the complex 
mammalian system that allows, e.g., humans to rapidly detect objects in 
the visual input. A PCNN can be described as “an oscillatory model neural 
network where grouping of cells and grouping among the groups that form 
the output time series” [Malkani et al., 1999]. They differ from classic 
neural network models in that no training is required and that the output is 
time dependent. The properties of the PCNN can be adjusted by changing 
the threshold levels and decay time constants. 
 
PCNNs have proven to be highly effective in various applications, as 
image fusion, image segmentation, medical diagnostics (mammograms), 
object detection (detections of military targets using e.g. IR imagery), 
noise reduction in correction of atmospherically blurred satellite imagery, 
and shortest path finding [Johnson et al., 1999a] (see also [Johnson and 
Padgett, 1999]). 
 
Ideas on how to use PCNN for mission planning and missile navigation 
have been given in [Waldemark et al., 1999b]. Other military applications 
involve automatic target recognition (ATR), which has been shown to 
benefit from the use of PCNNs [Johnson, 1999]. In [Waldemark et al., 
1999a] conventional methods for noise reduction and edge detection is 
compared to the PCNN and the “best of both worlds” is used in a 
foveation/object isolation application for ATR. Foveation is the movement 
of focus of attention of the human eye as it moves around to different 
locations within in image in order to investigate the image content 
[Lindblad and Kinser, 1998, p. 81]. 
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The PCNN algorithm can also be used for multiplicative image 
decomposition, called PCNN factorisation. This factorisation finds 
shadows in images, effectively and automatically, by which shadow 
compensation can be performed. [Johnson et al., 1999b] 
 
One important area of present research for machine vision is texture 
analysis, the aim of which is the detection of patterns. A modified version 
of the Eckhorn model has been shown to be useful in texture recognition. 
[Rughooputh et al., 2000] 
 
There has also been an attempt at using PCNN as a computer. The 
algorithmic properties of PCNN can be seen as a new way of approaching 
object-oriented data processing. [Johnson, 1996] 
 
A combination of the PCNN with a feedback mechanism coming from 
studies of the rat olfactory bulb has been proposed. The purpose of the 
mammalian feedback mechanism is thought to be to get finer information 
from the input. The feedback PCNN (FPCNN) performs this on simple 
input images. [Kinser and Johnson, 1996] 
 
For image processing, there is one neuron for each pixel in the PCNN. 
Neurons corresponding to bright pixels fire faster, i.e. reach the firing 
threshold faster, than neurons corresponding to less bright pixels. The 
firing rate is thus proportional to brightness. Some of the signal from the 
firing neuron is sent to its neighbours. This may result in that such a 
neuron fires earlier than it would have done otherwise. [Johnson et al., 
1998] 
 
7.1.7 The PCNN Model 
 
The basic PCNN algorithm (in the three-oscillator model) consists of five 
coupled equations: 
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where S  is the input stimuli (e.g. an image), Y  the output pulse field, F  
the feeding neurons, L  the linking neurons, U  the internal activation, Θ  
the dynamic threshold, and β  the linking parameter. There are two local 
Gaussians W  and M , which depend on the distance between the neurons. 
There are also three decay constants Iα , Lα , Θα , and a potential V . Two 
of the PCNN functions interconnect with neighbouring cells through 
interconnection weights. For a method to obtain optimal parameter values 
see [Szekely and Lindblad, 1999]. 
 
When the input is an image (matching a neuron for each pixel), the 
synchronous neuron groups coincide with groups of bright pixels. In order 
to apply the process to motion detection, it is recognised that motion 
(which can be described as successive small changes) is better described 
by the displacement of these groups rather than the flow of individual 
pixels. The displacement of the pixel groups between two times ( 1t  and 2t ) 
can then easily be defined. 
 
The PCNN output is a series of pulse images that are a function of the 
input intensity: the brighter the pixel, the more frequently it pulses. A 
pulse image is thus a binary image containing groupings of bright pixels 
corresponding to those in the input image. 
 
The PCNN does not itself perform a complete image-processing task. The 
advantage of the PCNN is that it simplifies the image-processing task, in 
the sense that the output from the PCNN is simpler to manipulate than the 
original stimulus. [Lindblad and Kinser, 1998, p. 10] 
 
7.1.8 The Intersecting Cortical Model 
 
The Intersecting Cortical Model (ICM), which was especially designed for 
image processing, is a model based on neural network techniques. The 
ICM was derived from several visual cortex models (see [Kinser, 1996; 
Kinser, MICOM]) as e.g. those of Hodgkin-Huxley, FitzHugh-Nagumo, 
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and specially Eckhorn’s model. Below we show how the ICM can be 
derived as a reduced set of equations of the PCNN. 
 
In the ICM, the state oscillators of all the neurons are represented by a 2D 
array F  (the internal neuron states; initially 0=ijF , for ji,∀ ) and the 
threshold oscillators of all the neurons by a 2D array Θ  (initially 0=Θ ij , 
for ji,∀ ). Thus, the ijth neuron has state ijF and threshold ijΘ . 
 
The ICM equations are: 
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where ijS  is the stimulus (the input image, scaled so that the largest pixel 
value is 1.0); ijY  is the firing state of the neuron (Y  is the output image); 
f , g , and h  are scalars (examples of values are 0.9, 0.8, and 20.0 

respectively); { }YWij  describes the inter-neuron communications (this will 
be discussed below); and Nn ,,1 �=  is the iteration number. The scalars 
f  and g  are decay constants and thus less than 1. In order to ensure that 

ijF  eventually becomes ijΘ , we have gf > . The output of the ICM is the 
binary pulse images Y  obtained after a number of neural pulse iterations. 
 
The neurons can be modelled by either three or two coupled oscillators. In 
the PCNN each neuron contains three coupled locally connected 
oscillators, i.e. it is a three oscillator model. The PCNN has five equations 
(equations (14) to (18)) and two convolutions (the neural connection 
matrices W  and M  in equations (14) and (15) respectively). 
 
In the ICM, which is a two-oscillator model, there are three equations and 
one convolution (W  in equation (19)). Since the only time consuming part 
of the equations is the convolutions in the neural connections, the two-
oscillator model is less time consuming than the three-oscillator model. 
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The first oscillator in the two-oscillator model is the neuron state and the 
second is the dynamic threshold. [Kinser, 1996] 
 
Other implementations of the PCNN tested the limits of minimalism. An 
optical implementation certainly produced similar results without actually 
instantiating all five equations [Johnson and Ritter, 1993]. Simulations 
[Kinser, 1999] also indicated that the need for the second correlation was 
not significant. Since this is a costly computation there exists an advantage 
in its elimination. 
 
The set of equations (19) to (21), that constitutes the ICM, can be obtained 
from the PCNN (equations (14) to (18)) by putting [Ekblad and Kinser, 
2004]:  
 

0=ijklM ,  lkjifor ,,,∀           (22) 
 

0=β               (23) 
 

fe tI =∆−α               (24) 
 

1=∆− tLIe α               (25) 
 

ge tI =∆− Θα               (26) 
 

hV =               (27) 
 
Equations (24) and (26) are nothing but different ways of writing the 
constants describing the changes of ijF  and ijΘ  respectively between 
successive iterations. Equation (27) is just a change of notation. Putting 

0=β  (equation (23)) means that the internal activation ijU  is identical to 
the feeding neurons ijF . Putting 0=ijklM  means that we will only have 

ijklW  performing the connections between the neurons, which is one of the 
significant differences between the PCNN and the ICM. Equations (26) 
and (27) make equation (17) identical to equation (20). Furthermore, 
equations (22) and (25) make equation (15) identical to an identity 

)1()( −= tLtL ijij , i.e. the linking neurons do not change. This means that 
there are no (linking) neurons affecting other neurons. We are thus left 
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with three non-trivial equations, i.e. equations (14), (17), and (18), which 
are the ICM equations. 
 
We have thus shown that the ICM is a special case of the PCNN when 
there are no linking neurons. Since in the ICM there is only on time 
consuming calculation, i.e. of the ijklW , the ICM is faster than the PCNN 
and hence the ICM is preferable to use when possible. 
 
Besides being efficient there is one signification advantage of the ICM 
over the PCNN in terms of the inter-neuron communications. The PCNN 
produced communications that were deleterious to image processing 
applications. The ICM creates dynamic connections that establish 
centripetal autowave communications. The difference is significant and is 
expressed in the section 7.1.9, where we will discuss the last term of 
equation (19). 
 
7.1.9 Level-Set Methods, Diffusion, and Autowaves 
 
The technique of level set methods (introduced in [Osher and Sethian, 
1998]) can be applied to motions in images. “Level set methods are 
powerful numerical techniques for tracking the evolution of interfaces 
moving under a variety of complex motions. They are based on computing 
viscosity solutions to the appropriate equations of motions, using 
techniques borrowed from hyperbolic conservation laws.” [Malladi and 
Sethian, 1997] 
 
Level set methods were used in [Sethian, 1996] to construct the curvature 
flow model. The evolution equation (equation of motion) [Malladi and 
Sethian, 1997] for the interface (boundary) between to regions (in an 
image this boundary is a line) is 
 

0=∇+ φνφ
dt
d

             (28) 

 
where the function φ  is the level set function. Equation (28) describes the 
motion of the line in its normal direction with the speed ν . From the level 
set function φ , the normal vector n  is obtained from [Malladi and Sethian, 
1997] 
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φ
φ

∇
∇=n               (29) 

 
and the curvature κ  is given by [Malladi and Sethian, 1997] 
 

φ
φκ

∇
∇⋅∇=              (30) 

 
Level set methods have been used for generating minimal surfaces 
[Chopp, 1993]; singularities and geodesics [Chopp and Sethian, 1993]; for 
the study of flame propagation [Rhee et al., 1995; Zhu and Sethian, 1992]; 
and in etching, deposition, and lithography calculations [Adalsteinsson and 
Sethian, 1995a; Adalsteinsson and Sethian, 1995b]. 
 
Autowaves are expanding non-linear, non-conservative waves (i.e. waves 
which does not conserve energy) that do not reflect or refract. Examples of 
autowaves are the waves of flames and phase transitions, the waves in 
oscillating chemical reactions as the Belousov-Zhabotinsky reactions, the 
propagation of pulses in nerve fibres, and the waves of charges in 
Langmuir-Blodgett films. The propagation of these autowaves is supported 
by the energy within the medium - one could say that the waves “feed on” 
the medium they propagate through. 
 
Centripetal autowaves propagate in the opposite direction of autowaves 
[Kinser and Nguyen, 2000a], i.e. towards the centre of curvature. 
 
In the curvature flow model, it has been shown (see [Grayson, 1987]) that 
with κν −=  all simple closed curves (regardless of their initial form) 
shrinks to a point. The curves first get more and more like a circle after 
which the radius of the “circle” shrinks to zero as centripetal autowaves. 
This behaviour of lines (or edges in images) is exploited in the ICM. 
 
The flow function Φ  is defined as 
 

),(),(),( txItxctx ∇⋅=Φ            (31) 
 
where ),( txc  is the diffusion function and ),( txI  is the image. The 
diffusion function is a monotonically decreasing function of the image 
gradient magnitude, i.e. 
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)),((),( txIftxc ∇=             (32) 
 
The equation 
 

),(),( txtxI
t

Φ⋅∇=
∂
∂

            (33) 

 
describes a diffusion process that encourages intra-region smoothing while 
inhibiting inter-region smoothing, i.e. it smoothes the edges and not the 
areas between edges. This is the mathematics of the anisotropic diffusion 
filter. Inverse diffusion processes can be used for edge enhancement. 
 
The connections between the neurons are performed by the functions M  
and W  in the PCNN algorithm. Usually it is a diffusion function, inversely 
proportional to the distance between local neighbour neurons that performs 
these connections. In the ICM, where 0=M , it is only the W  function left 
to do the neuron connections and a smoothing function is acting as the 
connections between the neurons. The reason for choosing a smoothing 
function is that it is faster than the method used in the PCNN. However, 
the actual choice of smoothing function is not crucial. The smoothing 
function acts as a diffusion term. The PCNN and ICM are similar to 
reaction-diffusion equations - which require a diffusion term. 
 
The parts of the image being repeatedly processed by { }YWij  will have its 
exterior shape (the contour lines) evolve to a circle before finally 
collapsing into a point. Thus, the communication between neurons 
propagates as centripetal autowaves. Figure 8 illustrates autowaves and 
Figure 9 illustrates centripetal autowaves. 
 
In Figure 8, there are three initial shapes (the solid white figures). In 
Eckhorn’s PCNN model, the neural communications would expand 
outward, as illustrated with the successive contour lines of increasing 
“radius” in Figure 8. In the ICM, the shapes are smoothed as in Figure 9, 
where dark contour lines of the original shapes have been added in order to 
enhance the clarity of the illustration. In Figure 9, the increasing brightness 
towards the centre of the shapes illustrates the centripetal autowaves, i.e. 
autowaves moving towards the centre. 
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Figure 8: Propagation of autowaves. Figure 9: Direction of neural 

connection enhancement is 
towards the centre of curvature. 

 
 
7.2 Change Detection using ICM 
 
7.2.1 Introduction 
 
The problem of change detection may seem easy; simply subtract the 
image at 1t  from the image at 2t . This method for detecting changes (see 
Chapter 9 for a test on Landsat imagery) has been used numerous times 
despite of its inherent lack of handling differences between the images not 
due to changes, such as noise, illumination, aspect angles, automated 
camera gain and offset, etc. Motion detection could be discovered and 
analysed by using long exposures, i.e. long enough in order for the object 
to move substantially within the scene during the time of exposure thereby 
rendering the image of the object blurred. The amount of blurriness would 
then tell something about the movement. 
 
The ICM has been used both to detect and to estimate motion. Early work 
indicated that this method was feasible. The PCNN is a general purpose 
processor with the ability to extract edges, segments, and texture from 
images. However, in contrast to the PCNN, the ICM provides a more 
efficient algorithm for image processing. [Kinser, 1996] 
 
The procedure (cf. Figure 10) for change detection using the ICM 
algorithm is described as follows (from [Kinser]): Of the input image the 
ICM creates several pulse images. Two similar images will produce 
similar pulse images. Likewise, images that differ will have pulse images 
that differ in the corresponding parts in the images. 
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Figure 10: Schematic process of change detection using the ICM algorithm. 

 
 
From Figure 10, we see that applying the ICM on two images creates a 
series of pulse images of each of the two input images. Any pair of pulse 
images, i.e. any couple of images after the same number of iterations, can 
be used in the subsequent change detection process. 
 
The principle of Figure 10 is generalised in [Kinser, 1997]. Image fusion is 
obtained from a multi-channel detector where the PCNN algorithm is 
applied to each detector channel. The pulse images of this multi-spectral 
PCNN is the input to a fractional power filter (FPF) performing the actual 
fusion. The FPF is a composite Fourier filter (see [Brasher and Kinser, 
1994]). Furthermore, a multi-feature fusion PCNN algorithm, also linking 
several in parallel running PCNNs, has been utilised on a three-band 
colour image [Inguva et al., 1999]. 
 
The advantages of using ICM that can be found in the literature [Kinser, 
Internet] are: 
 

• The images are segmented so that the changes are readily detectable. 
• The images are accurately co-registered allowing correlations to be 

performed. 
 
From the conclusions of the new tests presented in this thesis, we will be 
able to ad to this list (see Chapter 11). 
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7.2.2 ICM Signatures 
 
The mammalian visual cortex possesses unique visual processing 
capabilities. The system is thought to condense image information (2D 
images) into short 1D signatures. These signatures are extremely efficient 
representations of image information. It has been suggested that the 
integration of neuron pulse activity be used to generate signatures with 
properties similar to the observed mammalian visual cortex signatures. 
 
The signature of an image is a distribution in a space built up by attributes 
and positions. The attribute can be e.g. colour. An image can then be said 
to consist of signels (signature element; cf. pixel for picture element). A 
signel is described by its elements: attribute, position, and area. 
 
In [Kinser and Nguyen, 2000b] it is shown how multiple objects in a scene 
are identified by merely using 1D signatures. Pulse image processing and 
curvature flow are used to create a new system where expanding 
autowaves of individual objects of the input scene do not interfere. 
 
Employing additional attributes of visual cortex systems condenses images 
into signatures. These signatures are vectors representing the content of the 
input image. Signatures have previously been employed for object 
recognition and content comparison. A moving object alters the signature 
in a way useful for motion estimation. Given a set of images in which an 
object is moving, the velocity vector can thus be estimated solely through 
the comparison of signatures. 
 
The ICM produces a periodic time series for two-dimensional images. 
These time series are object specific and can be used as signatures for the 
objects in the scene. The phase structures of the signatures have in them 
some of the geometrical content, or structure, of the images. [Johnson, 
1994, p. 6252] 
 
The ICM signature, also called the time signal, is obtained by firstly 
integrating all the pixel values in the output image; secondly, performing 
this calculation for a series of output images; and lastly these scalars are 
used to construct a vector x~  (of dimension say about 50 elements). This 
vector is the ICM signature. [Zetterlund et al., 2004a] This dimensionality 
of the signature should be small in comparison with the dimensionality of 
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the image, but still contain descriptive information on the content of the 
image. 
 
The ICM transformation is in itself a feature extraction technique which 
reduces the dimension of the image. The ICM signature possesses some 
important properties, namely: firstly, that it is invariant, within a certain 
range of values, to rotation and translation [Ekblad et al., 2004a]; 
secondly, it is also scaling invariant [Zetterlund et al., 2004b]; and thirdly, 
the signature obeys the superposition principle, i.e. for an image combined 
of two images, the corresponding signature of the combined image is the 
sum (the linear combination) of the signatures of the two images 
[Zetterlund et al., 2004b]. These examples should be complemented by 
more tests in lack of a theoretical proof. 
 
The superposition principle is illustrated in Figure 11 and Figure 12. In 
Figure 11, the image to the right is the sum of the two images to the left. In 
Figure 12, the signatures of the three images in Figure 11 are shown 
(circle, square, and both respectively). The signature of the image to the 
right in Figure 11 is shown in Figure 12 to be identical to that of the sum 
of the signatures of the two images to the left in Figure 11. Of course, this 
example is of simple images but there are no reasons to believe why this 
should not be a general property of the ICM signatures. 
 
 

   
Figure 11: Three simple images with two objects used to demonstrate properties of 
signatures. (From [Zetterlund et al., 2004b].) 
 
 
In order to test the ability to find an object in images with various 
backgrounds, a Volkswagen bus and a Volkswagen beetle were each 
merged in a set of 230 images. Four examples of these 230 images are 
shown in Figure 13. Each image was labelled with which type of car it 
contained and then transformed into an ICM signature of dimension 
d = 25. 
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Figure 12: The signatures of the test using the images in Figure 11. The signatures of the 
three cases as well as the sum of the “circle” and “square” are shown. (From [Zetterlund et 
al., 2004b].) 
 
