ISSN 0909-3192

©Copyright 1999

by

Jørgen Folm-Hansen

Printed by IMM, Technical University of Denmark, DK-2800 Lyngby.

Bound by Hans Meyer.

Preface

This thesis fulfills in part the official requirements for obtaining the degree of

Ph.D. in engineering fromthe Technical University of Denmark. The thesis has

been prepared at the Section for Image Analysis, Department of Mathematical

Modelling (IMM).

The main subject of the thesis is different methods for the geometrical and

chromatic calibration of cameras in various environments. Emphasis is put on

methods for calibrating monochrome, colour and multi-spectral images to get a

high accuracy of measurement. The presented treatment is not intended to cover

all aspects of the considered subject. It is rather meant as a presentation of

topics selected fromthe author´s knowledge and experience, for which some

amount of apparently new insight has been made during this Ph.D.-study.

The reader will most probably benefit fromhaving a basic knowledge of

mathematics, statistics and digital image analysis.

Lyngby, 30 April 1999

Jørgen Folm-Hansen iv

Acknowledgments

It is a pleasure for me in this place to thank my colleagues in the image analysis

group at IMM for having created a very pleasant and inspiring atmosphere

during my 4 years work at the department.

I would like to thank my supervisors Professor Knut Conradsen, Dr. Bjarne

Ersbøll and Dr. Jens Michael Carstensen for their interest in the project,

valuable advices and professionally inspiring discussions. Without their help

this project would never have succeeded or even started.

I would especially like to thank my two office mates Dr. Karsten Hartelius and

M.Sc. Søren Falch Jørgensen for their pleasant and encouraging company.

Their enthusiasmand light spirit have been an invaluable source of

encouragement in times where that was needed. I also had the benefit of

borrowing a private bedroomat Karsten Hartelius´s apartment, which, because

of my change of address to the southern part of the Danish islands, has been a

supreme help in the last months of the writing process of this thesis.

In carrying out the work reported here, I have received important assistance

frommany people beside those mentioned here, and I wish to express my truly

gratitude to everybody who has helped one way or the other.

I would like to express my sincere appreciation of the great support and

especially patience of my family, who had to put up with me having much less

time for themduring long periods of heavy work load.

Finally I wish to express my gratitude to my lovely wife Anne-Mette and

especially for the love and understanding she was able to give during the

writing process, despite my absence both mentally and physically during much

of her pregnancy.

Summary

The main subject of the present thesis is different methods for the geometrical

and chromatic calibration of cameras in various environments.

For the monochromatic issues of the calibration we present the acquisition of

monochrome images, the classic monochrome aberrations and the various

sources of non-uniformity of the illumination of the image plane. Only the

image deforming aberrations and the non-uniformity of illumination are

included in the calibration models. The topics of the pinhole camera model and

the extension to the Direct Linear Transform(DLT) are described. It is shown

how the DLT can be extended with non-linear models of the common lens

aberrations/errors some of themcaused by manufacturing defects like

decentering and thin prismdistortion. The relation between a warping and the

non-linear defects are shown. The issue of making a good resampling of an

image by using the correct interpolation method is described.

For the chromatic issues of calibration we present the acquisition of colour and

multi-spectral images, the chromatic aberrations and the various lens/camera

based non-uniformities of the illumination of the image plane. It is described

how the monochromatic calibrations are extended to multi channel images.

Since accurate colour images require equal (uniform) intensity levels in all

channels, the various sources, in both open and closed scenes, for the non-

uniformintensities and some corresponding calibration methods are described.

The various possibilities to design calibration targets for both geometrical and

chromatic calibration are described. We present some possible systematical

errors on the detection of the objects in the calibration targets, if viewed in a

non orthogonal angle, if the intensities are uneven or if the image blurring is

uneven.

Finally we present the implementation of a complete calibration method for an

accurate colour texture measurement device called VMX2000, the calibration

for uneven laser sheet illumination in a flow measuring systemand the use of

automatic detection of calibration targets for a DLT/warping in a 3D PIV

system.

Resumé

Hovedemnet i denne afhandling er forskellige metoder til geometrisk og

kromatisk kalibrering af kameraer i forskelligartede miljøer.

Med hensyn til de monokromatiske emner indenfor kalibrering er præsenteret

optagelsen af monokrome billeder, de monokrome aberrationer og de

forskellige kilder for ujævn belysning af billedplanet. Kun de

billeddeformerende aberrationer og den ujævne belysning er inkluderet i

kalibreringerne. Emnerne omkring pinhole kameraer og udvidelserne til den

direkte lineære transformering (DLT) er beskrevet. Det er vist, hvordan en DLT

kan udvides med ikke lineære modeller af de almindelige linse aberrationer/fejl,

hvoraf nogle af demskyldes produktionsfejl af typen decentrering og tynd

prisme fortegning. Relationerne mellemen warpning og de ikke lineære

aberrationer/fejl er blevet vist. Det er blevet beskrevet, hvorledes valget af den

rigtige interpolation har betydning for en god resampling af et billede.

Med hensyn til de kromatiske emner indenfor kalibrering er præsenteret

optagelse af farve og flerkanals billeder, de kromatiske aberrationer og de

forskellige linse/kamera baserede kilder for ikke jævn belysning af

billedeplanet. Det er beskrevet, hvorledes de monokromatiske kalibreringer er

udvidet til flerkanalsbilleder. Da nøjagtige farvebilleder kræver ens (jævne)

intensitetsniveauer i alle kanaler, er det beskrevet, hvorledes de forskellige

grunde til ujævnheden er opstået, og hvorledes der kan kalibreres for dem.

Der er beskrevet en masse forskellige muligheder for kalibreringsmål til brug

for både de geometriske og de kromatiske kalibreringer. Der er blevet

præsenteret en række forskellige systematiske fejl på detekteringen af

kalibreringsobjekter, når de ses i en ikke orthogonal vinkel, ujævne intensiteter

og ujævn uskarphed i billedet.

Der er blevet præsenteret implementeringen af en komplet kalibreringsmetode

til et præcist farve tekstur måleapparat kaldet VMX2000, en kalibrering for

ujævne intensiteter i et laser plan placeret i et luftstrømmålesystemog en

automatisk detektering af kalibreringsobjekter til DLT/warping i et 3D PIV

system.

IMM Section for Image Analysis

Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Resumé . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Main Issue of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Geometrical Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Image Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Lenses and Aberrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Point Blurring Aberrations

2.2.2 Image Deforming Aberrations

2.2.3 Other Defects

2.3 Pinhole Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Direct Linear TransformDLT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Jørgen Folm-Hansen

2.5 Nonlinear Camera Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5.1 Radial-Symmetrical Distortion

2.5.2 Decentering Distortion

2.5.3 Thin PrismDistortion

2.5.4 Nonlinear Minimization

2.6 Warp Based Camera Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.7 Resampling Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.7.1 Interpolation Methods

2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Chromatic Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.1 Colours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.2 Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.2.1 Single chip colour cameras

3.2.2 Beam-splitter colour cameras

3.2.3 Multiple shot colour cameras

3.2.4 Scanners

3.2.5 Colour Alignments

3.3 Chromatic Aberrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.3.1 Transverse chromatic aberration

3.3.2 Longitudinal chromatic aberration

3.4 Full camera calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.5 Warp based colour calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.6 Uneven intensities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.6.1 Camera and lens based

3.6.2 Scene and light source based

3.6.3 Correction and Calibration

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Calibration Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.1 Different Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.1.1 Common for Almost all Devices

4.1.2 Monochrome Cameras

4.1.3 Colour Cameras

4.1.4 Scanners and Line-scan Cameras

IMM Section for Image Analysis

4.2 Miscellaneous Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.3 Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.3.1 Manual

4.3.2 Automatic and Semi-Automatic

4.4 Uneven Condition Displacements . . . . . . . . . . . . . . . . . . . . . . . . 151

4.4.1 Uneven Distributed Light

4.4.2 Reflection

4.4.3 Uneven Blurring in the Image Plane

4.5 Perspective Projection Displacement . . . . . . . . . . . . . . . . . . . . . . 160

4.5.1 Illustrative Example

4.5.2 A Model for PPD

4.5.3 Parallel Image and Object Plane

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

Implementations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

5.1 Advanced Colour Texture Measurements . . . . . . . . . . . . . . . . . . . 171

5.1.1 The Surfix Texturemeter

5.1.2 The Integrated Sphere/VMX2000

5.1.3 The SurfView

5.1.4 Measurements

5.2 Laser Sheet Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

5.2.1 Measuring Concentration Distribution

5.2.2 Particle Image Velocimetry in 3D

5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

Developed Software

Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

Line-Jitter

Appendix C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

Warping Experiments

Jørgen Folm-Hansen

Appendix D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

Inverse Nonlinear Distortion Experiment

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

1 1 Introduction

IMM Section for Image Analysis

Chapter 1

Introduction

The reader will already be aware fromthe title of this thesis that its overall

topics concerns geometrical and chromatic calibrations. By the geometrical

calibration we mean the calibration of cameras or other image capturing devices

for the image deforming distortions. This includes the spatial misalignment of

the channels in multi-spectral images. By chromatic calibration we mean the

calibration used to get absolute, repeatable and uniformintensity values in the

whole image plane. This, of course, also includes the colour and multi-spectral

images.

1.1 Main Issue of the Thesis

The main practical implementation in this project has been the design of

suitable calibration methods for obtaining highly accurate colour images froma

colour camera combined with a frame-grabber and a computer. This has, of

course, also influenced the theoretical contents of this thesis.

2 Chapter 1

Jørgen Folm-Hansen

There has been made a lot of work on the study of the classical camera

calibration methods fromphotogrammetry. These methods all deal with the

geometrical calibration, since they traditionally have been used for measuring

e.g. building geometry and not for grey tone/colour measurements. In order to

get a better understanding of these calibration models, optics and aberrations of

lenses have been studied and compared to the non-linear calibrations. Although

it is possible to calibrate a camera with a bad lens to obtain a very high

accuracy of measurement, this does not mean that the images are useful for

image analysis. The monochromatic and chromatic aberrations also includes

point blurring aberrations that blur the image significantly, the use of high

quality lenses can therefore be needed despite the use of a very good

calibration.

To make an accurate colour image, where the colours in the image can be

measured in some standard colour coordinate system, it is needed not only to

have a good alignments of the channels but also to have a uniformintensity

distribution on the image plane. This has shown to be quite a difficult task since

the lens, camera, illumination and scene setup all will influence on the intensity

distribution in the image. There has been made a lot of work on solving these

problems and some apparently new insight on this subject has been developed.

The studied and developed methods have been implemented in three cases.

� An accurate colour texture measurement device called VMX2000.

� Measuring concentration distribution of injected gas in a swirling bulk flow using a laser-sheet.

� The initial measurement for a prototype of a 3D (stereo) Particle Image

Velocimetry (PIV) system.

3 1 Introduction

IMM Section for Image Analysis

1.2 Outline of the Thesis

It has not always been easy to divide the material into chapters and sections, since much of it is closely related. So some of the dividing into chapters should be considered a compromise to having one big chapter.

The first of the subsequent chapters ( chapter 2 ) gives a description of the aspects of calibration that mainly are related to monochrome images (ignoring the chromatic issues), this includes the lens aberrations, uneven radiance on the image plane, classical camera calibration, warp based geometrical calibration and resampling/interpolation issues.

Chapter 3 is dedicated to the more chromatic (colour) related calibrations, this is among others the chromatic aberrations. It is described how various types of colour cameras work and what the advantages / disadvantages are. The relations to the classical camera calibration and warping are described. Even though it can be interesting to calibrate for uneven intensities with monochrome cameras this subject has been placed in this chapter. It is described how the lens/camera errors, combined with the scene based uneven illumination, can influence the intensities, and how to make various calibrations for this effect.

Chapter 4 gives a description of various calibration targets that can be used for both the geometrical and chromatic calibrations. We also present methods for automatic detection of simple calibration targets. It is shown how unevenness in the intensities or the blurring can make systematical subpixel displacements of the calibration objects. Finally we present a simple model for calculating the perspective projection displacement (PPD) that can be used for evaluation of a practical setup.

Chapter 5 describes three practical implementations, made within this project, of some of the calibration methods described in the previous chapters.

4 Chapter 1

Jørgen Folm-Hansen

Appendix A contains a brief description of the developed software during this project.

Appendix B describes a practical experiment with line-jittering.

Appendix C describes a practical experiment with warping used to illustrate the relation between a perspective transformation and a polynomial warping.

Appendix D shows a practical experiment when using the non-linear distortions as estimates of the inverse distortions.

5

IMM Section for Image Analysis

Chapter 2

Geometrical Calibration

This chapter will describe the aspects of monochrome images and the related calibrations. This includes the acquisition, interlacing, monochromatic aberrations, the pinhole model and the related extensions for modelling the distortions, the classical photogrammetry models and warping. Aspects about obtaining correct/uniformintensities across the image plane and chromatic aberrations, are discussed in the next chapter on chromatic calibration.

2.1 Image Acquisition

Digital images can come froma variety of devices. In this thesis only scanners and especially camera based acquisition will be discussed. A monochrome camera is made of a ray collecting device (like a lens) and some sort of normally planar 2D-array of sensors (chip) to digitalize the image. A variant is the line-scan cameras. They also use a ray collecting device, but they only have a 1D-array of sensors, and either the camera or the object must be moved in order to make a 2D image. A scanner normally uses a 1D-array of sensors that are moved at a very close range over (or under) the object to be scanned.

Jørgen Folm-Hansen

Digital images are as a minimumspecified by their size and dynamics, the size is the number of spatial element (pixels) and the dynamics is the maximum number of grey tones that can be represented. The dynamics is usually given in bits, where e.g. an 8 bit image maximally can hold 256 grey tones.

Micro-Technology

The most common (1998) chip type for digital image capturing is the CCD

(charge coupled device) chip where each sensor element (pixel) is made of an electron well. The CCD technology gives a high fill factor, up to 95%, meaning that the active photon counting area is 95% of the on-chip pixel area. The alternative to the CCD chips are the CMOS based chips which are rapidly coming into the market, instead of an electron well they use a small photo diode for each sensor. They are cheaper to produce and the layout of the chip makes it possible to add simple image processing hardware into the chip. The active sensor (the photo diode) needs some surrounding circuitry to function which, unfortunately, causes the fill factor to be very small, only about 30%. The small fill factor of the CMOS chips is the largest disadvantage of this technology, since the number of photons to hit the chip must be larger than with a CCD chip to get the same intensity and thereby the same signal/noise ratio. A CMOS camera therefore normally requires stronger light than the CCD chip and as described later in this chapter a larger aperture on the lens gives more aberrations. There are actual plans of placing micro-lenses onto each of the pixels in the CMOS chip to focus the light directly on the photo diode. For further details see e.g. the Sound Vision Incorporated Internet homepage at http://www.soundvisioninc.com/. In this project there has only been used CCD cameras, but if using CMOS based cameras the low fill factor must be taken into consideration, if the focus of the lens is better than the size of a pixel the low fill factor could e.g. cause cut-lines effect since the ^picture~ on a single pixel only is captured in a small region, this can be compared to making a heavy undersampling of a digital image without pre-blurring.

7 2 Geometrical Calibration

IMM Section for Image Analysis

Scanners

Scanners differ significantly fromcameras in the sense that they usually are used for planar objects, like photos, negatives and textiles, and must have the objects at a very close range. A scanner uses an array of sensors that moves across the object where the array not necessarily can cover the entire image.

The most common is to use a full width single line array that is moved perpendicular to the line in order to capture a complete 2D-image. Some variants use a small 1D-array that is moved vertically over (or under) the objects line by line, this can cause some reflection problems with glossy objects that gives an uneven light across the sensor. In this project there has been observed visually large vertical stripes on a very expensive scanner (Eskofot

2450) when grabbing negatives/positives caused by the illumination at the top and bottomof the small 1D sensor to be different.

With most scanners there is no lens in traditional camera sense and the models for classic lens aberration cannot be used. The line-array is typically very straight and since it is factory mounted it is also very perpendicular to the moving direction. Nowadays (1998) traditional scanners use a single line CCD chip which captures image data through a lens-and-mirror optical system. In such a systemthe optics can become misaligned giving manufacture specific displacements errors. These displacements can be in both directions. The new type of scanners that are coming rapidly into the scanner market is CIS scanners. A CIS (contact image sensor) scanner replaces the optical technique with a single row of sensors, which is positioned about 1-2 mmbelow the object to be scanned. Illumination is provided by a closely packed row of red, blue, and green LEDs to create white light. Because the CIS uses far less power, are simpler, smaller and cheaper to produce than the CCD scanners they

(or some similar product) will most likely control most of the market in the future.

Jørgen Folm-Hansen

Noise

The sensor elements work by counting the number of arrived photons inside the active sensor area, the number of arrived photons at a specific sensor is a stochastic variable but since the number of arrived photons normally are very high this should be a neglect able noise source in most systems. But some of the counted photons are thermally generated within the sensor (black current) and this is normally a significant noise source for digital cameras. This noise can be reduced by cooling the sensor array and many non-consumer cameras come with built-in cooling for that purpose.

Since the largest noise source is thermally generated the signal/noise ratio is very dependent on the exposure time and the amount of illumination on the scene/object. As exposure time increases the accumulation of thermal noise is also increased. But to get the best signal (without over exposure) the exposure time must be increased until the full dynamics almost is reached. The best is always the highest possible illumination, a low lens aperture and a short exposure time. The aperture should only be enlarged if the possible lens aberrations can be accepted. Many digital cameras have an adjustable gain that can move the range of dynamics electronically, this can be used for very weak illuminations or exposure times. A low gain should only be used if it is strictly necessary since this also increases the noise, the thermal noise can easily be observed if capturing images with a very low exposure time (e.g. 1/10000) and using the gain to adjust the intensities of the image.

In some applications sequences of images of moving objects are captured. In such applications there can be a requirement for very low exposure times to decrease blurring fromthe movement. In order to improve the signal/noise ratio in such sequences cooled cameras or a very strong light must be used. Very strong light can come froma strobe synchronized with the camera in order to reduce the power consumption and the heat generation.

The thermal noise can, if the scene/object position and illumination is constant and time allows it, be used in a constructive way. From[Conradsen84] can be seen that if averaging n observations of equally N(μ ,

� is the wavelength of the light (visible light about 400 to 750 nm).

The limit of the size of a focus point is then given by d

A

in (2.2) which is the size of the Airy disc fromthe diffraction pattern, see [Dalsgaard89] for a

17 2 Geometrical Calibration

IMM Section for Image Analysis

d f

f d A

= × × = × ×

2 2 4 4 q l . (2.2)

description of the Airy disc. f is the focal length of the lens. This should be compared to the CCD-chip pixel size.

Using a 1/3" CCD-chip (pixel size about 6 μ m) with a 25 mmlens, 4 mm aperture and 555nmlight gives an Airy disc of 8,5 μ mwhich is a little larger than a pixel. This illustrates that diffraction can be a considerable blurring error in normal vision systems.

As described earlier in this chapter most aberration can be reduced by using a smaller aperture but from(2.2) it can be seen that the smaller the aperture the larger is the diffraction. When a manufacturer denotes a lens ^perfect~ or error free he normally means diffraction limited, that is, the aberrations are smaller than the diffraction error.

The diffraction is also the reason why pinhole cameras (see figure 2.8) give smeared images and therefore are very rare in vision systems. The smaller the hole, the larger the blurring fromdiffraction and the larger the hole the more blurring fromgeometric views. It can be mentioned that when optimized for

555nmlight the diameter (in millimetre) of the hole in a pinhole camera should be 0.036*sqrt(f) where f is the distance between hole and image plane in millimetres [Jacobson97].

Flare

Since each element in a lens can reflect a little light multiple elements could cause light being reflected forward and backward inside the lens, these reflections can cause a defect called flare. The more elements in a lens the higher the risk of flare. The internal material used in the housing of the lens can also cause troubles if it is too reflective. Flare is typically seen as bright spots

Jørgen Folm-Hansen

(often shaped as the diaphragminside the lens) when a bright light is in the picture. It can be reduced by a good design of the lens, the use of non-reflective material in the housing and the use of good glass. Flare is likely to happen if the light source in a scene can light directly (or indirectly e.g. through a mirror) at the front glass of the lens. This has been observed when working with a camera looking at a hole in an illuminated integrated sphere causing a slight design change of the system, see chapter 5. If flare appears in a machine vision system another lens (probable more expensive) must be used or if possible the direct light must be shielded. Some times a lens shade at the front can keep the unwanted light fromstriking the lens and causing flare, but it should be sized to the particular lens to avoid vignetting.

Chromatic effects on monochrome images

Since white light consists of all visible wavelengths, a lens with chromatic aberrations (see chapter 3) will cause blurring when used with a monochrome camera. This can be a significant blur and the use of an achromatic lens or spectrally narrow light must be considered, if possible.

Decentering and Thin PrismDistortion

When assembling a lens it is of course possible to misalign the elements. This can either be an alignment error of the optical axis or a tilt of the element as illustrated in figure 2.7. A decentering of a lens element causes a distortion with both a radial and a tangential component and is a commonly modelled distortion in a camera calibration. For more details see page 32. A tilt of a lens element (or CCD chip) causes a Thin Prismdistortion which also have both a radial and a tangential component, the name ^Thin PrismDistortion~ comes fromthe fact that the tilt can be modelled by an adjunction of a thin prismin the optical system. The Thin Prismdistortion is not commonly used in camera calibration, see page 35 for more details.

19 2 Geometrical Calibration

IMM Section for Image Analysis

Figure 2.7 Lens elements with various misalignments

(a) perfectlymounted (b) decentered (c) tilted.

Figure 2.8 The pinhole camera. Onlythe direct rays from object to image plane come through the small hole.

2.3 Pinhole Model

The pinhole camera illustrated in figure 2.8 represents the ideal camera, free fromany errors like distortion. It can be made in practice using a box with a white sheet as image plane and a small hole in the middle of the opposite side of the ^image plane~. Such a small pinhole can be used as a camera and the main advantage is that it has unlimited depth of field, the disadvantage is that the light beams that go through the small hole will cause diffraction and the image will always be quite blurred, pinhole cameras are therefore only used for very special applications.

Jørgen Folm-Hansen

w u w v w

f f

m m m m m m m m m

x y z

x y z o r q F M T p

i i i i i

i i i i i

é ë

ê ê ê

ù û

ú ú ú

=

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê

ù û

ú ú ú

×

-

-

-

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê ê

ù û

ú ú ú ú

= × × ×

0 0

0 0

0 0 1

1 0 0

0 1 0

0 0 1

1

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

0

0

0

(2.3)

Figure 2.9 The pinhole camera model with parameters.

The pinhole camera is, because of its simplicity and perspective similarity to a lens based camera, used as a mathematical model for the perfect camera. The parameters used for the pinhole model which is the foundation for the further camera models are illustrated in figure 2.9.

In (2.3) are the formulas for the relation between world coordinates p i

(x i

,y i

,z i

) and image coordinates q i

(u i

,v i

). for a pinhole model in homogeneous coordinates, it is made of a translation, a rotation and a perspective transformation.

21 2 Geometrical Calibration

IMM Section for Image Analysis

w u w v w

a a a a a a a a a a a a

x y z o r q A p

i i i i i

i i i i i

é ë

ê ê ê

ù û

ú ú ú

=

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê ê

ù û

ú ú ú ú

= ×

1 1 1 2 1 3 1 4

2 1 2 2 2 3 2 4

3 1 3 2 3 3 3 4 1

(2.5)

M =

- +

+ -

-

é ë

ê ê ê

ù û

ú ú ú

c o s ( ) c o s ( ) s i n ( ) s i n ( ) c o s ( ) c o s ( ) s i n ( ) c o s ( ) s i n ( ) c o s ( ) s i n ( ) s i n ( ) c o s ( ) s i n ( ) s i n ( ) s i n ( ) s i n ( ) c o s ( ) c o s ( ) c o s ( ) s i n ( ) s i n ( ) s i n ( ) c o s ( ) s i n ( ) s i n ( ) c o s ( ) c o s ( ) c o s ( )

j k w j k w k w j k w k j k w j k w k w j k w k j w j w j

(2.4)

The rotation matrix M actually only consists of three parameters which traditionally have been the Euler angles: first

& around the X axes then

Q

around the Y axes and finally

� around the Z axes (see figure 2.9), where the order of the rotations is important. (2.4) shows the rotation matrix M with the three angles.

