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Abstract

The ability to automaticallymeasure themage quality of a telesion display is a vahble
resource. In display manufacturing, automatic pectionenables autontig television algnment, which
reducesmanufactumig costsand impoves poduct quality. Automatic inspection also comes handy
during competitive analysis and engineeniegiew. Prmarily though,commercial mspection systems are
built and used for manufacturing.

In the past two decades, thedvent of micocomputers hasnade auimatic inspection dasible
through the usef computer ision. Most of theapproacheslevelopedcan be divled into two goups:
fixtured systems, with fixed or movablecamerasand position independent systems, which can useone or
more cameras. A fixtured system involves pladhegtelevisiordnder-test in a rig with a@thed cameras.
The cameras are either fixed or moved robotically. On the other hand, a position independent system allows
one or more cameras to be placed anywhere as long as the cameras can view the television’s image.

This thesis describes the des@inent of a position-independent, teamera teleigion inspection
system. Chapter One defines the problem and gives an overview of existing systems. Chaptaeiiyo
camera calibration, the ntegmatical modeling of the wayamera forms armiage. Camera calibration
makes it possible to usdf-the-shelfcameras ameasurement senso Chapter Three sttussehow to
take stereo measurements from a pair of cameras. Stereo measurements taken from twocaonerasre
resut in the determination of three-dimensionabstions. Findly, Chapter Four mentions some results

taken with the developed inspection system.
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Chapter 1

I ntroduction

1.1 Motivation

From 1994 through 1997, the Communication, Information, and Signal Processing (CISP) group
at the University of Tennessee, Knoxville geal to develop an Automatedstimg Facility (ATF) for the
local division of Philips Consumer Electronics Company (PCEC). The two groupsetesheATF to
automate much of the day-to-day testing which PCEC performs on consumer teleuisiorPkips uses
the teding to aid in engineering development agell as to comparePCEC poducts with similar
competitive products.

The ATF, shown in Figure 1.1, consists of foacks of test equipment aumatically controlled
by a Sun SPARCstatiod0 through an BEE-488 General Purpose Interface Bus (GPIBComputer
sdtware written in the LabVIEW progamming environment automates the testcedures and data
recording. Additionally, an X Windows graphic terminal is available for remote control of thdeigésts
from outside the equipment room.

One common set of tests which has not been automated in the ATFnsedsarement of visual
geometry errors in television displays. While all of the geometry error calculations anecdatag have

been automated, the actual measurements must stdkba manudy. This thesis project will aotmate

Figure 1.1 Photograph of the ATF equipment room.



the process of measuring visual geometry eriarstelevision displaysby using computer ision

technology.

1.2 Problem Definition

An important aspect of the quality of any image display device is how well it reproduces an image.
During the reproduction of annmhage by a television set, there exist many stages whidduct visible
distortions. A color chbde ray uibe (CRT) typically contains three electron guosnvergence pity
magnet rings, a deflection yoke, a shadow magH, a pattern of three-colphosphors ffixed to a curved
glass front panel. Thesecomponentsand otherscan introducemany imaging erns. It is necessary to
objectively measure these errors in order to make meaningful comparisons of display quedign lwete
television set and another.

The scope of this project is limited to the measuremegeafetric distortions, distortions which
change the shape of the intended image. Hersamecommongeometric distortion measurements which

can be implemented as automatic tests:

TrapezoidaDistortion - This test measures how much the image resembles a trapezoid, as depicted

in Figure 1.2. A percentage error is calculated using Equations (1.1).

_DC=AB  100% .1a)
DC+ AB
- AD=BC , 100% (1.1b)
AD + BC
Vertical Trapezoid Horizontal Trapezoid

Figure 1.2 How to measure trapezoidal distortion.



Pincushion/BarreDistortion- This test measures the amount of curvaturedaotred in themage

produced by the telésion’s attempt to repduce a wveical or horizontal line. Figure 1.3depicts
pincushion distortion. The radii of curvatucan be measured or a percentage error calculated using
Equations (1.2).

_2BC-FG-HJ

cv x 100% (.2a)
2[BC

cH=2PE-FH-CJ  100% (1.2b)
2[DE

Non-linearity- This test measures how uniformly a display reproduces an image across the area of
its screen. The distances between adjacent horizontal/vertical lines displayed on the televisaasuaed,
as shown in Figure 1.4. The percentage differences between each distance and tlistanearad plotted

using Equations (1.3).

N
_H _)_<h Y — iZ:LHi
DH =——=——"x100% where, X = (1.3a)
i Xh h N
M
V- X, - .Zlvi
DV, = J)_(V x100% where, X, = J_M (1.3b)

All of the teds can be perfoned by measuring an electronicallgenerated cross-hatch pattern
reproduced on the display-under-test. The measurements must use an orthographic projection (a view from

infinite distance) perpendicular to the center of the display. In other words, the IEC states tet the]

Vertical Pincushion Horizontal Pincushion

Figure 1.3 How to measure pincushion/barrel distortion.
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Figure 1.4 How to measure non-linearity.

screen has a curvature, likeCRT sceen, the measuremerssdl be made on the picture projected to a
virtual plane tangential to the center of the screen face.” [1] The IEC specifies that the test pattern shall be
a white cross-hatch on a black background,thatithere shall be 13 horizontal linasd 17 veical lines
for a 4:3 aspect ratio display. Figure lilbudrates a 4:3 crosshatch test pattern. This measurement
techniqueapplies to all forms of telésions incuding projection televisions. Liquid Crystal Display
(LCD) and similar technologies do not require the measurement of geometric distortion.

The IEC also specifies that duringsti@g, contrast, brightness, color, hargdany other controls
shall be set at their normal positions or at least to the positions which lead to best picture quality. Finally,

CRT displays shall be degaussed and shall face either north or south before measurements.

1.3 Prior Art

Because manufacturing drives the economics of display inspection, the most visible players in the
aubmaic inspedion field have bilt their devices as part of automatedgalinent systems for large scale
assembly lines. There aremany motivesbehind autmating the inspection/alignmentopesses for
displays. Cost: Global competition [2] is hamstdany savings irmanufacturingcan mean greatdeal.
Quality: One early application [3] used automation docommodate the demandispecifications of
military monitors. Moreecently [4 HDTV displaysand computermonitors havedemanded similar high

quality adjustments. In particular, tabundance of computenonitors has increased tldemand for high-



Figure 1.5 Recommended cross-hatch pattern for 4:3 television displays.

quality alignment. A typical computer monitor requires very precise alignment in order to reproduce bright,
uniform, high-contrast images with straight liresd corners [2]. Speed:The alignment prcess poses a
great bottleneck on the assembly line. Ultimately, tldeseanding reqeements tax the dlity of human
operators to manually align CRT displays.

Traditionally, an operator aligned a CRT display by manually measuring the imageutqat and
in turn making adjustments insidézor geometry measurements, thgerator typicallyused a émplate
overlay [5], a tape measure [6], or a ruler with a special eyepiece for avoiding parallax, when inspecting the
display. The geometry alignment ofCRT display typicallyoccurred in two steps. In thigst step,
commonly known as the IntegeatTube Component (ITCprocess, aroperatorhad to adjust the color
purity ringsand deflectionyoke on theCRT. In the scond step, amperatorhad to adjust the display
circuitry using various potemtimeters on the disy’s circuit board. Consequently, he usuallyeeded a
mirror [5] to see the seen from behind thenoritor where hemade his adjustents. The adjustent
process could be fairly awkward and tedious.

There aremany undesirable aspects diuman labor which hides display inspection and
alignment. To beginpperators equre much skill [4] and experience [5] in order to perform the
adjustments of displays. Besides the time and cost required tancémploy anoperator to do the basic
adjustments, there is a new learning curve [2] for every new design on the assembly line. Also, because the

responsibility for the inspection fallspon the operato his discretion [5]and dligence [7] affect the
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resulting quality of the display Additionally, fatigue [2, 5, 4hnd stress [2] W affect the resultsvhen
operators work long hours and attempt to meet deadlines and quotas. Finally, human eyesighhft 8]
discriminate less than 0.33 mm [2].

Due to the nature of the human operator, mauiiggdlay algnmentbecomes unobjéwe [9],
inconsistent [4, 5, 7], slow [4, 7, 9], costly [8, 9], and suffers from low quality [5] and low accuracy [4].

Machines on the othdrand can avoid or ntigaie the failings of human opators. Atrtificial
intelligence or optimization techniques can solve the skitlexperience prokims. Cost isontrolled by
designing an alignment system oncand hen mass j@ducing it exactlyand training it quickly for new
devices. Furthermer machines have no yshe, do notbecome tied or scaredand can possess better

“eyesight” and faster “reflexes.”

1.3.1 Fixtured Systems

Initial automation [5] (ca. the 1980s) onlyda@il a human operator by ingecting a display.
Automaic inspedion enforcedquality and resulted in les®peratormovement [7]. Also, aomated
inspedion systemscould log stéstics [5, 10] like failure rateand adjustent rate for themanufacturer.
This feedback improved quality assurance and provided useful documentation [11] for the manufacturer.