 
Figure 14 shows a set of 230 images containing Volkswagen beetles and 
buses represented by two signature elements 1x  and 2x  registered from one 
viewing angle but with varying backgrounds as in Figure 13. The two 
targets or classes, i.e. the two types of cars, are as groups quite well 
separated. There is, however, an unwanted overlap, i.e. a misclassification, 
of the two classes. This shows that if the target is large enough compared 
to the background the system can quite well distinguish these two targets 
from each other. 
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The visualisation of the data in Figure 14 was done using principal 
component analysis (PCA). The two targets or classes, i.e. the two types of 
cars, are as groups quite well separated. There is, however, an unwanted 
overlap, i.e. a misclassification, of the two classes. The cost matrix was set 
as having zeros as diagonal elements and ones elsewhere, making new 
observations being classified to the most probable class. The prior 
probabilities )( kCP  were set to ½. A K-nearest neighbour (KNN) (for a 
description of the KNN method see [Mower, 2003]) algorithm (see 
[Zetterlund, 2003]) was used to estimate the posterior probabilities 

( )x|P kC . The parameter K  (number of nearest neighbours), in the KNN 
algorithm, was set equal to 3. Cross-validation [Mower, 2003], which is a 
method based on resampling for estimating generalisation errors, produced 
an estimated misclassification probability )(errorP  of 8.26 % 
(corresponding to overlapping of the classes as can be seen in Figure 14). 
This shows that the large variations in the background of the images 
propagate to a relatively small noise in the signature space. 
 
 

  
 

  
Figure 13: Four examples of the set of 230 images used in testing the influence of the 
background on the signature. There are no variations in the two targets but large variations in 
the background. 
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Signatures, which function as fingerprints for images, may be used in 
Automatic Target Recognition (ATR) systems. Since an object looks 
different depending on the viewing angle, the signature will depend on the 
viewing angle. The problem of finding the most optimal viewing angle is 
dealt with in [Zetterlund et al., 2004a]. One way of increasing the 
performance of an ATR system is to find and use an optimal viewing 
angle. 
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Figure 14: The set of 230 images containing Volkswagen beetles and buses represented by 
two signature elements 1x  and 2x  registered from one viewing angle but with varying 
backgrounds. The two targets or classes, i.e. the two types of cars, are as groups quite well 
separated. There is, however, an unwanted overlap, i.e. a misclassification, of the two classes. 

 
 
An ATR system can be represented as in Figure 15. A scene is registered 
with a camera resulting in an image P . The image is then transformed into 
the signature s=x~ (P ), i.e. the ICM maps the image P  onto a vector x~ , 
the signature, by the signature function s . The signature function is a 
vector of d  periodic signature element functions )(ψks . The element 
functions consist of a deterministic and a stochastic component and may 
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be approximately symmetrical in case of a symmetric target. [Zetterlund et 
al., 2003] 
 
Applying a process called feature extractor/selector on the signature x~  
results in a feature pattern x . This transformation ( )Px t=  from P  to x  
has the properties of a function, i.e. t  is a function. The feature pattern x  
is then classified in the correlator/identifier into a class kC . [Zetterlund et 
al., 2004a] 
 
 

Figure 15: ATR system outline. A scene containing the target is captured with a camera onto 
an image P . The image is transformed using the ICM to an image signature x~  of much 
lower dimension than the image. A feature pattern x  is extracted from the ICM signature and 
classified in the correlator/identifier. (From [Zetterlund et al., 2004a].) 
 
 
The parameters in the feature extractor/selector and the 
correlator/identifier in Figure 15 are specified using design data. The 
design data is a set of N  numbers of images nP  of known classes n

kC , 
{ }NnC nn

k
n ...,,1:,, =θx . Once the system is designed, the class 

membership kC  for an unknown image P  may be estimated. [Zetterlund et 
al., 2004b] 
 
The ICM signature has been shown to work well as a feature pattern in a 
simulated automatic target recognition system. Variations in both the 
surroundings and the lighting of the targets propagate to small noise in the 
corresponding ICM signatures. The estimated misclassification probability 
of the simulated ATR system was below 10 %. [Zetterlund et al., 2004b] 
 
The performance of the ATR system may, however, be very dependent on 
the viewing angle. By using an optimal viewing angle, the performance of 
the system can be increased substantially. [Zetterlund et al., 2004a] The 
viewing angle problem is discussed in section 7.2.3. 
 



 

 99 

Although the signature function in [Zetterlund et al., 2004a] is a function 
of a one-dimensional angle, it is not difficult to generalize it to a function 
of a three-dimensional angle. 
 
The signature function need not be only a function of an angle, as e.g. the 
viewing angle θ , but could be a function of other quantities such as light 
intensity, distance/zoom d  to target (i.e. the size of the target), etc. Since 
the ICM signature is invariant to (a limited extent of) scaling, the signature 
function )(ds , as a function of distance d  to the target, may be worth 
studying. 
 
Different filters can be applied on the photos before applying the ICM and 
generating the signatures. In [Edvardsson and Gudmundsson, 2004] 
several combinations of algorithms (ICM in combination with Laplacian 
and median filters) were tested on various objects as cars, lorries, and 
coins. Figure 16 shows some examples of the images used. 
 
 

  

  
 

         
Figure 16: Some of the images of cars and coins used in [Edvardsson and Gudmundsson, 
2004]. 
 
 
It was concluded that the ordinary ICM and ICM-Laplace generates the 
best results for cars. The highest “hit rates” (70 %) were obtained for ICM-
Laplace, i.e. almost 70 % of the target images matched their corresponding 
category. The ICM-Laplace works better when the background is dark or 
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black. For coins generally the ICM-Laplace also worked better in terms of 
category hit rate (CHR). 
 
In Chapter 6, and especially in section 6.1, we have discussed the problem 
of information content in images and how to extract that information. 
Since signatures seem to be invariant to rotation, translation, scaling, and 
to obey the superposition principle, they may not only be useful in ATR 
systems but also for extracting information from images. 
 
Storing data, e.g. images, in large data bases presents a problem when it 
comes to quick retrieval of selected data. In [Lindblad et al., 2004] it is 
suggested to use ICM signatures to define an object in an image. As 
already mentioned in section 3.6.3, it might be possible by assigning 
signatures to objects, like e.g. one signature for a car and one for a tank, 
and then by searching the data base to find images containing cars and 
tanks in the data base. [Lindblad et al., 2004] 
 
7.2.3 Minimum Risk Angle 
 
Before designing an ATR system, data collection (collection of design 
data) is made in order to test various parameters in capturing a projection 
P of the target. Among available parameters are camera position, viewing 
angle, target angle, and lighting. Which one of these parameters the 
designer can control depends, however, on the specific conditions 
pertinent to a certain application. [Zetterlund, 2003] 
 
The design data can, moreover, be used to evaluate how well the target 
classes kC  are separated for different viewing angles θ , or, in other words, 
how well the ATR system recognizes the targets for different viewing 
angles. A reasonable definition of the optimal viewing angle is the viewing 
angle for which the misclassification probability )(errorP  of the ATR 
system is minimized. 
 
However, the goal for the ATR system could be another than assigning the 
pattern x  to the most probable class kC . Therefore it is common, in the 
design of pattern classifiers, to introduce costs kjL  specifying the penalty 
associated with assigning pattern to class jC  when it in fact belongs to kC . 
This makes the system more functional by taking in consideration the 
eventual effects of making wrong decisions. The expected cost, also called 
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the risk, is a good performance measure of the system. Writing the risk R  
as a function ( )θR  of the viewing angle θ , we can define the minimum 
risk angle as 
 

)(minargMR θθ
θ

R=             (34) 

 
By finding and using the minimum risk angle MRθ , we optimize the 
performance of the ATR system.  
 
If the density functions ( )θ,| kCp x  are modelled as single-kernel 
Gaussian distributions and if it is only two classes, 1C  and 2C , the risk 

( )θR  can be calculated trough integration of density functions [Zetterlund, 
2003]. However, for more complex density models or a higher number of 
classes c , this approach is difficult. Instead, alternative methods for 
estimating the risk can be applied, as e.g. cross-validation or Monte-Carlo 
simulation. 
 
Cross-validation means that all ICM signatures nx~  in the design data, 
except for one validation pattern vx~  measured at the given viewing angle 
θ , are used for specifying the parameters in the system. This pattern vx~  is 
then classified by the system into a class jC . Since the true class 

membership v
kC  of the validation pattern is known, the cost vl  of the 

classification is equal to the cost kjL . By repeating this procedure for all N  
patterns in the design set measured at the given viewing angle θ , the 
expected cost ( )θR  can be approximated by the mean cost 
 

( ) �
=

=
N

v
vl

N
R

1

1ˆ θ              (35) 

 
In Monte-Carlo simulations, the probability densities ( )kCp |x  for a given 
viewing angle θ  are estimated using the entire design set measured at the 
viewing angle θ . A computer is used to generate patterns x  from the 
distribution of class kC  with the probability )( kCP . The generated 
patterns are classified in the system and since it is known from which class 
the pattern is generated, the cost of the classification is known. The risk 
can be estimated in the same manner as in equation (35), only that the 
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parameter N  is the number of Monte-Carlo simulations instead of the 
number of available patterns in the design set. 
 
The minimization procedure in equation (34) is determined by conditions 
depending on the application. Sampling conditions are often important. If 
it is cheap to sample the scene, the estimated risk )(ˆ θR  may be computed 
for angles chosen by an optimisation algorithm. On the other hand, if it is 
expensive to sample the scene, it may be more practical to estimate the 
densities ),C|( k θxp  (on which the estimate )(ˆ θR  relies) isolated from 
the optimization of equation (35). 
 
Now, consider the problem of identifying vehicles using a camera placed 
at the side of a road. From which angle should the registrations be made in 
order to maximize the performance of the ATR system? This question will 
be answered for a scene modelled in the simulation program Operation 
Flashpoint™. It includes functionality to simulate changes in daytime and 
weather (such as overcast and fog). 
 
Four vehicle models are used: a motorcycle, a bicycle, a sports car, and a 
small car. Each of them is captured on images 12 times for randomized 
weather and daytime conditions. This is repeated for five viewing angles 
270, 290, 310, 330, and 350 degrees, where 270 degrees is from the right 
side and 0 or 360 degrees is from the front. Totally, this gives 240 images. 
Figure 17 shows four of them. 
 
 

  
 

  
Figure 17: Four vehicles (sports car 2C , small car 3C , motorcycle 1C , and bicycle 4C ) seen 
from four different viewing angles. 
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The images nP  are transformed to ICM signatures nx~ . Principal 
component analysis is applied giving the feature patterns nx . The mean 
values and the standard deviations of element 1x  of each class are shown 
in Figure 18 and Figure 19. By noting that the ranges of the y-axis differ 
between the two plots, it can be concluded that the vehicles with two 
wheels (Figure 18) are well separated from the vehicles with four wheels 
(Figure 19). The densities ( )kCp |x  are estimated separately for each of 
the five viewing angles. They are modelled as multivariate normal 
distributions. 
 
 

 
Figure 18: Plot showing the means and standard deviations of signature element 1x  for five 
different viewing angles of vehicles with two wheels (motorcycle and bicycle). 
 
 
The minimum risk angle will be computed for two cases, case 1 and 
case 2, with two different setups of prior probabilities and 
misclassification costs. In the first case, case 1, the prior probabilities 

)( kCP  are set to 1/4 and the costs in such a way that all misclassifications 
are equally expensive. Sorted principal component regression is used to 
extract class-correlated features from the ICM signatures. 
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Cross-validation is used to estimate the misclassification probabilities (in 
this case equal to the risk) presented in Table 2 (case 1). The result 
indicates that the system works well for all angles. This can be explained 
by viewing Figure 20, which shows how well the classes are separated 
already in two dimensions ( 1x  and 2x ). 
 
 

 
Figure 19: Plot showing the means and standard deviations of signature element 1x  for five 
different viewing angles of vehicles with four wheels (sports car and small car). 
 
 

Table 2: Estimated risks R  given viewing angle θ  

θ  R (case 1) R (case 2) 
270 0.0 % 1.0 � 
290 0.0 % 1.0 � 
310 0.0 % 1.0 � 
330 0.0 % 37.8 � 
350 2.1 % 1.0 � 
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Figure 20: Validation cycle 1 of 48 for the viewing angle 270 degrees. Note that the 
validation pattern marked in the plot belongs to class 2C . 

 
 
Since a probability cannot be less than zero, we can conclude from Table 2 
(case 1) that the viewing angles 270, 290, 310, and 330 degrees are global 
minimizers of the estimated risk. In other words, for these images and with 
the selected prior probabilities and misclassification costs, the 
misclassification is the same for all the tested viewing angles except for 
350 degrees which is slightly higher. These low misclassification costs 
look promising, but further testing have to be made before one can 
determine whether it can be used for an operational ATR system. 
 
The goal of the ATR system may, however, be another than assigning the 
pattern to the most probable class. For example, suppose that we wish to 
find the best viewing angle to detect the motorcycle 1C  among the other 
three vehicles. Suppose that the user would experience a cost of 5000 � if 
the motorcycle passed undetected, but 100 � per manual control. This 
gives the cost matrix 
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Assume furthermore that the prior probabilities are changed so that 

( ) 01.01 =CP , 2.0)2( =CP , ( ) 3.03 =CP , and 49.0)( 4 =CP . In other 
words, the motorcycle 1C  is very rare. Call this problem case 2.  That the 
system in the previous example, case 1, had optimal performance for 
several viewing angles indicates that all 50 ICM iterations (or 
measurements) may not be required. We thus assume now that only the 
three first elements [ ]Tx 321

~,~,~~ xxx=  are measured, decreasing the 
computational load of each decision more than 15 times. The expected 
costs are estimated using cross-validation (see Table 2, case 2). 
 
Without the access to the ATR system, the cheapest solution to the 
problem would be not to make any manual controls, letting the 
motorcycles pass undetected. This would give an expected cost of 50 � per 
passing vehicle. This means, that by using the optimal viewing angle, the 
ATR system decreases the cost of a decision 50 times. If the non-optimal 
viewing angle of 330 degrees is used the effectiveness would be much 
lower. Yet another interesting observation that can be made which is that 
the optimal viewing angle solving this problem (case 2) differs from the 
optimal viewing angle solving the previous problem (case 1). 
 
7.2.4 Angle of maximum distance 
 
To find the minimum risk angle, many measurements of the targets are 
required. Images of each target class must be registered many times for 
each viewing angle in order to estimate of the densities ( )θ,| kCp x  as 
good as possible. In some applications, such approaches are not cost 
effective. Therefore, a simpler method can be used to give indications on 
which viewing angles are most likely to give high classifier performances. 
[Zetterlund et al., 2004a] 
 
If the projection P of the scene S  is constant in time, the scene is static. 
This happens when there is no noise in the scene. Real scenes are non-
static. If the scene is static, the signature function )(ψs  is deterministic 
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and if the scene is non-static, the signature function )(ψs  is stochastic. 
[Zetterlund, 2003] 
 
Let us consider the problem of separating two target classes, 1C  and 2C . 
The stochastic real scene can be modelled by a deterministic scene in a 
computer. Assume that the signature estimates are equal to the 
corresponding deterministic components of the true scene signatures. 
Furthermore, assume that the true stochastic components are normally 
distributed with means equal to zero and standard deviations independent 
of the viewing angle. Then it can be proved (see section 7.3 for a 
discussion of this statement) that the viewing angle giving the maximum 
Euclidian distance between the target signatures (this angle is denoted 

MDθ ) is equal to the minimum risk angle MRθ . In practice this means that 
the angle of maximum distance 
 

( ) ( )[ ]θθθ
θ

2
det

1
detMD ˆ,ˆmaxarg ssd=            (37) 

 
can be used as an estimation of the minimum risk angle MRθ . The error is 
small if the computer model represents the most typical (or expected) 
scene conditions and if the magnitude of the variations in the scene do not 
depend too much on the viewing angle. 
 
Angles that are not sampled can be predicted. Two methods to predict 
deterministic signatures are proposed: the first consists of an exact 
interpolation using linear combinations of radial basis functions (RBF) and 
the second of linear combinations of sinusoids. These methods are chosen 
because they can be adapted to model smooth, periodical, and symmetrical 
functions such as the signature function. 
 
Suppose that a target is rotated and the signature of the scene is sampled at 
different target rotations nψ , giving the pairs ( nψ , nx ) fulfilling 
 

( ) Nns nn ,,1, �== xψ            (38) 
 
Each signature element ( )ψkk sx =  can be written [Zetterlund, 2003] as a 
linear combination of radial basis functions 
 



 

 

 

108 

( ) ( )�
=

−Φ=
N

n

n
knk ws

1
ˆ ψψψ             (39) 

 
where knw  are the weights corresponding to the Gaussian base function 
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where the parameter σ  controls the smoothness of the base functions. 
 
An alternative is to express the functions ( )ψks  as a sum of M  sinusoids 
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1
sinˆ ψψ             (41) 

 
where the amplitudes ksa , frequencies ksb , and phase shifts ksc  are 
optimised in order to minimize the sum of squares error 
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where d  is the dimensionality of the signature x . Minimizing equation 
(42) does not, for a finite number of terms M , imply that equation (38) is 
fulfilled. Another drawback, in comparison with the radial basis approach, 
is the computational cost of the optimisation. By adding the condition 

2
π≡ksc  on the phase shift parameters, all terms are restricted to be 

cosines. Since cosines are symmetric, the sum in equation (41) is a 
symmetric function. In this way signatures for symmetrical targets can be 
accurately modelled. 
 
Having the signature estimates, the Euclidean distance can be calculated 
for any viewing angle θ . An optimisation algorithm can be used for 
solving equation (37) and thereby finding the angle of maximum distance 

MDθ . 
 
The models of the two Volkswagen vehicles, the beetle and the bus, shown 
in Figure 21, were sampled in front of a homogeneous black background 
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each five degrees. In order to evaluate the prediction methods, only a part 
of these data (one sample each 30 degrees) was used to estimate the 
signature functions, whereas all of the 72 data points were used for the 
validation. 
 
 

    
Figure 21: 90-degree views of the 3D digital models of a Volkswagen beetle and a 
Volkswagen bus used for signature calculations. 

 
 
The RBF estimate of the signature element ( )ψ13s  is shown in Figure 22, 
with the smoothing parameter was set to 20, and Figure 23 shows the 
estimate of the same element but modelled as a sum of sinusoids. For the 
three sinusoids used, the frequencies were preset so that the sinusoid 
components had the periods 360, 180, and 90 degrees respectively. The 
highest frequency component is thus less than half of the sampling 
frequency (one sample each 30 degrees) as it should according to the 
sampling theorem. 
 
By comparing Figure 22 and Figure 23, it is obvious that the RBF models 
the signature element better than the sum of sinusoids. The root mean 
square error for the RBF estimate is 0.0276 and for the sum of sinusoid 
estimate it is 0.0559. 
 
The RBF estimates of the two target signatures are used to estimate the 
distance between the signatures as function of viewing angle. Figure 24 
shows the result. The data indicate that there are four local maxima with 
distance value of around 4.6 at approximately the angles 45, 90, 270, and 
315 degrees, where 90 degrees corresponds to the view in Figure 21. Thus 
we conclude that in this test example the best angles are from the side or 
45 degrees of the frontal view. 
 