The rotation matrix M is orthogonal, the inverse matrix equals the transposed matrix. For details on the rotation matrix see [Jacobi84].

2.4 Direct Linear Transform DLT

The direct linear transform(DLT) can be regarded as an extension of the pinhole model that includes a shift of the image origin and a linear distortion in the image plane. It is normally divided into the 3x4 DLT for a full 3D transformation and the 3x3 DLT for planar word coordinates (z=0), both transforms will be discussed in this section.

(2.5) shows the 3x4 DLT (homogeneous coordinates) between world coordinates p i

(x i

,y i

,z i

) and image coordinates q i

(u i

,v i

).

22 Chapter 2

Jørgen Folm-Hansen

a a a a a a a a a a a a

u v

b b b b

f f

m m m m m m m m m

x

1 1 1 2 1 3 1 4

2 1 2 2 2 3 2 4

3 1 3 2 3 3 3 4

0

0

1

1 2

2 1

1

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

0

1 0

0 1

0 0 1

1 0

1 0

0 0 1

0 0

0 0

0 0 1

1 0 0

0 1 0

é ë

ê ê ê

ù û

ú ú ú

= ×

-

-

é ë

ê ê ê

ù û

ú ú ú

×

+

-

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê

ù û

ú ú ú

×

-

-

- -

l y

z

o r

A V B F M T

0

0

1 1

0 0 1 - é

ë ê

ê

ê ù

û ú

ú

ú

= × × × × × - - l

(2.7) u

v b b

b b u

v u

v

o r

q B V q i

i i

i

i i

’

’

’

1

1 0

1 0

0 0 1

1 0

0 1

0 0 1 1

1 2

2 1

0

0 é

ë ê

ê

ê ù

û ú

ú

ú

=

+

- é

ë ê

ê

ê ù

û ú

ú

ú

×

-

- é

ë ê

ê

ê ù

û ú

ú

ú

× é

ë ê

ê

ê ù

û ú

ú

ú

= × ×

(2.6)

The linear distortion in the DLT consists of a scale difference and lack of

orthogonality between the image axes [Melen94]. The linear distortion from

image coordinates (u

i

,v

i

) to corrected image coordinates (u

i

´, v

i

´) can be

represented by the equation in (2.6).

Where b

1 and b

2 are the linear distortion coefficients and (u

0

,v

0

) is the principal

point.

When combined with the pinhole model the A matrix from(2.5) can be

represented by equation (2.7).

Where �

g 0 is an arbitrary overall scaling factor, its value will only effect w

i

which is divided out to find u

i and v

i

, anyway.

The DLT matrix A can of course easily be calculated fromthe camera

parameters. The decomposition of an estimated DLT matrix ( A ) to the camera

parameters is quite complicated and was first solved completely in 1987. Notice

that 12 parameters need to be estimated since the rotation matrix only has 3

parameters. Non-iterative and fast methods for this decomposition can be found

23 2 Geometrical Calibration

IMM Section for Image Analysis w u

w v

w a a a

a a a

a a a x

y

o r

q A p i i

i i

i i

i

i x i é

ë ê

ê

ê ù

û ú

ú

ú

= é

ë ê

ê

ê ù

û ú

ú

ú

× é

ë ê

ê

ê ù

û ú

ú

ú

= ×

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

3 3

1 (2.8) in many references and it will not be discussed further in this thesis, good

references are [Melen94] and [Knudsen98]. The decomposition of the 3x4 DLT

matrix described in [Melen94] has been software implemented within this

Ph.D.-project and has been used in the work done in this project as well as

other projects at the department IMM with non planar calibration targets.

The parameters are traditionally divided into the exterior (translation and

rotation) and the intrinsic parameters which with the DLT are f, u

0

, v

0

, b

1 and

b

2

. The point about exterior and intrinsic parameters is that if a camera is moved

fromone image to another the intrinsic parameters are constant and the exterior

gives the position of the camera for each position.

When calibrating a camera using a planar calibration target fromvarious

positions, the planar target is assumed to be the Z=0 plane and the DLT matrix

for each camera position is reduced to a 3x3 matrix as seen in equation (2.8).

The representation of the A

3x3 as an extended pinhole is given in equation (2.9),

the only difference is actually the new translation matrix T

3x3

.

Jørgen Folm-Hansen a a a

a a a

a a a u

v b b

b b f

f m m m

m m m

m m m x

y

z

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

0

0

1

1 2

2 1

1

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

0

0

0

1 0

0 1

0 0 1

1 0

1 0

0 0 1

0 0

0 0

0 0 1

1 0

0 1

0 0 é

ë ê

ê

ê ù

û ú

ú

ú

= ×

-

- é

ë ê

ê

ê ù

û ú

ú

ú

×

+

- é

ë ê

ê

ê ù

û ú

ú

ú

× é

ë ê

ê

ê ù

û ú

ú

ú

× é

ë ê

ê

ê ù

û ú

ú

ú

×

-

-

- é - -

l

ë ê

ê

ê ù

û ú

ú

ú

= × × × × × - - o r

A V B F M T

x x 3 3

1 1

3 3 l

(2.9)

The decomposition of the 3x3 DLT matrix cannot be solved completely without

the prior knowledge of at least 3 parameters, because the A

3x3 matrix only gives

9 degrees of freedomand 12 (including � ) are needed. [Melen94] gives three

different approaches with assumptions about a subset of parameters (b

1

, b

2

, f ,

u

0 or v

0

) and since the DLT mostly is used as a starting guess for more

advanced method this is normally enough. If the image plane and the planar

object are parallel, then none of the methods can decompose the focal length

and the principal point. One of the methods for decomposition of the 3x3 DLT

matrix in [Melen94] has been software implemented within this Ph.D.-project

and has successfully been used in work done in this project as well as other

projects on IMM where the use of planar calibration targets has been used.

When making a camera calibration the DLT matrix and its decomposition(s) are

very useful tools for estimating the camera parameters, which again can be used

as initial guesses for more advanced methods. After obtaining a set of image

coordinates with corresponding world coordinates (using calibration targets)

the next step is to estimate the DLT matrix fromthe coordinate set(s). This is a

straight forward method that can be divided into estimating the full 3x4 DLT

matrix or the 3x3 DLT matrix.

In the case of a coordinate set where all the world coordinates are not in one

plane, the 3x4 DLT matrix must be used. Multiplying the DLT matrix in (2.5)

with the world coordinates p

i and dividing the two upper rows by w

i the two

equations in (2.10) (one for u

i and one for v

i

) are obtained.

25 2 Geometrical Calibration

IMM Section for Image Analysis a x a y a z a a x u a y u a z u a u

a x a y a z a a x v a y v a z v a v i i i i i i i i i i

i i i i i i i i i i

1 1 1 2 1 3 1 4 3 1 3 2 3 3 3 4

2 1 2 2 2 3 2 4 3 1 3 2 3 3 3 4

0

0

+ + + - - - - =

+ + + - - - - =

(2.10)

x y z x u y u z u u

x y z x v y v z v v a

a

a

a

a

a

a

a

a

a

a

a

o r

L a i i i i i i i i i i

i i i i i i i i i i

1 0 0 0 0

0 0 0 0 1

0

0

0

1 1

1 2

1 3

1 4

2 1

2 2

2 3

2 4

3 1

3 2

3 3

3 4

- - - -

- - - - é

ë ê ù

û ú × é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

= é

ë ê ù

û ú

¢ × ¢ = (2.11)

This can be written in matrix format.

The equation in (2.11) can be used for a least square fit when estimating the

DLT matrix A where each point gives two rows in the L´ matrix. Unfortunately

the matrix is singular and an additional constraint must be applied, the most

common is a

34

=1 but since it will fail if the correct a

34 is close to zero another

(singularity free) constraint a

31

2 + a

32

2 + a

33

2 = 1 is also often used [Melen94].

In the work done in this project the constraint a

34

=1 has been used overall and

has not given any problems, the singularity with the a

34

=1 constraint will only

occur when the equation in (2.12) is true and the center of perspective is located

in one of the three planes defined by the axis of the world coordinate system.

This can easily be seen fromthe rotation matrix in (2.4) and the extended

pinhole model in (2.7) when considering that � =0 cannot be true since it would

Jørgen Folm-Hansen

- + + = s i n ( ) s i n ( ) c o s ( ) c o s ( ) c o s ( ) j w j w j x y z

0 0 0

0 (2.12)

a x a y a z a a x u a y u a z u u

a x a y a z a a x v a y v a z v v i i i i i i i i i i

i i i i i i i i i i

1 1 1 2 1 3 1 4 3 1 3 2 3 3

2 1 2 2 2 3 2 4 3 1 3 2 3 3

+ + + - - - =

+ + + - - - =

(2.13)

a L L ) L l T T = - ( 1 (2.15)

.

.

.

.

.

.

.

.

.

.

.

.

x y z x u y u z u

x y z x v y v z v a

a

a

a

a

a

a

a

a

a

a u

v i i i i i i i i i

i i i i i i i i i i

i

1 0 0 0 0

0 0 0 0 1

1 1

1 2

1 3

1 4

2 1

2 2

2 3

2 4

3 1

3 2

3 3

- - -

- - - é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

× é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

= é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

× = o r

L a l

(2.14) imply that the DLT matrix A is zero.

If using the a

34

=1 constraint the equation from(2.10) is turned into (2.13).

In (2.14) is shown the equation containing the N observed image coordinates

and the corresponding ^known~ world coordinates in a 11x2*N matrix L and a

2*N vector l .

The least squares fit is made by calculating the expression in (2.15).

27 2 Geometrical Calibration

IMM Section for Image Analysis a L L L l

x x

T

x x

T

x 3 3 3 3 3 3

1

3 3 3 3

= - ( ) (2.17)

.

.

.

.

.

.

.

.

.

.

.

.

x y x u y u

x y x v y v a

a

a

a

a

a

a

a u

v

o r

L a i i i i i i

i i i i i i i

i

x x

1 0 0 0

0 0 0 1

1 1

1 2

1 3

2 1

2 2

2 3

3 1

3 2

3 3 3

- -

- - é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

× é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

= é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

×

3 3 3

= l

x

(2.16)

To solve (2.15) at least six points are needed to have full rank eleven, but no

geometric distribution of six points will guarantee full rank for all camera

positions therefore at least seven points should be used [Melen94]. In all cases

the points must not be in one plane (in world coordinates) since it will make the

systemsingular.

The systemto estimate the 3x3 DLT matrix is similar to the above description

of the estimation of the 3x4 DLT matrix and the estimation is shown in (2.16)

with the constraint that a

33

=1.

Where the least squares fit is given in (2.17).

Jørgen Folm-Hansen

Figure 2.11 Nonlinear distortions,

� r at the distance r i

fromthe principal point (see figure 2.13 (a)) modelled by a polynomial with uneven exponents normally up til the 7 th power, see equation

(2.20).

Since the coefficient a

1

and the focal length f are interdependant a

1

is normally set to zero and the tangent of � r will therefore be zero for r i

=0. This is illustrated in figure 2.13 (b) which is a typical appearance of a radial distortion

� r for an ordinary lens.

31 2 Geometrical Calibration

IMM Section for Image Analysis

d d

u v

u k r k r k r v k r k r k r

i

r i

r

i i i i i i i i

( )

( )

*

*

( )

( )

é ë

ê

ù û

ú =

+ +

+ +

é ë

ê

ù û

ú 1

2

2

4

3

6

1

2

2

4

3

6

(2.21) d d

u v

u k r k r v k r k r

i

r i

r

i i i i i i

( )

( )

*

*

( )

( )

é ë

ê

ù û

ú =

+

+

é ë

ê

ù û

ú 1

2

2

4

1

2

2

4

(2.22)

Figure 2.13 Radial-symmetrical distortion. (a) the out-coming rayof the lens does not follow the pinhole model (dotted line). (b) typical appearance of radial-symmetrical distortion, notice the zero tangent at r i

=0.

In order to use the equation in (2.20) in equations (2.18) or (2.19) the correction

� r is projected into the image coordinate systemgiving the expression in

(2.21).

In many cases (lens dependant) two coefficients are enough for an usable calibration [Heikkilä96b] and the two coefficient expression that was used and software implemented in this project are given in (2.22). The number of coefficients for the radial distortions must be chosen for the individual task dependent on the accuracy of the calibration target and its detection. In the references the number of coefficients varies fromone [Weng92] ( [Tsai86] two coefficient in article but only one in downloadable software) to three coefficients [Melen94].

32 Chapter 2

Jørgen Folm-Hansen

d d

j j j j

d d

r

u v

i

t i

t

d t d

( )

( )

c o s ( ) s i n ( ) s i n ( ) c o s ( )

é ë

ê

ù û

ú =

- é ë

ê

ù û

ú ×

é ë

ê

ù û

ú (2.24) u v v u

j j j

v p j

u p j j j j

u p j

v p j

j j j j r r r r

r r r r r r r r r r

r r - é ë

ê ê ê ê

ù û

ú ú ú ú

×

× + + + × × - ×

- æ è

ç

ö ø

÷

+ + + × × + ×

- æ è

ç

ö ø

÷

é ë

ê ê ê ê

ù û

ú ú ú ú

=

+ + +

× × 3 2

1

2

2

4

3

6 1

1

2

1

1

2

2

4

3

6 1

1

2

1

1 2

2

3

4

1

( . . . . . )

( . . . . . )

( . . . . . )

( p v u p r u j j j j

p v u p r v

1 2

2 2

1 2

2

3

4

1

2 1

2 2

2

2 2

× × + × + ×

+ + +

× × × × + × + ×

é ë

ê ê ê ê

ù û

ú ú ú ú

( ) )

( . . . . . )

( ( ) )

r r

(2.26)

d d

r r r j j r r r j j

r d t d

j j j j j j

é ë

ê

ù û

ú =

× + + + × -

+ + + × -

é ë

ê

ù û

ú

3

1

2

2

4

3

6

0

1

2

2

4

3

6

0

( . . . . . ) s i n ( )

( . . . . . ) c o s ( )

(2.23)

2.5.2 Decentering Distortion

Decentering distortion occurs when the alignment between the lens elements in the composed lens is imperfect in such a way that the optical centres are not strictly collinear. If using polar image coordinates this can be described analytically by the expression in (2.23) from[Weng92] (notice that the i index is omitted in some of the next formulas due to software notation problems).

Where Q

0

is the angle between the positive u axis and the line of maximum tangential distortion, see further down. The transformation to the image coordinate system(u,v) is given in (2.24).

Combining (2.23), (2.24), u =

’ cos( Q ) and v = ’ sin( Q ) using the addition

formulas for trigonometric functions and introducing the coefficients (2.25)

the decentering can be expressed as the right side of (2.26) where r 2 =u 2 +v 2 p

2

= - j

1 sin( Q

0

) and p

1

= j

1 cos( Q

0

) (2.25)

33 2 Geometrical Calibration

IMM Section for Image Analysis d

d u

v p u v p r u

p u v p r v i t

i t i i i i

i i i i

( )

( )

* * *

* * *

( ( ) )

( ( ) ) é

ë ê ù

û ú =

+ +

+ + é

ë ê ù

û ú

2 2

2 2

1 2

2 2

2 1

2 2

(2.27)

Assuming that

j

2

! 2 + j

3

! 4 + ...

� 0

the commonly used expression for decentering (see [Weng92], [Melen94] and

[Heikkilä97b]) is obtained in (2.27).

The decentering distortion has both a radial (non-symmetrical) and a tangential

component (like in figure 2.11) that are modelled together. There is a line

through the principal point along which the radial component is zero and along

the line perpendicular to this line the tangential component is zero and the

radial component is zero where the tangential component has it maximumand

vice versa [Melen94].

To illustrate the shape of a decentering distortion the model from(2.27) has

been software implemented and performed on the 900x900 pixel image of a

circle with center in the principal point in figure 2.14 (a) with the coefficients

p

1

=0.0001 and p

2

=0.0003 and setting the principal point to (450,450). The

result of this simulation is shown in figure 2.14 (b) where both the radial and

the tangential distortion are very visible. In figure 2.15 the original image is

overlapped by the result, notice that the center is unchanged and that the line

with maximumtangential distortion is perpendicular to the line with maximum

radial distortion. From(2.25) it is obvious that p

2

= 0 makes the line of

maximumtangential distortion horizontal ( Q =0) and p

1

= 0 makes the line

vertical ( Q =

� /2).

The modelling of the decentering distortion is often called the tangential distortion, but this is not completely correct since it contains both a nonsymmetrical radial and a tangential component.

34 Chapter 2

Jørgen Folm-Hansen

Figure 2.14 (a) circle without distortion (b) circle with tangential distortion p

1

=0.0001 and p

2

=0.0003 (u and v are between -450 and 450 pixels).

Figure 2.15 Circle with four lines through center without (dark) and with tangential distortion with coefficients p

1

=0.0001 and p

2

=0.0003.

35 2 Geometrical Calibration

IMM Section for Image Analysis

d d

u v

s r s r

w h e r e r u v i

p i

p

i i

i i i

( )

( )

,

é ë

ê

ù û

ú =

é ë

ê

ù û

ú = + 1

2

2

2

2 2 2

(2.30)

d d

r r r j j r r r j j

r p t p

i i i i i i

é ë

ê

ù û

ú =

+ + + × -

+ + + × -

é ë

ê

ù û

ú

( . . . . . ) s i n ( )

( . . . . . ) c o s ( )

1

2

2

4

3

6

1

1

2

2

4

3

6

1

(2.28)

2.5.3 Thin Prism Distortion

The thin prismdistortion arises fromimperfect manufacturing of lens elements and camera assembly like a small tilt of lens elements or the CCD-array, it can be adequately modelled by the adjunction of a thin prismto the optical system causing additional amounts of radial and tangential distortions [Weng92]. The thin prismdistortion can be described analytically by the expression in (2.28) which is very similar to the decentering in (2.23) the only difference is that the constant ^3" is removed fromthe

/

pd

.

The angle Q

1 is like the Q

0 in decentering the angle between positive u axis and

the axis of maximumtangential distortion, but Q

1 is not necessarily the same as

Q

0

, as the coefficients i

1

... i

n are not the same as j

1

... j

n

. Similar to the

coefficients in (2.25) the two coefficient s

1 and s

2 in (2.29) are introduced.

After calculations and assumptions similar to (2.26) the common expression for

thin prismdistortion in (2.30) is achieved.

The thin prismdistortion in (2.30) can be included in (2.18) in the same way as

the radial-symmetrical and tangential distortion. In figure 2.16 is a simulation

of the thin prismdistortion fromequation (2.30) similar to the simulation made

in figure 2.15 with tangential distortion. The coefficients were chosen so that

the radial distortions were almost the same size as in figure 2.15 for better

comparison. As seen fromthe figures the shape of the two distortions are very

similar but the tangential component is larger (almost double) with the same

radial component in the thin prismdistortion compared to the tangential (this is s

1

= - i

1 sin( Q

1

) and s

2

= i

1 cos( Q

1

) (2.29)

Jørgen Folm-Hansen

Figure 2.16 Circle with four lines through center without (dark) and with

thin prism distortion with coefficients s

1

=0.0009 and s

2

=0.0003.

not coefficient dependant).

The thin prismdistortion is not used much in calibrations and in most of the

references it is mentioned but not used and in others it is not even mentioned.

Although there has not been found references describing the size of thin prism

distortion for actual CCD-cameras it is very likely (my opinion) that the error

arising fromtilt of CCD-array and lens components when assembling cameras

is small compared to the decentering and radial distortion fromlens

manufacturing. Even if the thin prismdistortion has a significant size the radial-

symmetrical and tangential distortion modelling will compensate for the

missing modelling. In [Heikkilä96b] experiments have shown that two

coefficients for radial-symmetrical and two for decentering distortion are

enough for most machine vision applications. It should also be considered that

the radial-symmetrical distortion is the largest and that many calibration

routines only calibrate for this distortion with good results, see e.g. [Tsai86].

The thin prismdistortion has not been tested, or implemented in calibration

software in this project. The thin prismdistortion is though indirectly modelled

using a 3 rd or higher order polynomial warping model, see chapter 2.6 for more

information.

37 2 Geometrical Calibration

IMM Section for Image Analysis

J e R e

o r

J

U u

V v

U U V

U V V

U u

V v i

T

i i

i

N

i i

i i

T

i i i

i i i i

N

i i

i i

=

=

-

- é

ë ê ù

û ú é

ë ê ù

û ú

-

- é

ë ê ù

û ú

-

=

= å

å

� �

v a r ( ) c o v ( , )

c o v ( , ) v a r ( )

1

1

1

(2.31)

R

N

R

i

i

N

=

= å 1

1

(2.32)

2.5.4 Nonlinear Minimization

In order to estimate the parameters in (2.18) an iterative algorithmthat

minimizes the sumof squared residuals between the model and the observations

is generally applied.

If N observations with image coordinates (U

i

,V

i

) and world coordinates (X

i

, Y

i

,

Z

i

) where i=1,..,N are obtained, the objective function to minimize can be

expressed as J in (2.31), where the covariance matrix R

i can be a common

matrix for all points using the common covariance matrix R in (2.32)

[Melen94].

The covariance matrix R must of course either be known, estimated or set to a

fixed value. In [Melen94] there is a method for estimating it, using multiple

images with even conditions of the same calibration target. The most common

is to use the unit matrix I since the image noise can reasonably be assumed to

have a zero mean and be uncorrelated [Weng92] and [Heikkilä97b].

In order to start a non-linear minimization for the parameters in (2.18), a quite

good initial guess of the parameters must be applied since bad initial parameters

can cause the minimization to diverge [Heikkilä97b]. The number of iterations

is also dependent on the quality of the initial guess. The common method for

obtaining a good initial guess is to estimate the DLT matrix and obtain the

Jørgen Folm-Hansen

~

( ) ( ) ’ e q v q q v F M T p

i i i i i

= - + = - + (2.33)

.

.

.

~

~

.

.

.

.

.

.

.

.

.

~

* * * * *

* * * * * e

e u r u r u v r u

v r v r r v u v k

k

p

p

o r

e Q l u i

v i i i i i i i i i

i i i i i i i i é

ë ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

=

+

+ é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

× é

ë ê

ê

ê ù

û ú

ú

ú

= ×

2 4 2 2

2 4 2 2

1

2

1

2

2 2

2 2

(2.34) parameters fromthe decomposition, this method has been used in all the

relevant references. The DLT decomposition only gives information about the

linear distortion which cannot be used for the non-linear distortion and it is

therefore common to set the nonlinear distortion parameters to zero in the initial

guess, this method has also been used in the software implementation made in

this project.

In [Melen94] is a method that can be used for obtaining initial parameters for

the nonlinear distortion after estimation and decomposition of the DLT matrix.

The idea is to compute the rest error given in (2.33) using the ~

[

~ ~

] e e e

i u i v i

T =

transformation matrix T, rotation matrix M and perspective matrix F fromthe

decomposition of the DLT matrix.

where v is the principal point, q

i are the measured image coordinates, p

i are the

world coordinates of the objects in the calibration target.

Assuming the rest error equals the nonlinear distortion and since the nonlinear

distortion is linear in the coefficients, the coefficients can be estimated solving

an equation like the one in (2.34) where each point contributes with two

equations. The equation in (2.34) uses the number of coefficients that are used

for the nonlinear distortion in this project, but it can of course be modified to

other coefficients.