The earliest inspection systems used light sensocsroeragnounted on miti-axis positioners
placed in close proximity to the TV. For example, in 1984 Toshiba of Japan [4] described a system using a
single monochromecameramounted on an XYZ mmitioner. The systentould handle 9 to 26 inch
televisions andgave a factorfaten speedup fomeasurements. Tlemerahad changeable regfeen/blue
filters and aubmatic zoomand bcus. By measuring three een points, Toshiba's system coditl a
sphere to the CRT and use the knowledge of the shape to automatically adjust the focusioethe In
1985, IBM [12] describes a similar system using a light sensor on an XY positioner.

In 1986, Mitsubishi of Japan [8] developed a system with one catoeraand fourmonochrome
cameragnounted on an XYZositioner. Later in 1989, thaysed a system [13] witbne monochrome
camera mounted on a five-axis positioner. Becausieoihteractiondetween theadjustmentcontrols and

the huge skill required for ITC adjustment, thagveloped aexpert systemn conjunction with @izzy set
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calculations to automatée alignment. The resulting system was able to robotically perform the ITC
adjustments.

In 1988, Photo Research [3] debed an inpedion systtm used for niitary monitor
manufacturing. It used a computer with frame grabber, a camera with filter wheels, and a positioning stage.
Photo Research claims to have reduced the manufacturing error of the monitor by 40%, while increasing the
manufacturing speed fourfold. Theipproach only use80% of the digized image presumably tavoid
the effects of camera lemstortion. They als@xperimented with a cooled-integratingmera in order to
sense low-light displays.

The dawbacks of a camera or light sensor opaositioner are slow pged and theneed for
alignment with the TV usually by a fixture [6]. This drawback is not very serious for laboratory inspection
systems though.

Image Processing Systems of Canada [7, 14] mateatfixtured system built in 1994 which uses
an array of cameras for automatic ITC inspection and alignment. Some of the cameras in the array focus on
small areas of the screen while others focus on large areas. Also, each camera has two axes of movement to
accommodate different sized displays. rtjadue to an iitial camera calibration step, the system can
compute an orthographic projection of the television imaiga correct fortCRT face curvature, glass
thickness, and index of refraction. The systean also obotically perform ITC adjustments. Hitachi of

Japan [15] in 1996 described a similar system which used multiple fixed zone cameras.

1.3.2 Digitally Controlled Displays

With the advent of digital échnology, manufacturers repted the mitiple potentometer
adjusimerts inside CRT displays with a single-chipomputer driving digital-to-analog converters. The
digital chip improves on simpler analog adjustmeirtuits by performing more complex distortion
corrections [6, 11]. Also, the digital control chip canséss or eliminate thenechanical adjustments
required in the alignment@cess [9]. For instance, adjustments to a digitdigtrolled display are made

through a communication link instead of mechankeabs. Commoncommunication links used are RS-



232 [11], IIC bus [16], othe infrared remote controéceiver [17]. Now, manufacturercommonly use
digital control chips in CRT displays [18].

One early example of the digital control chip is thed&b/Timebase Process@”I[17] presented
by Motorola in 1988. It digitallontrols image positn, pincushionand raster size for @RT display.
The chip stores factory settings and CRT geometry corrections.

Digital cortrol chips canaddmany more controls [11] than previously used in analog alignment
circuits. This is both an advantage and a problem. While, additional controls allow for finer adjustment of
the display and for more complex specifications, the extra adjustnegpire a correspondingomplexity
during alignment [11]. It turns otlhat manual adjustent becomes venyificult if not impossible to do
with a digitally controlled display. So while digitally controlled dispy simplifies adjstment by an
automatic alignment system, automatic alignment in turn becomes the only feasible way to adijtadt a dig
monitor.

Around 1993, EeRise of Taian [9] invented thd&eeRise-9000, an awnhated atjnment system
centered on a digitallgortrolled monitor. Their goal was to make automatic alignment morekalae.
Their patented system [19] used arzmera attached gEmdicularly to a fixture composed of a dark box
which an operator wouldnanually attach to the displayxder-test. Their fixturepgd up the psitioning
process and minimized the effects of conveyor vibration.

Also, Philips [16] desdoed a system 1994 which used Bameras to align thgeometry and
convergence of a digitally controlled projection TV.

The digital control chip along with an amatic alignment system makes possible Haghlity
image display without manual labor. With the digital chip and automatic alignment, manufacturers can find

a balance between complexity in manufacturing and complexity in display design [10].

1.3.3  Position Independent I nspection
When an inspection system requires a fixture there amgbdicks. A obotic or human positioner

is clumg/ [2] and expensive. Fixtures amependent on display size andape, and can damage the



cosmetically sensitive areas of the television [18]. Also, sknckvibration from the asmbly line can
ruin the camera [18] or other sensitive parts of the inspection system.

The system that Motorola deded in 1988 [17] used a single déo camex with no physical
contact with the display-under-testhe systemhad better resolutiorhéan the human eygnd was not
specific to screen size. Unfortunately, they did not give many details as to how the system worked.

Display Laboratories have several patents [11, 20, 21] onséi@o independent, singleamera
inspection system [10] which uses 3D model-based computer vision. Their system can handle monochrome
and color monitors from 12" to 23". The system uses a-gammwledge of theshape of the enclosure as
well as the shape of the CRT face, its thickrezss$ hdex of refraction. They synchronizedhe camera to
the test patern generator withthe camera‘shutter” set for half of a TV field. During age the system
captures two fieldand hen combines them into oneifne [11]. The high peedcapture caneduce the
effeds of conveyor belt vibration on the measurement [18]. Using Haelasv mask, apeture grill, or
display bezel, the system can find the relative pose (postidangle) of the display with respect to the
camera [6]. With the pose of the display known, simple or no fixturing can be used as long as the display
is fully in the field of view of the camera [6]. The system then performs a transformation on the image to
form an orthographic projection which eliminates effects of perspective and parallax [6].

Around 1995, EeRise patented [19] the EeRise-9300, a contactless “compound eye system.” ltis a
three-camera factory-calibrated stereo system mounted on a rigid baseanidrasise auto irises tadapt
to the brightness and contrast of monitor. Additionally, the system has an ambient light hood with indirect
lighting to avoid reflections of the light source on the screen. Their system uses one test paitate to |
the montor and find the kape of theCRT, while usinganother pattern for gnment [19]. Since the
system uses a general stereo approach it maintainsipon independence. Alsdyecause it does not use
model-based 3D, itan handle mitiple monitor sizesbezel ypes, and algnment spefications on the
same assembly line or test bench [22]. EeRise claims thatafty@ivach surpassesodel-based 3D with
reduced errors in the pose calculations. They also recognize the refractive errors causediRdly, thet do

not discuss their solution to the problem [19].



Around the same time (ca. 1994), Photo Research patented a stereo inspection technique [23]. It is
a fixtureless and position independent system which works on any size monitor [2]. The system takes into
accountmonitor position, glass curvatur@nd thtkness. They transform thmeasurement with an
orthographic projection.Becausegeometry adjustment controls interact, thdgveloped aechnique for
measuring a linear approximation of the imatangesiue toeachcontrol [24]. With this information,
the computer can simultaneously adjust the controls [2, 24] and find the best alignment in a few tries.

Due tomodern impovements (e.g., innovative designd educed prduction cats), CRTshave
stayed the dominant displagchnology [2]. By using aoinated inpection/alignment systems, monitors
reach the market faster because of a é@shing curve and lower deits [2]. Overall, aomated aljnment
systems are consistent, objective, minimize asserabdly test dba, increag production yield [17] and

reduce the cost of manufacturing.

1.4 Common Approaches

The previous section chronicled maagproaches currently used for @uatic display inspection.
All of the approaches apply to tkases during manufacturing (alignmeatyd afterward (ispection). The
systems typically use one or more electrardameras, a computer with an inéeé to the camera (e.g., a
frame grabber), a test pattern generator (usually with a synchronizing signal to the camera or frame grabber),
and a communication link to the patteyaneratorand digitalmonitor. Some of the systems use custom
fixturing or robotics.  Additionally, the systemsan performauxiliary taslk like commanding a
programmable logic controller for an assembly line conveyor belt [14]. Altogetheagproachegmerge
and can be categorized as either Fixtured or Freely Positioned.

Fixtured - This approachnvolves placing the displayader-test in aspecial rig fitted with the

camera(s). Within this category, tbameras can bexéd or aticulated. The fixed camerapproach uses
one or more cameras rigidly attached to the fixture with the canmrasetl at different ps of the saen.