One may ask the question why these four angles give local maxima. From 
symmetry reasons, one would expect that 45 and 315 degrees would give 
the same result as 90 and 270 degrees would. But why are there no local 
maxima at 135 and 225 degrees around 4.6? There is a local maximum at 
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135 degrees at around the distance value 4.0 and probably also one at 225 
degrees at around the value 3.8. This later maximum is not resolved by the 
5 degree sampling interval. 
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Figure 22: RBF estimate of signature element ( )ψ13s  as a function of the target angle. 
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Figure 23: Sum-of-sinusoids estimate of signature element ( )ψ13s  as a function of the target 
angle. 
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Figure 24: The distances between the VW beetle signature and the VW bus signature as a 
function of the common target angle β  show four major local maxima around approximately 
the angles 45, 90, 270, and 315 degrees, where 90 degrees corresponds to the view in Figure 
21. The estimate is based on RBF interpolations of the beetle signature and the bus signature. 
The interpolation points are at β  = 0, 30, …, 330. 

 
 
Furthermore, why are the local maxima at just these angles (45 and 90) 
corresponding to main axes of the cars and not any angles in between? 
There may be several reasons for that. The types of objects are likely to be 
one of the main reasons. We also see from Figure 24 that it easier to 
distinguish the cars from the front (distance value of around 4.0) than from 
the behind (distance value of around 3.3). Is that a general feature for cars? 
For other types of objects, the figures would surely be completely 
different. 
 
These tests indicate that the radial basis functions are a better choice than 
the sum of sinusoids model for signature predictions. Since this is a single 
test example, the conclusion can not be generalised to other situations. 
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7.2.5 Image Fusion 
 
Storing data, e.g. images, in large data bases presents a problem when it 
comes to quick retrieval of selected data (cf. section 3.6.3). Here the use of 
PCNN/ICM signatures to define an object in an image is suggested. If a 
certain signature could be assigned to tigers, then this signature could be 
used to search the data base, the web, etc, for images containing tigers. 
 
There are several reasons to fuse the inputs of images of the same scene. 
One example is to fuse an infrared image with a visible image to see 
relations between items only seen in one of the inputs. The same detector 
image may also be filtered differently in order to enhance features of 
different but related origin. Generally, one fuses the signals from several 
sensors in order to get a better result. 
 
A common tool for analysing images is a Fourier filter. However, on “real-
world” images, Fourier filters have difficulty in providing the desired 
results. Fortunately, Fourier filters can analyse PCNN pulse images with 
relative ease. The Fractional Power Filter (FPF) [Brasher and Kinser, 
1994] is a composite Fourier filter that also allows the user to manipulate 
the trade-off between generalisation and discrimination that is inherent in 
first order filters. 
 
The autowaves produced by the PCNN are the key to the extraction of 
pertinent information from the image. The fusion process requires analysis 
of each channel of the image and the combination of these analyses. Thus, 
the image fusion process proposed here will allow multiple PCNNs to 
create “intra-channel” autowaves and the novel addition of inter-channel 
autowaves. Hence pertinent image formation is extracted from all channels 
in an interacting way. 
 
The system shown in Figure 25 uses a multi-channel PCNN (�PCNN) and 
FPF to fuse the information in many images to reach a single decision as 
to the presence of a specified target and its location. The �PCNN creates 
inter- and intra-channel linking waves and multi-channel pulse images 
[Kinser, 1997; Kinser et al., 1998].�
 
The FPF is a linear composite filter capable of training on multiple images. 
It is capable of manipulating the trade off between generalization and 
discrimination that is inherent in first-order systems. Recognition of a 
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target can be as simple as searching for large correlation spikes in the 
correlation of the filter with an input. The computation for a filter h  is 
performed by 
 
 

 Detector 1   PCNN 1

 Detector 2   PCNN 2

 Detector N   PCNN N

.

.

.

 FPF Decision

Input Object
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Figure 25: Logic schematic of the multi-channel PCNN. 
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for which δ  is the Kronecker delta function which forces D to be diagonal. 
H is the Fourier transform of the filter h. The user-defined constraint 
vector, c , is composed of the desired values for inner product of h  and the 
training vector. Usually, the values of ci are 1 or 0 depending on whether 
the filter is to recognize or reject ix . The training inputs are ix  which are 
Fourier transformed and then combined as a data cube (tensor) X . 
 
Selecting a training set for the FPF is still not a deterministic science. The 
training set should span the invariances that are desired for the problem. 
For example, if a filter is intended to recognize an object at any (in-plane) 
rotation then training images should be used from the entire ranges of 
rotation. The increments in variances among training images are strongly 
dependent upon the specific problem. If small rotations in the target 
produce large variations in frequency space (this will occur when rotating 
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a very slender object), then more training images are needed. Invariances, 
illumination, rotation, scale, skew, etc., can be learned by the FPF. 
 
7.2.6 Aircraft Detection 
 
We end this chapter by testing the ICM as a means for change detection on 
some examples of aircraft and cars. In [Ekblad et al., 2004a], the ICM 
algorithm was used on a series of 16 images of an aircraft moving with the 
blue sky in the background. Figure 26 shoes the first of these in which the 
aircraft is moving from left to right. The sky looks rather homogeneous to 
the unaided eye. Apart from the aircraft, the only other object in the 
images is the moon. The images are roughly equally spaced in time. The 
last of the 16 images are shown in Figure 27. The algorithm was 
implemented in Python and the values of the scalars f , g , and h  were 
0.9, 0.8, and 20.0 respectively. 
 
 

 
Figure 26: The first of the 16 original images of the series before application of the ICM 
algorithm. Photo: Prof. Thomas Lindblad.  

 
 

 
Figure 27: The last of the 16 original images of the series before application of the ICM 
algorithm. Photo: Prof. Thomas Lindblad. 
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Since the aircraft does not experience any significant intensity changes, its 
pulses for each time image occur in the same iteration. Examples of 
iteration images are shown in Figure 80 - Figure 83 in Appendix C. They 
show iteration numbers 2, 3, 4, and 13. Many of the iteration steps resulted 
in completely black images or images where the aircraft and the moon 
were hardly visible. 
 
Images of iteration number 3 were chosen for the fusion process. As can 
be seen in Figure 81, the images contain a high degree of noise, clutter or 
“speckle”. In order to remove, or at least diminish, the noise, a median 
filter of kernel size 5 was chosen for filtering before the image fusion. 
 
Since the images were photographed without the use of a fixed mounting, 
there is no perfect match of the images. Furthermore, very few points can 
be located in the images for matching. In fact, it is only the moon that 
should be in the same position in each image and that is not enough for 
obtaining a good match. The result of this can be seen in the fused image 
in Figure 28 as a misalignment of the movement of the aircraft, i.e. it does 
not seem to be moving in a straight line. 
 
 

 
Figure 28: The fused image showing the sequence of 16 aircraft moving from right to left. 
(From [Ekblad et al., 2004a].) 
 
 
7.2.7 Car Detection 
 
In [Nyström, 2003] detection of a car moving on a road was performed 
using classical difference techniques resulting in Figure 29, where the two 
white objects in the lower right corner are the car at the two instances 
shown in just one image. By adding the resulting pulse images of the ICM, 
implemented in Matlab, we also obtain an image (Figure 30) showing the 
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car as a pair of white spots at the two times. Both the two methods clearly 
show the cars at the two instances. 
 
 

  

Figure 29: Classical difference image 
obtained using Matlab. (From [Nyström, 
2003].) 

Figure 30: Result obtained from the ICM 
using the 14th iteration of the inverse of the 
original images. 

 
 
One difference between the two images, Figure 29 and Figure 30, is that 
Figure 29 which results from a pure difference technique shows much less 
of the context, i.e. the surroundings in which the car is moving, as 
compared to the image resulting from the ICM algorithm (Figure 30). In 
Figure 30, we more easily can see the car on the road. However, in Figure 
30 we can not be certain that it is one car that has been moving and thus is 
shown as two objects. It may be that it actually is two cars moving very 
close to each other. It may, for instance, be that the time interval between 
the two images is so large that the pair of cars has just been registered in 
one of the original images. In order to correctly interpret the situation, a 
decision algorithm is needed. A multi-channel PCNN (�PCNN) as in 
Figure 25 may be useful. 
 
Also in [Ekblad et al., 2004a], another test of the ICM algorithm was 
performed but this time implemented in Matlab. It was applied on two IR 
images registered from a helicopter over a town area (Figure 31 and Figure 
32) showing to the right in the images two cars moving on a street. 
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Figure 31: A frame from an IR film 
sequence registered from a helicopter. 
Image by courtesy of Dr Morgan Ulvklo at 
the Swedish Defence Research Agency 
(FOI). (From [Ekblad et al., 2004a].) 

 

Figure 32: A frame from the same IR film 
sequence as in Figure 31 but a few seconds 
later. Image by courtesy of Dr Ulvklo at the 
Swedish Defence Research Agency. (From 
[Ekblad et al., 2004a].) 

 
 
First both images were contrasts enhanced using histogram stretching and 
then the 8-bit images were changed to 1-bit images. Images of iteration 14 
of the ICM algorithm were chosen for subsequent analysis because they 
were not completely black. This step of choosing iteration step for 
subsequent analysis has not been automated so it still needs the interaction 
of the photo interpreter. The chosen image was then lowpass filtered and 
made into its negative. Then these two were approximately adjusted 
geometrically in order to subsequently compare them with each other. This 
adjustment included a one-degree rotation of the second image. Note that 
no exact rectification has been performed. 
 
The fact that the ICM works without perfect image-to-image matching is a 
significant advantage over conventional difference methods. An operation 
of subtracting the value 125 was then carried out on the images. Adding 
these two images one obtains an image (Figure 33) in which the two cars 
are shown, to the right in the image, as two pairs of white spots at the two 
times in one and the same image. 
 
 

 

Figure 33: Adding the two images shows the two cars at the 
subsequent times. (From [Ekblad et al., 2004a].) 
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7.2.8 Discussions 
 
The ICM signature has been proved to be worthy of further investigations. 
It has here been used, among other things, for the detection of objects in 
images, or if you want for classification of images containing various 
objects. Many of the classical classification algorithms use pixel-based 
algorithms, i.e. algorithms based on pixel values, using e.g. histograms. 
Such algorithms might not always be the best choice when it comes to the 
detection of man-made objects. When searching for such objects in images 
they can constitute only a small part of the whole image. For man-made 
objects, it seems in many cases more obvious to make use of the structure 
of the object, i.e. to use the geometrical relations between the pixels. 
Structures of man-made objects often have features not found in nature or 
can be easily distinguishable from noise. 
 
As the misalignment of the aircraft in the fused image (Figure 28) shows, 
at least one of two prerequisites has to be fulfilled in order to obtain a good 
result from the fusion process: either the images must be photographed 
from a perfectly fixed camera or each image must contain enough 
identifiable non-moving pixels so one is able to perform a matching of the 
images. 
 
One of the time consuming processes in the dipole method of section 6.3.4 
(and in the preparations of the images in Chapter 9) is the rectification of 
one image to the other. Figure 34 is an example of an image with more 
chance of finding reference points for rectifying a series of images of 
aircraft. The image shows an aircraft flying in the sky against a cloudy 
background and with some apartment buildings in the foreground in the 
lower part of the image. 
 
However, since you ought to have fixed reference points spread out over 
the image, and not just in only a part of the image as in Figure 34, the 
example illustrates the difficulty in finding reference points in imagery of 
flying aircraft. Furthermore, note that clouds can not be used, even if they 
may change slowly in comparison to the movement of aircraft, since 
clouds are to diffuse in order to contain usable reference points. 
 
Thus, for cases of detecting moving objects, as aircraft, against a more ore 
less homogeneous background or a background devoid of reference points, 
as the sky, one should use a fixed mount for the sensor. We have shown, 
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however, that the ICM works even in such circumstances, i.e. with a series 
of images not perfectly matched to each other. 
 
 

 
Figure 34: Image of flying aircraft with static reference objects necessary for image 
sequence rectification. (Photo: Prof. Thomas Lindblad.) 
 
 
The noise, appearing in many of the iterated images, is probably due to the 
fact that the sky is not that homogeneous as the inspection by the unaided 
eye would suggest. The colour and intensity in the pixels varies probably 
somewhat from one image to another. 
 
The test on the cars showed that the ICM algorithm can be useful without 
any precise rectification of the images to each other. Further tests of the 
applicability of the ICM ought to be performed on other images with 
varying complexity, noise, etc. 
 
In these tests of the ICM algorithm, we have used different methods to 
enlightening the changes or the movement of objects in the images. It is 
difficult, if not impossible, to come forth with one and only one method 
suitable for all images and all types of changes. The pulse images of the 
ICM can be used as input to subsequent steps, outside the subject treated 
here, in the motion estimation analysis, i.e. the ICM is one way of 
enhancing changes in images that then can be used subsequently. The 
suitability of the ICM algorithm in image processing and change detection 
should be investigated further. The tests discussed here show, however, 
that the ICM may turn out to be quite useful. 
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As has been shown here, the ICM signatures looks specially promising for 
future practical applications, and future PCNN research could lead to 
applications in a number of different areas. Among such areas, there have 
been mentioned level set analysis, binary (optical) correlators, artificial life 
simulations, maze running, and filter jet analysis [Kinser, 1999]. 
 
If one is to design a large sensor network, like the ones discussed in 
section 3.6, there is a lot to be learnt from biological systems. The problem 
is that while neither of them fits directly into each others environment one 
has to extract the parts that are suitable and fit together to form something 
that is the better of the two worlds. There is a lot to be done in this field, in 
particular the feedback from the triggers to the sensors to pay attention on 
what is really the matter. 
 
7.3 Validation 
 
Following the extensive presentation above, it may be appropriate here to 
discuss in some detail the validation of the tests. The issue of validation 
has already been addressed in sections 7.2.2, 7.2.3, and 7.2.4 for the ICM 
signature model, but here we will discuss the concept as such. There are 
many ways to perform validation and the subject of validating neural 
networks is frequently addressed in the literature (see e.g. [Rasmussen, 
1996; Shi, 2002; Mower, 2003] just to mention a few). Here just a general 
overview and discussion will be given. 
 
The starting point will be the statement in section 7.2.4 that “the viewing 
angle giving the maximum Euclidian distance between the target 
signatures is equal to the minimum risk angle”. This statement is to be 
considered as a quite natural one. When two objects are viewed so that the 
objects in some sense (e.g. the signatures) look the most different (i.e. the 
signatures have maximum distance between them), it is quite obvious that 
the likelihood of misclassification is the lowest. The following discussion 
of the example shown in Figure 35 intends to demonstrate this. 
Assume that the signature is one-dimensional and that the density 
functions ( )θ,| kCp x  have the shapes (triangles) as shown in Figure 35. 
The mean values )(1 θµ  and )(2 θµ  are functions of the viewing angle θ  
but the variances (the width of the triangles) are constant. The 
consequence of this is that the density functions (the triangles) are 
translated along the x-axis as the viewing angle θ  changes, but the shapes 
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of the functions ( )θ,| kCp x  remain the same. In Figure 35 this is 
illustrated by showing a fictitious case for 30=θ  and 60=θ  degrees 
respectively. 
 
 

 
Figure 35: Two density functions ( )θ,| 1Cp x  and ( )θ,| 2Cp x  are shown for the angles 

30=θ  and 60=θ  degrees. The mean values of the two classes 1C  and 2C  are denoted 1µ  
and 2µ  respectively. The distances between the mean values 1µ  and 2µ  are a and b 
respectively. 

 
 
The probability of misclassification )(errorP  is equal to the area of the 
triangle generated by the intersection of the two density functions (the 
filled overlapping triangles in Figure 35). In Figure 35 the distance 
between )(1 θµ  and )(2 θµ  for 30=θ  degrees is a whereas for 60=θ  
degrees it is b. In this example a < b and we see that the area of the triangle 
generated by the intersection of the two density functions is smaller for 

60=θ  degrees than for 30=θ  degrees. Under the assumptions presented 
here, this shows that the angle θ  which gives the maximum distance 
between the mean values )(1 θµ  and )(2 θµ  is the same angle as the one 
giving the minimum probability of misclassification. 
The numerical value of this optimal viewing angle depends heavily on the 
objects being viewed. Distinguishing cars should probably be done from 
some angle in the horizontal plane, whereas aircraft probably should be 
viewed from an angle above the horizontal plane. 
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Intuitively, the ICM signature should be independent of the way the image 
is shown. Whether an image is upside down or not, mirror reflected or not, 
rotated 90 degrees in the image plane or not ought not to matter. The ICM 
signatures ought to be the same in every of these cases. Performing such 
tests of consistence would seem to be an obvious way to validate the ICM 
signature model. However, preliminary tests indicate that the ICM 
signatures are not identical for images subjected to these types of 
symmetry operations. Why this is the case is obviously something very 
important to investigate in forthcoming work. 
 
How significant are the results from the simulations and tests presented 
here? What conclusions can be drawn from them? Can these methods be 
used on other images and under other circumstances? In short, what can be 
said about the validity of the methods when there are indications of non-
expected behaviour of the ICM signature as mentioned above? 
 
It is always important to ensure the validity of one’s simulations and tests, 
e.g. to validate a model used, especially when working with complex 
techniques such as neural networks. The purpose of validation is to 
improve the user’s confidence on e.g. a neural-network model. In 
validating neural network models, clustering techniques can e.g. be used 
[Shi, 2002]. 
 
Usually when validating neural network models, the available data is 
divided into two sets: one is used for training the net and the other is used 
for validation. This is called cross-validation [Mower, 2003]. Part of the 
training data is then often, as a first check, used for validation before the 
actual testing of the net with the second data set takes place. 
 
It is important not to use too much training data since it might result in so-
called over-training or over-fitting, i.e. if the neural network is to heavily 
trained it looses its flexibility in the sense that it will not be able to treat 
data outside of the training set correctly. 
 
A difficult question is when to decide to stop the training. During training, 
the validation error will initially decrease as the model fits the data better 
and better, but there comes a stage when the model begins to over-fit with 
a rising validation error as a consequence. The obvious thing to do would 
be to stop the learning process as soon as this minimum in validation error 
is achieved. [Rasmussen, 1996] 
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Usually there are, however, small fluctuations in the validation error, i.e. it 
is not constantly decreasing. Thus, the problem is to avoid the stopping 
occurring when a local minimum is reached. Of the many stop criteria that 
have been proposed in the literature, none has been seen to perform 
significantly better the other ones. [Rasmussen, 1996] 
 
How large a fraction of the training set should be used for validation? Two 
conflicting interests can be seen: on the one hand, we want a large training 
set in order to obtain good performance of the model, but, on the other 
hand, we want a large validation set in order to obtain a good estimation of 
the model’s performance. No theoretical results, at least for non-linear 
models and finite amounts of data, have been put forward that may assist 
us in the decision. As a rule-of-thumb, maybe two thirds of the training set 
should be used for training and the rest for validation. [Rasmussen, 1996] 
 
With PCNN and ICM, the situation is different. Three different models for 
the density functions can be used: KNN, multivariate normal distribution 
(with a kernel), and one where the probability is estimated using a neural 
net (an MLP) with the input being the signature. 
 
All of these methods perform well. However, we have qualitatively found 
that the performance is not that heavily dependant on which of the models 
being used. The normal distribution is the only one which would not 
function for complicated distributions of data. One could possibly 
implement such a system and test linear combinations of several normal 
distributions (so-called multi-kernel distributions). Such systems can 
model adequately almost every “real” distribution and are described in 
many textbooks. 
 
For the introductory tests presented here, performing complicated 
statistical calculations in order to confirm the validity of the model seems 
to be somewhat overkill and beyond the scope of this work. There are 
numerous difficulties to overcome in order just to ensure that nothing is 
overlooked. Furthermore, the programming is likely to be quite time-
consuming. The outcome in the various cases will probably very much 
depend on the circumstances in each case. 
 