39 2 Geometrical Calibration

IMM Section for Image Analysis

An equation like (2.34) can also be used for detection of overparametrization of

a non-linear camera calibration, if e.g. the Q T Q matrix is singular the number of

coefficients for nonlinear distortion should be reduced. If using too many

parameters the measurement errors will be absorbed in the model, and too few

will give some systematic errors that are not compensated for in subsequent

measurements.

After obtaining a good initial guess of the parameters an iterative nonlinear

minimization routine must be applied, the method used in this project is the

Levenberg-Marquardt method which has become the standard of nonlinear

least-squares routines [Press86] and is used in almost all calibration routines

[Heikkilä97b], [Weng92] and [Tsai86]. In the experiments made in this project

the minimization has been acceptable after about 6-10 iterations with an initial

guess based on the DLT and the nonlinear distortions set to zero. Other

minimization routines like the quasi-Newton method can be used, see e.g.

[Melen94]. In [Heikkilä97b] some results fromexperiments using the above

model are shown.

Back-projection

A problemwith the non-linear camera calibration described above is that it

^only~ estimates the camera parameters, these can easily be used for calculating

the transformation fromworld coordinates to image coordinates, using the raw

pinhole model in (2.3) and the distortion model in (2.18), but not the other way

around (back-projection). A back-projection can be divided into two steps: first

fromraw image coordinates to distorted image coordinates, second from

distorted image coordinates to world coordinates. The second step can easily be

inverted fromthe pinhole model in (2.3) but the first step to convert raw image

coordinates to distorted image coordinates is problematic. In (2.35) is the

expression with only radial-symmetrical and decentering distortion, there is no

(found) analytical solution to the inverse of this expression and a nonlinear

search must be used [Heikkilä97b].

Jørgen Folm-Hansen d

d u

v u k r k r p u v p r u

v k r k r p u v p r v w h e r e r u v i

i i i i i i i i

i i i i i i i i i i é

ë ê ù

û ú =

+ + + +

+ + + + é

ë ê ù

û ú = +

* * * *

* * * *

* *

( ) ( ( ) )

( ) ( ( ) )

, ( ) ( ) 1

2

2

4

1 2

2 2

1

2

2

4

2 1

2 2

2 2 2

2 2

2 2

(2.35)

It is also possible to use an approximation to the inverse model. The easiest is

to use the distortion model itself as the inverse model [Weng92], in appendix D

is a description of experiments made with this approximation on expression

(2.35) which shows a good back-projection when the distortion is small.

Another more advanced approximation is to model the inverse froma series of

synthetic tie-points (>1000 points for good results) using a geometric

transformation [Heikkilä97b].

2.6 Warp Based Camera Calibration

When the scene or setup makes it impossible to gain 3D information froma

calibration target, the classic nonlinear calibration cannot be used since it

requires the 3D information fromeither a 3D calibration target or multiple

images fromdifferent places of a coplanar calibration target. This is often the

case in close-range images where the depth of field is very low or when using

devices like microscopes and scanners. In such cases the use of warping

(geometric transformation) can be used instead. The use of warping for camera

calibrations is restricted to planar world coordinates where the z-coordinate is

omitted, since it is a transformation from2D to 2D.

A warp which is a transformation fromone coordinate system(x,y) to another

(x´,y´) can be defined through the use of 2D-polynomials. In expression (2.36)

is a general transformation of order N where the number of coefficients (a

rk

´s

and b

rk

´s) are (N+1)*(N+2).

41 2 Geometrical Calibration

IMM Section for Image Analysis x

y a x y

b x y r k r k

k

N r

r

N

r k r k

k

N r

r

N

’

’ é

ë ê ù

û ú = é

ë ê

ê

ê

ê ù

û ú

ú

ú

ú

=

-

=

=

-

= å å

å å

0 0

0 0

(2.36)

.

.

.

.

.

.

.

.

.

.

.

.

’

’ x

y y y x x y x

y y x x y x a

a

a

a

a

a

b

b

b

b

b

b i

i i i i i i i

i i i i i i é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

= é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

× é

ë ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ù

û ú

1 0 0 0 0 0 0

0 0 0 0 0 0 1

2 2

2 2

0 0

0 1

0 2

1 0

1 1

2 0

0 0

0 1

0 2

1 0

1 1

2 0 ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

= × o r

p W l ’

(2.37)

Using a planar calibration target it is possible to obtain a series of image

coordinates (x,y) with corresponding calibration target 2D coordinates (x´,y´),

also called tie-points, see figure 2.17. These tie-points can then be used to

estimate the coefficients using a least square fit. In (2.37) is a linear systemfor

a 2 nd order warp, where the coefficient vector l can be least squares estimated

fromexpression (2.38) assuming the covariance matrix � =I [Conradsen84] . A

very practical thing about using warping as a camera calibration is that the

direct transformation between image coordinates in pixels to calibration target

coordinates in e.g. millimetre and visa versa can be estimated, this also means

that information like the size of the CCD chip and focal length are not

necessary.

Jørgen Folm-Hansen l W W W p T T = - ( ) ’ 1 (2.38)

( ) ( )

D p W l p W l

j j

T

j

= - × - × ’ ’ (2.39)

A problemwith a transformation like (2.36) is the very high number of

coefficients to be estimated, if using e.g. a 3 rd order warp it would require

(3+1)(3+2) = 20 coefficients. Such a high number of coefficients requires

many tie-points. There are various methods for automatic examination of the

number or composition of coefficients, but a maximumorder must be

considered first (5 th order is in most practical cases an acceptable maximum). In

[Conradsen84] is described some methods ^backwards elimination~, ^forward

selection~, ^stepwise regression~ and complete examination that are suitable for

this purpose.

Complete examination (^all possible subsets regression~) of all combinations is

of course the best method, but this requires many computer resources. The

number of combinations is given by 2 N where N is the number of coefficients to

examine, if trying up to the 4 th power, it requires the search of 2 (4+1)(4+2) =

1.07·10 9 combinations, if one combination requires 1 /

100 sec. of computer time

the complete search would take 124 days (examining up to the 3 rd power would

take three hours and up to the 5 th power 1394 years).

In backwards elimination equation (2.38) is first solved for all coefficients and

then a test value (F-value) is calculated for each coefficient and the one with the

smallest value is removed. This is repeated until the smallest value is larger

than a specific fractile in the relevant F-distribution [Conradsen84]. Another

variant of this could be to compute all the W

j matrices where coefficient l

j is

removed and then remove the coefficient that produced the largest D

j vector in

expression (2.39), this is repeated until the lowest wanted accuracy is reached.

Forward selection starts with the 0 and 1 st order coefficients and all W

j matrices

are estimated by adding one extra coefficient from2 nd to e.g. 5 th power, the

43 2 Geometrical Calibration

IMM Section for Image Analysis coefficient that gives the lowest D

j vector in (2.39) is then added to the

coefficient vector. This is repeated until the wanted accuracy is reached. The

forward selection method is probably the best when very high order coefficients

are wanted for the warping, since the W T W matrix could be singular fromthe

start with the backwards elimination method. High order coefficients are

necessary if the warping should be able to model radial-symmetrical distortions

with two or more coefficients since this gives at least 5 th order coefficients, see

further down for more details.

Stepwise regression as it is described in [Conradsen84] is a forward selection

method with the extension that each new coefficient is examined together with

all the already selected ones, allowing already selected coefficients to be

excluded. This method should be better than both backward elimination and

forward selection but requires more computations.

When using high order transformations the number and composition of

coefficients must be optimized using e.g. one of the above methods since

overparametrization could cause fitting to the measurement errors and even

worse give fluctuations near the image borders (or outside the calibration target

area), which can give errors in subsequent measurements.

Relations to classic camera calibration

When using warping as a camera calibration the relations to the classic camera

calibration models must be considered. When working with planar objects the

3x3 DLT from(2.8) is used for the linear camera calibration. If calculating

(u,v) fromthe homogeneous coordinates in (2.8) and dividing out a

33

, the

transformation fromplanar world coordinates (x,y) to image coordinates can be

expressed as in the so-called perspective transformation (2.40) where 8 new

parameters a

1

, a

2

, a

3

, b

1

, b

2

, b

3

, c

1 and c

2 have been introduced.

Jørgen Folm-Hansen u

v a x a y a

c x c y

b x b y b

c x c y é

ë ê ù

û ú =

+ +

+ +

+ +

+ + é

ë ê

ê

ê

ê

ê ù

û ú

ú

ú

ú

ú

1 2 3

1 2

1 2 3

1 2

1

1

(2.40)

Figure 2.17 Four tie-points from (a) wanted image

coordinates to (b) perspective image coordinates.

The 8 parameters a

1

, a

2

, a

3

, b

1

, b

2

, b

3

, c

1 and c

2 can then be estimated fromfour

point sets where three of themare not on a straight line, this could typically be

done fromthe corners of a rectangle like in figure 2.17 that illustrates a use of

the perspective transformation in (2.40). The 8 parameters are simply the

elements in the A

3x3 matrix fromthe planar DLT with the a

33

=1 constraint and

can be least squares estimated from(2.17).

The expression in (2.40) is not linear with respect to x and y and if the

expression should be implemented in the warping model in (2.36) a Taylor

series expansion must be used. As a result of this the use of warping with

images that contain perspective transformation (like in figure 2.17 (b)) can be

modelled together with the nonlinear distortion using higher order polynomials.

However, it will only be an approximation of the perspective transformation,

and borders are likely to fluctuate. In appendix C is an experiment showing the

relation between 1 st to 6 th order 2D polynomial warping and the perspective

45 2 Geometrical Calibration

IMM Section for Image Analysis

M

D 2

0

0

0 0 1

=

- é

ë ê

ê

ê ù

û ú

ú

ú c o s ( ) s i n ( )

s i n ( ) c o s ( ) k k

k k (2.41)

l

1

0

0

0

1

0 u

0

v

0

1

1

.

f

0

0

0

f

0

0

0

1

.

c o s k ( )

s i n k ( )

0 s i n k ( )

c o s k ( )

0

0

0

1

.

1

0

0

0

1

0 x

0

y

0

z

0

.

l f . c o s k ( ) .

l f . s i n k ( ) .

0 l f . s i n k ( ) .

l f . c o s k ( ) .

0 x

0 l . f . c o s k ( ) . y

0 l . f . s i n k ( ) . u

0 l . z

0

.

x

0 l . f . s i n k ( ) . y

0 l . f . c o s k ( ) . v

0 l . z

0

.

l z

0

.

(2.42) transformation. In the work done in the corporation with Dantec Measurement

A/S, see chapter 5, a full 3 rd order 2D polynomial has been used with high

quality lenses (low distortion) in a 45 o perspective transformation with rather

good result (about 0.1 pixel accuracy).

Polynomial warping can also be used in conjunction with a planar DLT, in a

way so that the warping is only used for modelling the non-linear distortion, in

this case very accurate results can be obtained, see next section on parallel

image plane and object plane.

Parallel image plane and object plane

When working with a parallel image plane and planar object the transformation

fromthe planar object to the image plane is quite simple. This simplification

comes fromthe rotation matrix M in (2.4) since the & and Q rotations are zero

with parallel image plane and object plane. In expression (2.41) is the rotation

matrix M

2D for parallel image and object plan.

In (2.42) is the result of inserting the 2D rotation matrix in the 3x3 DLT matrix

expression (2.9) and calculating the corresponding DLT matrix, the linear

distortion in formof the B matrix has been left out because of space problems

(very large equation) but this does not change the meaning of the following.

Jørgen Folm-Hansen u

v a x a y a

b x b y b é

ë ê ù

û ú =

+ +

+ + é

ë ê ù

û ú

’ ’ ’

’ ’ ’

1 2 3

1 2 3

(2.43)

As it is seen from(2.42) the conversion fromhomogeneous coordinates is now

only a division with the constant - � z

o and the c

1 and c

2 constants from

expression (2.40) are now zero giving the simpler expression in (2.43) which

expresses the transformation between planar world coordinates and image

coordinates. This expression equals the 1 st order warp in expression (2.36).

As a note can be mentioned that the expression in (2.42) can be used for

confirming the statement that ^the focal length f and principal point (u

o

,v

o

)

cannot be decomposed from a 3x3 DLT matrix if the image plane and object

plane are parallel~ . In (2.42) we already know that b

1

=0 and b

2

=0 but there are

still 8 parameters and only 5 equations (since a

11

=a

22 and a

21

=-a

12

), we must

therefore apply three of the four remaining intrinsic parameters f, � , u

o and v

o

. If

applying the linear distortion (b

1 and b

2

) to (2.42) it would only give two extra

equations, which give the same result.

This means that a 1 st order warp completely can emulate a linear calibration of

an image with parallel image plane and object plane with translation, rotation,

linear distortion and the principal point, but the physical parameters cannot be

extracted.

When combining the three nonlinear distortions Radial-symmetrical,

Decentering and Thin Prismfromthe previous section the expression in (2.44)

is achieved (u,v with origin in the principal point), which obviously can be

substituted with a warp with some coefficients set to zero.

47 2 Geometrical Calibration

IMM Section for Image Analysis d

u

d

v

= u k

1 u 2 v 2 . . p

1

2 . u . v . p

2 u 2 v 2 2 u 2 . . s

1 u 2 v 2 .

v k

1 u 2 v 2 . . p

1 u 2 v 2 2 v 2 . . p

2

2 . u . v . s

2 u 2 v 2 .

=

u 3 k

1

. u k

1

. v 2 . 2 p

1

. u . v . 3 p

2

. s

1 u 2 . p

2 s

1 v 2 .

v k

1

. u 2 . v 3 k

1

. p

1 s

2 u 2 . 3 p

1

. s

2 v 2 . 2 p

2

. u . v .

(2.44)

k

1 a

1 x . a

2 y . 3 . a

1 x . a

2 y . k

1

. b

1 x . b

2 y . 2 . 2 p

1

. a

1 x . a

2 y . . b

1 x . b

2 y . . 3 p

2

. s

1 a

1 x . a

2 y . 2 . p

2 b

1 x . b

2 y . 2 .

b

1 x . b

2 y . k

1

. a

1 x . a

2 y . 2 . k

1 b

1 x . b

2 y . 3 . p

1 a

1 x . a

2 y . 2 . 3 p

1

. s

2 b

1 x . b

2 y . 2 . 2 p

2

. a

1 x . a

2 y . . b

1 x . b

2 y . .

(2.45)

u

v d x d x d x y d x y d x y d y d y

e x e x e x y e x y e x y e y e y a x a y

b x b y a

b é

ë ê ù

û ú =

+ + + + + +

+ + + + + + é

ë ê ù

û ú +

+

+ é

ë ê ù

û ú + é

ë ê ù

û ú 1

3

2

2

3

2

4

2

5 6

2

7

3

1

3

2

2

3

2

4

2

5 6

2

7

3

1 2

1 2

3

3

’ ’

’ ’

’

’

(2.46)

As seen the nonlinear distortion gives no 1 st order warping coefficients and the

complete warping model for Radial-symmetrical, Decentering and Thin Prism

distortion can be expressed as in (2.44), which correspond to a warp with 10

coefficients up to 3 rd order. From(2.44) it is also seen that it is not possible to

separate the Thin Prismand Decentering distortion when using warping as

calibration.

There is however the problemwith (2.44) that the distortion is defined with

(0,0) at the principal point, and in order to use it with measured image

coordinates a coordinate shift must be applied. This can be done by inserting

u=(a

1 x+a

2 y) and v=(b

1 x+b

2 y) in (2.44) giving the expression in (2.45).

If expanding (2.45) and introducing new constants (d

i and e

i

), it can be applied

to the linear model and the expression in (2.46) is achieved.

Jørgen Folm-Hansen

From(2.46) it can be seen that with parallel image plane and object plane a

nonlinear camera calibration is fully modelled using a full (20 coefficients) 3 rd

order warp, if assuming only one coefficient radial-symmetrical distortion. If

higher order radial-symmetrical distortion is needed for a satisfactory

calibration, it is recommended to use a step-wise regression with e.g. up to 5 th

order coefficients.

A good benefit fromusing warping in an image with parallel image plane and

object plane instead of classic nonlinear calibration is that the inverse model

can be estimated without approximations.

Note on non-camera devices

When calibrating devices like scanners and line-scan cameras, the classic

nonlinear models for cameras cannot be used and warp-based calibration with

step-wise or forward regression is probably the best solution with such devices.

2.7 Resampling Methods

In many image processing tasks it is very desirable to obtain distortion and/or

perspective transformation free images. This could e.g. be for aligning images

fromdifferent cameras or camera views, for making texture measurements or

simply for making visually good images. Such images can be made after a

calibration where the expression to convert fromworld coordinates to image

coordinates or distorted image coordinates to non-distorted has been obtained.

When making an output image froman input image, it is important to notice

that the transformation is made frominteger to integer coordinates, since it is

digital images. It is not necessarily given that all integer coordinates in the input

image will produce an output at all integer coordinates in the output image and

there is also the possibility that several integer coordinates in the input image

49 2 Geometrical Calibration

IMM Section for Image Analysis are transformed into the same integer coordinate in the output image. It is

therefore important to use the transformation fromthe output image to the input

image (if it is accessible) [Niblack85]. In this way the floating point coordinates

in the input image can be calculated fromthe integer coordinate output image.

The floating point coordinates in the input image can then be used in an

interpolation to get a suitable input image value.

When creating an output image the size and resolution must be decided. If the

resolution is reduced it is called subsampling and if it is increased it is called

oversampling. When a resampling is done in order to create an image without

distortion and/or perspective transformation the most common is to decide the

resolution so that the size of the pixel in the principal point is the same in the

input and the output image. When using that method there will normally occur

both subsampling and oversampling.

When subsampling an image to a much smaller resolution (< 0.5X) it is very

common first to use a Gaussian mean filter on the input image, when using that

method a nearest neighbour interpolation should be sufficient. The experiments

made in this project have not shown any visual improvement of using a

gaussian mean filter instead of a uniformmean filter. The uniformmean filter

has the advantage that it can be software implemented to be very fast.

2.7.1 Interpolation Methods

Interpolation is a group of methods to estimate a continuous function froma set

of discrete data. Meaning, find the pixel value that probably would have been in

some floating point coordinate between the original pixels. In this section the

three traditional interpolation methods and one more unusual will be described.

There are various methods besides the four mentioned here (some based on B-

splines) but the four described here are the most common in image processing.

A reconstruction of a piecewise continuous function fromunit-spaced samples

can be modelled as a linear combination of the input data and a reconstruction

kernel like in (2.47) where h(s) is the reconstruction kernel and f

i are sample

Jørgen Folm-Hansen f x f h x i

i

i

( ) ( )

= × -

= -¥

¥

å

(2.47) values.

There is of course the possibility of many different reconstruction kernels. In

this thesis only four based on piecewise local polynomials will be mentioned,

but a more detailed description of various kernels can be found in [Dodgson97].

When a 1D reconstruction is expanded to 2D (linear to bilinear etc.), it is first

reconstructed in the horizontal direction and each of these reconstructions is

then used for a reconstruction in the vertical direction (or opposite)

[Niblack85].

Nearest Neighbour

When using Nearest Neighbour interpolation the value of the nearest pixel is

chosen. The main advantage is that it is the fastest method and it is normally

only used when high speed is required. Another advantage is that it does not

introduce new pixel values which can be good in some statistical and image

processing circumstances. It can also be used with heavy subsampling

combined with a local (gaussian) mean filter. The disadvantage is the very low

quality interpolation with various errors like thin lines being cut and curves to

be jagged. In figure 2.18 is the 1D reconstruction kernel for the nearest

neighbour interpolation.

51 2 Geometrical Calibration

IMM Section for Image Analysis

Figure 2.18 Reconstruction kernel for Nearest Neighbor

Interpolation.

Bilinear

The linear interpolation is the 1 st order interpolation, its 1D reconstruction

kernel is in figure 2.19, when expanded to 2D it is called bilinear.

The Bilinear interpolation is slower than the nearest neighbour interpolation but

is also much better. The main disadvantage of this methods is that it blurs the

image a little. This can especially be seen if applying many resamplings to the

same image and it should not be used in applications that requires multiple

resamples. Another disadvantage is that the reconstructed signal is not

differential, when oversampling this gives small ridges where the original

pixels was. The advantages of this method is that it is the fastest of the more

complex methods, it gives nice images and, highly importantly it does not

introduce pixel values higher or smaller than any of the four neighbours. It can

easily be hardware implemented for extremely fast interpolations, which is very

common on to days front-end video cards. This method is the one mainly used

in the work done in this project.

Jørgen Folm-Hansen

Figure 2.20 Bilinear interpolation p x y p x y d x p x y d x

p x y p x y d y p x y d y

p x y p x y d y p x y d y

( ’ , ’ ) ( , ’ ) ( ) ( , ’ )

( , ’ ) ( , ) ( ) ( , )

( , ’ ) ( , ) ( ) ( , )

= × - + + ×

= × - + + ×

+ = + × - + + + ×

1 1

1 1

1 1 1 1 1

(2.48)

Figure 2.19 Reconstruction kernel for linear interpolation.

The calculation of the interpolated pixel value p(x´,y´) is given by the

expression in (2.48) where an explanation of the notation can be seen from

figure 2.20.

53 2 Geometrical Calibration

IMM Section for Image Analysis

Figure 2.21 Bilinear interpolation. 10X oversampling.

I d x d y a d x b d y c d x d y d

( , )

= × + × + × × + (2.49)

a

b

c

d p x y

p x y

p x y

p x y é

ë ê

ê

ê

ê ù

û ú

ú

ú

ú

= é

ë ê

ê

ê

ê ù

û ú

ú

ú

ú

×

+

+

+ + é

ë ê

ê

ê

ê ù

û ú

ú

ú

ú

- 0 0 0 1

1 0 0 1

0 1 0 1

1 1 1 1

1

1

1 1

1 ( , )

( , )

( , )

( , )

(2.50)

This approach is equivalent to calculating the 4 coefficients in expression

(2.49).

This can simply be done by solving the equation in (2.50), where p(x,y) is the

pixel value at the (x,y) coordinate.

In figure 2.21 is an example of a bilinear interpolation (10X oversampling) with

the values 45, 25, 3 and 21 in the four original pixels (at the corners). Notice

fromthe figure and the equation in (2.49) that the bilinear interpolation is not

linear, since four points not necessarily are in one plane (three points are).

Jørgen Folm-Hansen

Figure 2.22 Reconstruction kernel for Quadratic interpolation.

h x s s

s s s

o t h e r w i s e

( )

, .

. . , . .

,

=

- × + £

- × + < £ ì

í ï

î ï

2 1 0 5

2 5 1 5 0 5 1 5

0

2

2 (2.51)

BiQuadratic

The quadratic interpolation uses three samples (nine in biquadratic) with the

kernel given in (2.51), the kernel is illustrated in figure 2.22. Notice the two

non differentiable points at the small arrows. Biquadratic interpolation is very

rare in image processing, but [Dodgson97] gives a very positive description of

this kernel, and claims that it visually is very close to the higher order bicubic

interpolations and that it is 55-63% faster than a bicubic interpolation. The

BiQuadratic interpolation has traditionally not been used in image processing

since it has been assumed to introduce phase distortion, but [Dodgson97] has

proved that this is not the case. The main disadvantage of the

quadratic/biquadratic interpolation is that the reconstructed signal is non-

differentiable and as bilinear interpolation it gives small ridges where the

original pixels were.

55 2 Geometrical Calibration

IMM Section for Image Analysis h s

C s C s s

C s C s C s C s

o t h e r w i s e c c

( )

( ) ( ) ,

,

,

=

- × + - × + £

- × + × × - × × + × < £ ì

í ï

î ï

2 3 1 1

5 8 4 1 2

0

3 2

3 2 (2.52)

2 0 2

1

0

1

2

C=1

2 0 2

1

0

1

2

C=½

2 0 2

1

0

1

2

C=2

Figure 2.23 Reconstruction kernels for Cubic interpolation for various C values.