On the other hand, the articulated approach typica#lg assingle camera fitted to a robot arm to move the
camera to different parts of the screen. The rabmtusually has two dhree orthogonalaxes of feedom,

and usually resembles a computer pen plotter.
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FreelyPositioned- This approachnvolves placing one or mo@amerasaughly in front of the

television and uses mhematical transformations to compute #md esults. If the system knows the
properties of the television a-priori, thencin take ie measurements witbne camera. A morgeneral
approach uses two or more camerasale tstereo measurements. Either case makes a thrersdinal
measurement of the display’s image.

The articulated camera approach can adst of money andoes not usefbthe-shdf components
(i.e., the robot arm). Also, fixtured systems are not portdideto weight and size. As asult, the
display-under-test needs to be broughthe inspection system. Thisn be mconvenient in aalboratory
(which does not have a conveyor belt). Additionally, a fixtured system can impose a limitation on the size
and shape of the display-under-test. Freely positiepstdms are somewhat more general, in that they are
not specific to display size and shape and do not require extensive mechanical devices.

The dawback to these systems for use in thleotatory is that they are typically dgsed for
manufacturing. Assembly line systenypitally performmeasurements on a singledel of television
over and over again with the intention of automatic alignment. Operating on a rsiodgd simfifies the
problem somewhat, sincd measurement systenan be configured to anticipate all of themperties of
that television. For the purli@spection problenthough, such systemsan beexpensive, scarce, and
difficult to integrate or customizeBecausehey are used imanufacturing hough, their high cost is not
significant compared to the savings in manufacturingf.coret, in a &boratory, geometrgneasurements

compose a small amount of the overall tests performed and should be proportionately affordable.

1.5 Fundamental Problems

A flexible, multi-TV inspection/alignment system is difficult to implement [2]. For example, the
curved glass of the CRT face, can be 20-30 mm thick [4] which causes parallax [11].

Every approach mudieal with the following two problems associated with tieasurement of
CRT displays. First, they must dirate the measuring instrument to determine its pose relative to the
unit-under-test as well as the instrument’s internal properties. Photogrammetrists call tbesenddieand

internal parameters of the strument. Secondly, ameasurement approacdieeds toaccount for the
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properties of the display screen. This includes the shape of denandits refractive poperties, like the
index of refraction and the glass thickness, which can vary over the surface.
The fixturedapproaches solve the pose problem gigcing the unit-under-test in apecial rig
which fixes the orientationf the measurement ingtnentand the TV. Asecondbenefit emerges by
choosing a special orientation in order to makecdmaera perpendicular to the Tand solve the display
screen problem. For the fixed camamproaches, orthograghprojectionscan be approximated for the
small regions of the screen each camera focuses on. For the articulated camera approach, the system moves
the camera to the area of interest and measures the position of the camera.
The freely positioned camera systems are divided into two approaches, single camera and stereo. In
the single camera approach, knowledge of the TV is assumed and the poseaofdteis determined from
the knowledge of the shape of the TV. Then the oreasents are taken usikgowledge of lhe properties
of the screen. For the stereo approakhpwledge of the lmape of the seen is not necessary but its

refractive properties are still important.

1.6 Implementation

For the system described herein, the stamgmoach washosen. The steregpproach allows the
cameras to be freely and independently positioned. As a result, the cameras do not need to be mounted on a
special (i.e., expensive) rig. Also, the stereo apghh makes the calibration system somewhat portable in
that the cameras can be brought to the dispaler-test. Overall, the sysm was easy to build with off-
the-shelf components. In fact, because most of the componentseadilg avilable, theonly item that
had to be purchased for inclusion with this system was a frame grabber expansion board.

The system revolves@aind aSun SPARCstation 10omputer with a SunVideodme grabber.
The frame grabber has three switched inputs, oflwbne can be used at any tinteven though the frame
grabber can only captiran image from oneamera at a time, this isot a problem because the scene is
static. Also, two Apple VideoPhonecameras witiNTSC composite deo outpts, eachmounted on its
own tripod, were used since they were inexpensivé eadly available. Unfortunately, with low cost

comes a low quality, high distortion lens. ®eal with the éns distortiorand ndependentlypositioned
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cameras, a calibration target is used to find the pmskinternal prperties of the cameras. Finally, a
computer with a compositedgo output generates the test patterfihe software for the system was
implemented in ARM C++ and used the Solaris XIL Imaging Library. Figureldpficts a ldck diagram
of the system.

The following steps are required in order to perform a geometry test on a display with this system.
First, the tripod mounted cameras are positioned with overlapping views so they can both see the television
screen. Then the teleigion is moved awayand a calibration target is placed in front of taeneras. A
camera calibration computer program finds the pose otdheras relative tone another as well as their
internal properties. Next the calibration target esmovedand the television is placed in front of the
cameras. The ambient light is also turned off to eliminate reflections in the CRT screen. With a flat white
field displayed on the telésion, a pos estimaion computer program finds the pose of the television
relative to the cameras. Finally, with a crosshatch pattern displayed on the television, a stereo measurement
computer program performs the actual geometry measurements and inspection.

The next twochapters in thishiesis will describe the details of tikamera calibratin and stereo
measurements respectively, while the concluding chapter will describe results from an experiment using this

system.

Video
Test Pattern
Generator

IEEE-488 GPIB

Sun SPARCstation 10
n SunVideo
L —

Frame Grabber

Apple VideoPhone Cameras

Figure 1.6 Block diagram of the geometry measurement system.
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Chapter 2

Camera Calibration

2.1 Introduction

Camera Calibration is the process of finding a mathematical model which represents the way a

camera forms an image. This allows one to match any location in the imagel néfofasight in the real
world. The line-of-sight is a ray which exids from the camerand includes every point in the world
which could pssibly be projected onto a point in an image. In other wordsarg/-to-one relationship
exists between the possible 3D points along the ray and the single 2D imaged point.

For conventionalcameras,photogrammetrists use a peestive projection modetommonly
known as thepinhole camera model. The pinholemodel has internal parameters, like focal length and
principal point as well agxternal parameters, such as thecamera’s psition and rotation in the world
coordinate fame. While mostnanufacturers designameras to follow thedealized pihole model, the
camera’s lens system and its wider-than-a-pinhole aperture typically creates discrepaist@sian. As a
result, the camera model additionally includes internal parameters which describe the distortion.

Camera calibration is essential in analyimtogrammetry sice it enables photogrammetrist to
interpret the 3D world from 2D images. Tsai [25] points out tbamera calibration also rd®iin the

ability to use off-the-shelf cameras and lenses which makes photogrammetry affordable and casual.

2.2 Camera Modd

This project employs a conventionehmeramodel [25, 26, 27]. Tdbegin, Equation (2.1)

represents the external model of the camera, or the transformation from a[¥o]" in the world

frame, to a poinfP Q §" in the camera frame.

(PO XO
QE=REYEFT 2.1)
BBEH EH
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In Equation (2.1)R is the camera rotation in the worldafine whileT is the world origin in the
camera frame. This formulation simplifies some of the mathematics later on.

The rotationR, is a 3-by-3 orthonormal matrix. One representatiorRf@ the Euler transform,
a sequence of three clockwise rotations; one about the X-axis of @nglee about the Y-axis of angle

and one about the Z-axis of angle

R(w, @ k) =R, (KR, (AR, (4 (2.2)
where,
a 0 00O
Rx(w):%) CoSw sinw% (2.33)
B -sinw coswd
[cosp 0 - singd
R(®=go0 1 o0 j (2.3b)
Bing 0 cosp
Ocosk  sirk 00
RZ(K):E—SinK CoOK OE (2.3c)
SV 0 15
S0,
[Jcosp COX CO® SIR+ Siw Sip cas sin s @S §n @ds
R(w,(ﬂK):E—COS(DSinK CO$v COE— S Sip Sk S cas aDs gin @1 (2.4)
H sing - sinw cosp COSw COY H

Conversely,[w, @ K] can be obtained froR using Equations (2.5).

w=arctan? r,,,r;,) (25a)
@=arcsir(r,,) (2.5b)
k =arctan? r,, 1,,) (2.5c)

The next two equations depict the internal model of the camera. The first, Equation (2.6) performs
the perspective projection and adjusts for lens distortion with one term of radial distortion,

[P/SO

/s [1 +k(u? +v2)] E‘E (2.6)
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Radial distetion, which causes barreling or piushioning, is the most dominant component of
distortion. It can cause straight 3D lines to project to 2desumstead of projecting tstraight lines as
expected by the pinhole model. Figure 2.1 shows an example of barreling and pincushioning.

This project employs a simple distortionodel in order tohave an opator-friendly onrsite
cdibration procedure. In aaboratory sting, higha-order radial distortion terms as well as decentering
distortion [26, 28, 29] terms could be measured to provide a better model of the camera.

The second half of the internal camemaodel, Equatin (2.7), converts from the distorted

projection[u V]" to the actual image measuremefitsy] .