An alternative to statistical validation would be to compare one model 
with other models, i.e. for the same choice of input (the same images) one 
compares the output from the models being tested. 
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Take for example the case of image retrieval. How well will the ICM 
signature method perform in comparison to other methods? A problem in 
doing such comparisons is that, in many models, there are several 
parameters that should be optimised in order to compare the peak 
performances of the models. 
 
The introductory tests presented here are examples of possible uses of the 
ICM signature model. From test performances, estimations and qualified 
guesses may be drawn. 
 
In section 7.2.3, the performance of the five systems (one for each viewing 
angle) was estimated using cross-validation and the result can be seen in 
Table 2 in terms of probability of misclassification. An operational system 
would be concerned with a multitude of vehicle types, i.e. classes, and not 
just the two in the test here. In section 7.2.2, the misclassification 
probability of the simulated ATR system was estimated to be below 10 %. 
A guess is that operational ATR systems could be constructed that have a 
probability of misclassification below that figure. However, depending on 
the application, confirmation of the applicability of the model as an 
operational ATR system has still to be done. 
 
This is an example of an area for further investigations, probably fairly 
complex in general, and definitely beyond the scope of the present 
investigation. There are also many other important properties of the ICM 
signature that have not yet been investigated in full details. 
 
Finally, it is fair to say that man-made objects may be easier to classify 
correctly compared to e.g. animals. This is generally believed to be true 
when using conventional pattern recognition methods making use of lines, 
right angles, sharp edges, etc. It would be interesting to investigate if the 
ICM signature is more suitable for distinguishing between non man-made 
objects than other methods. 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part IV 
 

Satellite Imagery Analyses 
 
 





  

 
 
 
 
 
 

Chapter 8 
 
 

Satellite Imagery Simulation 
 
 
 
 
8.1 Terrain Model with Tanks 
 
Numerous simulations of satellite images have been made using computers 
over the years. Usually, an aerial photograph is used. In order to perform 
the simulation under controlled conditions, we instead used a photograph 
of a terrain model. 
 
One purpose of this simulation is to investigate the possibility of using 
satellites in verification of military and disarmament treaties. Our 
hypothesis was that some military activities could be detected in satellite 
images not having the extreme spatial resolution of military satellites. In 
[Ekblad, 1987] this idea was tested using, as an example of military 
activities, a column of tanks on the move. For that purpose, a number of 
model tanks (19 to be exact) were placed on a road in the terrain model at 
FOA (now FOI) in Linköping. 
 
Apart from the constraint that the mean distance between the model tanks 
was to be equal to the corresponding mean distance (which usually is 25 –
50 m) of real tanks (taking into account the scale) the model tanks were 
distributed at random on the road going from the lower left to the upper 
right in Figure 36. Figure 37 shows an enlargement of a part of the whole 
scene. 
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Figure 36: The original (analogue) image. 

 
 

 
Figure 37: Detail of Figure 36. 
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This formation, called column of route, is used when transporting the 
vehicles, e.g. to the front before engaging in a battle. Roads are used when 
possible since they permit a higher transport speed than moving in the 
terrain. Coming to the battle field, the tanks may line up, in a line 
perpendicular to the transport direction, in front of the enemy. In this 
black-and-white image the contrast between the bright gravelled road and 
the tanks is fairly high making this not the most difficult case to study. If it 
had been an asphalt road, it may have been much more difficult to detect 
the tanks. Furthermore, if the tanks would have been in the terrain among 
the trees in Figure 36 it could have been virtually impossible to detect 
them under these conditions. However, if the tanks had been moving as a 
column in the terrain, they would probably have created a linear structure 
on the ground that would have been quit easy to detect. But all these cases 
were not chosen to be studied here. 
 
The usefulness of satellite imagery is not as a means of battle intelligence 
but more for strategic and tactical intelligence. This means, we wanted to 
investigate the possibilities of discovering tanks before arriving to the 
battle field. The best resolution of non-military satellite images at the time 
were that of SPOT with its 10 m panchromatic (one reason for choosing a 
black-and-white image in the simulation) resolution. We wanted with this 
test to see have much better resolution was needed in order to discover 
these tanks. That there today are commercial satellite images available that 
have the necessary resolution does not invalidate the mathematics and 
physics of the simulation, only that today another image would have been 
chosen. 
 
8.2 Resolution Degradation 
 
The spatial resolution degradation was accomplished by using an 
exponential (Gaussian) low-pass filter, i.e. a filter where the low-
frequency part of the image is “passed” without attenuation on the 
digitised image (see Figure 38). Since the high-frequency components (i.e. 
edges and other sharp transitions of the image) are attenuated by the low-
pass filter, a blurring of the image results. 
 
Since we have a two-dimensional image, we need a two-dimensional filter, 
i.e.  
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Figure 38: Number of filtrations 0=n , the 
half-width 7.0=∆  m (detail). 
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where, for convenience, the normalisation factor is put equal to 1. The 
function ),( yxh  is also called point spread function (PSF). However, since 
there are only commuting quantities in the exponential ( xσ  and yσ  being 
pure numbers), we obtain by introducing 
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that )()()()( xhyhyhxh = . This means that we obtain the same result by 
applying the one-dimensional filters )(xh  and )(yh  (irrespective of order) 
as with the two-dimensional filter ),( yxh . Let us introduce yx σσσ == . 
 
In order to implement the filter, equation (46) is rewritten in discrete form, 
i.e. 
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where L  is the pixel length. In our digitised image 5.0=L  m. We choose 

4=r  (r is the maximum value of k ) giving a filter size of 1 x 9. With two 
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such filters (one in the x-direction and the other in the y-direction) only 
2 x 9 = 18 calculations are required for each pixel, instead of the 
9 x 9 = 81 calculations required for a two-dimensional filter of size 9 x 9. 
Choosing integer filter coefficients )(kh  with their sum equal to 4096 and 
with 875.0=σ  m, the filter in Figure 39 was obtained. 
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Figure 39: Low-pass filter used in the simulation. 
 
 
The effect of multiple filtering is a successive degradation of the 
resolution. In the x-domain the result of applying two filters 1h  and 2h  is 
obtained by taking the convolution of 1h  and 2h , i.e. 

)()()( 21 xhxhxhtot ∗= , where the star (*) denotes the operation of 
convolution. According to the convolution theorem, the corresponding 
relation in the frequency domain is )()()( 21 ννν HHH tot = , where totH , 

1H , and 2H  are the Fourier transforms of toth , 1h , and 2h  respectively. 
Using the following definition of the Fourier transform 
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we obtain )2exp()( 222 νσπν −=H  for the Fourier transform of equation 
(45) (with σσ =x ). The Fourier transform of the point-spread function 
(PSF) is called the modulation transfer function (MTF). Thus, )(νH  is the 
MTF corresponding to )(xh . 
 
We see now the advantage of using an exponential filter. Making n  
filtering operations with one and the same filter )(νiH  (i.e. we use the 
same iσ  in each process), we obtain 
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and introducing 22 σσ ntot =  we obtain 
 

{ }2222exp)( νσπν tottotH −=            (51) 
 
From 22 σσ ntot = , we see that σ  and the number of filter operations n  
give directly a measure of the spatial resolution totσ  of the filtered image. 
 
The PSF of a sensor can be approximated with a unit pulse [Markham, 
1985], i.e. (see Figure 40:a) 
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with aL 2= , the pixel length. The corresponding MTF (see Figure 40:b) is 
obtained by taking the Fourier transform of equation (52). Thus, 
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Figure 40:   a) The PSF of equation (52).   b) The MTF of equation (53), which is the Fourier 
transform of equation (52). 
 
 
Equation (53) is approximated with an exponential curve by letting 
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with aN 4
1=ν , the Nyqvist frequency (half the sampling frequency). 

Solving for σ  gives 
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2
2 π

π
σ a=              (55) 

 
Unfortunately, this leads to a substantial overlap of the individual 
repetitions of the MTF (see Figure 41:a) due to the non-oversampling used 
in the digitisation process. 
 
According to the sampling theorem (the Shannon5, the Whittaker6-
Shannon, the Nyquist7-Shannon, the Whittaker-Shannon-Kotel'nikov8, or 
the Whittaker-Kotel'nikov-Shannon (WKS) sampling theorem), the 
sampling frequency (the Nyquist frequency) should be at least twice the 
inverse of the pixel length [Gonzalez and Wintz, 1977]. In that case, there 
will be no overlap. 
 
One method of reducing the overlap of the exponential functions 

)2exp( 222 νσπ−  is to increase σ . Increasing σ  by a factor 2 amounts to 
the same thing as increasing the sampling frequency by the same factor. 
Thus, instead of equation (55), we have 
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2 π

π
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(cf. Figure 41:b). Knowing σ , equation (56) gives reversibly the sampling 
interval. We see that the overlap in Figure 41:b is less than in Figure 41:a. 
 
We now arrive at the question of choosing a definition for the spatial 
resolution. Of the many possibilities available, we chose the half-width ∆  
of the PSF as is shown in Figure 42. Equation (46) (with totx σσ = ) can be 
expressed as 
 
                                                
5 In [1948], Shannon introduced the sampling theorem to communications theory. [Haykin, 
1988, p. 141] 
6 Mathematically, the sampling theorem was first proved by E.T. Whittaker in 1915. [Ibid.] 
7 In 1928, the sampling theorem was used for communications purposes by Nyquist. [Ibid.] 
8 Vladimir Aleksandrovich Kotel'nikov’s paper on communications is from 1933. [Qian, 
2003] 
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Figure 41:    a) The original MTF spacings.    b) The MTF spacings after having increased σ  
by a factor 2. 
 
 

 
Figure 42: The half-width ∆  of a PSF. 
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where )0(h  is the normalisation constant. Solving for x , we obtain 
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By choosing 2
)0()( hxh =  and multiplying by 2, we obtain the half-width 

∆  (see Figure 42), i.e. 2ln22 totσ=∆ . Equation (56) (with totσσ = ) 
gives the sampling interval a : 
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Finally, 
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2ln22 nσ=∆              (60) 
 
and 
 

2
ln24 π

πσ n
a =              (61) 

 
Equation (61) gives the sampling interval corresponding to an image 
filtered n  times using a Gaussian filter. 
 
8.3 Control of Filter Process 
 
With )()(2 xxh δ= , the Dirac delta function (also known as the impulse), 
we obtain )()( 1 xhxhtot = . Thus, filtering a point source with a PSF gives 
back the same PSF. 
 
Testing this, a single white pixel on a black background was filtered once 
(once in the x direction and once in the y direction) with the filter used in 
our simulation here. The pixel values on a line through the centre pixel of 
the blurred point were read off and represented diagrammatically as the 
solid line in Figure 43. The theoretical PSF is marked by the dotted line in 
Figure 43. We see from Figure 43 that the curves match quite nicely. 
 
8.4 Simulation Results 
 
8.4.1 Resolution Demands for Detection of Tanks 
 
In Figure 44 – Figure 47 are shown details of the simulated satellite 
images and in Table 3 the different filtrations are represented together with 
the detection and identification capabilities. 
 
In the original digital image ( 7.0=∆  m, Figure 38), it is possible to 
identify the objects on the road as tanks, although it is not possible to 
determine the specific type of tank. 
 
In Figure 44 – Figure 46, we can see the tanks, but hardly in Figure 47. 
The detection limit is thus concluded to approximately 8=∆  m. This 
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happens to coincide with the length of a tank. Expressing this in terms of 
pixel size, one concludes that pixel size must be approximately about 2/3 
of the tank length. 
 
 

 
Figure 43: A filtered point source, where the solid line is the experimental curve 
and the dotted line the theoretical PSF curve. 

 
 
Table 3: Detection and identification of tanks on a road in simulated satellite images 
of different spatial resolutions 
 

   n    ∆   ∆   ∆   ∆ 
  [m] 

   a 
  [m] 

   L 
  [m] 

Detec-
tion 

Identification 
of object type 

Figures 

   0    0.7    -   0.5 yes yes Figure 38 
   3    3.5    1.25   2.5 yes no Figure 44 
   6    5    1.75   3.5 yes no Figure 45 
 12    7    2.5   5 yes no Figure 46 
 17    8.5    3   6 no no Figure 47 

 

Notation: n = number of filtrations; ∆  = half-width; a = sampling interval; L = ground pixel 
size. 
 
 
This detection limit is valid only under the ideal conditions (mainly due to 
the use of a terrain model) in which this simulation was carried out, 
namely: 
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Figure 44: Number of filtrations 3=n , 
the half-width 5.3=∆  m (detail). 

Figure 45: Number of filtrations 6=n , the 
half-width 5=∆  m (detail). 

 
 

  

Figure 46: Number of filtrations 12=n , 
the half-width 7=∆  m) (detail). 

Figure 47: Number of filtrations 17=n , the 
half-width 5.8=∆  m (detail). 

 
 

a) objects on a road 
b) vertical viewing angle 
c) sharp contrast between the objects and the road (due to the 

reflectivity properties of the objects and the road respectively, and 
the non-use of camouflage) 

d) no atmospheric effects 
e) no image deteriorations due to defects of the sensor 
f) no data loss during transfer from satellite to Earth 

 
A tank, on e.g. a field, would with 5.3=∆  m be difficult to discern from 
the surroundings. The road surface properties are of great importance for 
the contrast. 
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The spatial resolution required for detection of “vehicles” is in the 
literature (see e.g. [Stevenson, 1977; Jasani, 1982; Adam, 1986]) usually 
stated to be 1.5 m, and often without further mention of what is meant by 
the notions: resolution, detection, and vehicles. A previous simulation of 
satellite images [Orhaug and Forssell, 1981] at FOA came to the 
conclusion that approximately a resolution of 9 m is sufficient for the 
detection of cars.9 That simulation used an aerial photograph and, 
consequently, not the same ideal conditions prevailed in that simulation. 
 
The difference between the value in the literature and the ones found in the 
FOA simulations could in part be explained with the, more or less, ideal 
conditions under which the FOA simulations were carried out. 
 
8.4.2 Resolution Relationships 
 
In digital satellite imagery, the definition of resolution which is commonly 
used is simply the pixel size. From Table 3, taking the quotient of the half-
width of the PSF ∆  and the pixel size L , we find that the resolution in 
terms of the half-width of the PSF ∆  is 1.4 times the pixel size L . For a 
thorough analysis of the concept of resolution, various definitions of it, 
and relationships between them, see [Nyberg and Orhaug, 1991]. 
 
 

                                                
9 In the 10 m resolution imagery of SPOT satellites cars may sometimes, under specific 
conditions, be at the limit of discernability. 



  

 
 
 
 
 
 

Chapter 9 
 
 

Detection of Underground 
Nuclear Explosions 
 
 
 
 
9.1 Landsat Imagery of Nuclear Explosion Site 
 
The use of satellite imagery could complement the other monitoring 
techniques (see section 4.3.2) that are in use for the verification of 
compliance with the 1996 Comprehensive Nuclear-Test Ban Treaty 
(CTBT)10. In [Ekblad and Olsson, 1990] the difference technique’s 
applicability for verifying a ban on nuclear explosions was put to a test. 
 
Two Landsat images, with a geometric resolution of 30 m, were available 
to us. They were not acquired in the same season so it was uncertain how 
useful the difference technique would be. Other questions or uncertainties 
were: Could the difference around a borehole be distinguished from the 
noise and other variations? Would an under-ground nuclear explosion (or 
the preparations of it) make enough marks on the ground that would be 
detectable? 
 
 
 
 
 

                                                
10 If and when it is entered in force. 
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9.2 Pixel Subtraction Method 
 
9.2.1 Introduction 
 
The intensity level in a grey level picture (e.g. a panchromatic picture), 
with a bit-size of eight bits, is varying between the values 0 and 255, 
where 0 is completely black and 255 is completely white. This type of 
picture has only one intensity plane. 
 
A colour picture (i.e. a multi-spectral picture) normally consists of three 
intensity planes, where each plane has its own colour: red, green, or blue. 
Each plane has values that are varying between 0 and 255, where 0 is 
completely black (i.e. no colour) and 255 is the highest colour intensity 
(i.e. the plane is either fully red, fully green, or fully blue). The colour 
images here are produced by showing the images through three such 
colour planes. 
 
9.2.2 Difference Filter 
 
The difference filter is a filter that from two input images gives one output 
image comprising the light intensity difference between corresponding 
pixels. Taking the grey-level value 128 as the starting value in the output 
image, i.e. no difference in light intensity between the pixels, we obtain 
 

2
),(),(

128),( 21 yxfyxf
yxg

−
−=            (62) 

 
where g  is the grey value at the point ),( yx  in the output image, and 1f  
and 2f  are the grey values at ),( yx  in the two input images respectively. 
Using equation (62), the areas in the output image that have become darker 
are given a lower value than 128 and those that have become brighter are 
given a higher value than 128. 
 
In order to minimise the noise in the output image, a threshold value has 
been introduced in the filter. For a difference to be registered, the absolute 
value of the difference between the pixels must be larger than the 
threshold value, i.e. 
 

k>y)(x,f-y)(x,f 21             (63) 
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where k  is the threshold value. In this particular case, the threshold value 
used was 10=k . 
 
9.2.3 The Subtraction 
 
The pre-processing constituted in linear contrast modification of the 
images and rectification. Rectification was necessary since the two 
original Landsat images (Figure 48 and Figure 49) (for a description of the 
scene see section 9.2.4) used in this application were not precision 
corrected. The consequence of this is that the two images do not fit 
directly on each other so one of the two images had to be rectified to the 
other. The mismatch of the two images is shown in Figure 51. There is 
seen that the mismatch is increasing from a point in the lower centre where 
the matching was locally chosen to be the starting point of the comparison. 
The mismatched features are visible in two colours, red and green, in 
Figure 51. 
 
 

 
Figure 48: Landsat TM, band 4, nuclear 
test site at Astrakhan, USSR. Acquisition 
date: 1 July 1984. Reproduced by 
permission of Earth Observation Satellite 
Company, Lanham, Maryland, U.S.A. 

 

 
Figure 49: Landsat TM, band 4, nuclear 
test site at Astrakhan, USSR. Acquisition 
date: 7 April 1985. Reproduced by 
permission of Earth Observation Satellite 
Company, Lanham, Maryland, U.S.A. 
 

 



 

 

 

142 

The rectification was done by choosing a number of well-defined points 
that were marked in the reference image (i.e. the image chosen to be left 
unrectified) and in the image to be rectified. From the relative positions of 
these points, a rectification can be carried out. An affine nearest neighbour 
transformation was used for the rectification. The result is shown in Figure 
50, which is the rectified image of Figure 49. The resulting fit can be seen 
in Figure 52, which is the superposition of Figure 48 and Figure 50. 
 
 

  

Figure 50: Same as Figure 49, but 
rectified to match Figure 48. 
 
 

Figure 51: Superposition of Figure 49 
and Figure 50 in the red and green 
planes respectively. 

 
The obtained difference image contains grey level values from 0 to 255. 
The difference is with respect to 128; lower values means that scene 2 is 
darker than scene 1, and higher values means that scene 2 is brighter than 
scene 1. This grey level scale can also be represented by means of a colour 
coding which makes the interpretation of the result easier. In this particular 
application, dark differences were given a fixed green value and bright 
differences a fixed red value. In Figure 53, we thus easily see what has 
become darker and what has become brighter (see below for a discussion 
on the interpretation of these changes in the scene). 
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Figure 52: Superposition of Figure 48 and 
Figure 50 in the red and green planes 
respectively. 