BiCubic

The cubic interpolation uses four samples and the reconstruction kernel is based

on two cubic polynomials. The most used kernel type is the ^two-parameter

family~ where one of the parameters makes the kernel an approximating spline

[Dodgson97]. Since splines are quite blurry for interpolation and therefore not

considered in this thesis, the kernel is presented in (2.52) with one parameter,

C .

The value of the parameter C can be chosen arbitrarily in the range 0<C<3 . But

the two commonly used that can be found in the references are C=0.5 and

C=1.0 . The C=1 kernel can be found in [Niblack85] and is very common in

software implementations. It is, however, not the best for oversampling. The

C=0.5 is the Catmull-Romcubic [Dodgson97] that in this thesis is considered

the best kernel for general purposes. In figure 2.23 is the reconstruction kernel

for various values of C . Notice that they are continuous and differentiable,

which also makes the reconstructed signal continuous and differentiable.

The Catmull-Romcubic is a special case where the reconstructed signal has the

Jørgen Folm-Hansen

Figure 2.24 The Catmull-Rom spline family, the tangent in P

i is

parallel with the line from P

i-1 to P

i+1.

(2.53)

(2.54) characteristic of the tangent in a point P

i to be parallel with the line going

through P

i-1 and P

i+1

, this is illustrated in figure 2.24 for 6 data points, for

information on splines and the Catmull-Romfamily see [Foley92].

Actually, it is the C parameters that chooses the value of the tangent at a point

P

i with respect to the line between P

i-1 and P

i+1

, to prove this the general

formula cc(x) for the cubic interpolation is extracted below.

Calling the four original pixel values y1, y2, y3 and y4 at positions -1, 0, 1 and

2. The kernel h(s) from(2.52) can be inserted into the summation in (2.47) and

when arranging the signs with respect to 0

. ,

� and

� are used for colour vision, in figure 3.2 are some typical absorption curves for the three cones.

Notice that the . cone which primarily is in the blue wavelength has a very low sensitivity and that there is considerable overlap between the curves. The existence of these three cones provides the physiological basis for trichromatic theory of colour vision [Pratt91].

The colour vision systems like television, photos, video cameras and almost all other commercialized colour devices have traditionally been using the trichromatic models fromthe idea that ^all~ colours can be mixed fromthree primary colours [Pratt91]. This is obviously wrong in the sense of a non-human observer, like an advanced colour measurement device, as an example can be mentioned that even very simple colour devices can distinguish between a monochromatic yellow and a yellow mixed fromred and green wavelength. It is therefore very important to consider that the trichromatic colour vision only is adapted to the human eye and can produce very poor results if applied without considerations to a true multi spectral system. If e.g. some sort of systemhas three lights red, yellow and green (like a traffic lights) that should be kept under surveillance, a wrong designed trichromatic systemcould easily

65 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.3 A picture of an eraser in (a) 32 greylevel and (b) 3 greylevel. This illustrates the loss of details when using fewer values to represent data.

mistake a single yellow light fromthe red and green light turned on simultaneous.

It can be mentioned that most airborne cameras (and satellites) for remote sensing use multi-spectral cameras with e.g. 64 channels fromthe UV to the IR wavelengths. Also very advanced scanners like the Eskofot 2540 use more channels than three to produce high quality images.

Since the human eye cannot see multi-spectrally it is difficult to illustrate how the trichromatic colour vision reduces the details, but to illustrate the problem in one dimension less, figure 3.3 contains a picture of an eraser on a wooden surface in 32 grey levels (channels) and 3 grey levels (channels). As seen in the figure the 32 grey levels gives a nice representation with many details, the 3 levels also gives information about the position of the eraser, its shadow and the grain in the surface, but all details in the grain and the text on the eraser is missing. This can give an idea about how the use of three colour components instead of e.g. 32 can reduce important information about an object surface.

Like when a newspaper uses 2 levels (black and white) to create all grey level through raster the trichromatic systemcan also cheat the human eye.

Jørgen Folm-Hansen

When mixing colours to match other colours there are two basically different methods: additive and subtractive. The additive matching works by blending light in the primary colours, it is used with e.g. monitors, the common primary colours are red, green and blue. The subtractive matching uses white light passing through filters in the three primary colours, this is e.g. used with colour printers, that start with white paper, the most common primary colours for subtractive matching are cyan, magenta and yellow (to compensate for bad colours a black ink is often applied for a four colour print quality). A perfect yellow will absorb the blue light, the cyan absorb the red light and the magenta absorb the green light.

When working with colour cameras and scanners the most commonly used primary colours are red, green and blue, where the spectral distribution of each component completely relates to the capturing device. For scientific devices the spectral response for each channel can normally be found in the technical specifications of the device.

Unfortunately there has been no possibilities to work with other devices than trichromatic red, green and blue cameras and scanners in this project, a multispectral light source based on a filter wheel has been ordered for the colour texture project but has not been ready for this thesis. The rest of this thesis will therefore be concentrated on the use of trichromatic devices.

The three primary colours red, green and blue (RGB) can be treated as a 3- dimensional colour space as illustrated in figure 3.4, where the cube can contain all the possible colours to mix fromthe RGB, in this cube all grey tones will be on the diagonal from(0,0,0) to (1,1,1).

67 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.4 The RGB cube and the IHS system.

I

U

V

R

G

B

H

V

U

S U V

é ë

ê ê ê

ù û

ú ú ú

=

- -

-

é ë

ê ê ê ê ê ê

ù û

ú ú ú ú ú ú

×

é ë

ê ê ê

ù û

ú ú ú

=

æ è

ç

ö ø

÷ = + -

1

3

1

3

1

3

1

2

1

2

1

3

2

3

2

0

1 2 2

, t a n , (3.1)

A very useful nonlinear transformation of the RGB coordinates is the

Intensity/Hue/Saturation (IHS) system, where I represents the intensity level, S is the saturation of the colour (distance fromthe intensity diagonal to RGB point) and H is the colour expressed as an angle (around the intensity diagonal).

The IHS systemis also illustrated in figure 3.4. The transformation fromRGB to IHS is in (3.1).

When using the expression in (3.1) hue will be zero at the colour blue, this is also a problematic issue about the hue coordinate, it is not continuous in the colour where hue passes 0 0 /360 0 , this is e.g. a problemwhen using IHS in

Jørgen Folm-Hansen

colour texture measurement. There are a number of other features similar to

Hue that can be calculated fromthe RGB coordinates which do not suffer from discontinuities, some of these are described in chapter 5 in the section about colour texture measurements.

Another colour measurement that is based only on one value is the temperature of the light, it is measured in Kelvin (K) and it is defined as the radiation froma black body with the given temperature [Pratt91]. When e.g. observing a white object a low temperature light gives a reddish/greenish appearance and a high temperature a greenish/blueish.

3.2 Acquisition

Colour images can come froma variety of sources but in this project there has only been used colour CCD cameras (single chip and 3xCCD), monochrome cameras in combination with coloured light and scanners. The analysis of colour images will only be focussed on images fromthese devices and especially 3xCCD cameras since they have been a significant part of the primary industrial targets of this project.

3.2.1 Single chip colour cameras

The most common digital colour cameras are based on a single chip since that is the most simple to produce, they are common in the consumer market and they are also the least expensive colour cameras to produce. The principle of the single chip colour cameras is to apply a colour filter individually to each cell, this can be done in several ways and the composition/distribution of the different filters must be considered, the two most common are illustrated in figure 3.5. The striped (a) has the advantage of an even distribution of the different filters and that each line have an equal number of the different filters, a disadvantage is that the distance between two equal filters is three pixels in

69 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.5 Single chip color CCD chip with R, G & B cells, (a) striped (b) 2x2 Bayer mosaic.

horizontal direction. The 2x2 Bayer mosaic (b) which is the most common has the advantage of the maximumdistance between to different filters to be two and the disadvantages of an uneven filter distribution and odd and even lines to have different distribution of the different filters. The 1-2-1 distribution of the three filters in the 2x2 mosaic is often used as one for red, two for green and one for blue, since the central wavelengths (green) are considered to be the most important for the human eye.

When comparing the digital chip with the retina in the human eye, the monochrome chip is similar to the rods and the RGB mosaic in the colour camera is similar to the cones.

The use of single chip cameras for capturing RGB images has some major disadvantages. First the resolution for each channel is at most ½ of the number of pixels in the chip (dependent on the channel and mosaic design see figure

3.5). Second the colour pixels are not located at the same places making it impossible to make a perfect fit between the red, green or blue pixels, this is also known as Colour Aliasing. This can be described simplest with a black/white step-edge in the image which will contain unwanted colours from the misalignments of the RGB pixels. This depends on the interpolation method and cannot be removed by calibration and in many cases an intentional blurring of the image is the only way around it.

Jørgen Folm-Hansen

In most single chip colour cameras there is a significant spectral overlap between the R, G and B channels caused by the on-chip filters. This has been seen in all the technical specifications for single-chip colour cameras that have been used in this project.

In some cameras four different filters are used instead of three to generate more correct colours in the images, in the CMOS cameras fromSound Vision Inc. the four filters are red, green, teal (green/blue) and blue, they are then converted to

RGB using a 3x4 matrix like expression (3.2). In this case an even distribution of the four filters can be applied to a mosaic similar to figure 3.5 (b). Some women are born with four types of cones, called tetrachromaticity, which actually enables themto discriminate certain colours better than other humans.

3.2.2 Beam-splitter colour cameras

The best multipurpose colour cameras are the beam-splitter based cameras, these are most common as 3xCCD cameras. They can be used for almost all conditions like a moving camera, a scene with movements, oscillating lighting etc.). In figure 3.6 is an illustration of an RGB beam-splitter froma JAI

3xCCD camera (the drawing is a simplification). The prisms work as semitransparent mirrors and are normally coated with metals and dielectrics to give themthe correct reflection characteristics.

The main advantages of the beam-splitter cameras are that they give full resolution in all channels, they do not suffer fromColour Aliasing and they make a very good spectral separation compared to e.g. the single-chip colour cameras. The disadvantages are that they are difficult to manufacture because of the beam-splitter and therefore often very expensive compared to single-chip colour cameras, they suffer froma spatial intensity level difference that is different for each channel and the spatial alignment between the channels is normally not perfect.

71 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.6 Illustration of 3xCCD camera with beam-splitter.

Figure 3.7 RGB response curves for 3xCCD camera.

As described in the previous section there is a significant spectral overlap between the R, G and B channels in most single-chip (filter based) colour cameras. This is normally not the case when using a beam-splitter, where the optical prismblock can make very good spectral separation. In figure 3.7 is shown a coarse plot of a spectral separation froma 3xCCD camera. The low and high frequencies are cut by the filter in front of the prismblock, see figure

3.6. This can make the low cut of red and the high cut of blue different fromthe prismblock separations. The spectral separation of the beam-splitter in e.g. a

3xCCD camera can normally be found in the technical specifications, this must be combined with the spectral response for the used chips (CCD, CMOS etc.), if not already specified in the specs.

Jørgen Folm-Hansen

If the Beam-splitter (optical prismblock) is not manufactured well enough several error sources are possible. First spatial misalignment of the channel which has been observed at a significant level in this project. Second different focus for each channel which also has been observed in this project. Third secondary images (shadow images) this has not been observed in this project.

Fourth Colour Shading (described below).

Colour Shading

The last of the major error sources is called Colour Shading (some call it

Dynamic Shading) and it is caused by the fact that the optical length for the rays through the prismblock are not equal, depending on where in the image plane they hit. This phenomena is typical for the beam-splitter cameras. It can easiest be observed by grabbing an image of a uniformwhite surface where it will cause the image to have a slightly coloured (non white) top and bottom.

Most 3xCCD cameras are adjusted linearly for this phenomena and have additional adjustments for typically the red and green channels. These adjustments are simply a small electric circuit that make a linear adjustment of the level of each line. The additional adjustment is necessary since the Colour

Shading is dependent on the lens. With a JVC KY-55 camera used in this project it has been the most significant error, there has been observed up to 60 grey levels (with 256 levels) difference between the red and green channel. The work with these cameras in this project has also shown that the Colour Shading is not a linear error with respect to the line number and that all channels and not just red and green have this error, see figure 3.15 and 3.16.

3.2.3 Multiple shot colour cameras

When working with non-moving scenes/objects multiple images can be captured (shot) with a monochrome camera using different filters to create

73 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.8 The system of a multiple shot color camera with 7 filters and one empty. The motor and the camera must be synchronized to grab the images at the right time.

colour (multi-spectral) images. This can be done using two different methods, in front of the camera (IFC) (or more complex inside the lens/camera) or in front of the illumination (IFI). In figure 3.8 is shown the layout of an ^in front of camera~ systemwith 7 filters and one empty holder. The empty holder is useful (but not necessary) for setting up the systemwith regard to focussing the lens etc. In figure 3.9 is the transmittance curves for a filter set fromMelles

Griot (400, 450, 500, 550, 600, 650 and 700 nm) that could be very useful for a systemlike in figure 3.8. The Melles Griot set also includes one blank (empty) holder.

For an IFC systemlike in figure 3.8 or an IFI systemthe colour wheel (or motor) must be very well synchronized with the frame capture on the camera, this can easily be done using the ^ Ext. Sync. ~ that is present on almost all cameras for machine vision, through an electric circuit connected to some sort of either optical or mechanical marker(s) on the wheel.

Jørgen Folm-Hansen

Figure 3.9 Transmittance curves for ^Visible-40" which is a 40 nm bandwidth filter set with seven filters and one blank from the Melles Griot 1997/98 catalog page 210.

If working with optically closed systems (controlled light sources) the IFI systemhas several advantages compared to the IFC, where the main advantage is that there are no distortions and other errors froma filter in front of the camera, allowing for normal camera calibration methods. Dust and scratches on the filters are also more acceptable if they are not placed in front of the camera.

Another advantage is that small vibrations fromthe rotating colour wheel are more likely to influence the camera if placed close to it. When making an IFI systemoptical fibers are useful conveyers of the coloured light fromthe colour wheel, this is also the method that has been used in this project.

If working with optical open systems (like in free air or in an office) the existence of other light sources makes the IFI systeminaccurate or useless and an IFC systemmust be used. In such a systeman accurate calibration must include some either direct or indirect modelling of the distortions fromthe filter in front of the lens.

The multi-shot method is very useful for capturing multi-spectral images, through the collaboration with DELTA Lys &Optik it has been told that to days highly sophisticated design of filter with many layers of metal and dielectric makes it possible to design very narrow filters. It is e.g. possible to make a good series of eighteen 20 nmfilters to cover the 390 nmto 750 nmspectra, or even 10 nmwidth filters.

75 3 Chromatic Calibration

IMM Section for Image Analysis

R

G

B

a a a a a a a a a

C

C

C

N

N

N

N

é ë

ê ê

ù û

ú ú

=

é ë

ê ê

ù û

ú ú

×

é ë

ê ê ê ê ê ê

ù û

ú ú ú ú ú ú

1 1 1 2 1

2 1 2 2 2

3 1 3 2 3

1

2 . . .

. . .

. . .

.

.

.

(3.2)

When working with closed optical scenes, like an Integrated Sphere, a closed cylinder or a dark roomthe use of a multiple shot camera is by the author considered the best solution for all non-moving scenes/objects. This is mainly because of the possibilities of capturing multi-spectral images and that the beam-splitter based cameras used in this project have a considerable colourshading error.

If a multi-channel image captured froman IFI or IFC systemis to be displayed in RGB (monitor, printer etc.) or some calculations only are defined for RGB the channels can be converted to RGB using an expression as in (3.2). A conversion as in (3.2) requires a common zero, which is fulfilled with an IFI or

IFC system. If the channels come fromdifferent cameras and/or grabbers a common zero is no longer necessary given and expression (3.2) must be expanded.

3.2.4 Scanners

Scanners are good sources for obtaining high resolution colour images of planar and non-moving objects, like textiles, paper, wood, X-ray images etc. In many cases they are used in combination with e.g. a high quality reflex camera to obtain high resolution colour images of non-planar objects. In this way photographic 35mmpositives/negatives can give good images up to about 6000 x 4000 pixels where the grains on the films set the limits.

Scanners make colour images in various ways, some flash with coloured light using a monochromatic sensor array where the coloured light can come from diodes or a colour-wheel (the Eskofot 2540 uses a multi-spectral colour-wheel),

Jørgen Folm-Hansen

and some use white light with filters in front of the sensors. The handling of the colours must therefore be decided fromthe technical specifications of the scanner.

When working with scanners it should be noticed that there is a risk of chromatic displacement between R, G and B channels besides the blurring when the object is not close enough to the flatbed (scanner surface), this has been observed in this project when scanning dia-positives inside slide frames.

3.2.5 Colour Alignments

Most digital colour cameras have the possibility of adjusting the levels of the

Red and Blue channels through two gain adjustments or a direct digital control systemof the camera. This is used for a White Balance adjustment, where the levels of red and blue are fitted to the green level either froma camera specific mode or when pointing the camera at a white surface. The White Balance can normally also be set to factory pre-set values, often given in a colour temperature. The existence of White Balance also indicates the general problem with colour cameras that has been observed widely in this project. The levels of the channels are not in general very well adjusted and for high quality measurements on e.g. colour textures they subsequently must be aligned using at least an expression as in (3.3). The work with colour cameras in this project has shown that a reasonable alignment of the RGB channels requires such a six parameter expression. The difference in the level of the channels comes from both the digital camera and the subsequent AD-conversion on the framegrabber if using an analog camera, it is therefore best to do the alignment directly fromthe scene to the digital images in the computer memory instead of e.g. using an oscilloscope directly on the camera output. The aspects of how the spectral distribution of the light on the scene will influence this will be discussed later.

77 3 Chromatic Calibration

IMM Section for Image Analysis

R

G

B

a a a a a a a a a a a a

R

G

B

é ë

ê ê ê

ù û

ú ú ú

=

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê ê

ù û

ú ú ú ú

1 1 1 2 1 3 1 4

2 1 2 2 2 3 2 4

3 1 3 2 3 3 3 4 1

*

*

*

(3.4)

R

G

B

a R a G a B

R

G

B

i n i n i n

é ë

ê ê ê

ù û

ú ú ú

=

é ë

ê ê ê

ù û

ú ú ú

×

é ë

ê ê ê ê

ù û

ú ú ú ú

1 1 0

2 2 0

3 3 0

0 0

0 0

0 0

1

(3.3)

To estimate the six parameters a

1,

a

2,

a

3

, R

0

, G

0

and B

0

in (3.3) two measurements of each of R in

, G in

and B in

with corresponding known RGB values must be made. At least two different colours must therefore be presented to the colour camera, in this project two different approaches have been used.

First two images of a white and a black NCS sheet. Second and more complex capturing an image of a calibration sheet with black disks on a white background and then using an automatic detection routine (described detailed in chapter 4) to detect the black disks and a white area between them.

If the spectral distribution of the RGB filters in the camera is bad for visualization or further calculations (e.g. a red, yellow and blue filter set) the

RGB values can be linearly transformed using an expression as in (3.4). To estimate the 12 parameters at least four different colour samples are required.

The transformation frommulti-channel images to RGB images is given in (3.2).

3.3 Chromatic Aberrations

In addition to the monochromatic aberrations described in chapter 2 there are two chromatic ones called transverse (or lateral) and longitudinal aberrations,

They are caused by the different refractive index for different wavelengths.

These aberrations can be particularly dangerous if the camera is sensitive to IR

Jørgen Folm-Hansen

Figure 3.10 TCA for red and violet ray.

and/or UV light since these wavelengths (usually) are the extremes. It is possible to get lenses with e.g. a 400-1000 nmrange optimization. Common for the chromatic aberrations is that they cause blurred images with a monochrome camera in multi-spectral light (like white light). It is also important to notice that e.g. yellow light (for the human eye) can be both monochromatic or a blend of red and green, causing the yellow light to have either no chromatic aberrations or significant chromatic aberrations.

3.3.1 Transverse chromatic aberration

The transverse (lateral) chromatic aberration (TCA) is caused by the rays of different wavelength not being focussed at the same point in the image plane.

This is shown in figure 3.10 where a violet and a red ray is drawn. The TCA can also be explained as the focal length being different for different wavelengths. If the TCA can be estimated frome.g. a calibration target, it can easily be calibrated for using e.g. a warping. The TCA is zero at the principal point and increases towards the borders. The TCA can be seen near the borders in a colour image where edges will be coloured in fake colours (rainbow-like at black/white edges).

79 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.11 LCA for red and violet ray.

When using beam-splitter based cameras it can be very difficult to determine if the spatial misalignments between the channels come fromthe beam-splitter or the TCA fromthe lens. The practical work made in this project has shown that the beam-splitter based TCA is more significant than the TCA fromthe lens.

The TCA fromthe lens has only been the largest when using lenses with extension tubes in close range images.

3.3.2 Longitudinal chromatic aberration

The longitudinal chromatic aberration (LCA) is caused by the rays of different wavelength not being focussed in the same plane. This is shown in figure 3.11 where a violet and a red ray is drawn. When using a lens with significant LCA it will be impossible to have all channels in focus at the same time.

The chromatic aberrations have especially been observed with cheap lenses and lenses where the focus has been changed using an extension tube. The problem with extension tubes is that they move the characteristics of the lens away from the designer´s optimizations. In this project the work with colour texture

Jørgen Folm-Hansen

measurement at distances from200 to 500 mmhas given problems with the lenses not being able to focus at the small distances. For this purpose the normal procedure is to use extension tubes, but the experience fromthis project has shown that this is not always a good idea because of significant amounts of

TCA and LCA, where only the TCA can be corrected by e.g. a warping. In this project the TCA has been observed up to a maximumof 2-3 pixels between the red and the blue channel. If using good lenses designed for these short distances very small amounts of chromatic aberrations have been observed.

Diffraction is also wavelength dependent and has a chromatic difference. In most cases this should not cause any problems since it is symmetrical (different sizes of the Airy disk).

3.4 Full camera calibration

In the classical models fromphotogrammetry the issue of colours and chromatic aberrations is not considered. If however, colour images are to be used in high accuracy measurements there are some aspects that are useful to consider.

If working with the linear models (DLT) there should not be any reason to consider the chromatic issues with regards to the estimation of the external position of the camera since the accuracy of the DLT normally is low compared to the chromatic errors. It should therefore be sufficient to e.g. calculate an initial guess for the non-linear search froma DLT based on e.g. the central channel.

If the purpose of a non-linear search solely is to get the external position, rotation and the focal length of the camera the best is to performthe search on the positions of calibration objects found in the central channel (e.g. green), since it with most colour cameras and lenses is the most accurate. When this is

81 3 Chromatic Calibration

IMM Section for Image Analysis

combined with fitting the other channels to the central using e.g. warping this is in many cases the most attractive method.

When using single chip or multiple shot cameras it is possible to make the nonlinear search for all channels in one step with the constraint that the six external parameters (translation and rotation) are equal for all channels. This should give the best estimates since the position and translation obviously are equal for all channels. Another thing is that this ensures that the differences in focal length for the channels are not absorbed by the strong correlation between the focal length and the distance between calibration object and camera. With a three channel systemlike RGB such a search would include six external parameters and e.g. seven intrinsic parameters for each channel, this gives a total of 27 parameters to be estimated which is quite reasonable.

Using a beam-splitter based camera (e.g. 3xCCD) it is in general not possible to assume common external parameters for each channel since the chips mounted on the beam-splitter do not necessarily have the same rotation and translation.

With a beam-splitter camera the best is therefore either to make a full nonlinear search for each channel individually or instead only to make the full nonlinear search on the central channel (e.g. the green) and then afterwards to fit the other channels to this one using e.g. warping (see next section).