-0 O 2.7)

The pair[x0 yo], called theprincipal point, is the projection of theerspective center along the
camera’s Z-axis onto the image plane. The [Jajrfy] is a combination of theamera’s écal ength in

pixels and the image scaling factor, [cfrE'l;X f] . The scaling factos, accounts for the posgiity of a

non-square imaging surface or deviations in the sampling of horizontal video lines by a frame grabber [30].

|

i _l 1l I

(@ (b)

Figure 2.1 Radial distortion: (a) barrel distortion (positilgg (b) pincushion distortion (negatig.
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2.3 Inverse Camera Model

Due to the nature of Equation (2.6), there is a direct path from an image[pqiﬁt to the line-
of-sight, whichaccommodates takingieasurements from thenage. Unfortunately, there is no simple
way to take a world poir{tX Y Z]T and compute an image poi[)t y]T which would aid in debugging. A
nonlinear numerical solution does a good job of overcoming this obstacle.

In order to obtain[x y]T from [X Y Z]", first project[X Y Z]" onto the camera pne using

Equation (2.1) in order to g({aP/S Q/qT. Then set Equation (2.6) to zero.

CEps(unv D [P/SO

0 HDSE_[“I(U +v?) ]H/E_ (2.8)

Equation (2.8) can be solved using the iterative Newton-Raphson method [31],

W 0_ 0 u: J5(Uns Vi)

O
- Frs 2.9
B’nﬂH B’ H Q/S(univn)g ( )

whereJ(u,v) is the Jacobian of Equation (2.8).

uo_ O+ I<(3u2 + v2) ku  Osup
Iwy) H E 2kuv 1+ k(u2 + 3/2)%7\/% (2.10)

Since the distorted positions are close to their originaltions, [P/S Q/S]T can be used for theitial
guess,[u0 VO]T. With single-precision (32-bit) math, the solution converges in two-to-three iterations.
Finally, Equation (2.7) converfai v]" into the image coordinatds y]" .

A closed form solutiorhappens to exist for this problem, but it Equresthe evaluation of
several transcendentalrfctions which winds up being more computationally expensive. Also, this
problem can be remsented in @ne-dimensional form, but th&@mplified one-dimensional forrdoes not

scale-up with more extensive distortion models, like decentering distortion.

24 Linear Camera Calibration
A common way to calibrate @amera is toake a picture of a 3D object which has features with

known measurements. Points extracted from corneessactions, or centids, for example, makeood
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features. Consequently, calibratiomgdures &quentlyuse the known 3D locations of points on a test
object and the measurementshd torresponding 2D projections anpicture to find theeamera’s internal
and external parameters.

Peaforming a camera calibration with pditto-point correpondences requires a rhamatical
relationship beteen the world/image pa. To obtain one such relationship, combkguation (2.1),

(2.6), and (2.7) while setting the distortion constattt zero, to form theolinearity equations (2.11).

X=Xo _ X +r,Y + rlsz iy
f X +15,Y +1,7 +t,

Y= Yo _ X H Tl +1,Z +1y (2.11b)
f r31X + r‘32Y + r33z +tZ

(2.11a)

Abdel-Aziz and Karara [32] were able teduce the catiearity equations t&quations (2.12), also

known as th@®irect Linear Transform (DLT).

(e LXFTLYFLZ L,

= (2.12a)
L X+ L,Y+L, Z+1
+ L.X+LY+L,Z+L, -0 2.12b)
L X+ L,Y+L,Z+1
or
LX+LY+LZ+L,+L XX +L XY +L XZ =X (2.13a)
LX+LY+L,Z+Lg +LyX +L oYY +L,yZ =y (2.13b)

The DLT provides a linear relationship Wween the world/image pa and contains 11 unknowns.

A collection of world/image pairs forms the non-homogeneous linear system,

P

IS

(2]
DDDDDDDD[ZIIDDDDDDDD

a

1 0 0 0 0 xX, XY, X.Z,
0 X, Yo Z, 1 yX YY Y.z,

n

e
o =<
N

(2.14)

n

=

o [
™ ~
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o
i o o

©
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which is in the formAL =b. If N is the number of measurements, tiferis 2N x 11andb is 2N x 1
Any linear leat-squares solver [31] like QRecomposition or Singular Value Decompositican find a
good solution for.. In order to solve for the 11 unknowr$,must be at least 6, but usually a large
number of points are used to create an overdetermined linear system. Moreover, it is important to note that
a strictly coplanar set of target points requires a formulation [25,i8&edt from Equations (2.12), since
coplanar features will reduce the rankofo 8.

As is, the result vectdr from the DLT is all that isneeded to find a linefesight. Additionally,
the DLT gives a linear fit to the lemlistortion. Sometimes though, it mecessary to extract the internal
and external camera parameters ftom

Common techniques for extracting the camera parameterd ff@@, 34] revolve around using the

orthonormal property oR. Comparing Equations (2.11) with Equations (2.12) gives,

0.0 a,0 5,0

§=t; %—2 %: —f e E_ X 32% (2.15a)
HeH  HeH HB

s, =t,L, = —fty =X, (2.15b)
0.0 o0 50

S =t a-e E: -f, %22 B‘ Yo %32% (2.15¢)
H-H  HsH BB

S, =t Ly == t, =y, (2.15d)
0,0 0,0

S =t %—10 E: %32% (2.15¢)
B8 HsfH

To begin extracting the camera parameters, use Equation (2.16) to find the depth of the target from
the camera. Because the sigrtpfs ambiguous, it is necessary to know ahead of tihether the origin

of the target is in front of or behind the camera.

+
t, = % (2.16)
A Ly + L + L,
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Then multiply t, with theL vector. The camera parameters emerge with:

X = =85 (2.17a)
Yo=-8§ (2.17D)
fo=[s + x5 (2.17¢)
fy =[5 +yos| 2.17d)
T= [_(SZ +X0tZ)/ f, _(34 + yotz)/ fy tz]T (2.17¢)
R=[~(s +x&)/f, ~(&+vs)/f, & 217

While this technique does not guarantee an orthonoRmahe representation is equivalent to the

representation generated by the DLT.

2.5 Nonlinear Camera Calibration

To cdibrate a camera with arexgicit distortion modelone that keep® orthonormal, equires
performing an iterative nonlinear search. Tpproach of world/image point corpemdences as in the
previous section can be used to search for an optimal set of camera parameters which minimizes some error
criterion. Tsai [25] categorizes this as Full-Scale Nonlinear Optimization.

The disance between the undistorted projection of a 3D panatt the distdion correced image

point is a reasonable errorriterion. Given themodel coodinate [X Y Z]T and its corrgzonding
measuremen[x y]T, use Equations (2.1and (2.4) to get thendistorted projectior{P/S Q/qT and
Equation (2.7) to ge[u v]T. Then use Equation (2.8) to find the error. Do this for each wuoddé pair
to find a vector [tx,tY,tz,w,(p, KXo Yo s T o f, ,k] which minimizes the summed gquared error as in
Equation (2.18).
min%(sén/g +55n/sﬁ) (2.18)
The linear calibration method ohd previous section provides good iritial vector for this
method. The jrcedure uses the rétsuof the linear méiod by finding the Euler anglefo, ¢  using

Equations (2.5)and by irtialing the distortionk, to zewo. Also, because the optimizer is varying the

Euler angles instead of directly manipulating the elemen® dfis method results in an orthonorrial
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Most prepackaged nitidimensional nonlinear function optimizecan solve this problem. For
example, the downhill simplex method [31] does a good job. Due to the compedityubtletricks that

nonlinear optimization requires, it is always wise to use a proven, prewritten software library.

2.6 The Correspondence Problem

Using the linear or nonlinear calibratiogchniques in the previous sects equires a knowledge
of the correspondences between the 3D features of a calibrationatadgidteir esulting 2D projections in
an image. In the worst case, human interaatem solve the problem where the usenually sorts out
the correspondences. Yet, with a lot of feature pomemnual sorting is tedious. This project uses an
automated mcedure for findingthe correspondenceand hen teds hem to thecamera calibration
procedures.

This technique uses a three-sided corlvex as a calibration targeshere each side has a 6-by-6
grid of black circleson a white background. Thisnakes for 108 discrete features across three orthogonal
facets. The circles are separated by 2 inches in each direction with a 2-inch gap atetadge and a 4-
inch gace abng the outsides. This anmgement aids with the pattemcognition stage. Figure 2.2 (a)
shows an unaltered video capture of the target.

The first stage in finding the 3D-to-2D comesdencesnivolves performing aesjuence ofrhage
processing steps. The first step thresholds the original iemadjerasesiny stray pixels, as shown in
Figure 2.2 (b). The procedure uses a threshold of 1/2 of the image’s maximum intensityecaluse of
the purely black-and-white calibration target. Also, erasing stray pixels with nghhers lessens the
burden of the connectebmponent analysis [35] which comes next. €henectedcomponent analysis
labels the distinct groups of connected pixels or blobs in the image.

In order to ignore any gped features at thedge of themage, the mrcedure easesany blobs
which touch the edge as shown in Figure 2.2 (c).