 
 
A further step in facilitating the interpretation of the resulting difference 
image is to let the difference image be integrated either into scene 1 
(Figure 48) or into the rectified scene 2 (Figure 50). In Figure 54, we 
choose to integrate the difference image into the rectified scene 2 (Figure 
50). 
 
9.2.4 The Astrakhan Nuclear Explosion Site 
 
The area chosen for the test of the possibilities of discovering nuclear 
explosion test activities was an area near the town of Astrakhan in the 
USSR (now in Russia). This town is situated north of the Caspian Sea at 
the delta of the Volga River. The nuclear explosion area is located in the 
middle and upper parts of the scene. The area is used for peaceful nuclear 
explosions (PNEs). 
 
Two Landsat TM images were used, taken 1 July 1984 (Figure 48) and 
7 April 1985 (Figure 49) respectively. Since we were not interested in any 
spectral information but only in testing the difference technique, just one 
of the seven TM spectral bands was used. The band chosen was band 4, 
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which contains the reflected sunlight in the wavelength interval 0.76 to 
0.9 µm. The geometric resolution is 30 m. 
 
 

 
Figure 53: False colour coded difference 
image. Red areas are areas that have 
become brighter and green areas are areas 
that have become darker. 

 

 
Figure 54: Difference image integrated 
into Figure 50. 
 
 

 
In the lower left corner a branch of the Volga River can be seen. The 
straight line with a bend in the middle, across the lower part of the scene is 
a railway track. Also in the lower part of the scene, there are other man-
made constructions, as e.g. cultivation areas (one of which is the large 
circular disk) and roads. 
 
9.2.5 Resulting Images 
 
The later scene, i.e. scene 2 (Figure 49), was chosen to be rectified against 
the first scene, i.e. scene 1 (Figure 48). As can be seen by comparing 
Figure 49 and Figure 50, it is difficult for the human eye to see the effects 
of the rectification. However, if the non-rectified and the rectified images 
are superimposed on each other, as in Figure 51 where the two scenes are 
represented in two different colours (red and green), the difference is 
clearly seen. 
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If now the original scene 1 (Figure 48) and the rectified scene 2 (Figure 
50) are superimposed, an image (Figure 52) results where the variations 
from one scene to the other can be seen as colour variations. Green and red 
areas are the areas where the changes are most pronounced. 
 
Taking the difference between the two images and false colouring the 
difference image, one sees in Figure 53 the areas that have changed (more 
than the threshold value). Green means that the area has become darker 
and red that the area has become brighter. 
 
In order to more easily locate and interpret the interesting areas that have 
changed, the difference can be integrated into the original scene 1 (Figure 
48) or into the rectified scene (Figure 50). This is shown in Figure 54 
(where the difference image has been integrated into Figure 50). 
 
9.2.6 Analysis of the Difference Image 
 
Since water has a much lower reflectance than soil (water looks darker 
than soil), one sees that the water level of the river (in the lower left corner 
of the scene) is higher in scene 2 (Figure 49) than in scene 1 (Figure 48). 
This comes from the fact that scene 2 is registered in spring (7 April) 
whereas scene 1 is registered in summer (1 July) and the water levels of 
rivers are often higher in spring than in summer due to the melting of snow 
(where this is applicative). There have also been some vegetational 
changes in the cultivated areas in the lower part of the scene; these can be 
attributed to the seasonal differences of the images. Some noise, i.e. false 
differences (differences that do not reflect any substantial changes), can be 
seen in most parts of the scene. 
 
In the middle of the scene, a very distinctive feature in red is seen. This 
feature can be explained as ground wear arising from preparations for a 
nuclear explosion test, where the explosion site, with the bore hole, is at 
the upper left end of the red line. The lower right end of this red line could 
be the control station site for the nuclear explosion test. The interpretation 
of the upper left end as the nuclear test site, and not the lower right side, is 
in part based on the fact that this site is close to other similar structures 
also interpreted as nuclear test sites and that it is located farther away from 
the cultivation areas than the lower right one, and in part on the fact that it 
has a more irregular shape than the lower right one. Also, the feature at the 
lower right end of the line exist already in the first scene suggesting that it 
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is part of the infrastructure needed to carry out the nuclear explosion 
and/or the preparations for it. Transportation between the control station 
and the explosion site has probably caused the ground wear giving rise to 
the new line feature in scene 2 (Figure 49); one does at least expect new 
roads or similar features to arise because the same bore hole is not used 
twice. 
 
9.3 Use of the ICM 
 
The ICM algorithm was implemented in Matlab and we used the same 
geometrically matched images (Figure 48 and Figure 50) as in the 
difference technique approach above. Before applying the ICM algorithm, 
the images were transformed from 8-bit images to 1-bit images. After 
ocular inspection of the pulse images, those from 14 iterations were 
chosen. Lowpass filtering was then performed before taking the difference 
between them. Finally, this difference image (Figure 55) was transformed 
from an 8-bit image to 1-bit image before once again using the ICM. The 
resulting image is the pulse image after 14 iterations shown in Figure 56. 
 
 

  

Figure 55: Scene 2 minus scene 1 of their 
corresponding pulse images. 

Figure 56: The 14th iteration of the ICM of 
Figure 55. 
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The ICM algorithm was first used before pixel difference was performed. 
Afterwards, it was also used in order to reduce “noise”. The ICM can then 
be said to have been used instead of applying a threshold value. A feature 
of the curvature flow model used in the ICM is that simple closed curves 
(regardless of their initial form) tend to shrink to a point [Grayson, 1987]. 
This leads to the reduction of small structures (noise). We see from Figure 
55 and Figure 56 that the ICM highlights large distinctive features that can 
be seen in one image but not in the other of the original images. Both 
Figure 55 and Figure 56 show the long line inclined at 45 degrees across 
the scene. However, Figure 56 shows it more distinctly since some “noise” 
has been removed by applying the ICM a second time. 
 
9.4 Method Comparisons 
 
We have demonstrated the usefulness of satellite imagery in exploring 
nuclear explosion sites. We have shown that detection of preparations of 
underground nuclear explosions may be facilitated by the use of imagery 
processing techniques. The techniques tested were pure pixel subtraction 
and the Intersecting Cortical Model. 
 
What method to choose is dependent on many aspects: the first methods 
involves fewer steps; the first method can also be colour coded in order to 
see in which direction the pixel values change; however, in the second 
method, we do not have to choose a threshold value, which involves a lot 
of trial and error or careful analysis of the image and the situation before a 
suitable value can be found. It is also not certain that one global threshold 
value will suffice for the detection of all changes one is interested in but 
you may be forced to use several threshold values in order to obtain the 
desired information. Furthermore, the second method has the advantage of 
not needing a precise image-to-image matching which saves a lot a work 
for analyst and speeds up the computer processing part. We have also 
shown that the ICM can be used reduce noise, or unwanted and 
unimportant differences. 
 
It seems as if it would be impossible to come forth with a method that does 
not need human intervention in the change-detection process. Furthermore, 
it seems as if it is difficult to detect smaller changes, whether it is changes 
of small areas of the images or small changes in pixel values. In either of 
these cases, the methods used here are likely to fail if not very careful 
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human analysis of the images is performed and one “knows” what to look 
for. 
 
9.5 Conclusions 
 
The simple technique of taking the difference between two satellite images 
has been shown to be useful in detecting preparations for nuclear 
explosions tests and this in spite of seasonal differences in the images. The 
conditions for this test were: 
 

• two satellite images registered at two different seasons 
• satellite images with a geometric resolution of 30 m 
• one spectral band 

 
Using images registered during the same season and weather conditions 
would bring down the noise level. Satellite images with better geometric 
resolution could be used for detecting changes in smaller areas, i.e. smaller 
geometric changes. The use of more spectral bands could give a better 
interpretation of the difference image. 
 
It would thus seem as if satellite images could play a part, as a 
complement to seismological methods, in verifying a ban on nuclear 
explosions as the CTBT (Comprehensive Test Ban Treaty). One must, 
however, make the restriction that this test was only made at one test site 
area. Other test site areas can have different geological properties 
rendering this technique less useful. Thus, the conclusions made from this 
test site can not be generalised to other test sites. 
 
 



  

 
 
 
 
 
 

Chapter 10 
 
 

Pre-explosion Detection of 
Underground Nuclear 
Detonations 
 
 
 
 
10.1 SPOT Imagery of Nuclear Explosion Test 
Site 
 
The 1996 Comprehensive Nuclear-Test Ban Treaty (CTBT) prohibits 
(although, as of 2004, not yet in force) all nuclear explosions in all 
environments. There are a number of monitoring techniques (see section 
4.3.2) used for the verification of compliance with the treaty. However, if 
preparations for nuclear explosions are being made, it would be 
advantageous to be able to detect these preparations before the explosion 
takes place. 
 
If preparations for nuclear explosions could be detected, a number of 
alternatives arise. Firstly, one could just sit and wait for the explosion and 
using the monitoring techniques just for establishing the time of 
detonation. A more active way would be to point out for the party to the 
CTBT that its preparation has been detected. If the preparations are carried 
out by someone not a party to the CTBT, diplomatic, or other, means 
could be undertaken in order to prevent the plans to detonate being carried 
out. 
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In 1987, FOA detected airborne radioactive radiation from a nuclear 
explosion. It was suspected from meteorological observations (wind 
directions etc.) to emanate from an explosion conducted in August 1987 at 
the Novaya Zemlya test site. Such leakage to the surface is likely to occur 
from large nuclear explosions by way of joints and faults on the scale of 
meters and larger that exist in hard rock [Sykes, 1997]. However, if the 
leakage is detectable outside of the national boundaries of the country 
performing the explosion, it is a violation to the PTBT. 
 
In order to verify this suspicion, a SPOT image (panchromatic, 10 m 
resolution, level 1 B) registered the 25 April 1987 of the area (part of the 
scene is shown in Figure 57 and in Figure 58 the central part of the nuclear 
test area is shown) was purchased. For a discussion on the scene seen in 
Figure 57 see section 10.2. Could an image registered before the explosion 
and during the winter (as it turned out, since the whole scene is covered 
with snow and ice) be of any help? The following will show that this 
indeed was the case. 
 
 

 
Figure 57: Part of the SPOT image of Novaya Zemlya strait registered 25 April 1987 (10 m 
resolution). Spot��CNES 1987 � Metria 2002 
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Figure 58: The central part of the nuclear test area. Detail of Figure 57. Spot��CNES 1987 
� Metria 2002 
 
 
10.2 Information Extraction 
 
Knowledge that is helpful for image interpretation include: 
 

1. Time of registration 
2. General location of registration site 
3. Precise location of registration site 
4. Detailed cartographic information about the image 
5. What is expected to be found in the image 

 
Point 1 and 2 are furnished with the image from the satellite image 
distributor. They give information about where on the Earth and when the 
image is registered. In our case, they tell us that it is in the northern 
hemisphere above 70 degrees latitude and that the time of year is winter at 
that latitude. We would then expect snow on the ground and ice on sea and 
lakes. 
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Point 3 gives the location of the image on a map. From the map, detailed 
geographical information about the image (Point 4) can then be drawn. In 
this case, we discover that the smooth white area is the ice-covered strait 
between the two islands that constitute Novaya Zemlya (Figure 57). The 
black line in the middle of the strait is then rapidly concluded to be a 
channel through the ice. At the end of the channel we discover a small 
town (Figure 58 and Figure 59). 
 
Without knowing what to expect to find in the image, it would be 
practically impossible to know that the image is of a nuclear explosion test 
site (Point 5). However, knowing this, and taking into account the 
information drawn above, we set out to investigate the area around the 
town. 
 
Lines emanating from the town are interpreted as roads. Nuclear 
explosions must take place at some distance from the town, so following 
the roads to their endpoints, we find one dark spot at the end of one of the 
roads. As a result of the preparations for a nuclear explosion, the snow is 
most likely to be removed. The discovered dark spot (in the lower part at 
the end of the linear structures in Figure 58 and Figure 60) is thus 
interpreted as the place where preparation for a coming nuclear explosion 
is being conducted. 
 
 

 
 

Figure 59: Novaya Zemlya nuclear explosion 
management centre. Detail of Figure 57. 
Spot��CNES 1987 � Metria 2002 

Figure 60: The place where preparation for a 
coming nuclear test explosion is conducted. 
Part of the Novaya Zemlya nuclear explosion 
test site. Detail of Figure 57. Spot��CNES 
1987 � Metria 2002 
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10.3 Ground Truth from Satellite Imagery 
 
In 1998, the multiple nuclear tests of the two neighbouring countries India 
and Pakistan came as a surprise to the world [Collina, 1998]. Apparently, 
the preparations had been made unnoticed by the world community, even 
though some of the preparations had actually been discovered in satellite 
imagery two years earlier [Gupta and Pabian, 1996]. 
 
The series of events was as follows [FAS]: 
 

11 May 1998: India conducts three nuclear explosions. 
13 May 1998: India conducts two nuclear explosions. 
28 May 1998: Pakistan conducts five nuclear explosions. 
30 May 1998: Pakistan conducts one nuclear explosion. 

 
Previously, on May 18, 1974, India had conducted its first nuclear test. 
The locations of the site were not disclosed. However, in 1996, the 
subsidence crater11 was discovered on commercial satellite photographs 
[Gupta and Pabian, 1996]. The location is approximately 25 km from the 
town of Pokharan, in Rajastan not far from Pakistan, and the area was 
hence named the Pokharan test site. [Wallace, 1998] The Pakistani nuclear 
test site is in Chaghai Hills. [Ramana and Nayyar, 2001, p. 62, 66] 
 
The detonations of May 11, 1998, are presumed to have taken place at the 
Pokharan test site and they were detected and located by the Prototype 
International Data Centre (PIDC) and the U.S. Geological Survey. 
[Wallace, 1998] 
 
10.4 Discussion 
 
It is claimed that U.S. spy satellite images give information about 
preparation activities for conducting small underground nuclear tests on 
the Novaya Zemlya test site [Kidder et al., 1999]. We have here shown 
that even satellite images with a resolution as low as 10 m can give this 
information. The truth of the statement “Since few people live there and 
mining is rare, attempts to create a large cavity in any rock type should be 

                                                
11 A subsidence crater results when the material above the detonation cavity collapses and 
may be formed from explosions performed at great depths. [Wallace, 1998] 
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readily observable with satellite imagery” [Sykes, 1997] is clearly 
demonstrated with this analysis. 
 
The location of the nuclear explosion of 1987 as found in the image was 
confirmed by Russian scientists to be correct [De Geer]. This test is thus 
an example of a verification by the use of satellite imagery of the treaty 
banning radioactive leakage from underground nuclear explosions to other 
countries. 
 
If this preparation had been discovered before the detonation and if it had 
taken place after a ratification of the CTBT, then the CTBTO could have 
pointed out for the party to the treaty that a preparation for a violation of 
the CTBT had been discovered and thereby perhaps prevented the 
violation of the CTBT. “The ability of national intelligence means to 
detect preparations for nuclear tests can be used to dissuade nations from 
carrying out their plans” [Collina, 1998]. 
 
The analyses process here shows how additional information to the image 
is essential for obtaining the information sought and that it is the 
combination of information from many sources that makes it possible to 
draw conclusions about an image. 
 
As we have seen, the question of detecting nuclear explosions is very 
much alive in the beginning of the 21st century. Satellite imagery has the 
possibility to provide ground truth that will help to calibrate measurements 
and to calculate locations and yields as a complement to seismic methods. 
In addition to its ability to verify compliance with the CTBT, it can also 
perform pre-explosion detection. 
 
Furthermore, satellite images may be a fast way of discarding false alarms. 
Satellite imagery has the ability to present more direct evidence than other 
sources. Proper usage of satellite imagery can prevent policy makers and 
other officials from jumping into wrong conclusions. 
 
Two more examples of how satellite imagery may be helpful in analysing 
nuclear facilities may be given. From the size of the cooling towers visible 
in commercial satellite imagery of nuclear reactor plants, the power 
generated in the plant can be estimated [Ramana and Nayyar, 2001, p. 64]. 
This is one parameter in estimating the amount of fissile material produced 
in the plant, material that could be used in nuclear weapons production. In 
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the production of plutonium in nuclear power plants, the outlet of cooling 
water is decreased every second month when the produced plutonium is 
taken out [Jasani, 2004]. Surveillance by satellite imagery of nuclear 
power plants would make it possible to detect this periodic behaviour of 
the cooling water, which is usually let out in some natural water system 
easily observed from space. 
 
The regular and systematic use of image processing techniques, whether 
they be based on some difference technique or on some neural network 
technique, may give large benefits to organisations like the CTBTO. 
 
 





  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part V 
 

Summary 
 
 
 





  

 
 
 
 
 
 

Chapter 11 
 
 

Conclusions 
 
 
 
 
Sweden is presently studying a new concept of networked defence system, 
a so-called Network Centric Warfare (NCW) concept. One of the more 
important features of it is the information aspect in the sense of large data 
being accessible at any time from anywhere. A popular concept is 
“information dominance” meaning that one should know more than the 
adversary and before he gets to know it. Of course, this has always been a 
basic principle of warfare, but the difference now is that the amounts of 
data and information that can be collected and drawn is much higher than 
before. Furthermore, these data can be much easier and quicker distributed 
with the use of modern information technology. 
 
Satellites play a crucial role in both information gathering and information 
distribution, which is part of what in military terminology is called C4ISR 
(Command, Control, Communication, Computers, Intelligence, 
Surveillance, and Reconnaissance). Furthermore, the amounts of 
information that are inherent in the collected satellite images are 
enormous. This makes the demands on the number on people needed to 
analyse these images extremely high. The result is that a large amount of 
information is never discovered, or if it is, too late. Therefore, computer 
assisted techniques are essential for the modern information-heavy 
warfare. Among such techniques are image processing. 
 
The work in the thesis shows the importance of using physical and 
mathematical methods to the defence and verification community. 
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Techniques and methods developed in physics are thus not only of interest 
to the scientific community but also to various fields of activities in the 
modern society. 
 
We have shown that orbital mechanics put practical limitations on how 
often you may observe a chosen spot on the Earth. The method of 
calculating the minimum number of satellites needed for periodic coverage 
shows how unrealistic a continuous worldwide surveillance of human 
activities is. 
 
A comprehensive view of how the PCNN is related to the ICM through the 
mathematics as well as how the physics behind the ICM explains its 
usefulness in change detection processes has been given. 
 
The ICM signature has been shown to be worthy of further investigations. 
It has e.g. shown to be useful in detecting objects in images. 
 
The ICM has been seen through several tests to be of usefulness in the 
change-detection process. It has been used on images of flying aircraft, of 
vehicles on a road and in a street, and of nuclear explosion test sites. 
Advantages of using the ICM include: 
 

• Distinct objects are readily detectable through the highlighting due 
to pulse stimulations. 

• Aligned images remain aligned after the ICM process. 
• Image features that can not be easily enhanced with other more 

conventional image enhancement techniques may be enhanced. 
• No threshold values are needed. 
• No perfect image-to-image matching is needed. 
• It reduces noise, or unwanted and unimportant differences. 