3.5 Warp based colour calibration

As described in chapter 2 on monochrome calibration there are scenes or setups that make it impossible to gain 3D information froma calibration target. This is often the case in close-range images where the depth of field is very low or when using devices like microscopes, scanners or special lenses (e.g.

telecentric). In these cases the classic nonlinear calibration cannot be used and the use of warping (geometric transformation) is a very good alternative.

A warp which is a 2D transformation fromone coordinate systemto another

Jørgen Folm-Hansen

can be defined through the use of 2D-polynomials, the general transformation of order N is given in expression (2.36) in chapter 2.

Warping colour images can be done in several ways depending on the task. For the simplification the following is mostly regarding RGB images, but it can easily be extended to multi-spectral images.

If the task only is to get images without TCA aberration and beam-splitter misalignments (or IFC filter based misalignments), warping can be used to transformall channels to one central channel, that includes the wavelength that the optical systemis optimized for, typically the green channel in RGB images.

This does not involve any perspective transformation but only the spatial difference between the channels and can therefore successfully be modelled with a polynomial based warping. See chapter 2 regarding how the normal lens distortions successfully can be modelled with warping if omitting the perspective transformation, the warping can therefore also model the differences in the lens distortions arising fromdifferent wavelengths. The practical work done in this project with warping of the red and blue channels to fit the green channel (using 3xCCD cameras) has shown that a 2 nd order warping in most cases is enough and that only a little improvement is achieved when using a 3 rd order. In the table below is the displacements (average and maximum) in pixels between the red, green and blue channel fromthe image in figure 5.3 using a 1 st , 2 nd , 3 rd and 4 th order warping to fit the green channel

(based on 494 points). As seen in the table there is no exceptional improvement

(<8%) between a 2 nd and a 4 th order warping and in order to avoid fitting to the measurement errors a 2 nd order warp must be considered the best. Notice that the maximumdisplacement is almost fixed at about 0.3 pixels when the warping order is above 1, which most likely originate fromthe measurement errors.

83 3 Chromatic Calibration

IMM Section for Image Analysis

Channels

Average (pixels) Maximum (pixels)

Orig. 1 st 2 nd 3 rd 4 th Orig. 1 st 2 nd 3 rd 4 th

Red/Green 0.23 0.12 0.1 0.1 0.1 0.46 0.38 0.29 0.31 0.3

Red/Blue 0.41 0.14 0.1 0.1 0.1 0.91 0.53 0.27 0.23 0.23

Blue/Green 0.54 0.12 0.11 0.1 0.1 0.88 0.35 0.3 0.27 0.26

Table 3.1 Average and maximum displacement in pixels between RGB channels in the original image and the 1 st , 2 nd , 3 rd and 4 th order warped image (displacement is the Euclidian distance between the centres of the 494 calibration objects).

When using warping in a transforminvolving perspective transformation it can be done in two ways: warping each channel individually or warping the central channel combined by first warping the other channels to the central channel.

The advantage of the latter is that a higher order (more coefficients) warping can be used for the central channel and lower order (less coefficients) warping for the spatial alignment of the other channels. This could be good when either the computational speed is important and/or the positioning of calibration objects in the central channel are better than the other channels. As described in chapter 2 a warping with too many coefficients will fit to the measurement error of the calibration object, which is a good reason for using many coefficients with the warping of the central channel (which in many cases is the best) and less coefficients with the warping of the other channels to fit the central.

Jørgen Folm-Hansen

3.6 Uneven intensities

When obtaining an image of a uniformsurface like a white wall, a paper sheet etc the intensities in the images are in general non uniform. Such uneven intensities in an image plane can either come directly fromthe scene or inside the camera or a combination of both. In many cases uneven intensities in an image are unwanted and prevent further image analysis. This section will describe these issues with respect to the cause and effect and how to calibrate for it.

Some issues of the uneven intensities are (almost) common for all wavelengths and must be considered with both colour and monochrome images. These are therefore topics that also are interesting for the use of monochrome cameras.

The uneven intensities that are wavelength dependent (different unevenness between the channels) also causes problems with monochrome cameras but they are almost impossible to correct unless a significant amount of knowledge of the scene, light sources and objects is present.

This relatively large section has been placed in this chapter since the calibration of colours, as it will be explained in this section, in many cases is closely related to the efforts to get evenly intensities in all channels. In the systems for colour texture measurements that have been worked on in this project, it has due to the complexity been impractical or impossible not to assemble the calibrations for uneven intensities and the calibration for correct colours in one common calibration.

3.6.1 Camera and lens based

Even when a completely homogeneous planar object is uniformly illuminated with completely diffuse light, the image (using an ordinary camera and lens) of the object will still not be uniformin the intensities. This phenomena is normally caused by two different effects: light falloff (cos 4 law) and vignetting.

85 3 Chromatic Calibration

IMM Section for Image Analysis

C

a f

=

æ è

ç

ö ø

÷

p a

4

2

4 c o s ( ) (3.5)

Figure 3.12 Non-uniformityof illumination caused bythe cos 4 law.

Light Falloff

Light Falloff by the 4 th power of cosine to the angle of view (

. ) is a very wellknown and fundamental optical effect that is a combination of several effects, one of the reasons is that an off-axis object sees a foreshortened apparent aperture (entrance pupil) so less light is collected froman off-axis object, this gives a cos( . ) effect. The lens collection C for a single element lens can be expressed as in (3.5) where a is the diameter of the lens, f is the focal length and it is assumed that the object to lens distance is much larger than the lens to image plane distance [Haralick93].

The light fall-off is wavelength independent, but a small and in most cases negligible linear difference can come fromthe difference in the wavelength dependent focal length.

In figure 3.12 is a plot of the angle of view versus the light falloff, as it is seen the falloff is very large for wide angle lenses, when using a 65 o wide angle lens the light at the edge will be 50 % lower than at the center.

Jørgen Folm-Hansen

When using a lens with a diaphragmbetween two lens groups, it can be optimized for no Light Falloff [Walter95] but the condition for this optimization is in contradiction with the Abbe sine condition and some aberrations must be accepted if the Light Falloff should be reduced. Another method is to use a filter in the lens that spatially reduces the light accordingly to the 4 th power of cosine.

In an experiment where the chip and viewport are of fixed sizes, the Light

Falloff can be reduced by using a lens with higher focal length and moving the lens/camera further away fromthe object. This is shown in table 3.2 with a 1/3"

CCD chip and a wanted viewport in object space of 100mmx 75mm, the result is a reduction of the Light Falloff effect from6.9% to 2.9% when using a 25 mmlens instead of a 16 mm.

Lens

(focal length)

Lens to object distance

Angle of View

(deg)

Maximum light falloff (diagonal).

16 mm 327 mm 21.7 o 6.9%

25 mm 510 mm 14.0 o 2.9%

Table 3.2 Light Falloff using 16 mm and 25 mm lens (1/3" CCD) with a 100x75mm viewport.

Vignetting

Vignetting is a reduction in the light going through the lens caused by physical obstructions, this is typically caused by a bad composition of diaphragms and other lens elements, well designed lenses can be without significant vignetting.

For a lens with vignetting it can be reduced by using a smaller aperture. Figure

3.13 shows an illustration of the effect of vignetting using a single lens with a diaphragmin the object space. This figure also gives an idea of why a smaller aperture reduces vignetting, if imagining the bottomand top rays are removed by a smaller diaphragm.

87 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.13 Vignetting in a single lens system.

Figure 3.14 Stretched horizontal intensityprofile of image of an almost complete uniform surface in an integrated sphere. The lens was a no-name Japanese 50mm TV lens.

Vignetting is of course more complicated for lenses with the diaphragm between two lens groups than shown in the simple example in figure 3.13, but the principle is the same. Vignetting has been observed with many different lenses in the work done in this Ph.D. project, and the experience is that there is a high correspondence between the price of the lens and the amount of vignetting. An expensive Schneider-Kreuznach lens used in this project has showed no measurable vignetting.

Jørgen Folm-Hansen

In figure 3.14 is shown a horizontal intensity profile using a monochrome JAI

M50 camera with a no-name Japanese 50 mmTV lens. The object, a NCS

5000-N sheet, was placed inside an integrated sphere with a diameter of 360 mm, the distance between the camera and the NCS sheet was 400 mm. The

NCS sheet was through the use of the integrated sphere completely uniformly illuminated compared to the other error sources. As seen in the figure, the stretched intensity profile is not uniform, in order to make sure that these non uniformintensities did not come fromthe sphere illumination the camera was moved which made no difference in the intensity profile.

The profile in figure 3.14 is a special case where the light fall-off (cos 4 law) is overlapped with a vignetting effect which starts at a certain angle (distance fromoptical axis). This is particularly seen with this no-name Japanese 50 mm

TV lens where the intensity profile reveals an obvious combination of two error sources. When using a high quality lens in the same systemor reducing the aperture the vignetting effect disappeared.

A beam-splitter can also cause uneven intensities in the image, which usually are different for each channel, this is called colour shading see page 72 for more details. In figure 3.15 and 3.16 are the red, green and blue channels froma JVC

KY-55 3xCCD camera blurred and stretched between black and white. The

RGB images were captured in an integrated sphere similar to the one used in figure 3.14. As seen in the figures the colour shading causes significant non uniformintensity images, it is the high difference in intensities between top and bottomthat causes the visible colouring (mostly red/green) of e.g. a white surface that legitimate the name colour shading. The cos 4 light fall-off is insignificant for non wide angle lens compared to the colour shading, while vignetting can be quite significant.

89 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.15 R, G and B Color Shading with Cosmicar 25 mm lens and JVC KY-55 3xCCD

Figure 3.16 R, G and B Color Shading with Jena 25 mm lens and JVC KY-55 3xCCD

As seen in the figures 3.15 and 3.16, where the only difference is the change of lens, colour shading is very dependent on the lens. As seen (can be hard on the printed version of this document) the figures also contains some minor errors in the red and blue channels, the red channel in 3.16 has some degree of ^prism~ flare with the physically longer Jena lens and the blue channel has some electronically generated stripes.

3.6.2 Scene and light source based

In most cases the uneven intensities in an image of a uniformsurface are due to lighting issues like the positions/sizes of the light sources and the optical

(reflectance/absorption) properties in the scene.

In practical image analysis many efforts are made to obtain an even distribution for the irradiance. Examples are optical light rings and plates illuminated

Jørgen Folm-Hansen

through optical fibres, another common method is to use many small sources around the objects or a light source behind white transparent material.

Commercial products frome.g. Fostec Inc. have planar plates up to 20x20cm for background illumination that are guaranteed to be uniformwithin ±5%.

The description of these aspects is divided into two different optical cases: open scenes and closed scenes. Although there is no clear definition of the boundary between an open and a close scene (almost all scenes are optically closed in some sense), this division has been the most natural seen fromthis project.

Optically open scenes

In this project the definition of optically open scenes is:

1. Scenes where a substantial part of the light rays reflecting/emitting from the object of interest will not be reflected back on the object itself.

And

2. Scenes where external (uncontrollable) light sources can illuminate the object.

Common examples of such optically closed scenes are outdoor scenes like a camera mounted on a tractor driving on a field measuring the plants for e.g.

dosing of pesticides. Although, driving in a cloudy night, when the moon is down or using strong (compared to the moonlight) local light it is possible to have full control over the light sources but it is not granted that the clouds will go away etc.

Whether or not a closed scene can be regarded as an open scene depends, of course, on the relation between the size of the object/camera and the scene. E.g.

looking at 20x20 cmtextiles in a normal room/laboratory could be considered an open scene, even if there is no windows in the room.

91 3 Chromatic Calibration

IMM Section for Image Analysis

The main disadvantage with open scenes is that there is not full control over external light sources. An advantage is that the object is not significantly illuminating itself through the light reflected/emitted fromthe object (selfillumination).

The open scenes are very common in image analysis, even with systems requiring high accuracy, because of physical limitations that e.g. makes a shield against external light sources practically impossible or too expensive. As an example of an open scene case can be mentioned a project at AUC (Aalborg

University) where a 3xCCD camera is used for measurements on barley in a field in Denmark. Here they say in their paper [Andersen99] ^A problem often limiting or causing colour image analysis methods to fail is the lack of ability to handle images acquired under varying illumination conditions~ which also is one of the conclusions in this project. Another project is the beet reception at

Danisco Sugar, where an initial vision systembased on outdoor stereo 3xCCD cameras has been tried unsuccessfully on loads of beets on trucks

[Frydendal98], the CCD cameras has been moved inside for better shields against uncontrolled illumination.

In an open scene the main part of the scene based on uneven intensities comes fromthe light sources or local objects that reflect the light towards the object of interest. This is illustrated in figure 3.17 (a) where an object is illuminated from a single point light source (the lightbulb), the left side of the object will then be brighter in the image than the right side due to the smaller distance to the light source. In figure 3.17 (b) is illustrated the same situation where a wall reflects more light down on the object, this reflection consists of both specular and diffuse reflection (see figure 4.34), where only the specular is drawn in the figure. The diffuse reflection will also give a contribution to the uneven illumination in figure 3.17 (b) since the distances between the light source, wall and object not are equal for the entire object.

Jørgen Folm-Hansen

Figure 3.17 Uneven light on object from single light source. (a) free air scene (b) scene with reflecting wall.

Figure 3.18 Single point radiator and planar surface, seen in two planes.

With a totally open scene, like in figure 3.17 (a), two or more different light sources can beside the uneven intensities cause an uneven spectral illumination if the light sources are not totally equal in their spectral distribution, even two equal light bulbs can have a small difference in the spectral distribution arising fromsmall differences in the production. With an open scene like in figure 3.17

(b) a single light source systemcan also cause an uneven spectral distribution if the wall does not reflect/absorb all wavelengths equally.

Since planar surfaces have been the most used in this project (and are in many other projects), the next pages will discuss a very simple ^ray-trace~ of the irradiance of a planar surface fromone and two single point radiators (light sources), this is done under the assumption that there is no specular reflectance.

93 3 Chromatic Calibration

IMM Section for Image Analysis

I x y I

z d

I z x x y y z

( , )

( ( ) ( ) ) /

= =

- + - + 0

0

3

0 0

0

2

0

2

0

2 3 2

(3.9)

d x x y y z z

= - + - + -

( ) ( ) ( )

0

2

0

2

0

2 (3.6)

I

I d

= 0

2

c o s ( ) q

(3.7) q =

- + - + -

= - - c o s (

( ) ( ) ( )

) c o s ( ) 1 0

0

2

0

2

0

2

1 0

z x x y y z z

z d

(3.8)

Using the notation giving in figure 3.18 the distance d between a point (x,y,z) and the single point radiator at (x o

,y o

,z o

) will be as in (3.6).

In (3.7) we have the surface irradiance I froma single point radiator I

0

, where � theta is the angle between the surface normal and the point source [Haralick93].

This shows that the irradiance varies inversely as the square of the distance between illuminated surface and the point source.

Using the setup and notation fromfigure 3.18 � can be calculated as in (3.8).

Inserting � from(3.8) in (3.7) the irradiance I(x,y) on a planar surface froma single point light source will follow equation (3.9).

In figure 3.19 is an example of an irradiance on a planar surface following equation (3.9), where (x o

,y o

,z o

)=(500mm,0mm,600mm) and the surface is

1200x1200mm.

Jørgen Folm-Hansen

Figure 3.20 Irradiance on a planar surface from two symmetrical single point radiators, one is double the intensityof the other.

Figure 3.19 Irradiance distribution at planar surface from single point radiator

(plotted as 3D surface and contour below).

If applying two or more light sources the resulting irradiance is the sumof the irradiance contributions. In figure 3.20 is the result of applying two light sources symmetrically across a planar surface where one of the light sources is the double intensity of the other.

95 3 Chromatic Calibration

IMM Section for Image Analysis

As seen fromequation (3.9) an almost uniformirradiance on a planar surface requires a single point radiator at a very long distance. Since a radiator at a long distance requires very high energy to illuminate the surface another common method is to use multiple radiators or large (non single point) radiators.

The model for planar surfaces described above is only concerning the distribution of the light falling on the surface (irradiance) and not the light emitting fromthe surface to the camera. If the camera is placed so that no specular reflection can reach the lens the above model can be used for the relative distribution of the radiance.

In many cases it is wanted to model the intensity distribution using a least a square polynomial fit. This has been done for the single radiator distribution given in figure 3.19 and the dual radiator distribution in figure 3.20 using the software MathCad fromMathsoft. In table 3.3 is given the coefficient of determination (R 2 ) for order N=1..6.

N Single radiator (fig. 3.19) Dual radiator (fig. 3.20)

1 0.83068 0.17069

2 0.95957 0.84438

3 0.99781 0.8977

4 0.99904 0.97096

5 0.99994 0.97978

6 0.99999 0.99516

Table 3.3 Coefficient of determination R 2 for a polynomial fit of order N to the irradiance using one and two radiators.

Notice that with more than one radiator a 3 rd order polynomial can easily be inefficient. That is also one of the reasons why an estimation of a intensity image can be more useful than a polynomial fit.

Jørgen Folm-Hansen

Figure 3.21 A 4 th order polynomial fit to a two radiator irradiance distribution on a planar surface (same as figure 3.20)..

In figure 3.21 is shown the 4 th order polynomial fit to the two radiator irradiance, as seen the fit is not very good especially at the two tops, the coefficient of determination R 2 was about 0.97. In order to get a good visual fit at least a 6 th order polynomial was necessary.

In many cases the radiators (light sources) are placed in such a way that there are no tops in the area of interest (active image area) and a smaller order can be used.

The above model is, of course, very simple, without shadows and specular reflections. It is possible to make more advanced models (ray-tracing) that include specular reflections, shadows based on the knowledge of the scene setup, although this is beyond the scope of this project.

In many cases the environment is much more complicated than illustrated in figure 3.17 and modelling through e.g. ray-tracing cannot be done. In such

97 3 Chromatic Calibration

IMM Section for Image Analysis

Figure 3.22 An office lamp. (a) illuminated bythe normal office lighting and (b) illuminated with an extra local lamp in a steep angle.

cases it is only possible to capture images of well-known even coloured calibration targets and then calculate a calibration for that specific scene. When the camera or object is moving it becomes even more complicated and an online running calibration is required (see next section). In a complicated environment it is normally not possible to differentiate the various contributions to the uneven intensities in the image, unless camera specific factors like vignetting and colour shading are determined in a laboratory.

For special applications like a tractor on a field driving in an illumination which varies through the day there is a method for making images that approximates images captured using fully controlled light. In order to do this two images are captured immediately after one another (like 1/25 sec with a PAL camera) where one is illuminated by the natural background illumination (global) and the other image is illuminated by both the background and a local light source.

Then the image without the natural background illumination can be estimated fromthe two images. If the image intensities do not contain any nonlinearities and saturations and the offset is zero this can be done with a simple subtraction.

In figure 3.22 (a) is the image of an office lamp with the normal roomlighting and in (b) is the exact same scene with a small local lamp, notice that the local lamp does not influence the appearance of the background.

Jørgen Folm-Hansen

Figure 3.23 An office lamp. (a) onlyilluminated from a small local lamp at a steep angle. (b) the difference between the images in figure 3.22.

In figure 3.23 (a) is the same scene as in figure 3.22 but only illuminated with the same small local lamp as in figure 3.22 (b). In figure 3.23 (b) is the difference between the two images in figure 3.22, notice the visual good similarities between (a) and (b). In order for the subtraction to work the images have to have an offset of zero, this was done by placing a cap in front of the camera and the ^zero-image~ was captured as an average of 50 frames, this had a mean value of 5.95. This ^zero-image~ was then subtracted fromthe images to give the common zero offset. The mean value of the difference between the two images in figure 3.23 was -0.12483 and the variance was 0.88756, which is very good for a small test made in an office with an ordinary CCD camera. If looking closely at these images it is noticed that there are small systematic differences between figure 3.23 (a) and (b) these could be explained by some sort of non linearity in the measurement of the radiance, vibrations/movements and perhaps some interactions between the light sources and the materials.

This technique for omission of the background illumination has many usabilities, especially with structural light (like lasers) and in outdoor scenes or rooms with windows. A disadvantage is that it requires either the average of multiple frames or a low noise and high sample rate to generate good images, since the subtraction (within the dynamics of the camera/grabber) enhances

99 3 Chromatic Calibration

IMM Section for Image Analysis

noise. The big advantage is the possibility to estimate a simple and controlled illumination that e.g. can be ray-traced fromthe known positions of the scene elements (light source, camera, object etc.).

Optically closed scenes

In this project the definition of optically closed scenes are:

Scenes where there is full control over the light sources that illuminates the object and no significant amount of light can escape the scene without being absorbed by material within the scene.

In such scenes there can be setups that cause a substantial part of the light rays reflecting/emitting fromthe object of interest to be reflected back on the object itself (self-illumination). The main reason why self-illumination is a problemis that a calibration based on a reference object not necessarily will calibrate a subsequent object correctly.

Examples of closed scenes are shielded outdoor scenes (e.g. a tent around a camera setup on the back of a tractor in a field), a laboratory roomwith shielded windows, a closed box with a camera and a light source inside etc. In figure 3.24 is an example of a closed scene in formof such a box. One light ray emitting fromthe single point radiator is drawn with its specular reflection and the diffuse reflections where the ray hits a surface. If all the light emitting from the light source with all reflections should be modelled it becomes quite complex even for a simple scene like figure 3.24 and a computer generated raytracing is the only (known) possible way to model the radiance fromthe object to the camera lens. Such a ray-tracing is only possible if the radiometric characteristics are known for all the surfaces and objects in the scene.

If ray-tracing is not possible due to e.g. missing information regarding the materials or the scene is to complex closed scenes have the advantage that it is possible to calibrate for the illumination of one or more reference objects (e.g.

colour reference sheets like NCS) and then use that calibration for subsequent

Jørgen Folm-Hansen

Figure 3.24 Single light source in optical closed scene, the line is the specular reflection. The self-illumination is caused byboth the specular and the diffuse reflection.

measurements. The disadvantage of this method is that the reference object must have approximately the same characteristics as the objects to be measured, since the self-illumination otherwise could introduce an error, if no calibration is made.

With closed scenes the materials that make the surroundings have a big effect on the self-illumination. These materials can vary fromblack velvet to diffuse white painting and even to mirrors. With almost totally absorbing materials like black velvet the self-illumination can be zero if the geometry of the object does not allow self-illumination without the presence of other objects/walls. The reflection characteristics of the material also has a big influence on the selfillumination, it can be complete diffuse (white diffuse paint) or completely specular (mirrors) or something in between. The self-illumination also has a spectral characteristic that follows the reflection/absorption in the scene

(including the object). As an example can be mentioned a box with walls that tend to absorb wavelengths below 650 nm(red) more than others which will give a reddish self-illumination. A textured object that absorbs certain wavelengths placed in a diffuse white box will also give the self-illumination a spectral displacement. This could be the case with a red textile with small green stripes, where a reddish self-illumination would cause an intensity displacement between the red and green areas in the images.

It is therefore very important for an accurate colour/intensity measurement on

101 3 Chromatic Calibration

IMM Section for Image Analysis

an image made in a closed scene to calibrate for the self-illumination, since it not only can affect the intensity distribution and the general level but also introduce a difference in the relations between differently coloured areas in the image.

3.6.3 Correction and Calibration

The calibration for uneven intensities in an image is in many situations an important task of the image analysis, and descriptions can be found in many places in the literature, e.g. [Russ90]. A simple example is if a threshold must be applied to get binary objects for e.g. counting and area/perimeter/center of mass measurements, in such cases uneven intensities can cause an incorrect binarization. Using a local threshold (based on percentage of the neighbourhood) can make it better but not correct. As described in the next chapter uneven intensities can give systematic displacements in detection of e.g. a center of mass, which is particularly serious with images of calibration objects.

Cos 4 Light Fall-off

As described previously the cos 4 law light fall-off can be calibrated using a specially designed filter but this is very rare and probably also very expensive.