The final step in the image processing stage detmutserasesny unlikely blobs, which
Figure 2.2 (d) depicts. Using the metrics of blob extantsblob area, certain unlikelydts are culled

from the set of remaining blobs. The extents of a blob consists of the horizontal wjicthd(vetical
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height ), which encloses all of the pixels of the blob, while the apagmprises the number of pixels

contained in the blob. The condition in Equation (2.19) contains thresholds derived from statistics collected
from multiple video captures of the calibration targeThe pocedure uses theondition to cull the

undesirable blobs.

if (a<50 or a>5000 0orh< 0% orh> & ora< O#wh om > 1wh) then Cull(2.19)

The first stage finishes by computing the centroids of the selected dotdbjsassing theentroids
to stage two. In the example portrayed in Figure 2L2f ghe fully visible bbbs from the target remain,
as well as a few extraneous blobs.

The second stge of the automaticamera calibration nvolves ecognizing the target and
identifying its features. Using the computed centroids of the blobs found in the image processing stage, the

first step searches for the two closest centroidsatdhcandidate blob so that the résg three points are
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Figure 2.2 Image processing for the automatic correspondence procedure: (a) original image; (b) thresholded

image; (c) removal of edge-touching blobs; (d) removal of unlikely blobs.
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not colinear. Then it looks for three additional points which make up duadrilateralsand if siccessful,
it connects the blobs by theelges of e quadrilaterals. Figure 2.3hews anexample of this prcess,
while Figure 2.4 (a) depicts the end result.

Next the poceduretries to group the blobs into common target faceBlobs which share a
common &cet on the calibration target tend to be connected to otbbs lin the sameadet by line
segments with similar lengthend directions, despitenage distortion. Consequently, feach blob the
procedure seahes for two ngjhbors which make aommon line with the original blob. If thengle
between the line segments and their distances are withiranige bown in Equation (2.20), the program
connects the three blolamd gives hlem the sameatet hbel. Figure 2.5 showsome examples of this

process.

Omin(||d,|,||d . O
mln(|| 1" ” 2") >0.86 and d; - d, < -09997 then Connect
cma[d | o | ot 0 (2.20)

(whered1 =p.-p,,d, =p,— po)

Ob=rve in Figure 2.4 (b) that the target facets are grouped correctly and that stray bbbs are
grouped alone. The procedure then keeps the three groups with the largest number of blobs.

The third step of this stage involves finding three axes wtépharate the targeadets. This step
uses the edges which connect blobs between the identified facets. A 2D line fitted through the midpoints of

those edges ¢nds to separate the facetsllweAlso, the intersection of the three resulting lines gives an

Figure 2.3 Connecting a feature (0) and its two closest non-colinear neighbors (1 and 2) witheiggibors
in order to form three minimal area quadrilaterals.
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Figure 2.4 Patternrecognition for the autmatic correspondencprocedure(a) connection ofminimal area
quadrilaterals;(b) blobs groupedinto likely facets; (c) discovery ofmodel coordinate axes;
(d) correspondence matching.

approximate 2D pgition of the projection of the target origin. This step also sort@xtbe to make a
right-handed coordinate system where the Z-axis is up, the Y-axis points to thandgthie X-axis is the
line left-over. Figure 2.4 (c) shows the three chosen axes.

The final step in the pattern recognition stage walks the bdmidscorregonds the 2D blob
centroids with the 3D model of the target. For each identified facet, the walk starts with the blob closest to
the located 2D target origin. The tavasd proceeds in the direction of the twexes for that dcet.

Figure 2.4 (d) shows the gelts of the walks. The q@redure does not try t@date every visible feature
since it can usually pick up any missed espondences in theext and final shge, thecamera calibration

stage.
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Figure 2.5 Connecting a feature (0) and two colinear neighbors (1 and 2) in order to grobfpltsecommon
to a target facet: (a) and (b) fail the test, while (c) and (d) pass the test.

The final stage of the automatic calibration procedure calculates the internal and external parameters
of the camera. Gien the 2D-to-3D corrgendences, the solution of tH#L. T followed by pameter
extraction provides an initial approximation to the camera parameters. Figure 2.6 (a) shows that the DLT
gives a good fit for the example image. Using the linear camera model, correspondences which were missed
can be picked up by using the projectiontioé model of the target tanake a better set of 2D-to-3D
correspondences. At that point, a global nonlinear search refines thentioggirand fnds a bettefit in
order to make the rotation matrix orthonormal and deal with the lens distortion. Figure 2i€p{tls the
final calibration results. Theifferences bateen the iitial guessand the final esut are small. One
noticeable difference is that the lines of the projected model from the linear result are straight while the lines
of the nonlinear result are slightly curved. Also, the principal point (represented by ancoeky) aound
the image center (represented by a cross).

The experiment portrayed inishsection usedn AppleVideoPhonecamera fed into &un Video
frame grabber card. Here is a list of the camera parameters obtained:

R =(119.227 -26.5886 -165.095 ) degrees
T =(6.33882 0.836392 39.1615 ) inches
0 = (287.432 236.828 ) pixels
f=(806.104 804.422 ) pixels

k = 0.234107

sx = 1.00209

RMS Error = 0.584924 pixels for 98 points

The plot in Figure 2.7 shows the distortion curve of the camera.
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Figure 2.6 Calibration step for the automatic correspondence procethjreameramodel fromDirect Linear
Transform; (b) camera model from nonlinear search.
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Radial Distortion for Example Calibration (k = 0.23)
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Figure 2.7 Plot of radial distortion for the example calibration.

2.7 Implementation

The camera calibration program for this project was implemented in ARM C++ to run on the Sun
SPARCstation 10 with the X Wilow System. The prograncaptures anmage from twocameras and
aubmdicdly peforms the cdibrationsfor each using the pcessdescribed in thischapter. The screen
capture in Figure 2.8 hews the wndow generated by the program whiclontains the results of two
calibrations. The widow $ows the externand internal pameters of both canmes supemposed over
each processed image.

When thecamera calibration prograends, it saves the calibration data in a file for use by the

stereo measurement program.

rLl Stereo Calibration

Figure 2.8 Screen capture of the camera calibration program.
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Chapter 3

Stereo M easur ements

3.1 Introduction
When a pair of calibrated cameras photograph a scene, the 3D positions of features in the scene can
be measured from the resultistgreo pair of images. Measuring thepaosition of a 3D point in thecene
involves first locatingwo points, one froneach mage, which coaspond to the 3D point. From those
image points, lines-of-sight can be determined. The intersection of the lines results in a 3D measurement.
Normadly, it is very difficult to find point corrggondences in a pair ofmiages for an unknown
scene. For this project though, the problem is simipdeause the scewensists of a known test pattern
projected on the screen of a television. In other words, the system knows ahead of time what the features of
interest are. As long as the same features are visible in both cameras, thecapstes@ point ordering to
obtain the matching features.
In this part of the project, the system ustsreo measurements to efetine the pose of the
television as well as measure the displayed test pattern. Usihamdiedge of the telasion’s pose, the
system can transform the 3D geometrgasurements into the televisioarfre of refeence as required by
the measurement specifications. The depth information of the transformedgamirtien be throwraway

to get an orthographic projection as seen from the front of the television.

3.2 Finding the Line-of-Sight
An initial step in taking a 3D point measurement from an image involves finding the line-of-sight

for the point of interest in the image. Totis, use Equations (2.6) and{2to convert theimage point

[x y]" to the undistorted projectiojP/S Q/9". The equation of the linefesight can be devied from

Equation (2.1) to get
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X0 OP/So O
E\(D— RO %Q/SD TD (3.1)
@E D g1 Qd D

which is of the form

(P/SO
P = AdP +P, wheredP =R” Q/S-and P, = -R"T (3.2)
B1 8

The 3D point in the scene lies on this parametric line. In a stereo system, there will be one line-

of-sight for each camera.

3.3 Triangulation
With a line-of-sight from each camera, the intersection of the two lines yields a 3D position in the
scene. To find the intersection, start with two parametric 3D lines.
P = AdP +P, (3.33)
Q=ndQ +Q, (3.3b)
Experimentally, the two lines-of-sight are not likely to intersect, but will instead pass close to one
another. In a least squared error sense, the best intersectionauillon the line egment whichconnects
to a point on each line and is perpendicular to both lines. The solution [28, 36] foraheeteas which

yields the end points of the line segment is,

_ (b+ dQ)(dP~ dQ) - (b~ dP)(dQ- dQ)
(dP+ dQ)* - (dP+ dP)(dQ+ dQ)

(3.4a)

_ (b dQ)(dP+dP)- (b« dP)(dP- dQ)
~ (dP+dQ)’ - (dP+dP)(dQ- dQ)

(3.4b)

where,b=Q, - P,

provided that the lines do not point in therse direction. Agoodguess fo the final answer is halfway

between the points.