 
These advantages are essential in change-detection processes. The ICM 
constitutes a pre-processing stage to the change detection process properly. 
One drawback with the ICM, as with many change detection techniques, is 
that the ICM often need pre- and post-processing in order to detect the 
changes sought for. 
 
The ICM signature has been presented and some new properties of it have 
been given. The ICM signature has also been used in a new method for 
classification of images. The introduced minimum risk angle for 
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determining the optimum viewing angle for ATR systems is based on the 
ICM signature. 
 
Image-processing techniques have thus been shown to be of great 
importance for change detection. Furthermore, methods involving artificial 
neuron techniques have been shown to possess great prospects for the 
future. It has with several tests been shown that the ICM method can be 
successfully used for change detection. 
 
Satellite imagery simulations were used in order to determine the need of 
geometric ground resolution in detecting tanks. The result was that the 
pixel size must be at least just under the length of the tank, approximately 
at least about 2/3 of the tank length. A general conclusion is that the PSF 
half-width resolution needed is about 1.4 times the pixel size. 
 
Numerous examples of how satellites and space technology are of vital 
importance in detecting ground activities have been given. This is of great 
importance in a world where clandestine activities can result in disastrous 
consequences. Examples have been given showing that such detection 
continues to be of great importance even with, or because of, the UN 
adoption of the CTBT. We have stressed by examples the importance of 
the image analyst’s knowledge. 
 
However, knowing where to look, satellite imagery can even be used to 
discover preparations of activities that are of interest to the world 
community to prevent. This has been shown with an example of pre-
explosion detection of underground nuclear detonations. 
 
Computers may more or less automatically notify the analyst of detection 
of changes, but in order to act upon such information you certainly do not 
want to rely on the computer. In a crises or war situation, detecting an 
aircraft in the sky is not enough for sending signals to shoot it down. You 
want to be sure what kind of aircraft it is - whether it is one of your own, 
one of the enemy’s, one of a third (neutral) party, or a civilian one. 
 
In peacetime situations, it is even more difficult to give the order to open 
fire on an aircraft. If you know that it is a passenger aircraft, but on a 
peculiar trajectory, you want to be sure that it is e.g. a high-jacked plane 
on a terrorist mission before giving permission to fire. Images will not give 
that kind of information. Humans and complementary information will 
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therefore continue to be of the utmost importance in the future, even if 
computerised image processing techniques will be able to substantially 
increase the capabilities. 
 
Future work may include comparisons of various detection techniques, as 
e.g. edge detection against difference images, optical imagery against SAR 
imagery, RGB against B/W, PCNN types of techniques against 
conventional techniques. Furthermore, neural network techniques need to 
be more extensively investigated. Its usefulness on various image types as, 
e.g. B/W, RGB, and SAR, needs to be far more adequately studied. 
Furthermore, the use of signatures for change detection could be studied 
from several aspects. For instance, what does movement, i.e. the change of 
place of an object in an image, means for the signature and likewise what 
does changes in form, colour, texture, etc. mean for the signature. 
 
 
 



  

 
 
 
 

Abbreviations 
 
 
AI  Artificial Intelligence 
ATR  Automatic Target Recognition 
CHR  Category Hit Rate 
CSBM Confidence- and Security-Building Measures 
CTBT Comprehensive (Nuclear-) Test Ban Treaty 
CTBTO Comprehensive Nuclear-Test-Ban Treaty Organization 
C4ISR Command, Control, Communication, Computers, Intelligence 

Surveillance, Reconnaissance 
ELINT Electronic Intelligence 
EO  Earth Observation 
EPR  Einstein-Podolsky-Rosen 
ERS  ESA Remote Sensing (satellite) 
ESA  European Space Agency 
EW  Early Warning 
FAS  Federation of American Scientists 
FOA Försvarets forskningsanstalt (Swedish Defence Research 

Establishment) 
FOI Totalförsvarets forskningsinstitut (Swedish Defence Research 

Agency) 
FPCNN Feedback Pulse-Coupled Neural Network 
FPF  Fractional Power Filter 
GEO  Geostationary Earth Orbit 
GIS  Geographical Information System 
HEO  Highly Elliptical Orbit 
ICBM Intercontinental Ballistic Missile 
ICM  Intersecting Cortical Model 
IRBM Intermediate Range Ballistic Missile 
ISL  Inter-Satellite Links 
ISMA International Satellite Monitoring Agency 
ISR  Intelligence, Surveillance, and Reconnaissance 
IT  Information Technology 
KH  Key-Hole 
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KNN  K-Nearest Neighbour 
LEO  Low Earth Orbit 
MEO  Medium Earth Orbit 
MLP  Multi-Layered Perceptron 
MLPN Multi-Layered Perceptron Network 
MTF  Modulation Transfer Function 
NCW  Network Centric Warfare 
NPT  (Nuclear) Non-Proliferation Treaty 
NRO  National Reconnaissance Office 
NTM  National Technical Means 
PCA  Principal Component Analysis 
PIDC  Prototype International Data Centre 
pixel  picture element 
PNE  Peaceful Nuclear Explosion 
PSF  Point Spread Function 
PCNN Pulse-Coupled Neural Network 
RBF  Radial Basis Function 
RISC  Reduced Instruction Set Computer 
RoI  Region of Interest 
RSMA Regional Satellite Monitoring Agency 
SAR  Synthetic Aperture Radar 
SBR  Space-Based Radar 
SIGINT Signals Intelligence 
signel  signature element 
SILEX Semiconductor Inter-satellite Link EXperiment 
SLAR Side-Looking Airborne Radar 
SLBM Submarine-Launched Ballistic Missile 
SPOT Système Pour l’Observation de la Terre 
TDRS Tracking and Data Relay Satellite 
TDRSS Tracking and Data Relay Satellite System 
TIR  Thermal IR (Infra-Red) 
TM  Thematic Mapper 
WEU  Western European Union 
WKS  Whittaker-Kotel'nikov-Shannon 
WMD Weapons of Mass Destruction 
 
 



  

 
 
 
 

References 
 
 
[Adam, 1986] Adam, J., “Counting the Weapons”, in “Peacekeeping by 
Technical Means”, IEEE Spectrum, July 1986. 
 
[Adalsteinsson and Sethian, 1995a] Adalsteinsson, D., and Sethian, J.A., 
“A Unified Level Set Approach to Etching, Deposition and Lithography I: 
Algorithms and Two-dimensional Simulations”, J. Comp. Phys., Vol. 120, 
No. 1, 1995, pp. 128-144. 
 
[Adalsteinsson and Sethian, 1995b] Adalsteinsson, D., and Sethian, J.A., 
“A Unified Level Set Approach to Etching, Deposition and Lithography II: 
Three-dimensional Simulations”, J. Comp. Phys., Vol. 122, No. 2, pp. 
348-366, 1995. 
 
[App. Aut.] “Apprentissage automatique: les réseaux de neurons”,  
www.grappa.univ-lille3.fr/polys/apprentissage/ . 
 
[ATLAS] The ATLAS Experiment, http://pdg.lbl.gov/atlas/atlas.html . 
 
[Ball, 1988] Ball, D., Pine Gap, Sydney: Allen & Unwin, 1988. 
 
[Bell, 1964] Bell, J.S., “On the Einstein-Podolsky-Rosen Paradox”, 
Physics, Vol. 1, 1964, pp. 195-200. 
 
[Beste, 1978] Beste, D., “Design of Satellite Constellations for Optimal 
Continuous Coverage”, in IEEE Transactions on Aerospace and 
Electronic Systems, Vol. AES-14, No. 3, May 1978, pp. 466-473. 
 
[Binning et al., 2002] Binning, G.; Baatz, M.; Klenk, J.; and Schmidt, G.; 
”Will machines start to think like humans? Artificial versus natural 
Intelligence.”, Europhysics News, Vol. 33, No. 2, March/April 2002. 
 



 

 

 

166 

[Brasher and Kinser, 1994] Brasher, J., and Kinser, J.M., “Fractional-
Power Synthetic Discriminant Functions”, Pattern Recognition, Vol. 27, 
No. 4, 1994, pp. 577-585. 
 
[Broad, 1995] Broad, W., “Spy Satellites’ Early Role As ‘Floodlight’ 
Coming Clear”, The New York Times, 12 September 1995, p. C1. 
 
[Cambridge, 2001] Cambridge HEP Group - ATLAS Home Page, 
www.hep.phy.cam.ac.uk/atlas/atlas_home.html . 
 
[CERN, 2003] Technical Design Report CERN/LHCC/2003-022 ATLAS 
TDR 016, 30 June 2003. 
 
[Chopp, 1993] Chopp, D.L., “Computing Minimal Surfaces via Level Set 
Curvature Flow”, J. of Comp. Phys., Vol. 106, 1993, pp. 77-91. 
 
[Chopp and Sethian, 1993] Chopp, D.L., and Sethian, J.A., “Flow under 
Curvature: Singularity Formation, Minimal Surfaces, and Geodesics”, 
J. Exper. Math., Vol. 2(4), 1993, pp. 235-355. 
 
[Collina, 1998] Collina, T.Z, “Case for Nuclear Test Ban Verification 
Strong After Indian and Pakistani Blasts - Tests Show Value of CTBT 
Implementation”, Issuebrief, Vol. 2, No. 16, June 18, 1998, Union of 
Concerned Scientists site 
www.clw.org/pub/clw/coalition/ . 
 
[Collins, 2001] Collins, G.P., “Trillions Entwined”, Scientific American, 
December 2001, p. 16. 
 
[Collins, 2002] Collins, G.P., “Claud E. Shannon: Founder of Information 
Theory”, Scientific American.com, October 14, 2002, www.sciam.com . 
 
[Christianson, 2000, p. 103] Christianson, J.R., On Tychos’s Island – 
Tycho Brahe and his assistants, 1570 – 1601, Cambridge University Press, 
Cambridge, 2000. 
 
[CTBTO] www.ctbto.org/ . 
 
[De Geer] Dr Lars-Erik De Geer, FOA (now FOI), private communication. 
 



 

 

 

167 

[Delete, 2002] Delete, No. 27, November 2002. 
 
[Eckhorn et al., 1990] Eckhorn, R.; Reitboeck, H.J.; Arndt, M.; and Dicke, 
P.; “Feature Linking via Synchronization among Distributed Assemblies: 
Simulations of Results from Cat Cortex”, Neural Computation, Vol. 2, 
1990, pp. 293-307. 
 
[Edvardsson and Gudmundsson, 2004] Edvardsson, L., and Gudmundsson, 
M., Digital image search based on mammalian vision, Diploma work, 
KTH-Physics, Stockholm, Sweden, January 2004. 
 
[Einstein et al., 1935] Einstein, A.; Podolsky, B.; and Rosen, N.; “Can 
Quantum-Mechanical Description of Physical Reality be Considered 
Complete?”, Physical Review, Vol. 47, 1935, pp. 777-780. 
 
[Ekblad, 1987] Ekblad, U., High Resolution Satellite Imagery Simulation, 
FOA Report C 30462-3.3,9.3, July 1987. 
 
[Ekblad, 2002] Ekblad, U., “Satellite Technology, Information Warfare 
and the Transatlantic Link: Reconnaissance and Information Dominance”, 
in Bo Huldt, Sven Rudberg, Elisabeth Davidson (eds.), The Transatlantic 
Link, Strategic Yearbook 2002 of the Department of Strategic Studies, 
Swedish National Defence College, 2001, pp. 183-208. 
 
[Ekblad and Kinser, 2004] Ekblad, U., and Kinser, J.M., “Theoretical 
foundation of the intersecting cortical model and its use for change 
detection of aircraft, cars and nuclear explosion tests”, accepted for 
publication in Signal Processing. 
 
[Ekblad and Mylén, 1995] Ekblad, U., and Mylén, L., Systems for 
Detection of Ballistic Missiles, FOA-R--95-00168-9.4,3.3--SE, 
August 1995 (in Swedish). 
 
[Ekblad and Olsson, 1990] Ekblad, U., and Olsson, H.-Å., Satellite 
Imagery Detection of Preparations for Underground Nuclear Explosions, 
FOA Report C 30560-9.4, January 1990. 
 
[Ekblad and Orhaug, 1987] Ekblad, U., and Orhaug, T., Space - An Arena 
for Prospects and Problems, FOA Report D 30472 - 3.3, 9.3, July 1987. 
 



 

 

 

168 

[Ekblad and Orhaug, 1992] Ekblad, U., and Orhaug, T., Monitoring 
Threats to Satellite Functions, FOA Report C 30647-9.4, January 1992. 
 
[Ekblad, ed., 2001] Ekblad, U., ed., Use of Commercial Remote Sensing 
Satellites for DBA Purposes, FOI-R--0172--SE, August 2001 (in Swedish). 
 
[Ekblad et al., 2004a] Ekblad, U.; Kinser, J.M.; Atmer, J.; and Zetterlund, 
N.; “The Intersecting Cortical Model in Image Processing”, paper 
presented at “Imaging 2003 - International Conference on Imaging 
Techniques In Subatomic Physics, Astrophysics, Medicine, Biology, and 
Industry”, at KVA, Stockholm, Sweden, 2003-06-25 – 27; accepted for 
publication in Nuclear Instruments and Methods in Physics Research A. 
 
[Ekblad et al., 2004b] Ekblad, U., Kinser, J.M.; Atmer, J.; and Zetterlund, 
N.; “Image Information Content and Extraction Techniques”, poster 
presented at “Imaging 2003 - International Conference on Imaging 
Techniques In Subatomic Physics, Astrophysics, Medicine, Biology, and 
Industry”, at KVA, Stockholm, Sweden, 2003-06-25 – 27; accepted for 
publication in Nuclear Instruments and Methods in Physics Research A. 
 
[Elnagar and Basu, 1995] Elnagar, A., and Basu, A., “Motion Detection 
using Background Constraints”, Patt. Rec., Vol. 28, No. 10, 1995, 
pp. 1537-1554. 
 
[Emara and Leondes, 1977] Emara, H., and Leondes, C., “Minimum 
Number of Satellites for Three-Dimensional Continuous Coverage”, in 
IEEE Transactions on Aerospace and Electronic Systems, Vol. AES-13, 
No. 2, March 1977, pp. 108-111. 
 
[ESA] http://esapub.esrin.esa.it/bulletin/bullet91/b91dick.htm . 
 
[FAS] FAS, www.fas.org . 
 
[FAS KH-1] FAS, available at: www.fas.org/irp/imint/4_first.htm . 
 
[Fejes and Davis, 1999] Fejes, S., and Davis, L.S., “Detection of 
Independent Motion Using Directional Motion Estimation”, Comp. Vis. 
and Image Understanding, Vol. 74, No. 2, May 1999, pp. 101-120. 
 



 

 

 

169 

[Fermin et al., 1996] Fermin, I.; Imiya, A.; and Ichikawa, A.; 
“Randomized polygon search for planar motion detection”, Patt. Rec. 
Lett., Vol. 17, 1996, pp. 1109-1115. 
 
[FitzHugh, 1961] FitzHugh, R., “Impulse and physiological states in 
models of nerve membrane”, Biophysics J., 1:445--466, 1961. 
 
[Forden, 2001] Forden, G., “Russia’s Early Warning System: Which Came 
First, Technology or Doctrine?”, Breakthroughs, MITSSP, Vol. X, No. 1, 
Spring 2001, pp. 9–16. 
 
[Gonzalez and Wintz, 1977] Gonzalez, R., and Wintz, P., Digital Image 
Processing, Addison-Wesley, 1977. 
 
[Grayson, 1987] Grayson, M., “The Heat Equation Shrinks Embedded 
Plane Curves to Round Points”, J. Diff. Geom., Vol. 26, 285, 1987. 
 
[Grimson et al., 1998] Grimson, W.E.L.; Lee, L.; Romano, R.; and 
Stauffer, C.; “Using adaptive tracking to classify and monitor activities in 
a site”, IEEE Conf. on Comp. Vis. and Patt. Rec., 1998, pp. 22-31. 
 
[GSReport] www.gsreport.com/ . 
 
[Gupta, 1994 (missiles)] Gupta, V., “New Satellite Images For Sale – The 
Opportunities and Risk Ahead”, 28 September 1994, available at: 
www.llnl.gov/csts/publications/gupta/risks.html#missiles/ . 
 
[Gupta, 1994 (opportunities)] Gupta, V., “New Satellite Images For Sale – 
The Opportunities and Risk Ahead”, 28 September 1994, available at: 
www.llnl.gov/csts/publications/gupta/oppor.html#oppor/ . 
 
[Gupta and Pabian, 1996] Gupta, V., and Pabian, F., “Investigating the 
allegations of Indian nuclear test preparations in the Rajasthan Desert”, at 
www.ca.sandia.gov/casite/gupta/index.html . 
 
[Haritaoglu et al., 2000] Haritaoglu, I.; Harwood, D.; and Davis, L.S.; 
“W4s: Real time surveillance of people and their activities”, IEEE Trans. 
on Patt. Anal. and Mach. Intell., Vol. 22, No. 8, 2000, pp. 809-830. 
 



 

 

 

170 

[Haviland and House, 1965] Haviland, R., and House, C.M., Handbook of 
Satellites and Space Vehicles, van Nostrand, 1965. 
 
[Haykin, 1988] Haykin, S., Digital Communications, Wiley, 1988. 
 
[Hodgkin and Huxley, 1952] Hodgkin, A.L., and Huxley, A.F., “A 
quantitative description of membrane current and its application to 
conduction and excitation in nerve”, J. Physiol., Vol. 117, 1952,  
pp. 500-544. 
 
[Horn and Shunk, 1981] Horn, B., and Shunk, B., “Determining optical 
flow”, Artif. Intell., Vol. 17, 1981, pp. 185-204. 
 
[Hötter et al., 1996] Hötter, M.; Mester, R.; and Müller, F.; “Detection and 
description of moving objects by stochastic modelling and analysis of 
complex scenes”, Signal Processing: Image Communication, Vol. 8, 1996, 
pp. 281-293. 
 
[Inguva et al., 1999] Inguva, R.; Johnson, J.L.; and Schamschula, M.P.; 
“Multifeature Fusion using Pulse-Coupled Neural Networks”, Proc. SPIE, 
Vol. 3719, No. 3, 1999, Sensor Fusion: Architectures, Algorithms, and 
Applications III, Dasarathy, B.V. (ed.), pp. 342-350. 
 
[Isnard, 2001] Isnard, J., “La Belgique rejoint la France dans le project de 
satellite-espion militaire Hélios 2”, Le Monde, 12 July 2001, p. 3. 
 
[Jain and Nagel, 1979] Jain, R., and Nagel, H.H.; “On a motion analysis 
process for image sequences from real world sences”, IEEE Trans. PAMI, 
PAMI-1, No. 2, April 1979, pp. 206-214. 
 
[Jain et al., 1977] Jain, R.; Militzer, D.; and Nagel, H.H.; “Separating non-
stationary scene components in a sequence of real world TV images”, 
Proc. of the 5th Int. Joint Conf. on Art. Intell., August 1977, pp. 612-618. 
 
[Jain et al., 1979] Jain, R.; Martin, W.N.; and Aggarwal, J.K.; 
“Segmentation through the Detection of Changes Due to Motion”, Comp. 
Graphics and Image Processing, Vol. 11, 1979, pp. 13-34. 
 