In most cases it must be calibrated fromthe knowledge of the camera and lens.

The classic camera calibration (either DLT or full non-linear) gives the principal point (u o

, v o

) and correct focal length f of the lens fromthe physical size of the film/chip sx × sy , that normally can be obtained froma data sheet. In

(3.10) is given the expression for intensity I for the cos 4 fall-off at a point (u,v), where the intensity is I o

in the principal point and that all elements must be in the same unit (e.g. pixels or mm). This expression has been reduced to the lower part without the co s 4 () and atan() using MathCad, which is an much easier expression that can be calculated much faster on a computer.

Jørgen Folm-Hansen

I u v I a

u u v v f

I u u v v f

( , ) c o s ( t a n (

( ) ( )

) )

( ) ( )

=

- + -

=

+

- + - æ è

ç

ö ø

÷

0

4 0

2

0

2

0

0

2

0

2

2

2

1

(3.10)

Figure 3.25 Cos 4 fall-off with 25mm lens and a 1/3-inch

CCD chip. The intensityis set to 100 in the principal point.

In figure 3.25 is a plot of expression (3.10) with a 25 mmlens and a 1/3-inch format (6.00 x 4.96mm) chip, the principal point is set to the center of the chip.

103 3 Chromatic Calibration

IMM Section for Image Analysis

Vignetting

As described previously vignetting can not normally be modelled directly since it is very dependent on the size of the aperture, the best way to ^calibrate~ for vignetting is to buy a high quality lens or to use a small aperture. If a setup requires a lens systemthat has vignetting, the calibration can be made froman image of a reference object. In such a calibration the contribution from vignetting can not necessarily be extracted fromall the other contributions to the uneven intensities and a calibration must therefore include all (or some) contributions in a common model.

Colour Shading

As described previously the use of beam-splitter based cameras introduces an intensity error called colour shading that is different for each channel. The colour shading that has been observed in this project has been overlaid with other error sources giving a very unstructured uneven intensity, see figure 3.15 and 3.16. Is has been tried to calibrate the colour shading and the other contributions using a polynomial fit, but the conclusion has been that this is not sufficient. It is therefore necessary either to use a much more complex model or as implemented in this project to use images of uniformreference objects. Such images also calibrates for all other sources for the uneven intensities.

The calibrations made in this project have used images of both very dark, grey and bright NCS-sheets in a very uniformlight to estimate the Colour Shading and cos 4 light fall-off and subsequent images calibrated fromthese images has shown very small variations of about 1-2 grey levels (< 1%). This is described in more detail in chapter 5 (Implementations).

Jørgen Folm-Hansen

Generic Camera/Lens based

In many cases it is easiest and best to make the calibration for the camera/lens based uneven intensities (vignetting, cos 4 fall-off and colour-shading) as one common calibration for a specific camera/lens setting. This can be done in a laboratory or calibration box using a target with uniformradiance. Such a target could e.g. be an integrated sphere with diffuse painting inside or a planar background illumination plate. As with the classic calibrations it is best to grab an average image of multiple images but unlike geometric calibration it is best to move the camera to smooth small variations in the target. In theory it should be possible to move/rotate a camera more or less randomly around in a scene while averaging the images continuously to get a uniformimage to model the sumof the camera/lens based uneven intensities, but small experiments made in this project have shown that this requires a LOT of images to give a good result.

The detection of the unevenness froma target image can be done in three ways:

1. Fitting a suitable 2D function (e.g. a polynomial least squares fit) to the pixel values.

2. Calculate an image (average or median of a sequence) that contains the unevenness

3. Estimating the parameters in a complete parametric model that models the necessary error sources.

Pixel variations

A CCD/CMOS chip can also have variations in the sensitivity for the cells

(pixels) and some cells might even be defect. Such variations in the chip can be detected by capturing an image of a smooth radiance image. Such an image can be made by moving/rotating the camera and/or the reference target while averaging the images continuously. The reason why the movement is needed even with a very uniformradiance, as in an integrated sphere, is that scratches,

105 3 Chromatic Calibration

IMM Section for Image Analysis

dust etc on the reference target will overlay the pixel variations. A problem(or advantage) with moving/rotating average images is that they also capture scratches, dust etc on the lens/chip. Another and more simple approach is to adjust the lens to very unfocused, this also has the advantage of not including the scratches, dust etc on the lens and including those on the chip.

One simple method to detect the pixels variations fromthe smooth radiance image is to apply an local mean/median filter to the captured image, which then is subtracted fromthe captured image. With colour images this is done separately for each channel.

Scene based

The scene based uneven intensities can either be calibrated simultaneously with the calibration for the lens/camera based uneven intensities or alone. The latter requires that the uneven intensities fromthe lens/camera are known/measured, see above. This can be a big advantage because it keeps the complexity of the remaining unevenness low, which especially is useful with curve-fitting and modelling.

In both cases the detection of the unevenness can be done by capturing an image(s) of a reference target and fitting a 2D function (curve fitting), estimate an image (or images) that contains the unevenness or make a complete model using e.g. ray-tracing combined with the models for the lens and camera based uneven intensities.

A calibration with a reference target will only work in scenes where the variations in light sources only vary a little bit in small time steps and where there is no significant self-illumination. If the variation in time (moving objects in the scene, conveyor belt etc) makes it impossible to place a calibration target in the scene that can be used for subsequent calibrations of measurements, it can in some cases be possible to make an online running calibration, see e.g.

[Marszalec97] for further details on online colour calibration.

Jørgen Folm-Hansen

Figure 3.26 Various setups for the calibration material for an online calibration for uneven intensities. (a) using small samples (squares) (b) using stripes (c) using a complete border.

The circles illustrates the objects to be measured in the image.

This can be done by e.g. placing a border of calibration material (NCS etc) in the scene or simply stripes of calibration material that are visible in the camera view but are acceptable for the measurements, see figure 3.26.

The idea of using stripes like in figure 3.26 (b) and (c) is that the radiance can be spatially followed which can improve the estimate of illumination on the objects compared to using single point marks as in figure 3.26 (a).

In some cases it is possible to use the prior knowledge of a scene or an object to make a calibration for uneven intensities, an example is a project at AUC

(Aalborg University) where a 3xCCD camera is used to measure barley on a field in varying daylight conditions, here the calibration is based on the prior knowledge of the spectral distribution of the sunlight (clear sky, clouded, shadows etc) and the plants [Andersen99]. Another example is a geometric calibration target with e.g. black disks on a white background. Here it is possible to detect the uneven intensities based on the knowledge of the target, see chapter 4.

In order to make a proper calibration fromone single coloured reference target

(like one NCS sheet) it is very important that the real zero is known. If the real zero point is above the pixel value zero it can be measured by covering the camera lens and capturing an black image (the best is an average of multiple

107 3 Chromatic Calibration

IMM Section for Image Analysis

captures). If the real zero is below the pixel value zero such a black image will be zero and the use of multi coloured reference targets is needed (like using two

NCS sheets or a mosaic of multiple colours on a single sheet).

Self-illumination

Fromthe experience gained in this project the calibration for self-illumination when using closed scenes like spheres can be made in the following ways;

� By placing separate light sensors inside the closed scene (this could also be an extra camera). The sensors can be online calibrated from e.g. two different known objects placed inside the scene.

� By using small reference coloured objects that always are inside the camera view (see figure 3.26).

� By using small reference coloured objects outside the normal camera view (or the walls of the closed scene) that e.g. a mirror can turn the camera view against or by moving the camera . This requires two image captures, one for the object and one for the reference object(s).

� By using specialized calibration sheets to calculate the coefficients in a self-illumination calibration that can calibrate an image from the contents of the image itself (estimating the current selfillumination frome.g. the mean value of the image).

These methods and the specialized calibration sheets are described in more details in chapter 5.

Temporal

Another common type of intensity variation in images are the temporal variations. In open scenes these could come frommoving illumination or reflectors and these require an online running calibration, as described above.

In optical closed scenes the temporal variations can be temperature dependent,

Jørgen Folm-Hansen

in both the light sources and the camera. The variation often occurs in both intensity level and relative difference between the channels (temperature shifts).

In many cases the variation is largest immediately after the systemis turned on, due to starting fluctuations. Such intensity variations in time have been observed in this project using a highly calibrated systemwith a camera in an integrated sphere (see chapter 5). The variations were typically of 3 - 4 pixel values (8 bit = 256 levels), some were fluctuating while others started when a window or door to the lab. roomwas opened. The calibration for such temporal variations can either be found as a drift in a measurement series, re-calibrating for e.g. every tenth measurement or by adding a small calibration mark (e.g. a small white plate) inside the camera view that each measurement is corrected for, such a small mark can also give information about the self-illumination.

3.7 Summary

There has been given an introduction to colours and the chromatic systemof the human eye, where it has been stated that the use of RGB (or any trimulus colour system) in many machine vision colour measurement tasks only is an unnecessary simplification based on the human eye. There is no reason to apply a human limitation to a machine vision systemwithout any specific reasons to do so. Various camera based devices for capturing colour or multi spectral images have been described with their respective limitations and advantages.

The chromatic aberrations and the pixel based colour misalignments have been described with respect to the calibration of colour cameras. The use of the classic camera calibration (linear and non linear) and warping with colour images has been described, where the essence is to apply the monochrome models directly on each channel separately or only the central (best) channel.

There has been given a substantial description of uneven intensities

(illuminance and radiance) which is a common problemin image analysis and especially important in order to get correct colour/spectral measurements in an image.

109 Calibration Targets

IMM Section for Image Analysis

Chapter 4

Calibration Targets

When calibrating cameras or other image capturing devices it is necessary to use a calibration target with clearly identifiable objects (marks). These objects can be of any geometrical shape as long as they either manually or automatically can be identified in both a world coordinate systemand image coordinates using geometric entities, like points, lines, corners or circles. This chapter will give a description of some important elements to consider when using such calibration targets. The targets described in this chapter are primarily for use with calibration for image distortion (or geometrical transformations). Although many of the calibration targets and detection methods can be used with various devices the main concern in this thesis is cameras.

4.1 Different Devices

When designing or using calibration targets it is important to consider the type of capturing device and how to use it. In this section is a short overview of the devices that were used in this Ph.D. project. Often a calibration target can be used with almost any device but there are small differences that are useful to consider.

Jørgen Folm-Hansen

4.1.1 Common for Almost all Devices

If the capturing device and scene is mounted secure and free of vibrations it is possible to capture a sequence of images and generate the average image in order to reduce the noise/signal ratio. This will increase the accuracy of the detection of the individual objects (marks) on the target and through that the accuracy of the entire target, if making a least square fit on a high number of objects this could be unnecessary but it will never harmif the time allows it. In this project image averages of about 25 images have been used extensively.

Especially with noise/signal ratio sensitive object detection algorithms the use of averaged images is a very useful method for improving a camera calibration.

Another approach which can be used in surroundings with periodic vibrations or other distortions is to capture a series of images with the same conditions and then repeatedly exclude the image which contains the worst measurements of the calibration objects until some set condition is reached, this approach has been used successfully in [Melen94] with monochrome cameras.

4.1.2 Monochrome Cameras

This is probably the most widely used type of camera in vision systems, due to the fact that they are fast, accurate, simple and cheap compared to the colour cameras that are used in machine vision system. The monochrome cameras are also the devices that can use almost any visible calibration target. The traditional calibration targets for monochrome cameras are (partly) planar and have a white background with black objects, different types of these targets are described later in this chapter.

The black and white targets are not always the optimal type when considering the actual dynamics of the system, which can be influenced by many parameters in a vision systemlike brightness, contrast, gain, iris, black level etc. When camera, lens and grabber are adjusted for a specific scene/lighting the white parts of the target may be saturated in digital/grabber or CCD cell sense and the

111 Calibration Targets

IMM Section for Image Analysis

black parts may be darker than the digital black level on the grabber causing a digital saturation. In order to avoid this a calibration target could instead of black/white be created in two or more grey tones that provide good dynamics in the image without any pixels being saturated. If some parts of an image of a calibration target are saturated it could influence the detection of the objects and this error could easily be systematic in some direction. If the dynamics of the systemare made so that it is close to saturation and the lighting conditions of the systemcan vary a bit, this could cause an error that could vary from calibration to calibration. The temperature of the camera and light source could also have some influence in this case so it is a good idea to make roomfor some variations in the grey levels in the images. These considerations are also useful with colour cameras.

Another consideration is the situation where the camera is calibrated in another light than it should be used for after the calibration. This could be the situation where the camera only can be calibrated in white light and later should be used for precise detection of laser dots/structures which is monochromatic light. In this case is would be very useful to use a calibration sheet with a background colour that exposed to white light is close to the wavelength of the laser in order to reduce the effect of the chromatic aberrations in the lens.

Beware of some camera controls, e.g. sharpness, which might apply a systematic error (displacement) when detecting calibration marks.

When using analog cameras like CCIR or RS-170 the length and quality of the cable between camera and frame-grabber (and the connectors) may also be an error source for automatic detection algorithms, figure 4.1 shows an example with a JAI M50 PAL monochrome camera and a Matrox Meteor grabber with a) a 13 metres low quality cable and b) a two metres high quality cable. As it can be seen fromthe horizontal profiles the long cable (13 metres) causes under- and overshooting in the electrical signal in the coax cable caused by induction. There is of course no problemin the vertical direction when using

CCIR/RS-170. The under- and overshooting is only a problemwith specific detection algorithms (e.g. template matching and parametric fitting) and if applying a local filter to the image before the detection which will cause a

Jørgen Folm-Hansen

Figure 4.1 a) Grabbed with 2 m cable b) grabbed with 13 m cable.

systematic displacement of all calibration objects in the horizontal direction.

The problems with under- and overshooting also apply to colour cameras.

Another problemwith analog cameras occurs when the synchronization signal is overlapped with the image signal where the frame grabber must synchronize with the camera, if this is done inaccurately a horizontal image shift depending on the contents (intensity level) of the image signal can appear [Heikillä97b], this common phenomena is called line jitter. There has been no evidence of significant line jitter in the hardware used in this project, in appendix B we show a practical example of a measurement of line-jitter which shows a change in horizontal shift of about 0.007 pixels.

4.1.3 Colour Cameras

When using calibration targets with colour cameras, the experience fromthis project is that it is mostly the same targets as when using monochrome cameras

113 Calibration Targets

IMM Section for Image Analysis

Figure 4.2 TCA error on RGB image of calibration target with black disks on a white background.

and many of the problems frommonochrome cameras also apply to colour cameras. With multichannel or RGB cameras it is very useful to calibrate and resample the channels individually to the common coordinate system. When calibrating each channel separately it is of course very useful to use grayscale

(often black and white) calibration targets to get a high degree of uniform intensity levels and comparison between the channels.

In some cases it is practical to use different colour combinations for specific objects on the calibration targets in order to get a distinction between objects in different channels. A simple example could be a planar target consisting of black disks on a white background with the center disk coloured green and two of the neighbours in red and blue. This use of coloured objects on targets could be used for aligning channels with a very low degree of spatial correspondence or for a simple automatic orientation detection of the target.

As described in chapter 2 and 3 the two most significant errors with images grabbed froman ordinary colour camera are the transversely chromatic aberration TCA and the barrel/pincushion distortion. In figure 4.2 is a computer generated drawing of the upper left corner of an RGB image of a calibration target with 3.8 mmdisks, the center of the circles represents the found center of mass in the original image and the radius correspond to the found area of the disk. In this example the TCA error was about 2.2 pixels between the red and the blue channel in the upper left corner and 0.9 pixel in average (50 mmlens with a 10 mmextension at a distance of about 300 mm).

Jørgen Folm-Hansen

Another important thing about colour cameras is that the levels of red, green and blue in the image are not always aligned, this can be caused by many different sources in the long signal way fromthe lens to the digital data in memory, for further details see chapter 3. When making targets that also calibrate for these differences between red, green and blue levels at least two levels are required for a high quality calibration. A target that has been used for practical purposes in this project is the use of a grid of dark disks on a bright background, which at the same time can be used for calibration for distortion and TCA. Because of the good spatial distribution of the disks this can also be used for the calibration for colour shading in a 3xCCD camera and even for an uneven distribution of the light. In this way only one calibration target is needed for four calibrations at the same time and the algorithmthat detects the center of the dark disks simply used the space between two dark disks as a bright area. This has been implemented in the Surfix texturemeter device with very good results, see chapter 5.

The problemwith under- and overshooting described in the previous subsection is also a problemwith analog colour cameras, in this project it has been observed with a 3xCCD JVC camera connected with two 2 metre 4xCoaxcables joined with four female BNC junctions to a Matrox Meteor/RGB grabber. Long cables would probably cause the same phenomena.

4.1.4 Scanners and Line-scan Cameras

Line-scan cameras are single array CCD´s which instead of an image give continuous horizontal lines, an image can then be generated by moving the camera or the object in the vertical direction. They use an ordinary camera lens and the lens distortion is therefore a combination of radial and tangential distortions, the radial distortion introduces an error where the horizontal line is non-linear measured fromthe principal point and the tangential gives an error where the left and right side of the lines are curved a little bit up and down.

When moving the camera or the object the speed may vary cyclically (for continuos grabs) or in the startup phase introducing an error in the vertical

115 Calibration Targets

IMM Section for Image Analysis

direction. It can be very difficult to place the camera in the precise position/movement where the scan-line is perpendicular to the moving direction, introducing an error where the images actually are parallelograms but are grabbed as rectangles. When calibrating line-scan cameras it is therefore in most cases necessary to obtain information of coordinate displacement in both directions. For this purpose a calibration target consisting of a planar grid of disks (with colours optimized for the camera systemparameters, see above) is very optimal. Another useful calibration target could be black lines on a white background grabbed in both directions, this would give a visual notion of the displacements.

Like the line-scan cameras a scanner is often some sort of array that is moved perpendicular to the line, but with a scanner the object being scanned is usually planar (or nearly planar), the calibration targets for scanners is therefore usually planar (sheet). With most scanners there is no lens in traditional camera sense and therefore no radial/tangential distortion. The line-array is typical very straight and since it is factory mounted it is also very perpendicular to the moving direction.

Today´s (1998) traditional scanners use a CCD chip which captures image data through a lens-and-mirror optical system. In such a systemthe optics can become misaligned giving manufacture specific displacement errors. These displacements can be in both directions and a calibration sheet that can obtain coordinate information in both directions would be the best (like the dark disks on bright background). The work with colour CCD scanners (most common today) made in this work has made it clear that the calibration sheet must be able to give information about misalignment of red, green and blue channels since this was the most significant error (on cheap scanners up to 2 pixels in

600 dpi).

Calibrating a CIS (Contact Image Sensor) scanner can be made a little simpler than the CCD based since the sensor-array is straight and free of optical misalignments fromlenses and mirrors. A calibration should only calibrate for misalignments fromthe moving array including if it is totally perpendicular to the moving direction. Calibration sheets for a CIS scanner could in a simple

Jørgen Folm-Hansen

calibration be vertical lines to check if the array is perpendicular to the moving direction and a more complex calibration could be dark disks on a bright background to calibrate for a possible small misalignment between the red, green and blue channels.

Another type of scanner is the triangulation 3D laser-scanner, which consists of a laser-line and a camera. In order to calibrate a 3D capture device it is best to have some 3D objects to calibrate against, in the work done in this Ph.D.

project with laser-scanners a flat board with cylinders mounted in a regular grid has been used. Other good objects could be real 3D objects like a precise cube or spherical cap, these would also be very good for a final quality evaluation of a laser-scanning system. Another problemwith laser-scanners are the errors due to reflectance discontinuity (colour or gloss change). There is no easy way

[Sternberg97] to calibrate for these errors but the design of a smooth target (like a spherical cap) with different colours and degrees of gloss can give some results of the evaluation of the errors.

4.2 Miscellaneous Targets

The most elaborately, common and practical useful calibration targets are planar or partly planar calibration targets. For an easy detection the planar targets have a background colour with differently coloured objects making a step edge. Black and white are two very useful colours for this purpose since they can be used for all wavelengths. In figure 4.2 is an illustration of one of the reasons why step edge objects are the best, beside the fact that they are much easier to construct in practice. When applying unevenly distributed light to a non step edge object (like the cone in the figure) almost all detection algorithms will make a systematic displacement of the found object centres.

117 Calibration Targets

IMM Section for Image Analysis

Figure 4.2 Profile of a dark intensity-cone on a bright background added with some uneven light which can give a displacement of the cone detection.

Figure 4.3 a) Planar calibration target with squares b) Piecewise planar

3D calibration (cube) target with circles.

For an object on the calibration target it is often used to identify it as a single point or a group of points. For circles this could be the center, triangles the three corners and for squares it can be the cross between the diagonals or all four corners. In figure 4.3 is two examples, a) is a planar calibration target with squares, they give either four calibration points for each square using the corners (see [Weng92] or [Tsai86] for a practical use of such targets) or one point using the cross of the diagonals, b) is a cube (piecewise planar) with 16 disks on each side this can be used for obtaining 3D points.

Jørgen Folm-Hansen

Figure 4.4 Two layer 3D calibration grid.

It is also possible to design a real 3D calibration target using multiple transparent planar targets in parallel layers e.g. with equal distance between the layers, see figure 4.4. It is of course possible that some of the objects will be overlapped fromthe used viewpoint dependent on the object size and the number of objects. The effect of two objects overlaying a little bit can cause a misinterpretation of the two objects being observed as one with a slightly different shape, causing a possible displacement of the object in both layer number and image coordinate. This can be corrected using some sort of colour coding of the layers and grabbing of images with colour filters and one image without filters for the final detection.

Another commonly used calibration target is a checkerboard like in figure 4.5, this can be identified/detected using horizontal and vertical lines which shift between a black-white and a white-black edge. Then the crosses between the horizontal and vertical lines can be used as calibration points. Because of the shift between edge direction, displacements on the edge will neutralize each other which makes this a quite robust method. One disadvantage with this method is that the lines due to distortion are not necessarily straight and they must therefore be some sort of snakes/deformable lines perhaps with the constraint that they can be bent according to a normal lens distortion. An advantage with this sort of calibration target and other corner/line/edge detection methods is that they do not have any perspective projection displacement (PPD) see more details later in this chapter.

119 Calibration Targets

IMM Section for Image Analysis

Figure 4.5 Checkerboard 3D calibration target.

Another line based calibration target is a grid made of horizontal and vertical lines. The use of lines for calibration is called plumb line calibration and it can be very well suited for determining lens distortion if the proper model is applied [Melen94]. This sort of target is not the most useful in practice since the subpixel detection of a cross or individual lines is not very accurate compared to e.g. a disk of the same size and a detection of the lines has the same limitations regarding distortion as with the checkerboard.

In many applications, like stereo-vision, it is useful to get the same unique positions for the individual objects in a regular grid. One way to do this could be to make a coding of a reference object (like the center object). In figure 4.6 is a coding for dark disks on a bright background invented by me where the center disk is larger and three (or all four) neighbours are smaller than the normal disks. An algorithmfor finding the reference disk must then look for a disk that is significantly larger than three (or all) of its neighbours, this is a very robust method and works for all angles and distortions that have been used in this project. A weight function like the area of the actual disk divided by the area of the four neighbours would be a good way to do this. As a case study in this Ph.D.-project the use of such calibration targets has been implemented in a

3D PIV system(a stereo system) at Dantec Measurement Technology A/S with very good results (see chapter 5). In the Dantec MT systemthe center disk is

30% larger and the neighbours are 30 % smaller than the normal disks.

Jørgen Folm-Hansen

Figure 4.7 Calibration object suitable for both manual (the small cross) and automatic detection.

Figure 4.6 Reference coded calibration target. Useful for matching images with stereo-vision or a calibration using onlyone planar calibration target.

In some situations the calibration objects must be suitable for both manual detection in e.g. a stereo-comparator and for automatic detection. When using disks as objects a small hole with a cross in the middle of each disk is one example of such objects, see figure 4.7.