:%(AdP+P0 +1dQ +Q,) (3.5)
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This is a general way to take stereo measurements. An alteraadiv@@mitified solution results

when the cameras face in the same direction [36].

3.4 Finding the Pose of the Television

Finding the orthographic projection of the television test pattesgures knowledge of the
orienttion of the television in the world’s frame of reference. 1®e the system’s main task involves
measuring the distortions in the television’s image, the system should not usegediggaittern to find
the television’s pose. The system needs to find the orientation of the televigien isclependent of the
television’s ability to reduce anmage. Oneexisting metod [11] uses knowledge of the tdkdan’'s
cabinet shape to find the entation. Since the implementation in this projeeeds tooperate on any
television without knowing its pperties befahand, the imgimentation uses a compromise. By
displaying a flat white field on the screen iewn in Figure 3.1) the prograoan audbmatically find the
corners of the screen, their 3D worldsimns, and consequently the orientation of the screen. This trick
presumes that the flat white field fills the active area of the screen, that the displayed edges are a function of
the mechanical construction of the scremmg that the corners of the een fall in a pine tangent to the
screen. These are reasonable assumptions.

To find the pose of the television, the automatemteuturefirst captures a steremage pair from

the cameras while the television displays a flat white field. The procedure then takes one of the images and

Figure 3.1 Unaltered video image of a flat white field.
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looks at a corner of it about 1/5 the total image width. Using the smaller imageptkdupecomputes
the sum of the absolute values of the horizoatal vetical imagegradients, yielding thedge mage in
Figure 3.2 (a). A gradient of Gaussian filter was used in the horizontal and vertical directionsfiiteboth
the imageand find theedges. The pocedure hien fits a line to theea-vertical edge and to the near-
horizontal edge of the white field by sampling tpaints on each edge as an initial guess. Figure 3.2 (b)
shows such an initial guess. Next, a nonlinear search refines ebabeiit on theriterion of maximizing
the sum of the gradient along each line.

During the nonlinear search, the idea is teifian the line estimatalong thepeaks ofthe image
gradient which exist along an image edge. Since a two-dimensional line has only two degrees of freedom, it
can be represented by the following equation.

[cosf0]
X0, +y, +1, =Owherel(r,0) = $in6 (3.6)
g-r 8

Given the previous representation, optimize Equation (3.7).
gg? (x. 0, +xm), +05) it ][>
maxe(r ,0) = %_1 | (3.7
@ZOI (E—(IZ +y [Ily)/lX + O.EDy) otherwise
The solution to Equation (3.7) is a vec[mre] that maximizese€. Again, the downhill simplex
algorithm [31] can be used to perform the search. Because the downhill simplex method is a minimizer, the
system actually minimizes Equation (3.7) fee. Figure3.2(c) shows the results of aaxample
nonlinear search.

Finally, the procedure interprets the intersection of the two lines as a corner of the screen. This

process repeats for all corners in both images.
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(b) ©)

Figure 3.2 Finding a corner of the flat white field: (a) edge image; (b) initial guess; (c) optimized estimate.

Using the measured positions of the corners in each image, the procedure can now find the pose of
the television. The pcedure does this bfyrst finding the lines-of-sight foeach corner. Then for each
corresponding corner pair, it triangulates to find the 3D position of each screen corner.

With the 3D positions of the four corneR-P, (in clockwise ordg, Equation (3.8) gives the
position of the center of the television screen in the world frame, while Equation (3.9) gives the rotation of

the world frame to the television’s frame of reference.

Ty = %(P0 +P, +P, +P,) (3.8)

Ryger =[0, b, by (3.9)

where b, = (P, =P,)/|P.=PJ|. b, =(P;=P,)/|Ps=P4|, and b, =b, xb,
Equation (3.10) provides the transformation from the world frame to the television frame.
Prv = Runa-rv (Paoria = Trv) (3.10)

Now that the pose of the television is known, the measurements on the test pattern can be made.

3.5 Findingthe Features of the Crosshatch Image
The measurements of the geometric digio in the television arenade using a atbdard
crosshatch pattern like the one shown in Figure 3.3The measurements are taken at the sbatsh

intersections. A procedure for automatically finding and measuring the intersections follows.
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Figure 3.3 Unaltered video image of a crosshatch.

The first step in finding the intersections of the crosshatch involves thresholding and inverting the
crosshatch image. The resulting binary image is combined with a thresholded version of the flat white field
to yield the image in Figure 3.4 (a). A morphological closingo¥edid by anopening are perfaned to
clean up themage [35]. This operatiorends tofill in small holesand emove small specks from the
image. The result is also skeletonized [35] as shown in Figure 3.4 (b).

Combining the thresholded crosshatch and its skeleton produces the image in Figure 3.4 (c). The
procedure uses this image later on as a mask. The procedure then pedonmecteccomponent analysis
[35] on the mask. Theonnecteccomponent analysis assigns queé hbels to the black regions of the
image. This will help identify the crosshatch intersections later on. In the final image processing step, the
procedure finds the sum of the absolute values of thezdrdal and vetical gradients of the crosshatch
image to yield the edge image in Figure 3.4 (d).

As can be seen, the edge image of the crosshatch consists of many closed boxes. In order to obtain
the image positions of the crosshatch intersections, the automated procedure tries to find the @acters of
box by looking ateach labeled region.The corners of the boxesan hen becombined to get the
intersection. In order to know which boxes areaceljit toone another, the regiotertroids shown in

Figure 3.4 (c) are sorted into rows and columns.
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Figure 3.4 Image processing for thaosshatch measuremeptocedure(a) thresholdedmage; (b) skeleton
of thresholded image; (c) mask image with labeled features; (d) edge image.

Figure 3.5 (a) shows the initial label numbers for the mask image resulting froconitected
component analysis. The program sorts the boxes by locating the nearest neigbbonsrefjion in both
the horizontal and vertical directions. With tkeowledge of the nearest hoontaland vetical neighbors
the program can “walk” across the rows and columns to sort the labels. The first step in sortibglshe |
into rows and columns involves finding the top-left label. The program does this by starting from the first
label and walking up until it can find no more poiated hen walking left until it eaches thend. With
the top-left point known, the ptedurecan walk each rovand assigmew, sorted labels to the regions.

Figure 3.5 (a) shows an example of the walk, while Figure 3.5 (b) shows the resulting sorted labels.
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Figure 3.5 Sorting the grid regions: (a) initial labels and walk; (b) sorted labels.

With the boxes are sorted into rows and columns, theegure hen measureshie image paition
of each box corner. For each labeled region, anligitiess is found for a box which fits the region. The
procedure finds the initial guess by looking for the founeas of the box. It uses radial search over one
guadrant starting fronhé regioncentroidand boking outward for a maximum in the gradiemagnitude.
The labeled mask image defines the boundary for the sehath. Figure 3.@) shows arexample radial
search in the top-left quadranfThe box corner is stimated from the discontiity in the polar radial
distances. In this case the point with the maximum radial distances is chosen as the corner. Figure 3.6 (b)
shows a graph of radial distce versusingle for thequadrant searchThe daked line indicates the point
chosen as the corner. Figure 3.6 (c) shows the resulting initial guess for the top-left corner.

Angle

R
a

Distance

Figure 3.6 Finding aninitial guess for a corner of @osshatch box(a) polar quadrantsearch;(b) plot of
distance from center to edge versus angle; (c) resulting guess.
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The pocedure seahes all fourquadrants to get anitial guess for the four corners of thmox.
Figure 3.7 (b) depicts a possible initial guess for the box. A nonlinear search then refines the fit by trying
to maximize the sum of the absolute values of the gnadilong the four line segments of the box. This
is similar to the comer locaing procedure used on the flat white field. In this case, the search is 8

dimensional. The nonlineaeach tries to fnd a vector[xl,yl,xz,yz,x3,y3,x4,y4 which maximizes the

sum of the gradients. The search uses the labeled mask image to constrain the search in order to prevent the
seach from “spilling over” into an adjacent region. Figure 3.7 (d)ows the result of th@onlinear
search. The procedure repeats this process for each labeled region in each image of the stereo pair.
The next step is to average together the box corners surrounding a crosshatch intarshctiom
the resut asthe center of the respective crosstimintersection. Figure 3.8hows anexample of four
corners averaged into a resulting intersection measurement.
Since the labeled mask regicr® sortednto columnsand rows, the crosshatch intersections end
up being sorted as well. As a result, the corresponding intersections in each image are known.
Findly, by using the corresponding 2xrosshatch inteections, the triangulations a®uhd and
the resuting 3D locdions of the intersedions are transformed into the TV frame of refece using

Equation (3.10). Discarding the depth information results in an orthographic projection of the test pattern.

(C)

Figure 3.7 Search for edge corners: (a) edge image; (b) initial guess; (c) optimized fit.
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Figure 3.8 Final two-dimensional measurement of a grid intersection: the circles areedmurecdtorners and
the cross is the average of the four corners.