[Jasani, 1982] Jasani, B., Outer Space – A New Dimension of the Arms 
Race, Taylor & Francis, London, 1982. 



 

 

 

171 

[Jasani, 2004] Jasani, B., “Commercial Remote Sensing Satellite and 
International Security”, ESA–EUSC 2004: Theory and Applications of 
Knowledge-driven Image Information Mining, with focus on Earth 
Observation, March 17 – 18, 2004, to be published in ESA Special 
Publication, No. 553. 
 
[Jayaramamurthy and Jain, 1983] Jayaramamurthy, S.N., and Jain, R., “An 
approach to the segmentation of textured dynamic scenes”, Comp. Vis., 
Graphics Image Proc., Vol. 21, 1983, pp. 239-261. 
 
[Johnson, 1994] Johnson, J.L., “Pulse-Coupled Neural Nets: Translation, 
Rotation, Scale, Distortion, and Intensity Signal Invariance for Images”, 
Applied Optics, Vol. 33, No. 26, 10 September 1994. 
 
[Johnson, 1996] Johnson, J.L., “Pulse-Coupled Neural Network as a 
Computer”, Proc. SPIE, Vol. 2824, No. 11, 1996, Adaptive Computing: 
Mathematical and Physical Methods for Complex Environments; eds.: 
Caulfied, H.J., and Chen, S-S, pp. 66-69. 
 
[Johnson, 1999] Johnson, J.L., “Pulse-Coupled Neural Networks can 
Benefit ATR”, Proc. SPIE, Vol. 3728, No. 3, 1999, Ninth Workshop on 
Virtual Intelligence/Dynamic Neural Networks; eds.: Lindblad, Th.; 
Padgett, M.; and Kinser, J.M.; pp. 140-147. 
 
[Johnson and Padgett, 1999] Johnson, J.L., and Padgett, M.L., “PCNN 
Models and Applications”, IEEE Transactions on Neural Networks, 
Vol. 10, No. 3, May 1999, pp. 480-498. 
 
[Johnson and Ritter, 1993] Johnson, J.L., and Ritter, D., "Observation of 
Periodic Waves in a Pulse Coupled Neural Network", Opt. Lett., Vol. 18, 
No. 15, 1993, pp. 1253-1255. 
 
[Johnson et al., 1998] Johnson, J.L.; Schamschula, M.P.; Inguva, R.; and 
Caulfield, H.J.; “Pulse-Coupled Neural Network Sensor Fusion”, in: B.V. 
Dasarathy, ed., Proc. SPIE, Vol. 3376, 1998, Sensor Fusion: 
Architectures, Algorithms, and Applications II, pp. 219-226. 
 
 
 



 

 

 

172 

[Johnson et al., 1999a] Johnson, J.L.; Padgett, M.L.; and Omidvar, O.; 
“Guest Editorial Overview if Pulse Coupled Neural Network (PCNN) 
Special Issue”, IEEE Transactions on Neural Networks, Vol. 10, No. 3, 
May 1999, pp. 461-463. 
 
[Johnson et al., 1999b] Johnson, J.L.; Taylor, J.R.; and Anderson, M.; 
“Pulse-Coupled Neural Network Shadow Compensation”, Proc. SPIE, 
Vol. 3722, No. 3, 1999, Applications and Science of Computational 
Intelligence II; eds.: Priddy, K.L.; Keller, P.E.; Fogel, D.B.; and Bezdek, 
J.C.; pp. 452-456. 
 
[Kidder et al., 1999] Kidder, R.; Sykes, L.; and von Hippel, F.; “False 
Fears About a Test Ban”, Washington Post, October 10, 1999, p. B07. 
 
[Kim et al., 2000] Kim, K.B.; Park, J.B.; Choi, Y.H.; and Chen, G.; 
”Control of chaotic dynamical systems using radial basis function network 
approximators”, Information Sciences, Vol. 130, 2000, pp. 165-183. 
 
[King, 2004] King, R., “IEEE DAD – Archived Imagery; the undiscovered 
country and the need for exploration: a US perspective”, ESA–EUSC 
2004: Theory and Applications of Knowledge-driven Image Information 
Mining, with focus on Earth Observation, March 17 – 18, 2004, to be 
published in ESA Special Publication, No. 553. 
 
[Kinser, Internet] www.ib3.gmu.edu/kinser/Public/change/change.html/ . 
 
[Kinser, MICOM] Kinser, J.M., “Recent Research in Pulse-Coupled 
Neural Networks”, International Conference on PCNN, MICOM, 
Huntsville, AL, USA. 
 
[Kinser, 1996] Kinser, J.M., “A Simplified Pulse-Coupled Neural 
Network”, Proc. SPIE, Vol. 2760, No. 3, 1996, Applications and Science 
of Artificial Neural Networks II; eds.: Rogers, S.K., and Ruck, D.W; 
pp. 563-567. 
 
[Kinser, 1997] Kinser, J.M., “Pulse-Coupled Image Fusion”, Optical 
Engineering, Vol. 36, No. 3, March 1997, pp. 737-742. 
 
 



 

 

 

173 

[Kinser, 1999] Kinser, J.M., “Future Projects in Pulse Image Processing”, 
Proc. SPIE, Vol. 3728, No. 3, 1999, Ninth Workshop on Virtual 
Intelligence/Dynamic Neural Networks; eds.: Lindblad, Th.; Padgett, M.; 
and Kinser, J.M.; pp. 318-327. 
 
[Kinser and Johnson, 1996] Kinser, J.M., and Johnson, J.L., “Stabilized 
Input with a Feedback Pulse-Coupled Neural Network”, Optical 
Engineering, Vol. 35, No. 8, August 1996, pp. 2158-2161. 
 
[Kinser and Nguyen, 2000a] Kinser, J.M., and Nguyen, C., “Image object 
signatures from centripetal autowaves”, Patt. Rec. Lett., Vol. 21, No. 3, 
2000, pp. 221-225. 
 
[Kinser and Nguyen, 2000b] Kinser, J.M., and Nguyen, C., “Pulse Image 
Processing using Centripetal Autowaves”, Proc. SPIE, Vol. 4052, 2000, 
Signal Processing, Sensor Fusion, and Target Recognition IX, Kadar, I. 
(ed.); pp. 278-284. 
 
[Kinser et al., 1998] Kinser, J. M.; Wyman, C. L.; and Kerstiens, B.; 
“Spiral Image Fusion: A 30 Parallel Channel Case”, Optical Eng., Vol. 37, 
No. 2, 1998, pp. 492-498. 
 
[Kories and Zimmermann, 1986] Kories, R., and Zimmermann, G., “A 
versatile method for estimation of displacement vector fields from image 
sequences”, Workshop on Motion: Representation and Analysis, 
Charleston, 1986, pp. 101-106. 
 
[KTH, 2002] KTH Particle group, 2002, 
www.particle.kth.se/group_docs/particle/atlas/ . 
 
[Lantmäteriet] www.lantmateriet.se/ . 
 
[Lewis, 2004] Lewis, J.A.C., “Paris persuades satellite rivals to co-
operate”, Jane’s Defence Weekly, 4 February 2004, p. 23. 
 
[Lindblad and Kinser, 1998] Lindblad, Th., and Kinser, J.M., Image 
Processing using Pulse-Coupled Neural Networks, Springer, London, 
1998. 
 



 

 

 

174 

[Lindblad et al., 2004] Lindblad, Th.; Lindsey, C.S.; Ekblad, U.; Kinser, 
J.M.; and Tolliver, J.S.; “Sensor Fusion Networks using Biologically 
Inspired Signature”, unpublished manuscript, 2004. 
 
[LIP, 2002] LIP Coimbra, 2002, http://mars.fis.uc.pt/experiments.html . 
 
[Luders, 1961] Luders, D., “Satellite Networks for Continuous Zonal 
Coverage”, ARS Journal, Vol. 31, February 1961, pp. 179-184. 
 
[Malkani et al., 1999] Malkani, M.; Bodruzzaman, M.; Johnson, J.; and 
Davies, J.; “Center for Neural Engineering: Applications of Pulse-Coupled 
Neural Networks”, Proc. SPIE, Vol. 3728, No. 3, 1999, Ninth Workshop 
on Virtual Intelligence/Dynamic Neural Networks; eds.: Lindblad, Th.; 
Padgett, M.; and Kinser, J.M.; pp. 230-241. 
 
[Malladi and Sethian, 1997] Malladi, R., and Sethian, J.A., “Level Set 
Methods for Curvature Flow, Image Enhancement, and Shape Recovery in 
Medical Images”, Proc. of Conf. on Visualization and Mathematics, 
June 1995, Berlin, Germany, Springer-Verlag, Heidelberg, Germany,  
pp. 329-345, 1997. 
 
[Mandjavidze, 1998] Mandjavidze, I, “Challenges of the ATLAS 
Trigger/DAQ System”, Symposium on Modern Trends in Particle Physics, 
IPAS, Tbilisi, 21-23 September 1998,  
www-dapnia.cea.fr/Phys/Sei/exp/ATLAS/pres/9809_ipas.pdf . 
 
[Markham, 1985] Markham, B., “The Landsat Sensors’ Spatial 
Responses”, IEEE Transactions on Geoscience and Remote Sensing, 
Vol. GE-23, No. 6, November 1985. 
 
[Matsuyama et al., 1999] Matsuyama, T.; Ohya, T.; and Habe, H.; 
Background Subtraction for Non-stationary Scenes, Dept. of Electronics 
and Communications, Graduate School of Engineering, Kyoto University, 
Sakyo, Kyoto, Japan, 1999. 
 
[Mower, 2003] Mower, E.K., 
www.cra.org/Activities/craw/dmp/awards/2003/Mower/ . 
 
 
 



 

 

 

175 

[Nagel and Enkelmann, 1986] Nagel, H., and Enkelmann, W., “An 
investigation of smoothness constraints for estimation of displacement 
vector fields from image sequences”, IEEE Trans. Patt. Anal. Mach. 
Intell., Vol. 8, No. 5, 1986, pp. 565-593. 
 
[Nielsen, 2002] Nielsen, M.A., “Rules for a Complex Quantum World”, 
Scientific American.com, October 15, 2002, www.sciam.com . 
 
[NRO] www.nro.gov/index5.html/ . 
 
[Nyberg and Orhaug, 1991] Nyberg, S., and Orhaug, T., Image Resolution 
and Information Acquisition, FOA Report C 30620-9.4, March 1991. 
 
[Nyström, 2003] Nyström, M., Novelty and Change Detection, KTH 
(Royal Institute of Technology), Stockholm, Sweden, January 2003. 
 
[Oliver et al., 2000] Oliver, N.; Rosario, B.; and Pentland, A.; “A Bayesian 
computer vision system for modeling human interactions”, IEEE Trans. on 
Patt. Anal. and Mach. Intell., Vol. 22, No. 8, 2000, pp. 831-843. 
 
[Orhaug, 1985] Orhaug, T., “An International and Regional Satellite 
Monitoring Agency”, in Rotblat, J., Hellman, S., (eds.), Nuclear Strategy 
and World Security, Annals of Pugwash 1984, MacMillan, Landon, 1985. 
 
[Orhaug and Forssell, 1981] Orhaug, T., and Forssell, G., Computer 
Simulations of Satellite Imagery, FOA Report C 30212-E1, T1, January 
1981. 
 
[Osher and Sethian, 1998] Osher, S., and Sethian, J.A., “Fronts 
Propagating with Curvature Dependent Speed: Algorithms Based on 
Hamilton-Jacobi Formulation”, J. of Comp. Phys., Vol. 79, 1998,  
pp. 12-49. 
 
[Palmer, 1990] Palmer, A., Bernadotte – Napoleon’s Marshal, Sweden’s 
King, 1990. The Swedish edition: Bernadotte – Napoleons Marskalk, 
Sveriges kung, Bonnier Alba, 1992, p. 51. 
 
 
 
 



 

 

 

176 

[Parodi et al., 1996] Parodi, O.; Combe, P.; and Ducom, J.-C.; “Temporal 
Encoding in Vision: Coding by Spike Arrival Times Leads to Oscillations 
in the Case of Moving Targets”, Biological Cybernetics, Vol. 74, 1996, 
pp. 497-509. 
 
[Potter, 1977] Potter, J.L., “Scene segmentation using motion 
information”, Comp. Graphics and Image Proc., Vol. 6, 1977,  
pp. 558-581. 
 
[Qian, 2003] Qian, L., “On the regularized Whittaker-Kotel'nikov-
Shannon sampling formula”, Proc. Amer. Math. Soc., No. 131, 2003, 
pp. 1169-1176. 
 
[Radjabpour and Mir, 2001] Radjabpour, K., and Mir, V., Remote Sensing, 
diploma work for the Bachelor of Science degree at the Physics 
Department of KTH (Royal Institute of Technology), 2001. 
 
[Ramana and Nayyar, 2001] Ramana, M.V., and Nayyar, A.H., “India 
Pakistan and the Bomb”, Scientific American, December 2001, pp. 60-71. 
 
[Rasmussen, 1996] Rasmussen, C.E., Multilayer Perceptron Ensembles 
trained with Early Stopping: mlp-ese-1, May 2, 1996, 
www.cs.toronto.edu/~delve/methods/mlp-ese-1/hypertext/mlp-ese-1.html . 
 
[Reichardt, 1957] Reichardt, W., ”Autokorrelationsauswertung als 
Funktionsprinzip des Zentralnervensystems”, Z. Naturforsch, 12b, 1957, 
pp. 447-457. 
 
[Reif, 1965] Reif, F., Fundamentals of Statistical and Thermal Physics, 
McGraw-Hill, Tokyo, 1965. 
 
[Rhee et al., 1995] Rhee, C.; Talbot, L.; and Sethian, J.A.; “Dynamical 
Study of a Premixed V flame”, J. Fluid Mech., 300, 1995, pp. 87-115. 
 
[Richards, 1986] Richards, J.A., Remote Sensing Digital Image Analysis – 
An Introduction, Springer-Verlag, Berlin, 1986. 
 
[Richelson, 1990] Richelson, J.T., America’s Secret Eyes in Space – The 
U.S. Keyhole Spy Satellite Program, Harper & Row, New York, 1990. 
 



 

 

 

177 

[Richelson, 1999] Richelson, J.T., “U.S. Satellite Imagery, 1960-1999”, 
National Security Archive Electronic Briefing Book No. 13, April 14, 
1999, www.gwu.edu/~nsarchiv/NSAEBB/ . 
 
[Rowe and Grewe, 2001] Rowe, N.C., and Grewe, L., “Change Detection 
for Linear Features in Aerial Photographs using Edge-finding”, IEEE 
Transactions on Geoscience and Remote Sensing, Vol. 39, No. 7, 
July 2001, pp. 1608-1612. 
 
[Rughooputh et al., 2000] Rughooputh, H.C.; Rughooputh, S.D.; and 
Kinser, J.M.; “Neural Network Based Automated Texture Classification 
System”, Proc. SPIE, Vol. 3966, No. 3, 2000, Machine Vision 
Applications in Industrial Inspection VIII, Tobin, K.W. (ed.), pp. 340-348. 
 
[Rybak et al., 1992] Rybak, I.A.; Shevtsova, N.A.; and Sandler, V.A.; 
“The Model of a Neural Network Visual Processor”, Neurocomputing, 
Vol. 4, 1992, pp. 93-102. 
 
[Sarkar et al., 2002] Sarkar, S.; Majchrzak, D.; and Korimilli, K.; 
“Perceptual Organization Based Computational Model for Robust 
Segmentation of Moving Objects”, Comp. Vis. and Image Understanding, 
Vol. 86, 2002, pp. 141-170. 
 
[Schrödinger, 1935] Schrödinger, E., “Discussion of Probability Relations 
Between Separated Systems”, Proceedings of the Cambridge 
Philosophical Society, 31, 1935, pp. 555-563. 
 
[Sethian, 1996] Sethian, J.A., Level Set Methods: Evolving Interfaces in 
Geometry, Fluid Mechanics, Computer Vision and Materials Science, 
Cambridge University Press, 1996. 
 
[Shannon, 1948] Shannon, C.E., “A Mathematical Theory of 
Communication”, The Bell System Technical Journal, Vol. 27, July, 
October, 1948, pp. 379-423, 623-656. 
 
[Shi, 2002] Shi, J.J., “Clustering Technique for Evaluating and Validating 
Neural Network Performance”, Journal of Computing in Civil 
Engineering, Vol. 16, No. 2, April 2002, pp. 152-155. 
 



 

 

 

178 

[Shunk, 1984] Shunk, B., “Motion segmentation by constraint line 
clustering”, Proc. IEEE Workshop Comp. Vis. Representation Control, 
1984, pp 58-62. 
 
[Spacedaily] www.spacedaily.com/news/laser-comm-01a.html . 
 
[Spetsakis and Aloimonos, 1990] Spetsakis, M., and Aloimonos, J., 
“Structure from motion using line correspondences”, Int. J. Comp. Vis., 
Vol. 4, 1990, pp. 171-183. 
 
[Stanford] “Quantum Entanglement and Information”, Stanford 
Encyclopedia of Philosophy, http://plato.stanford.edu/ . 
 
[Star Trek] www.cakes.mcmail.com/StarTrek/ . 
 
[Stevenson, 1977] Stevensen (Senator), Statement in the U.S. Senate, 
March 1977. 
 
[Sykes, 1997] Sykes, L.R., “Small Earthquake Near Russian Test Site 
Leads to U.S. Charges of Cheating on Comprehensive Nuclear Test Ban 
Treaty”, Journal of the Federation of American Scientists, Vol. 50, No. 6, 
November/December 1997, at www.fas.org/faspir . 
 
[Szekely and Lindblad, 1999] Szekely, G., and Lindblad, Th., “Parameter 
Adaptation in a Simplified Pulse-Coupled Neural Network”, Proc. SPIE, 
Vol. 3728, No. 3, 1999, Ninth Workshop on Virtual Intelligence/Dynamic 
Neural Networks; eds.: Lindblad, Th.; Padgett, M.L.; and Kinser, J.M.; 
pp. 278-285. 
 
[Thébaud, 2001] Thébaud, M., “L’hydrogène évince les amateurs”, Les 
Cahiers de Science & Vie, No. 63, June 2001, pp. 26-34. 
 
[Thompson] Thompson, C.H., “Experiments in the headlines: key 
experiments and papers relating to quantum entanglement”, 
http://users.aber.ac.uk/cat/Critiques/intro.htm . 
 
[Thompson, 1999] Thompson, C.H., “The Tangled Methods of Quantum 
Entanglement Experiments”, Accountability in Research, Vol. 6, No. 4, 
1999, pp. 311-332, 
http://freespace.virgin.net/ch.thompson1/Tangled/tangled.html . 



 

 

 

179 

[Tittel et al., 1998] Tittel, W.; Brendel, J.; Gisin, B.; Herzog, T.; and Gisin, 
N.; “Experimental demonstration of quantum-correlations over more than 
10 kilometres”, http://arxiv.org/abs/quant-ph/9707042/ , revised and 
published in Physical Review A, 57, 3229, 1998. 
 
[Waldemark et al., 1999a] Waldemark, K.E.; Becanovic, V.; Kinser, J.M.; 
Lindblad, Th.; Clark, S.; and Szekely, G.; Proc. SPIE, Vol. 3728, No. 3, 
1999, Ninth Workshop on Virtual Intelligence/Dynamic Neural Networks; 
eds.: Lindblad, Th.; Padgett, M.; and Kinser, J.M.; pp. 165-179. 
 