121 Calibration Targets

IMM Section for Image Analysis

Materials

When designing calibration targets the choice of material is of course very important for the obtainable quality.

Paper is cheap and easily obtainable but since it is a natural product made of wood it is very sensitive to temperature and humidity and paper should therefore for optimal performance be glued with a water resistant glue to a stabile surface. In the calibration work done in collaboration with Dantec

Measurement A/S a calibration target made of a paper (size about 100x100 mm) that only was fixed with clips to a metal plate was giving some initial unexplainable errors in the camera calibrations, it turned out that the reason was that the paper was a little bit bumpy, less than ½ mm. After the paper was glued to the metal plate the error disappeared.

Another commonly used material is mat plastic sheets that can be used directly in plotters or printers (glossy plastic can have some unwanted reflection). They are more resistant for humidity and temperature than paper and they are also easier to keep clean in an industrial environment.

When fixing a calibration target to a metal plate (or any plate), the temperature dependent expansion should be considered if not all measurements can be done at the same temperature. This can be a considerable error if e.g. a light source is pointing directly at the calibration target, direct sunlight or a camera on a robot in a heavy industrial environment.

Other common methods are to stitch planar objects directly onto a hard material or to draw directly on the hard material.

When using plotters or printers to make calibration targets the quality is normally quite high. But there are some error sources to be considered. Since most printers uses rolls for paper feeding an error source in the paper feed direction (normally vertical direction) could be the thickness of the paper (the pressure on the rolls is not the same which could influence the speed). The

Jørgen Folm-Hansen

easiest way to check the horizontal / vertical resolution is to print a large object and then measure the height and width. Plotters are usually very precise, but again it is a good idea to measure the vertical and horizontal resolution.

In the table below is some measurements of a 150 x 150 mmsquare printed on four different printers, measured with a 0.05 mmprecision device. The measurement was done on several prints fromthe same printer without any measurable difference except when changing paper thickness.

Printer Used Paper Measured vertical

Measured horizontal

Vertical deviation

Horizontal deviation

Relative difference *

HP4000TN A4 200g/m 2 150.1 mm 149.7 mm 0.07 % 0.20 % 0.27 %

HP4000TN A4 80g/m 2 150.1 mm 149.8 mm 0.07 % 0.13 % 0.20 %

HP4000N A4 80g/m 2 150.5 mm 150.2 mm 0.33 % 0.13 % 0.20 %

HP1120C A4 80g/m 2 150.3 mm 150.5 mm 0.20 % 0.33 % 0.13 %

HP ColorJet5M A4 80g/m 2 150.1 mm 150.1 mm 0.07 % 0.07 % 0.00 %

Table 4.1 Measurements of prints of 150 x 150 mm square on four different printers.

* Relative difference between horizontal and vertical direction.

The problemof the small deviations using ordinary printers is normally not so much the size of the objects on the calibration targets but more the distance between the objects. Using a target of 300 x 300 mmgives a maximumerror of about 0.6 mmor when using a PAL camera equivalent to about 1 pixel which for many applications is quite unacceptable.

Another possibility is to make a complete measurement of a calibration target, although this requires that the objects (marks) are suitable for manual detection in e.g. an optical stereo-comparator (device for photogrammetry). In

[Sternberg97] is an example of such a measurement of laser printed disks on A4 film, the results fromthis work are that there is a compression in the paper feed direction (< 0.5%) and that the compression has a small variation fromtop to the bottomof the page caused by a little difference in paper feed speed from start to end. Another important conclusion fromthis work was that the size of the errors was too small to influence significantly on the shape of object but it was large enough for influencing on the distance between objects.

123 Calibration Targets

IMM Section for Image Analysis

Figure 4.8 Calibration targets with objects made of disk with a white circle to give more edge pixels, a) objects in an ordered grid b) objects placed in a non ordered way.

In some automatic detection cases like when using a template matching or a parametric fitting the accuracy of the object detection is dependent on the number of edge pixels. In this case objects with many edge pixels can be designed, in figure 4.8 is an example of such objects.

As illustrated in figure 4.8 it is not always necessary/possible to use calibration objects in a regular grid. When the calibration objects cannot be automatically integrated in a calibration target and instead must be placed manually in various places in the scene (sometimes the only places where it is possible) a very precise measurement of the positions of the objects must be performed. This is done in a 3D framework at the Department of Planning DTU where about 100 planar objects are wired up in a non-regular 3D grid, the position of these 100 objects are then measured with very high accuracy using a theodolite. Another place is the Odense Steel Shipyard in Denmark where calibration objects similar to those in the figure above are placed manually on large steel objects

[Knudsen98]. A disadvantage of objects placed in a non ordered way is that it makes it difficult to make a completely automatic detection algorithm, since it must make a unique identification of each of the objects. With three known objects it is though possible to get an initial good guess of the position of the remaining objects.

When designing calibration targets an important task is to determine the best

Jørgen Folm-Hansen

Figure 4.9 Example of 3D calibration target for laser scanners. Actuallyused at Danisco Sugar for testing.

size and number for the objects. For most calibration methods a large number of measured points are desired for an accurate calibration [Heikkilä97b].

However many calibration objects also require a lot of space giving a contradiction with the request for large objects for high (subpixel) accuracy measurements of the individual objects. The practical work in this project indicates that the radius of e.g. disks should be larger than 4 pixels and the distance between object borders should be larger than about 8 pixels in order to get acceptable results when using semi-automatic and automatic detection algorithms. In [Sternberg97] is a simulation of centroid estimations of disks in pixels, the results fromthis work states that the error is about 0.1 pixels when the radius is about 4 pixels and about 0.06 pixels at a 10 pixels radius. These errors are very small and if they are non systematic and a calibration is made over many points they should not cause any problems. The practical work in this project also confirms these statements, the only found limitation in the size of objects (when using disks) was concerning automatic detection algorithms being able to find the objects in the first place.

Another sort of calibration targets are real 3D targets for 3D scanners. They do not necessarily need to be textured or coloured in different colours since they normally are used for the depth/3D information. They must not be glossy when using laser based 3D scanners because of some common reflectivity problems.

When calibrating/testing pairs of cameras for stereo vision the calibration target must of course contain some sort of texture/colours suitable for stereo matching. When designing 3D targets the possibilities for (3D) shadows should be considered carefully, a good idea could be a planar plate with some sort of known objects mounted on top of it, in this way the objects will not shade for each other.

125 Calibration Targets

IMM Section for Image Analysis

In figure 4.9 is an illustration of a target for a laser 3D measurement device designed and used in the collaboration with Danisco Sugar, the target was

1000mmx 1000mm, 25 cylinders was fixed to the plate with height 43 mmand radius 50 mm, the distance between cylinders was 200 mm. The cylinders are easy to create accurately in a turning lathe and the fixation can be done with glue or screws in accurately drilled holes fromthe bottom. When using a target like this one with a height measurement device fromabove many properties can be extracted; variations in height measurements fromthe measured height of the cylinders, spatial displacements fromthe center of the top of the cylinders, variations in ground height fromthe plate and variation in measurements in various heights when grabbing multiple height-images at different height.

4.3 Detection

The detection of objects on calibration targets can be divided into detecting images of targets for camera calibrations and detecting objects directly on the targets for measuring the targets. The positions of objects on a target must of course be measured correctly and with high precision (or at least with nonsystematic deviations). The detection can in both cases either be manual, semiautomatic or automatic. In some situations the objects must initially be measured manually and afterwards detected using semi- or fully automatic methods making it important to design the objects in a way that is suitable for both methods.

4.3.1 Manual

In many cases the only possible or suitable method for detecting and measuring the positions of the objects on a calibration target is to use some sort of manual device directly on the target. These devices can vary fromrulers to sophisticated equipment for photogrammetry. Also when detecting the objects

Jørgen Folm-Hansen

Figure 4.10 Manual subpixel detection of calibration object.

on an image of the target the manual approach can be necessary on negatives, positives, paper or even on screen with digital images.

A simple case can be a regular grid of calibration objects (e.g. made on a printer) where a normal slide gauge which gives an accuracy of ±0.05mmcan be used for measuring the distance between the outer objects directly on the targets. When making the same measurements on images of targets (negatives, positives, paper) this approach is very slow and very time consuming because of the distortion.

With digital images of targets many software packages make it possible to zoomin on an object and subsequently place a cross (mouse pointer) on the place representing the calibration point for that object. Using a large zoomand allowing the user to move the cross/pointer manually in subpixel steps actually makes it possible for the well trained user to make a coarse subpixel position detection of the calibration objects, see figure 4.10.

When using a photogrammetry device like a stereocomparator or a monocomparator it is possible to measure calibration points manually directly on negatives or positives with an uncertainty of ±1μ m[Krauss93], with the condition that the design of calibration objects makes it visually possible. These devices can also be used with most planar calibration targets for measuring the exact positions of objects.

127 Calibration Targets

IMM Section for Image Analysis

Figure 4.11 Framework at Department of Planning, Surveying

(35mm film)

At the Department of Planning - Surveying is a 3D framework with about 100 planar objects wired up making a full 3D calibration target, see figure 4.11, each of the objects is measured in world coordinates with a precision of less than 1 mm. A framework likes this requires periodic (annual) inspection and measurement of the objects in order to serve as a high precision calibration tool.

This framework is primary designed for manual detection of calibration marks using a stereocomparator or monocomparator and the layout of the calibration marks are made for an easy detection at many resolutions. This makes it easy to find and detect objects at a low resolution and the layout of the center of the objects make it possible to do a very precise detection when using a high resolution.

In figure 4.12 is an illustration of a typical calibration object used for manual detection, is consists of concentric black and white circles overlapped with lines getter thinner and thinner towards the center of the object, making the center very detailed. A problemwith this sort of calibration objects is that it can be hard to detect the center manually if the image is blurred, this is normally not a problemin photogrammetry because it mainly is used for landscape or building

Jørgen Folm-Hansen

Figure 4.12 Typical calibration mark for manual detection.

measurement where focus is set to infinity. But in machine vision where the objects can be close to the camera and at different distances it is not always given that all objects are in focus.

For objects suitable for both manual and automatic detection see figure 4.7 in the previous section in this chapter.

4.3.2 Automatic and Semi-Automatic

The primary task for an analysis of a calibration target is to determine each of the individual objects in the image plane. In this Ph.D. thesis the only thing that differs in the definition of a semi-automatic method froma fully automatic is the manual specification of the approximate coordinates of each object. The simplest semi-automatic method is to display the image on screen and by using a mouse pointer to click out the approximate positions of each calibration object and either enter the world coordinates or let the software make an estimation based on the prior knowledge about the positions in world coordinates and the permitted perspective transformations (with distortions).

For a fully automatic method the software must look for the objects using some sort of prior knowledge about the shape/properties of the objects. The needed extent of this knowledge is of course dependent on the method.

129 Calibration Targets

IMM Section for Image Analysis

Template matching using e.g. the correlation coefficient can be useful when looking for objects in a complex world, if successful, there will be a highlight at the positions giving a match between the template and the object. Since the template matching is not rotation invariant the design of objects for this purpose must be rotation symmetrical. Another problemis the lack of scale invariance and that the approximate size of the objects in the image plane must be known. In images of 3D calibration targets or images grabbed at a steep angle the size of objects can vary considerably making this method useless. At

Odense Steel Shipyard template matching (using the correlation coefficient) has been used with some success for an automatic detection of objects consisting of concentric black and white circles [Knudsen98].

When looking for objects in a simple world, like black disks on a white background, the use of a threshold on a background intensity corrected image for finding the objects is possible. This method has been used much in this

Ph.D. project and also in different modifications through the industrial cooperation with Dantec Measurement A/S, Department of Fluid Mechanics and the design/development of the VMX2000 texturemeter, see chapter 5.

When using threshold and labelling for detection of objects in a real world application one of the first tasks is to correct for a possible uneven intensity distribution in the image plane caused by e.g. uneven lighting, shadows, colour shading or vignetting. In the following is an example froma single row of black disks on a white background (white paper) illuminated fromthe left side, the example starts with the original image in figure 4.13.

Jørgen Folm-Hansen

Figure 4.13 Original image of black disks on white paper illuminated from the left side. Below is the intensityprofile of the marked line

Figure 4.14 The result after first a 3x3 erode and then a 33x33 dilate.

In order to find an estimate of the intensity profile in the image the used approach was to use a local 3x3 minimumfilter (morphology erode) first in order to remove possible peaks and then run a large (33x33) maximumfilter

(morphology dilate) in order to remove the black disks, the size of this filter must be at least the largest diameter of the disks in the image. In figure 4.14 is the result of this operation.

131 Calibration Targets

IMM Section for Image Analysis

Figure 4.15 The intensityprofile after the morphologic operations and a large 33x33 local mean filter.

After the morphologic operations the resulting intensity estimate has a significant staircase appearance. In order to reduce this a large local mean filter is applied see figure 4.15. In the initial texturemeter (named Surfix see chapter

5) the background correction (during the camera calibration routines) was made as a two dimensional second order polynomial fit to the observed intensity which of course reduced all effects like the staircases in figure 4.14.

By using the estimated intensity image fromfigure 4.15 it is possible to construct a new image without intensity trends. One way of doing this is to multiply the original image pixel by pixel by the reciprocal intensity image, see figure 4.16, this is not entirely correct since it does not precisely correct the darker areas because of the lack of a correct zero, but it is sufficient for most applications. In the work made in this project with the first texturemeter Surfix the values of both the black disks as well as the white areas in between was used to make a linear stretch between black and white [Folm-Hansen97] making the background correction correct with all grey tones. Another solution can be to use a large morphological erode to let the black disk grow to the complete image and then estimate the dark intensity trends similar to the previous background correction. Then with a simple linearly stretch between the dark and light areas to make a more correct background correction.

Jørgen Folm-Hansen

Figure 4.16 The result of a reciprocal based background correction. Notice the small trend in the dark areas (black disks) originating from the lack of correct black level.

Figure 4.17 Original histogram (left) and background corrected image histogram.

When the image of the calibration target has been background corrected the search for a correct threshold is a simple task, in figure 4.17 is the histograms before and after the background correction. As it can be seen, the search for a valley between the two tops is very easy in the corrected image but quite complex in the original.

A way of determining the threshold value in a background corrected image could be to assume dark values equal the mean of e.g. the lower 10% grey tones and light values to the higher 10% and then use the mean value of these two mean values as the threshold value.

133 Calibration Targets

IMM Section for Image Analysis

Figure 4.18 The background corrected and thresholded image with its binaryprofile

In figure 4.18 is the thresholded image using the average of the minimumand maximumvalue as the threshold value of the same rows of black disks as in the previous figures.

Labelling

After the thresholding each of the objects in the image must be uniquely segmented in order to get information about area, position etc. for each of them.

For this purpose the ordinary image processing method called labelling or colouring can be used, this creates an integer image where the background e.g.

is zero and each integer value is assigned to only one object, the two main procedures for this are recursive and sequential labelling. The recursive is fast with small objects but with large objects there is a significant risk of making an overrun in the computer registers. The sequential is very robust with all sizes of objects but requires at least two passes through the image and is therefore not as fast as the recursive, the method used in this project is the two pass sequential presented in [Sonka93].

Jørgen Folm-Hansen

m x y f x y d x d y p q

p q =

-¥

¥

-¥

¥ ò ò

( , ) m i j f i j p q

p q j

N i

M

=

=

-

=

- å å

( , )

0

1

0

1 c x y

m m

m m

( , ) ( , ) = 1 0

0 0

0 1

0 0

Moments

When the objects in an image of a calibration target are easy to separate and can be identified as a single point given by the center of mass a useful method for detecting the objects is to use the moments for each label (or region containing an object), see [Sternberg97], [Melen94] and [Folm-Hansen97].

From[Gonzalez87] we have given a two-dimensional continuous function f(x,y) the definition of moments of order (p+q) :

(4.1) for p, q = 0,1,2, .....

For a digital M×N image f(i,j) (grey tone as well as binary) this becomes:

(4.2) for p, q = 0,1,2, .....

When applied to an integer label image the function f(i,j) must be zero for background and one separately for each label. In a binary or label image m

00 denotes the area. The estimate of the center of mass is then given by c :

(4.3)

In [Heikkilä96b] is an example of an extended center of mass with a weight on each pixel in the binary (or label) image according to the original pixel value.

This approach suffers fromsmall systematically errors when applied to images with uneven illumination (see detailed description later in this chapter) and is therefore not recommended or used within this project.

135 Calibration Targets

IMM Section for Image Analysis

Mapping

After the labelling and calculation of moments for each label the mapping between world coordinates and the image coordinates must be established. This is also the case where other methods like template matching or parametric fitting has been used. The methods for this mapping can roughly be divided into two categories; objects arranged in some sort of regular grid (often planar targets) and objects placed in a non-regular way (often non-planar targets).

For objects placed in a non-regular way the known world coordinates can be used to establish all physical possible and plausible perspective projections of the calibration target in order to try to obtain the correct mapping. In many practical cases e.g. the distance between camera and calibration target and camera angle can be set to a limited interval which in many cases makes the search for a solution more possible, this could e.g. be that the distance between camera and target always is between 0.2 and 2.0 metres. If the possible mapping after these limitations still has more than one solution the limitations must either be further constrained or a rearrangement of the calibration objects must be considered.

If the calibration objects are arranged in a regular grid either completely planar or partly planar like a cube the methods for establishing the mapping between world and image coordinates can be quite unproblematic especially with a coded center and direction as described in the previous section. In the following is a description of the methods used in this project together with some remarks on other solutions, the used calibration targets where all black disks on white background and in some cases with a coding for the reference object (which was 30% larger than the normal disks with neighbours 30 % smaller).

In the methods used in this project (only planar targets) the first task is to find the center or reference object. For a non coded regular grid this can simply be the center object in image coordinates and for the reference object coded grids this was done by calculating the mean area for objects and then looking for an object larger than the mean with all four neighbours smaller than the mean area.

When the reference/center object is found a least square estimate of the two

Jørgen Folm-Hansen

Figure 4.19 An illustration of the detection of disks in a rotated and distorted image using a grid starting at the center object.

perpendicular lines going through the object and the four adjacent objects is calculated, this is used for estimation of the orientation of the target.

Fromthis point two methods have been used. The first and simplest one was to expand the grid directly fromthe found two perpendicular lines with the object space found frombetween the center/reference object and the four adjacent objects and then allowing half an objects space deviation fromobjects to the grid, see figure 4.19. This method only works with images with approximately parallel image plane and target plane and the distance between objects must not exceed the image distortion. This is implemented in the VMX2000 texturemeter prototype and has only failed in a few cases with lenses combined with expander producing a large image distortion.

The second method for estimating the regular grid is a recursive search method that is suitable for both images with parallel image plane and object plane as well as steep angle images. The recursive search starts fromthe center/reference

137 Calibration Targets

IMM Section for Image Analysis

Figure 4.20 A new search at start in a recursive search algorithm.

The coordinate list is updated for each new search. The dotted disks/arrows present the next level searches. A search ends at an alreadyvisited object or a border.

object (with coordinate (0,0)) and moves to all four object neighbours while transferring the numbering and coordinates according to the estimated angle and distance between objects. Each new search allows a change in angle and distance between objects making it possible to follow objects in a very distorted and perspective image. A search will end if it is close to the border, the object has already been visited or all four adjacent objects do not exist. In figure 4.20 is an illustration of the recursive search in two levels (second level is dotted).

The result of this recursive search method is a very robust and fast method that has shown promising results in the practical work made in this project. This method has also been implemented at Dantec Measurement A/S froma software prototype developed in this project.

Jørgen Folm-Hansen

As a summarization the method for automatic detection of planar calibration with black disks on white background used in this project can be described with the following 11 points:

� Correct for uneven illumination

� Threshold image fromhistogram

� Label image

� Calculate moments (area and center of mass)

� Remove all objects too close to border and all very small objects.

� Remove all objects * 50 % smaller or larger than the average object.

� Rearrange labels for removed objects/labels

� Find center/reference object

� Find directions of target through the four neighbours.

� Start recursive search in four directions fromthe center/reference object

� Save result

* The 50% is based on the experience from Dantec Measurement with images in a 45 O angle, this value should of course be adjusted to the actual camera setup, with parallel image plane and target plane it can be a verylow value like 5%.

When using 3D calibration targets like multiple parallel and transparent layers the camera calibration is best made where the image plane and grid plane are parallel so that the size of objects can be used to group the found objects into layers. Objects in the grid with wrong size will then be overlays between objects and must be ignored.

In the following are descriptions of some other useful methods for semiautomatic estimation of objects.

Edge based methods

A commonly used alternative to the moment methods for detecting calibration objects is to detect the edge(s) of the object and then fit a suitable parametric function to the found edges. This could e.g. be fitting an ellipse to an edge image of a circle (disk), this method gives a high precision but is

139 Calibration Targets

IMM Section for Image Analysis

Figure 4.21 An illustration of an edge profile with first and second derivative, notice the zero-crossing in the second derivative.

computationally heavy alternative to the moment methods. Another advantage compared to e.g. template matching is that it is independent of scale and variations in perspective transformation.

The first problemis to detect the edges (or parts of the edges) with a correct and unbiased method. In figure 4.21 is an illustration of an edge profile froma blurred step-edge object, the figure illustrates the two main edge detection models, the first order and the second order derivative. Using the first order derivative the local maximumand minimumvalues can be used for edge detection and with the second order derivative the zero-crossing is the edge position. The zero-crossing method offers a reliable alternative in cases where the edges are blurry or when a high noise content is present because of the possibility of smoothing the image to reduce the effects of noise [Gonzalez92].

Jørgen Folm-Hansen

Figure 4.22 (a) Vertical Sobel component (b) Horizontal Sobel component (c) Laplacian 3x3 mask.

When working with discrete images the first and second order derivatives can be estimated in various ways. One group of methods is to make a parametric fit

(polynomial or 1-D hyperbolic tangent) to the local pixel and then calculate the derivatives directly fromthe found parameters, this approach works well with blurred edges but has problems with step-edges [Heikkilä97]. Another group of methods which are more coarse is to use gradient based edge operators like the

Sobel (first order) or Laplacian (second order) operators, see [Gonzalez92]. The

Sobel operator is normally made as the amplitude (G x

2 +G y

2 ) ½ of a vertical (G y

) and a horizontal (G x

) component (see figure 4.22 (a)+(b)). In (c) is an example of the 3x3 Laplacian. The use of gradient based edge operator with one pixel accuracy does not necessarily give a bad localization of the whole object if the number of edge pixels is high and the edge localization is unbiased.

After an unbiased detection of a series of edge pixels froma calibration object the next step is to make a parametric fit to the found edge pixels. This step can be performed in various ways depending of the model that should be fitted, most common are the least squares fit. See [Heikkila97b] for more details about various methods and aspects of line and quadratic curve (ellipse) fitting.

When fitting an ellipse (the common calibration object a circle is through a perspective transformation transformed into an ellipse) to a series of edge pixels there are some very important factors to be considered, first a distance measure froma point to the ellipse must be established. The algebraic distance is given in formula (4.4) where d(x,y) is the ^distance~ froma point (x,y) to the ellipse with center at (x o

,y o

) and major/minor axis 2·a and 2·b. If using the algebraic

141 Calibration Targets

IMM Section for Image Analysis

d x y

x x a

y y b

( , )

( ) ( )

=

-

+

-

- 0

2

2

0

2

2

1

Figure 4.23 Equidistant curves from ellipse (bold) using (a) algebraic distance and (b) geometric distance.

distance for a least square fit there is a direct linear solution based on using a pseudo-inverse, this is unfortunately not sufficient for a high accuracy detection but can be used for an automatic initial guess of the ellipse [Heikkila97b].

(4.4)

In figure 4.23 (a) is given the equidistant curves froman ellipse using the algebraic distance, as seen this weights points near high curvature different from points near the low curvature (high curvature bias).