3.6 Implementation

The stereo measement program for this project was implementedRM C++ to run on the
Sun SPARCstation 10 with the X Window System. The program has two parts: the pose estimation part
and the crosshatch measurement part.

The pose estimation part of the prograraptures annmiage from the twocameras and
aubmaicdly peforms the pos estimaion for the television using the process described in thischapter.
The screen capture in Figure 3.9 (a) shows the window generated by the program which displays the results
of the corner finding.

The crosshatch measurement part of the program captures a second pair of images from the cameras
and aubmdicdly performs the stereo measurements on the test patteraydidpn the television. The
screen shot in Figure 3.9 (b) shows the window generated by the program as it displays the results of the
intersection finding.

When the stereo measurement program ends, it savesstiernm of the arsshatch intersections

in a file.
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Figure 3.9 Screen captures of the stereo measurement program: (a) finding the television’$bpdaeding

the crosshatch intersections.
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Chapter 4

Results and Conclusions

4.1 Experimental Results

In order to test the automatic display inspection system described in this, tthe system was
used to measure the geometric distortions presenPimlips/Magnavox 32 inch col@RT television. A
standard13x17 crosshatch pattern was disggld on the televisiomnd measurements were taken for 9
different camera viewsAn Apple Power Macintosk100/60 AV with composite geo output,generated
the crosshath and fed thecomposite wleo nput of the teleision-under-test. Figure 4.1 depicts the
straight-on orthographic projections of the resultingasured asshatch intsections. In the figure, the
measurements from the different trials are overlapped showing consistent results. Tdeshgdygrid is a
best-fit rectangular crosshatch for the data. Geometric deviations in the display are noticeable, especially on
the top row of intersections. The deviations were visually confirmed to be present in the television display.

Figure 4.2 shows the ange of dewtions of themeasurements. The measurements each
crosshach intersection are plotted about their mean for althef trials. All of the points fall within a
radius of 1/10 of an inch with a standard deviation of 0.02 inches.

The plots of Figure 4.3 are enlargements of the four mdges of the osshatch measurements.
They show the extent of the outline distortion in the display. The top edge, for instance, haglegtagge
of pincushioning.

The plots in Figure 4.4 show the non-linearitytie television display. The non-linearity was
calculated using Equations (1.3).

The various figures show that for any singfi@al, there are errors in the measuremen®hen
taken togetherhbugh, the results from multiplérials follow consistent &nds. This ndicates that

multiple measurements taken on the same television could be combined to obtain more accurate results.
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Figure 4.3 Enlargement of the outline distortions in the TV image: (a) top edge; (b) left edge; (c) right edge;
(d) bottom edge.

42



6%
4%
2%
0%

2%

-4%

Nonlinear Distortion

-6%

Vertical Index

10

11

@

7

-6%-4%-2% 0% 2% 4% 6%
Nonlinear Distortion

(b)

N\

6 7 8 9 10 11

Horizontal Index

12

13

14

15

Figure 4.4 Non-linearity measurements on the TV imag@) vertical non-linearity;(b) horizontal non-

linearity.

43



4.2 FutureWork
There are anumber of improvements thabuld bemade to this aommatic display inspection

system. A list of possible future work follows.

4.2.1 Off-Line Camera Calibration

Since this is a laboratory based inspection system, the internal parametersahénas could be
calibrated off-line. Consequently, a more detailed distortion model could be used resulting in more accuracy.
This would also speed up the external calibration ofctraerasvhen they are pted in front of the TV.
Separating the model into exterraad internal pameters wouldnivolve improving thecamera model
though. In practice, thmodel used in this project, which fairly commonplace in the literature, works
best when both the externahd internal pameters are sedied for simulineously. Changing thmodel
would allow the calibration to be broken up into simpler stages where only a famegtars are found at a
time. There is much prior work done in this area, but it is not such a popular approach.

Furthemore, the cameras could be aited on a rigid stereo rig. Thigould allow the external
parameters to be precalculated asll,weliminating the camera calibration step affether during a

measurement.

4.2.2 Correction for Refraction

A second improvement to this inspection systeould be to correct for the refraction caused by
the CRT glass. A typical CRT face consists of avely baded glass platgbout 1/2 inch thick with the
image phosphors painted on the interiace. Due torefraction in the face, the perced mage is a
function of viewing position. Figure 4.5 shows a simulated cross-section of a CRT faceplate refracting the
lines-of-sight from two cameras.

The figure shows that the penssil intersection of the lines does not coincide with the actual
physical position of the image on the phosphor. The perceived position can move with the positions of the
cameras resulting in parallax errors. Nonetheless, the orthographic projections of tivedperesection
and the actual intersection are very close (within difraof a millimeter). In other words, by using two

cameras the resulting measurement resembles the desired measurement.
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Figure 4.5 A simulated plot of the refraction due to glass thickness; the perceitedection ofthe lines of
sight falls short of the actual intersection.

It does not appear that glass thickness, shape, and index of refraction can be measured with a stereo
pair of cameras without a-priori information. This is probably why the approach thatries to account
for refraction uses manufacturing information about the CRT. However, it seems that more than two views

could be used to determine the parameters of the CRT.

4.2.3 Faster Execution

A third drawback to thernispection system is slow execution. UsingRARCstation 10 with
128 MB of RAM running the SunOS 5.5 operating system, it takes as much as 18 minutes to perform the
measurements on one television including setup t@@mputationally, the cameicalibraton takes about
30 seconds for bothcameras, the TVpose estimation takes about Xeconds, while the stereo
measurements take roughly 8 minutes. Real world display inspection systems are much faster. In order to
speed up the calculations, some of the algorithms used could be simplified. For example, the algorithms in
the measurement stage which perform a gieat of brute-forceonlinear se@hes in order to obtain sub-

pixel measurements could use some optimization.
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4.3 Conclusions

Before the advent of awdmatic television image inspection systems, displ@nufacturing and
testing was a very laborious process which required manual skilled labor. As corbeateresmall, fast
andcommonplace, automatic inspectiapproaches slowly emergedThey started out simpland later
developed into rathenvolved computer vision systems. Awdern soligstate technologyhreatens the
CRT display, it ismodern eéchnology that has bréaid new life into the CRT market. Autmatic
inspedion and adjushent hasmade theCRT display highequality andcheaper staving off itsupposed
inevitable demise.

While there are many approaches used in automatiagigpspection, they seem to fall into two
major groups:

Thefixtured systems involve attaching the camera sensors to a rig which fits to the dispdizy-
test. Consequently, a fixtured system knows the pose ofcénegeras relative to the television.
Furthermore, the fixtured approaches fall in to two subgrdiyes; camera andmovable camera. When the
cameras are fixechéy can individuallyfocus on parts of the display drety can view the entire display
resulting in stereo views. On the other hand, a robotically movable camera usually focuses on a small part
of the display. Because the camera is closeth® display and the pseition of thecamera isknown,
problemslike pamllax do notpos a problem. Also, because of the close proximiof the camera to the
CRT, a movable camera system can measure proféwtienlor convergence and bedotus. Ultimately
though, fixtured approaches are not too practical for assembly line work. Figjypezhches occur more
in the ITC adjustment process which requires mechanical contact with the CRT.

The position independent systems allow theameras to belaced freely in frontof the display-
under-test as long as the cameras have a good view of the screen. This approach has two subgroups as well;
single camera andmultiple camera. The single camera approach uagsiori knowledge of the mechanical
shape of the display to find the pose of tt@neraand ecover 3Dmeasurements. Alternatively, the
multiple cameraapproach (usually with two cameras) does mgjire any knowledge of theshape of the

television in order to make usable measurements.
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It is noteworthy that all of the commapproaches toamnputer ¥sion based automatic display
inspection are covered by patents. This commercially protects the approaches used by the major players in
the field by giving them a limited monopoly iexchange for a detailed degtion of their nventions.
Admittedly, the market for automatic inspemtiadjustment systems is limiteghd, rightly so, very
competitive. There is very little market for laboratorgpection systems. The major market is assembly
line inspection/adjustment systems. These systems typically have either a high cost or are leased to display

manufacturers.
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Appendix

Selected Parts of the Implementation

Below is a list of the files written for the ARM++ implementation of the&Camera Calibration
program and the Stereo Measurement program. The programs were built using @¥e+S4iri compiler.
The linearand nonlinear optimizations were penfoed with theNumerical Recipes [31] library, video

capture was perfored with the Solés XIL 1.1 Imaging Library,and whdowing was perfoned with

X Windows.
@ Geomess Q visionLib Q windowlLib
Autocalibrate.cc calibrate.h FCalibrationWindow.cc

Autocalibrate.h
DoCalibrate.cc
DoMeasure.cc
FindCorners.cc
FindGrid.cc
SortGrid.cc
SortGrid.h