[Waldemark et al., 1999b] Waldemark, J.T.; Becanovic, V.; Lindblad, Th.; 
Lindsey, C.S.; Waldemark, K.E.; and Kinser, J.M.; “Pulse-Coupled Neural 
Networks for Cruise Missile Guidance and Mission Planning”, Proc. 
SPIE, Vol. 3728, No. 3, 1999, Ninth Workshop on Virtual 
Intelligence/Dynamic Neural Networks; eds.: Lindblad, Th.; Padgett, M.; 
and Kinser, J.M.; pp. 155-164. 
 
[Wallace, 1998] Wallace, T.C., “ The May 1998 India and Pakistan 
Nuclear Tests”, Seismic Research Letters, Vol. 69, pp. 386-393. 
 
[Wallin et al., 1988] Wallin, L.; Ekblad, U.; Grahn, S.; Orhaug, T.; and 
Sveding, U.; A Multinational Verification Satellite?, FOA Report 
C 10312-9.3, September 1988 (in Swedish). 
 
[Wang, 1995] Wang, D., “Emergent Synchrony in Locally Coupled Neural 
Oscillators”, IEEE Trans. on Neural Networks, Vol. 6, No. 4, July 1995, 
pp. 941-948. 
 
[Willick, and Yang, 1989] Willick, D., and Yang, Y., Experimental 
evaluation of motion constraint equations, Tech. Rep., TR 89-4, 
University of Saskatchewan, 1989. 
 
[Winfree, 1991] Winfree, A.T., “Varieties of spiral wave behavior: An 
experimentalist's approach to the theory of excitable media”, Chaos, 
Vol. 1, No. 3, 1991, pp. 303-334. 
 
[Wren et al., 1997] Wren, C.R.; Azarbayejani, A.; Darrell, T.J.; and 
Pentland, A.P.; “Pfinder: Real-time tracking of the human body”, IEEE 
Trans. on Patt. Anal. and Mach. Intell., Vol. 19, No. 7, 1997, pp. 780-785. 



 

 

 

180 

[Zetterlund, 2003] Zetterlund, N., The minimum risk angle or intersected 
cortical model signatures as feature patterns for automatic target 
recognition, Diploma work, KTH-Physics, Stockholm, Sweden, 2003. 
 
[Zetterlund et al., 2004a] Zetterlund, N.; Lindblad, Th.; and Ekblad, U.; 
“The Minimum Risk Angle for Automatic Target Recognition using the 
Intersecting Cortical Model”, to be presented at The 7th International 
Conference on Information Fusion, Stockholm, Sweden,  
2004-06-28 – 07-01. 
 
[Zetterlund et al., 2004b] Zetterlund, N.; Lindblad, Th.; and Ekblad, U.; 
“The Intersecting Cortical Model for Automatic Target Recognition”, 
submitted to IPSI-2004 STOCKHOLM, Stockholm, 2004-09-25, 2004. 
 
[Zhu and Sethian, 1992] Zhu, J., and Sethian, J.A., “Projection Methods 
Coupled to Level Set Interface Techniques”, J. Comp. Phys., Vol. 102, 
1992, pp 128-138. 
 
[Zorn, 2001] Zorn, E.L., “Israel’s Quest for Satellite Intelligence”, Studies 
in intelligence, CIA, Winter-Spring 2001, No. 10, pp. 33-38, 
www.cia.gov/csi/studies/winter_spring01/article04.pdf . 
 
[Zurada, 1992] Zurada, J.M., Introduction to Artificial Neural Systems, 
West Publishing Company, 1992. 
 
 



  

 
 
 
 

Author’s Publications not used 
in the Thesis 
 
 
Ekblad, U., and Orhaug, T., ISSA - International Space Surveillance 
Agency, FOA Report D 30482-3.3, December 1987 (in Swedish). 
 
Ekblad, U., and Orhaug, T., “Verification of Outer Space Treaties by an 
ISSA”, FOA Report B 30139-9.4, February 1989; paper presented at the 
Colloquium on the Law of Outer Space at the International Astronautical 
Federation Congress at Bangalore, India, 8 - 15 October 1988; published 
in the Proceedings of the Thirty-First Colloquium on the Law of Outer 
Space, American Institute of Aeronautics and Astronautics, Inc., 
Washington, D.C., 1989, pp. 22-26. 
 
Ekblad, U., Re-entry Hazards and Cosmos 1900,  
FOA Report C 30535-9.4, June 1989. 
 
Ekblad, U., and Wahlborn, S., “Military Space Technology under Strong 
Development: Geostationary Satellites can "see" a Third of the Earth 
Surface”, FOA-tidningen, No. 2/3, June 1989 (in Swedish). 
 
Ekblad, U., Velocity Dependent Potentials and General Relativity, 
FOA Report C 30562-9.4, January 1990. 
 
Ekblad, U., Military and Security Political Use of Space Technology - 
Version 2, FOA Report C 30587-9.4, November 1990 (in Swedish). 
 
Ekblad, U., Space Weapons Monitoring, FOA Report B 30258-9.4, 
October 1991. 
 
Ekblad, U., Fourth International Castiglioncello Conference,  
FOA Report D 30643-9.4, November 1991 (in Swedish). 
 



 

 

 

182 

Ekblad, U., “Space Debris - A Threat to Satellites”, Forskning och 
Framsteg, No. 1, January - February 1992 (FOA Report B 30270-9.4, 
February 1992) (in Swedish). 
 
Ekblad, U., and Orhaug, T., CD Space Committee 1990 - Summary and 
Analysis, FOA Report A 30060-9.4, February 1992 (in Swedish). 
 
Ekblad, U., and Orhaug, T., CD Space Committee 1991 - Summary and 
Analysis, FOA Report A 30061-9.4, February 1992 (in Swedish). 
 
Ekblad, U., “Prospects of Verifying Space Weapons Treaties”, 
FOA Report B 30290-9.4, October 1992; paper presented at the 
Colloquium on the Law of Outer Space at the World Space Congress, 
Washington, D.C., USA, 28 August - 5 September 1992; published in the 
Proceedings of the Thirty-Fifth Colloquium on the Law of Outer Space, 
American Institute of Aeronautics and Astronautics, Inc., Washington, 
D.C., 1993, pp. 346-354. 
 
Ekblad, U., CD Space Committee 1992 - Summary and Commentaries,  
FOA Report A 30081-9.4, April 1993 (in Swedish). 
 
Ekblad, U., “Space Debris - A Threat to Space Usage”, Nordisk 
Romvirksamhet, No. 2, April 1993, pp. 28-29 (FOA Report B 30326-9.4, 
July 1993) (in Swedish). 
 
Ekblad, U., Confidence-Building Measures as Means for Enhancing Space 
Security, FOA Report B 30325-9.4, July 1993. 
 
Ekblad, U., CD Space Committee 1993 - Summary and Commentaries,  
FOA Report A 30087-9.4, November 1993 (in Swedish). 
 
Ekblad, U., “Military Satellite Communication - Space segment and 
Tendencies”, KKrVA Handlingar och Tidskrift (FOA Report B 30355-9.4, 
April 1994), pp. 417-439 (in Swedish). 
 
Ekblad, U., “Space Technology in France”, Utlandsrapport från STATT, 
Juni 1994 (in Swedish). 
 



 

 

 

183 

Ekblad, U., Space Technology and Our Future Defence - Commentary on 
Space Technology before the Upcoming Total Defence Decision,  
FOA-R--95-00097-9.4--SE, February 1995 (in Swedish). 
 
Ekblad, U.; Andersson, K.; Arnzén, S.; Bergdal, H.; Gustavsson, A.; and 
Sohtell, P.; Future Military Use of Space - An Overview,  
FOA-R--96-00245-9.4--SE, May 1996 (in Swedish). 
 
Ekblad, U.; Andersson, K.; Arnzén, S.; Bergdal, H.; Gustavsson, A.; and 
Sohtell, P.; Development of Military Space Technology - Summary of the 
Report Future Military Use of Space, FOA-R--97-00556-503--SE, 
September 1997 (in Swedish). 
 
Ekblad, U., “Without Space Technology Everyday Life Stops”,  
FOA-tidningen, No. 4, October 1997, pp. 6-10 (reprinted in Ung 
Forskning, No. 4, 1997, pp. 80-83) (in Swedish). 
 
Ekblad, U., “USA cannot Imagine going to War without Satellites”,  
FOA-tidningen, No. 5/6, December 1997, pp. 34-37 (in Swedish). 
 
Ekblad, U., “Asteroids - Radiation - Space Debris. Space is most 
Environmental Friendly at a Distance”, FOA-tidningen, No. 2, May 1998, 
pp. 8-10 (reprinted in Aktuell FoU Forskning & Utveckling, No. 3, 1998, 
pp. 27-31) (in Swedish). 
 
Ekblad, U., “Space on the Way to Becoming a Switchboard - Mass launch 
of satellites”, FOA-tidningen, No. 3, June 1998, pp. 30-32 (in Swedish). 
 
Ekblad, U., “Satellites both Hunters and Victims in Space Warfare”,  
FOA-tidningen, No. 5, November 1998, pp. 16–19 (in Swedish). 
 
Ekblad, U., “The Military Paid the Space Effort and Now Civil 
Technology is Being Bought”, FOA-tidningen, No. 2, May 1999,  
pp. 14-15 (in Swedish). 
 
Ekblad, U., “Space Activities at the Defence Research Establishment in 
Sweden”, Nordic Space Activities, Vol. 7, No. 1, 1999, pp. 18-19. 
 



 

 

 

184 

Ekblad, U., Military Aspects of Satellites Integrated into Mobile Data 
Communications Networks, FOA-R--99-01228-504--SE, October 1999 (in 
Swedish). 
 
Ekblad, U., Space Weapons and Measures against Satellites,  
FOA-R--00-01456-201--SE, March 2000 (in Swedish). 
 
Ekblad, U., (ed.), Future Satellite Reconnaissance Systems,  
FOA-R--00-01463-201--SE, March 2000 (in Swedish). 
 
Ekblad, U., “Rapport du Colloque de la Commission Internationale 
d’Histoire de la Révolution Française tenue au XIXe Congrès International 
des Sciences Historiques”, Revue du Souvenir Napoléonien, 63e année, 
no 430, août - septembre 2000, pp. 81-82. 
 
Höstbeck, L., (ed.); Andersson, M.; Arnzén, S.; Berglund, E.; Ekblad, U.; 
Hamnér, O.; Lindblad, A.; and Wingborg, N.; Space and Defence,  
FOI-R--0188--SE, September 2001 (in Swedish). 
 
Ekblad, U., (ed.), Use of Satellites for Communications in the New 
Warfare – FoRMA Fact Report, FOI-R--0284--SE, December 2001  
(in Swedish). 
 
Ekblad, U., Notes from the Conference ”European Satellites for Security” 
in Brussels 2002-06-18  - 19, FOI Memo 02-2082, 2002-08-20  
(in Swedish). 
 
Andersson, M, and Ekblad, U, Space Systems for International 
Operations, FOI-R--1077--SE, December 2003 (in Swedish). 
 
Ekblad, U.; Andersson, M.; Bergdal, H.; Lindström, S.; and Pettersson, 
M.; System Aspects on Clusters of Small Sensor Satellites,  
FOI-R--1149--SE, January 2004 (in Swedish). 
 
 
 



  

 
 
 
 

Appendices 
 
 
 

Appendix A 
 
 
Tables of Minimum Values of Satellites for 
Periodic Coverage 
 
In the examples here, we will have optical remote sensing and surveillance 
satellites especially in mind. Thus, choosing 2=ν  gives us roughly one 
daytime observation in d  days. Also, only satellite altitudes in the interval 
200 – 1000 km, i.e. satellites in LEO, will be considered. 
 
Equation (8) will be illustrated by tabulating the minimum values of N  
varying two parameters, while keeping the remaining three constant. The 
values of α  in the Table 4 – Table 11 do not necessarily refer to the actual 
half-opening angles of the sensors but could also be the sum of the 
maximum off-nadir viewing angle and the half-opening angle. 
 
 
Table 4: Minimum values of N  as a 
function of h [km] and α [degrees] for 

2=ν , 1=d , and 0=λ  degrees. 
 

h \ α  10 20 30 40 
250 29 14 9 6 
500 15 8 5 4 
750 11 6 4 3 

1000 9 4 3 2 
 
 
 

Table 5: Minimum values of N  as a 
function of h [km] and α [degrees] for 

2=ν , 1=d , and 45=λ  degrees. 
 

h \ α  10 20 30 40 
250 21 10 7 5 
500 11 6 4 3 
750 8 4 3 2 

1000 6 3 2 2 
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Table 6: Minimum values of N  as a 
function of h [km] and d  for 2=ν , 

10=α  degrees, and 0=λ  degrees. 
 

h \ d 1 3 5 7 
250 29 10 6 5 
500 15 5 3 3 
750 11 4 3 2 

1000 9 3 2 2 
 
 
 
Table 7: Minimum values of N  as a 
function of h [km] and d  for 2=ν , 

10=α  degrees, and 45=λ  degrees. 
 

h \ d 1 3 5 7 
250 21 7 5 3 
500 11 4 3 2 
750 8 3 2 2 

1000 6 2 2 1 
 
 
 
 
Table 8: Minimum values of N  as a 
function of h [km] and α [degrees] for 

2=ν , 1=d , and 30=λ  degrees. 
 

h \ α  10 20 30 40 
250 25 12 8 6 
500 12 7 4 3 
750 10 5 3 2 

1000 8 4 3 2 
 
 

Table 9: Minimum values of N  as a 
function of h [km] and α [degrees] for 

2=ν , 1=d , and 60=λ  degrees. 
 

h \ α  10 20 30 40 
250 15 7 5 3 
500 8 4 3 2 
750 6 3 2 2 

1000 5 2 2 1 
 
 
 
Table 10: Minimum values of N  as a 
function of h [km] and d  for 2=ν , 

10=α  degrees, and 30=λ  degrees. 
 

h \ d 1 3 5 7 
250 25 9 5 4 
500 13 5 3 2 
750 10 4 2 2 

1000 8 3 2 2 
 
 
 
 
Table 11: Minimum values of N  as a 
function of h [km] and d  for 2=ν , 

10=α  degrees, and 60=λ  degrees. 
 

h \ d 1 3 5 7 
250 15 5 3 3 
500 8 3 2 2 
750 6 2 2 1 

1000 5 2 1 1 
 
 

 



  

 
 
 
 

Appendix B 
 
 
Diagrams of Minimum Values of Satellites for 
Periodic Coverage 
 
Equation (8) will here, with the same type of applications as in 
Appendix A in mind, be illustrated by plotting the minimum values of N  
versus the satellites altitude h  for various values of the parameters α , λ , 
d , and ν . Each of the Figure 61 – Figure 64 shows the dependence on α  
for different sets of λ , d , and ν , while Figure 65 – Figure 68 show the 
dependence of d  for different sets of α , λ , and ν . Figure 64 – Figure 72 
show the dependence of λ  for different sets of α , d , and ν . Figure 73 – 
Figure 79 are the same as Figure 63, Figure 64, Figure 67, Figure 68, 
Figure 70, Figure 71, and Figure 72 respectively, but in a different scale. 
The higher the orbital altitude h , the smaller N  becomes (Figure 61 – 
Figure 79). The larger the half-opening angle α  of the sensor that can be 
accepted for the mission, the lesser the number of satellites are necessary 
(Figure 61 – Figure 64); the longer the revisit time d  is allowed, the 
smaller N  becomes (Figure 65 – Figure 68). 
 
 

  
Figure 61: Minimum values of N  as a 
function of altitude h  [km], and with 

0=λ  degrees, 1=d , 2=ν , and α  = 10, 
20, 30, and 40 degrees respectively. 

Figure 62: Same as Figure 61, but with 
60=λ  degrees, 1=d , 2=ν , and α  = 10, 

20, 30, and 40 degrees respectively. 
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Figure 63: Same as Figure 61, but with 

0=λ  degrees, 7=d , 2=ν , and α  = 10, 
20, 30, and 40 degrees respectively. 

Figure 64: Same as Figure 61, but with 
60=λ  degrees, 7=d , 2=ν , and α  = 10, 

20, 30, and 40 degrees respectively. 
 

  
Figure 65: Same as Figure 61, but with 

10=α  degrees, 0=λ  degrees, 2=ν , 
and d  = 1, 3, 5, and 7 days respectively. 

Figure 66: Same as Figure 61, but with 
10=α  degrees, 60=λ  degrees, 2=ν , 

and d  = 1, 3, 5, and 7 days respectively. 
 

  
Figure 67: Same as Figure 61, but with 

40=α  degrees, 0=λ  degrees, 2=ν , 
and d  = 1, 3, 5, and 7 days respectively. 

Figure 68: Same as Figure 61, but with 
40=α  degrees, 60=λ  degrees, 2=ν , 

and d  = 1, 3, 5, and 7 days respectively. 
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Figure 69: Same as Figure 61, but with 

10=α  degrees, 0=λ  degrees, 2=ν , and 
λ  = 0, 30, 45, and 60 degrees respectively. 

Figure 70: Same as Figure 61, but with 
40=α  degrees, 0=λ  degrees, 2=ν , and 

λ  = 0, 30, 45, and 60 degrees respectively. 
 

  
Figure 71: Same as Figure 61, but with 

10=α  degrees, 7=d , 2=ν , and λ  = 0, 
30, 45, and 60 degrees respectively. 

Figure 72: Same as Figure 61, but with 
40=α  degrees, 7=d , 2=ν , and λ  = 0, 

30, 45, and 60 degrees respectively. 
 

  
Figure 73: Same as Figure 61, but with 

0=λ  degrees, 7=d , 2=ν , and α  = 10, 
20, 30, and 40 degrees respectively. 

Figure 74: Same as Figure 61, but with 
60=λ  degrees, 7=d , 2=ν , and α  = 10, 

20, 30, and 40 degrees respectively. 
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Figure 75: Same as Figure 61, but with 

40=α  degrees, 0=λ  degrees, 2=ν , 
and d  = 1, 3, 5, and 7 days respectively. 

Figure 76: Same as Figure 61, but with 
40=α  degrees, 60=λ  degrees, 2=ν , 

and d  = 1, 3, 5, and 7 days respectively. 
 

  
Figure 77: Same as Figure 61, but with 

40=α  degrees, 1=d , 2=ν , and λ  = 0, 
30, 45, and 60 degrees respectively. 

Figure 78: Same as Figure 61, but with 
10=α  degrees, 7=d , 2=ν , and λ  = 0, 

30, 45, and 60 degrees respectively. 
 

 

 

Figure 79: Same as Figure 61, but with 
40=α  degrees, 7=d , 2=ν , and λ  = 0, 

30, 45, and 60 degrees respectively. 

 

 
 
 



  

 
 
 

Appendix C 
 
 
Aircraft Detection from the ICM Algorithm 
 
 

 
Figure 80: The first image in the series after iteration number 2 of the ICM algorithm. 

 
 

 
Figure 81: The first image in the series after iteration number 3 of the ICM algorithm. 
 
 

 
Figure 82: The first image in the series after iteration number 4 of the ICM algorithm.  
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Figure 83: The first image in the series after iteration number 13 of the ICM algorithm. 
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