The most correct would be to use the geometric distance where each data point is weighted on the orthogonal distance to the ellipse, see figure 4.23 (b). The solution for the geometric distance is quite complicated and requires the solution of 4 th order equation, this is why many people has used approximations instead, see [Heikkila97b]. The geometric distance can also be used in a least squares fit but this is highly nonlinear and the minimizing requires an iterative procedure like the Levenberg-Marquardt, this has not been implemented nor further analysed within this project. The algebraic distance can be used as a good starting guess for this iterative search.

Jørgen Folm-Hansen

r m n

f x y f x y w x m y n w f x y f x y w x m y n w

y x y x yx

( , )

[ ( , ) ( , ) ] [ ( , ) ]

[ ( , ) ( , ) ] [ ( , ) ]

=

- × - - -

- × - - -

å å å å åå

2 2

Figure 4.24 Arrangement for the correlation between f(x,y) and w(x,y) at the point (m,n).

Template Matching

One of the most used methods is a template matching with an artificial object in the image plane. This is typically done by calculating the correlation between a small image segment w(x,y) of size J×K and the examined image f(x,y) of size

M×N like illustrated in figure 4.24 [Gonzalez87].

To overcome problems with scale changes in amplitude between f(x,y) and w(x,y) the correlation coefficient r(m,n) is often used.

(4.5) where is the average of f(x,y) in the region coincident with w(x,y) and f x y

( , ) w is the average of w(x,y).

The result is an image of correlation coefficients where the peaks are possible candidates for the match. This method has two major disadvantages, the size and the perspective deformation of the objects must be known and almost equal

143 Calibration Targets

IMM Section for Image Analysis

in the entire image. Furthermore, the accuracy of an object estimation is not subpixel based.

In some applications using this method a two step method is used, first an initial guess in order to estimate the approximate angle and position of the camera and then resample either the image or the template according to the estimated perspective transformation and then redo the template matching.

The template matching can be enhanced to performan accurate subpixel estimation e.g. by fitting an analytical function to the autocorrelation peak and then move that function in subpixel steps to minimize the squared difference to the original correlation coefficient image, for further details see [Knudsen98].

Another sort of template matching is using a morphological hit and miss transformation, which does not provide an exact match but can be used for e.g.

initial detections. The advantages of this method is that it can find objects in a fairly complex scene and the disadvantages is that it works on binary images so the image must first be thresholded, for more details see [Heikkila97b].

Parametric Fitting

A more complex variant of the template matching is called parametric fitting and has been used at the Odense Steel Shipyard for detection of calibration objects made of concentric black and white disks. This method was initially made for straight lines [Blaszka94], but has been improved for ellipses by

[Gramkow98]. The idea is to project the image pixels to a calibration object coordinate systemusing the initial guess of the camera orientation and rotation, in this systemthe calibration objects have a known shape and size and the image data can then be used for a parametric fitting to a function suitable for the calibration objects. The disadvantages of this method is the need for initial good guesses about the camera position and rotation. The advantage is a very high precision subpixel detection.

Jørgen Folm-Hansen

Bayesian

Another complex method is the Bayesian Point Matching approach based on the

Bayesian restoration methodology, first introduced in [Carstensen96] and further developed and described in [Hartelius96]. In this method a grid of disks is regarded as a deformable template modelled by a Markov RandomField

(MRF) which explains the interaction between a disk (grid node) and the four adjacent disks in the grid. An observation model describes how the disks are depicted in the images. This method has been used with very good results for automatic analysis of images of hybridisation filters used for DNA experiments

[Hartelius96]. The advantages of this method are that it can be used with a wide range of grid configurations and that it is possible to model images with high background variation and other kinds of signal noise through the observation model. The disadvantages are that the initial guess of the grid and objects must be quite good and the perspective transformation small and on a local scale the estimation is only down to one pixel accuracy.

Another use of templates modelled by MRF is for detection of lines after an initial guess based on e.g. a Hough Transform(see later in this chapter). Then the template can be a grid of curves which can curve according to e.g. an ordinary radial lens distortion.

The Hough Transform

When looking for straight lines or line segments in images a useful method is the Hough transform, this could e.g. be the case where the calibration target is a grid of lines or the checkerboard target combined with an edge detector. The

Hough transformis a method for detecting straight lines or curves fromdiscrete binary images [Gonzalez87], it works on a parametrization of the formit should detect. In [Fisker98] is an example of detecting ellipses with great success using the parametrization of an ellipse. When detecting straight lines the common parametrization in d=u*cos( . ) + v*sin( . ) is used, then for each image coordinate (u,v) only a finite number of discrete ( . ,d) can satisfy the

145 Calibration Targets

IMM Section for Image Analysis

Figure 4.25 The Hough parameter space of a single 45 deg angle line. The quantization is 180x180.

parametrization and they are added into an accumulator image (in the implementation made in this project this is done according to the actual grey level). In figure 4.25 is an example of a Hough parameter space with a 180x180 quantization froma single line rotated at a 45

( angle, as it can be seen in the

image the formis a butterfly shape.

After all pixels in the image have been processed all peaks in the accumulator

image represent a possible line in the original image and the equation for the

line can be obtained fromthe accumulator image coordinates. In figure 4.26 is

an example of a 4 x 5 grid of lines with the corresponding Hough transform,

notice the beautifully found 4 and 5 peaks at two different angles (horizontal

axis).

Jørgen Folm-Hansen

Figure 4.26 A grid of lines rotated about 11 deg. with the corresponding Hough transform at a

256 x 256 quantization. Notice that the number of lines is correct.

Since the method is based on an accumulator that needs a quantization of the

parameters the accuracy of the parameter estimates can be rather low. If using a

more dense quantization the peaks in the Hough space can be difficult to detect

[Heikillä97b] and if using a less dense quantization the accuracy of the

parameter estimates gets lower. As a result of this the method is not always

suitable for an accurate subpixel detection of lines and further postprocessing

using e.g. deformable templates can be needed after the Hough transformline

detection. Another disadvantage is that straight lines froma calibration target

with normal lens distortions are curves in the image plane and the Hough

Transformcan therefore cause trouble in images that are heavily distorted. One

big advantage is that it is very suitable for a fully automatic detection of straight

lines or line segments.

The Hough transformimplemented in this Ph.D. project is based on the method

found in [Gonzalez87] with the useful extension that it works directly on a grey

scale image on a floating point accumulator image. This is done by finding the

maximumI

max and minimumI

min values in the image either global or locally

around the actual pixel being processed (if the image is very disturbed) and then

147 Calibration Targets

IMM Section for Image Analysis

Figure 4.27 A grabbed image showing a piece of

a squared paper.

for each pixel value in the image I

i to add the value A

acc

= (I

i

- I

min

) / (I

max

-I

min

)

(which is between 0.0 and 1.0) to the floating point accumulator. The main

advantage of using grey levels instead of simply the found points that possibly

are on a line (frome.g. a threshold) is that all intensity values on the lines are

used. In figure 4.28 is an example of the Hough parameter space using grey

levels on an image of a piece of squared paper (see figure 4.27) with slightly

uneven light. The quantization was 512 x 512 giving an accuracy on the angle

estimation of about 0.4 deg if the peaks can be detected with one pixel accuracy.

As it can be seen (print quality may destroy this) almost all lines are detectable

and a simple threshold is able to find 14 lines in each direction, another method

for automatic detection of the peaks is a butterfly fit see [Lassen94] for more

details. The length of the lines is highly correlated to the level of the peak as it

also can be seen in figure 4.28 where the peaks/butterflies at the bottomand top

(representing the lines near borders) are weaker, in [Lassen94] is a method for

calibration for this phenomena.

Jørgen Folm-Hansen

Figure 4.28 Hough parameter space of the image of a piece of squared image, made

using the greylevel accumulation.

As described in the previous pages the number of different calibration targets

and detecting methods are large and the choice of target and detection method

must therefore be considered carefully for each problemwith respect for the

wanted accuracy and speed.

149 Calibration Targets

IMM Section for Image Analysis

4.4 Uneven Condition Displacements

When the conditions for the image plane or the calibration target plane have

some degree of unevenness miscellaneous errors may appear. The design and

detection method of these calibration targets have high influence, and correct

consideration about the calibration target and camera equipments can reduce or

remove these errors.

4.4.1 Uneven Distributed Light

Unevenly distributed light over the calibration sheet can give a small but

systematic error when detecting objects. In figure 4.29 is an illustration showing

a continuous profile of a step-edge object with uneven intensity (the narrow

profile) overlapped with a blurring (the bold line) which could be a normal lens

blurring. As seen in the figure applying a threshold value to detect the object

position will give a significant shift away fromthe illumination (the high

intensities), the proportions are of course enhanced in figure 4.29 and in practice

this will be a small but biassed displacement. The displacement will also occur

when using template matching or parametric fitting. In cases with detection of

step-edge objects without blurring this error is zero, but absolute zero blurring is

almost impossible in real world applications. The use of edge based detection

methods like the first or second order derivatives will not give any error with

unevenly distributed light when using step-edge objects, but the work with non-

step edge objects made in this project has shown a small displacement even

when using the first and second order derivatives. This displacement will of

course also occur when using threshold, template matching or parametric fitting

on non-step edge calibration objects. Again another good reason to use step-

edge objects in a calibration target.

Jørgen Folm-Hansen

Figure 4.29 Intensityprofile of step-edge object illuminated from

the right side (narrow line) overlapped with blurring (bold line)

giving a displacement in a threshold positioning.

In [Heikkilä96b] are used a grey scale weighted center of mass on images of

white disks on a black background, the article describes a systematic shift of

about 0.02 pixels in experiments just with the cos 4 law falloff, this illustrates that

the use of grey scale weighted center of mass estimations also suffers from

displacements. This is actually worse when using white objects on a black

background (inverse of figure 4.29) than black objects on a white background,

because the unevenness (on top of the object) in absolute pixel values is higher

for bright pixel values than for dark pixel values, this can be noticed in figure

4.13. Instead of using white disks on a black background digitally inverted

images of black disks on a white background can be used for a grey scale

weighed center of mass instead.

This problemapplies to almost all shapes of calibration object, in figure 4.30 is

shown how it affects a step-edge square that has been blurred.

151 Calibration Targets

IMM Section for Image Analysis

Figure 4.31 Small subpixel displacements stemming from uneven

intensities in the image and the digitalization when positioning objects

with e.g. threshold.

Figure 4.30 A step-edge square, blurred and with uneven light (a). The dashed line is

the threshold detected line, (b) the profile of the diagonal.

The displacement fromthe continuous profile in figure 4.29 has unfortunately a

parallel digitalization failure originating fromsmall differences in the grey tone

levels on the object edge, this is illustrated in figure 4.31 where a step-edge dark

object on a bright background is illuminated fromthe right side and the

digitalization (the dark bars) show a one pixel shift away fromthe high

illumination when using some threshold values.

The effect of this error is that all uneven distributions of the intensities in the

image plane will cause a displacement of the positioning of the calibration

objects with both step-edge and round-edge objects when using a detection

method like threshold, template matching and parametric fitting. When using

Jørgen Folm-Hansen

Figure 4.32 Two images grabbed with same conditions except illumination from the left side in (a)

and from the right in (b).

edge-based method like first and second order derivatives this error seems to be

zero but it has not been tested extensively in this thesis as the problemis more

complicated than illustrated in figure 4.29 and 4.31.

In order to illustrate the scope of this error figure 4.32 shows two images of a

calibration target grabbed with the same conditions except that (a) is illuminated

fromthe left side and (b) fromthe right. When applying an automatic detection

algorithmlike the one described on page 139 (threshold based without

correction for uneven lighting) to each of the two images an average horizontal

shift of 0.19 pixel and a vertical of 0.009 from(a) to (b) is observed. This

experiment has been repeated several times and fromdifferent angles with

approximately the same result, but since the 0.19 pixels only correspond to

about 0.03 mmthe setup had to be kept completely free of vibrations which was

quite difficult because the light source had to be moved fromone side to the

other, many of these experiments was therefore unuseable.

In the tables below are the horizontal and vertical shifts between the detected

positions of the 80 objects fromfigure 4.32, as it can be seen the horizontal

shifts are all positive and about 0.1 to 0.3 pixels while the vertical shifts mainly

are between -0.l and 0.1 pixels.

153 Calibration Targets

IMM Section for Image Analysis dx 28 78 129 179 230 280 330 380 430 480 avg

27 175 0,236 0,210 0,150 0,130 0,103 0,278 0,244 0,218 0,188 0,193

77 0,275 0,148 0,170 0,261 0,230 0,231 0,316 0,220 0,076 0,165 0,209

127 0,237 0,196 0,107 0,232 0,228 0,186 0,286 0,144 0,242 0,078 0,194

178 0,246 0,157 0,151 0,221 0,185 0,167 0,124 0,104 0,091 0,172 0,162

228 0,252 0,132 0,240 0,202 0,117 0,164 0,119 0,072 0,276 0,154 0,173

278 0,204 0,231 0,241 0,139 0,115 0,126 0,124 0,249 0,259 0,166 0,185

329 0,202 0,218 0,164 0,226 0,231 0,187 0,231 0,331 0,164 0,203 0,216

379 0,089 0,225 0,155 0,203 0,311 0,253 0,200 0,272 0,126 0,139 0,197

avg. 0,210 0,193 0,180 0,205 0,193 0,177 0,210 0,205 0,181 0,158 191

dy 28 78 129 179 230 280 330 380 430 480 avg

27 0,000 0,019 0,041 -0,048 -0,043 -0,085 -0,036 0,010 0,082 0,012 -0,005

77 0,023 0,060 -0,013 -0,028 0,045 0,069 -0,067 -0,072 -0,087 0,090 0,002

127 -0,040 -0,029 -0,013 0,015 0,070 0,030 -0,001 -0,090 0,024 0,005 -0,003

178 0,003 0,027 0,016 0,039 -0,017 -0,015 0,026 0,003 -0,026 -0,010 0,005

228 -0,076 -0,065 -0,016 -0,016 0,017 -0,037 -0,039 0,015 -0,072 -0,078 -0,037

278 -0,058 0,001 -0,015 0,052 -0,046 -0,031 -0,088 -0,065 0,158 -0,014 -0,010

329 -0,025 0,055 -0,044 -0,027 0,020 -0,021 0,011 -0,089 -0,051 -0,074 -0,025

379 -0,038 -0,009 -0,025 -0,017 0,126 -0,022 0,036 0,048 -0,050 -0,004 0,004

avg. -0,026 0,007 -0,009 -0,004 0,021 -0,014 -0,020 -0,030 -0,003 -0,009 -9

Tables showing horizontal (dx) and vertical (dy) shift (pixels) in positioning of 80 calibration

objects between two image illuminated from the left and right side.

In figure 4.33 is a vector field plot of the positioning shift fromthe right side to

the left side light. As seen the difference between the individual positioning is

quite disturbed but the 0.2 pixel drift in the horizontal direction is obvious.

Jørgen Folm-Hansen

Figure 4.33 Vector field plot of shift in positioning of 80 disks

illuminated from right and left side.

Another type of source for uneven lighting (irradiance) across an image plane is

the cos 4th law of light falloff fromthe principal point, this is a very fundamental

optical phenomena and is present in almost all lenses (see page 85). For

ordinary lenses used in machine-vision this is a very common error and the

contribution must be taken into consideration, the cos 4 light falloff is especially

critical with wide angle lenses, e.g. with a total viewing angle of 60 0 the

irradiance would be 56 % ( cos 4 (30 0 ) ) lower at the image border than the center.

A phenomena called vignetting is also a source for uneven irradiance across the

image plane, this a frequent lens systemdesign problemwhich almost can be

ignored with very good designed lenses (normally the expensive lenses).

Vignetting is caused by cutting off parts of the rays going into the lens system,

for a more detailed description see page 87.

155 Calibration Targets

IMM Section for Image Analysis

Figure 4.34 Refraction of a light source hitting a planar surface.

4.4.2 Reflection

In figure 4.34 is a 2D illustration of a light source hitting a surface dividing the

non-absorbed light into a specular reflection and a diffuse reflection. The

specular reflectance will come out in the same angle as the entrance angle of the

light source (angle of reflection) while the diffuse reflection will spread out in

all directions. This can be observed when pointing a laser dot at a glossy planar

surface where the laser dot can be seen at almost the same intensity in all

viewing angles but in the angle of reflection your eyes will be dazzled.

The specular reflections can give problems with a calibration target in the sense

that it can cause uneven intensities of equal objects/backgrounds in the image

which can give displacements of the positioning of the calibration objects

similar to the displacements described in the previous section of this chapter.

The specular reflections can of course only occur if the target (objects and/or

background) has some degree of glossiness and the light source is not

completely diffuse. Problems with specular reflection occur because of the

camera and/or the light source being relatively close to the target where the

possibility of the reflectance being uneven across the image plane is largest.

Reflections in an image can give some very high artificial intensities in the

Jørgen Folm-Hansen image plane which compared to an uneven illumination, can be much more

critical when e.g. detecting a calibration target.

It order to reduce the effects of reflections attention should be paid to the

following three items:

¯ Avoid glossy material for calibration targets, this applies to both

background and objects (paint, ink etc.).

¯ Make the positioning of camera and light source in such a way that

specular reflections can be avoided, alternatively use some sort of shields.

¯ Use light with the highest possible level of diffuseness for illumination of

a calibration target.

It is very difficult to make an accurate calibration for the reflection in the image

plane since the level of reflections is very dependent on the material. When

working with calibration targets it is not unusual that the material used for the

background is different than for the objects, this is e.g. the case with calibration

sheets printed on a laser-printer where the printed areas (objects) often have a

clearly more glossy surface than the paper. Since the exact positioning of

objects in a calibration target obviously is unknown and the level of glossiness

can be different between object and background there is no obvious way of

making an accurate correction of the individual pixels for the uneven intensities

originating fromthe reflections.

Similar to uneven illumination the edge-based methods like first and second

order derivatives do not suffer significantly fromthese effects when using step-

edge objects unless a large intensity saturation causes problems or the

unevenness is extreme.

157 Calibration Targets

IMM Section for Image Analysis

Figure 4.35 Shift in positioning using threshold when blurring is

unevenlydistributed over the image plane.

4.4.3 Uneven Blurring in the Image Plane

Uneven blurring over the image plane when grabbing calibration targets can

give a small but systematic error when detecting objects. In figure 4.35 is an

illustration showing a profile of a step-edge object with uneven blurring (the

bold line) with three different threshold values. Uneven blurring of the image

plane will typically be seen with close range images and lenses not specifically

designed for this purpose.

Uneven blurring can come into existence with both parallel image and object

plane and non parallel when the images are grabbed at close range. With close

range images with parallel image plane and object plane the uneven blurring

comes fromthe lens aberrations, in this project a visible uneven blurring has

been observed with a 25 mmlens mounted with an 10 mmextension tube at a

distance of about 300mm. Another and more significantly uneven blurring will

appear when the camera is tilted according to a planar calibration target in such

a way that the entire calibration target can not be in focus. This sort of uneven

blurring can be very significant in certain configurations and must be

considered when detecting the calibration objects, a way to reduce this is to use

a Scheimpflug camera system(bent lens) like in the 3D PIV systemat Dantec

Measurement A/S, see chapter 5.

As in figure 4.35 the threshold method for detecting a calibration target is most

likely to have problems with uneven blurring, but other detection methods like

template matching and parametric fitting can also have problems depending on

Jørgen Folm-Hansen the actual implementation of the method. The use of edge based methods like

first and second order derivatives do not have problems with uneven blurring

when using step-edge objects.

4.5 Perspective Projection Displacement

When working with calibration targets it is important to realize that the

perspective projection not will necessarily conserve a shape. The center of mass

(or a template matching using a circle/ellipse) in the image plane of a planar

object circle or ellipse will not always correspond to the actual center in the

scene. The effect of this phenomena on planar calibration targets is called

perspective projection displacement PPD, projection asymmetry or perspective

distortion.

When using small calibration objects in a (partly) planar calibration target the

PPD is a very small error, it is independent on the camera constant (focal

length) and is very dependent on the distance and angle. The PPD is zero when

using parallel image plane and object plane.

4.5.1 Illustrative Example

In figure 4.37 is an image of a square with its diagonals drawn on a piece of 5

mmgrid paper mounted on a circular and flat surface. Its was grabbed froman

approximately 47 deg angle at a distance of about 480 mmusing a JAI M50

PAL camera with a 23 mmSchneider lense. The lens was focussed at the 480

mmdistance and the corresponding camera constant was therefore about 25

mm. The center of the square is only about 4 pixels fromthe center of the image

and it is therefore very close to the principal point.

159 Calibration Targets

IMM Section for Image Analysis

Figure 4.37 80x80mm square target on 5 mm grid, 47 deg angle.

Using an ordinary ruler on figure 4.37 and measuring the distances between the

cross of the diagonals and the left (d

2

) and right (d

1

) side of the square, it is

easily seen/measured that the center of the square or the circle in figure 4.37

does not reflect the length divided by two. It is also seen that this phenomena

does not occur in the vertical direction (where the camera plane and the image

plane are parallel).

When measured on a 197 x 148 mmprint of figure 4.37 the distances d

1 and d

2

were 38mmand 42mm, giving that d

2 is 11% larger than d

1

. When measuring on

the circle in the horizontal direction the matching d

1

´ and d

2

´ was 56 mmand 65

mma relative difference of 16%, notice the higher error for the larger object. It

is obvious that the same error would have occurred if the center of mass was

estimated froma digital image of the circle or the square. It is therefore very

important to consider this error source when using the center of mass or a

simple template matching for finding planar objects on calibration targets. In the

next section this possible error source will be described in more detail.

Jørgen Folm-Hansen

Figure 4.38 Perspective projection displacement

4.5.2 A Model for PPD

In order to illustrate the size of this error source and how to calibrate for it in a

practical camera calibration this section will give some useful theoretical

results. In figure 4.38 below is an illustration of the phenomena in one of the

components of the image plane for an object size 2*d with distance k to the

center in the object plane corresponding to the principal point. The angle

between camera and the planar object is a. The displacement (the difference

between d

1 and d

2

) is very easy to observe since the camera constant c is very

large compared to the object distance.

161 Calibration Targets

IMM Section for Image Analysis e z

2

k d ( )

2

2 z

.

k d ( )

.

cos a ( )

.

d acos k d ( )

2

e

2

z

2

2 k d ( )

.

e

.

for k d

for k d

d p a

f e

2

d

2

2 e

.

d

.

cos p d ( )

.

y acos f

2

d

2

e

2

2 f

.

d

.

g f

2

d

2

2 f

.

d

.

cos p y ( )

.

When assuming distance z, camera constant c, angle a , distance k and object

radius d known, it is possible to make a simple model of the systemillustrated.

When using the law of cosines (triangle ABC: c 2 = a 2 + b 2 - 2ab cos (C) ) on the

lower part of figure 4.38 we get the formulas in (4.6). The formulas in (4.6) are

valid for all values of k, if k is positive when the object center is on the left side

of the center of scene and negative (with e, f,

� and

7 mirrored) on the other

side.

(4.6)

Using the law of sines (triangle ABC: a/ sin (A)=b/ sin (B)=c/ sin (C) ) on the upper

part of the lower triangles in figure 4.38 we get the three formulas in (4.7).

Jørgen Folm-Hansen d

1 c tan q b ( ) tan q ( ) ( )

.

d

2 c tan q b w ( ) tan q b ( ) ( )

.

PPD d

2 d

1

d

1

100

.

q asin k d ( ) sin a ( )

.

e

b asin d sin p d ( )

.

f

w asin d sin p y ( )

.

g

(4.7)

Using the well known trigonometric function tangent of angle A equals the

opposite divided by the adjacent for the two right angle triangles in the upper

part of figure 4.38 and in the lower part the fact that the sumof the angles in a

triangle equals