Q ImageLib

Image.cc

Image.h
ImageConvolve.cc
ImageConvolve.h
ImageCopy.cc
ImageCopy.h
ImageEdges.cc
ImageEdges.h
ImageFile.cc
ImageFile.h
ImageHough.cc
ImageHough.h
ImageLabel.cc
ImageLabel.h
ImagelabelUtils.cc
ImageMorphology.cc
ImageMorphology.h
ImagePointProcess.cc
ImagePointProcess.h
PGMUtils.cc
PGMUtils.h

calibrateLinear.cc
calibrateNonlinear.cc
calibratePlumbLine.cc
calibrateTsai.cc
camera.cc

camera.h

lines.cc

lines.h

matrix.cc

matrix.h

point.cc

point.h

pointf.cc

pointf.h
polarMetrics.h
utils.cc

utils.h

EiCaptureLib

GrayMap.h
GrayMapXIL.cc
GrayMapXIL.h
GXILGrabber.cc
GXILGrabber.h
GXlLImage.cc
GXILImage.h
GXILWindow.cc
GXILWindow.h

FCalibrationWindow.h
FHistogramWindow.cc
FHistogramWindow.h

FImageWindow.cc
FimageWindow.h

mWindowLibMaC

FWindow.cc
FWindow.h

Q@ windowLibx
FDisplay.cc
FDisplay.h
FStereoWindow.cc
FStereoWindow.h
FWindow.cc
FWindow.h

The rest of this appendix lists source code from a selected number of files.
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Two-Dimensional Points

tenpl at e<cl ass N> struct Point2
typedef N El enilype;
N x, vy;
Point2( void ){}
Point2( N nx, N ny ) x(nx), y(ny) {}

Poi nt 2<N> operator-( void ) const { return Point2<N>(-x,-y); }
Poi nt 2<N> &operator*=( N r ){ x*=r; y*=r; return *this; }
Poi nt 2<N> &operator/=( N r ){ x/=r; yl=r; return *this; }
Poi nt 2<N> &oper at or +=( const Point2<N> & ){ x+=r.x; y+=r.y; return *this; }
Poi nt 2<N> &operator-=( const Point2<N> & ){ x-=r.x; y-=r.y; return *this; }
Poi nt 2<N> &operator*=( const Point2<N> &r){ x*=r.x; y*=r.y; return *this; }
Poi nt 2<N> &operator/=( const Point2<N> &r){ x/=r.x; y/=r.y; return *this; }
N dot ( const Point2<N> & ) const { return x*r.x + y*r.y; }
N cross( const Point2<N> & ) const { return x*r.y - y*r.x; }

i

tenpl ate<class N> inline

Poi nt 2<N> operator*( N |, const Point2<N> & ){ return Point2<N>(r) *=1; }

tenpl ate<class N> inline
Poi nt 2<N> operator/( N I,

tenpl ate<class N> inline
Poi nt 2<N> operator*( const

tenpl ate<class N> inline
Poi nt 2<N> operator/( const
tenpl ate<class N> inline

Poi nt 2<N> oper at or +( const

tenpl ate<class N> inline
Poi nt 2<N> operator-( const

tenpl ate<class N> inline
Poi nt 2<N> operator*( const

tenpl ate<class N> inline
Poi nt 2<N> operator/( const

tenplate<class N> inline N
tenpl ate<class N> inline N
tenmpl ate<class N> inline N

tenpl ate<class N> inline
Poi nt 2<N> rtop( const Point

tenpl ate<class N> inline
Poi nt 2<N> ptor( const

typedef Point 2<fl oat> Poi nt

const

Poi nt 2<N> &p ){

Poi nt 2<N> &l ,

Poi nt 2<N> &l ,

Poi nt 2<N> &l

Poi nt 2<N> &l
Poi nt 2<N> &l
Poi nt 2<N> &l

abs2( const

abs( const
arg( const
2<N> &p ) {

F2;

Poi nt 2<N> &r

1

1

1

Poi nt 2<N> & ) {
Poi nt 2<N> &v ) {
Poi nt 2<N> &v ) {

)

Nr ){

Nr ){

const

const

const

const

return Point2<N>(l/r.x,1/r.y); }

return Point2<N>(1) *=r; }

return Point2<N>(1) /=r; }

Poi nt 2<N> & ){return Point2<N>(l)+=r;}
Poi nt 2<N> & ){return Point2<N>(l)-=r;}
Poi nt 2<N> & ){return Point2<N>(l)*=r;}
Poi nt 2<N> & ){return Point2<N>(l)/=r;}

return v.dot(v); }
return sqrt( v.dot(v) ); }
return atan2( v.y, v.x ); }

return Point 2<N>(abs(p),arg(p)); }

return Poi nt 2<N>(p. x*cos(p.y),p. x*sin(p.y)); }
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Three-Dimensional Points

tenpl at e<cl ass N> struct Point3
typedef N El enilype;
N x, vy, z
Point3( void ){}
Point3( N nx, N ny, N nz) x(nx), y(ny), z(nz) {}
Poi nt 3<N> operator-( void ) const { return Point3<N>(-x,-y,-2z); }
Poi nt 3<N> &operator*=( N r ){ x*=r; y*=r; z*=r; return *this; }
Poi nt 3<N> &operator/=( Nr ){ x/=r; y/=r; z/=r; return *this; }
Poi nt 3<N> &operator+=( const Point3<N> & ){x+=r.x; y+=r.y; z+=r.z; return *this;}
Poi nt 3<N> &operator-=( const Point3<N> & ){x-=r.x; y-=r.y; z-=r.z; return *this;}
Poi nt 3<N> &operator*=( const Point3<N> & ){x*=r.x; y*=r.y; z*=r.z; return *this;}
Poi nt 3<N> &operator/=( const Point3<N> & ){x/=r.x; y/=r.y; z/=r.z; return *this;}
N dot( const Point3<N> & ) const { return x*r.x + y*r.y + z*r.z; }
Poi nt 3<N> cross( const Point3<N> & ) const
{ return Point3<N>( y*r.z - z*r.y, z*r.x - X*r.z, x*r.y - y*r.x ); }
I
tenpl ate<class N> inline
Poi nt 3<N> operator*( N I, const Point3<N> & ){ return Point3<N>(r) *=1; }
tenpl ate<class N> inline
Poi nt 3<N> operator/( N I, const Point3<N> & ){ return Point3<N>(l/r.x,I/r.y,1/r.2z); }
tenpl ate<class N> inline
Poi nt 3<N> operator*( const Point3<N> &, N r ){ return Point3<N>(l) *=r; }
tenpl ate<class N> inline
Poi nt 3<N> operator/( const Point3<N> &, Nr ){ return Point3<N>(l) /=r; }
tenpl ate<class N> inline
Poi nt 3<N> operator+( const Point3<N> &, const Point3<N> & ){return Point3<N>(l)+=r;}
tenpl ate<class N> inline
Poi nt 3<N> operator-( const Point3<N> &, const Point3<N> & ){return Point3<N>(l)-=r;}
tenpl ate<class N> inline
Poi nt 3<N> operator*( const Point3<N> &, const Point3<N> & ){return Point3<N>(l)*=r;}
tenpl ate<class N> inline
Poi nt 3<N> operator/( const Point3<N> &, const Point3<N> & ){return Point3<N>(l)/=r;}
tenpl ate<class N> inline N abs2( const Point3<N> & ){ return v.dot(v);
tenpl ate<class N> inline N abs ( const Point3<N> & ){ return sqrt( v.dot(v) ); }

* k k% * k k%

/1 Nifty utilities.
tenpl at e<cl ass Poi nt Type> inline
Poi nt Type normalize( const PointType & ){

tenpl ate<class N> inline

Poi nt 3<N> honpgeni ze( const Poi nt 2<N> &p, fl oat
tenpl ate<class N> inline
Poi nt 2<N> project( const Point3<N> &P ){ return

typedef Point 3<fl oat> Poi ntF3;

return v/abs(v);

}

w=1l ){ return Point3<N>(p.x,p.y,wW; }

Poi nt 2<N>(P. x, P.y)/P.z; }
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Lines

/1 ****  Two dinmensional |ines. ****

inline PointF3 line( const PointF2 &p0, const PointF2 &pl )
{

return PointF3( pl.y - p0.y, pO0.x - pl.x, pl.x*p0.y - pO0.x*pl.y );

inline PointF3 normalizeLine( const PointF3 & )

return I/ (float)sqrt(l.x*l.x + |l.y*l.y);

inline PointF2 |ineToPol ar( const PointF3 & )

return PointF2( -l.z/sqrt(l.x*l.x + |l.y*l.y), atan2(l.y,|.x) );

inline PointF3 polarTolLine( const PointF2 & )
{

return PointF3( cos(l.y), sin(l.y), -1.x);

inline PointF2 IntersectLines( const PointF3 & 1, const PointF3 & 2 )
{

return project( l21l.cross(12) ); // Cramer’s Rule

[l **** Three dinensional |ines. xR kk
Poi nt F3 | ntersectLines( const PointF3 &P, const PointF3 &PO,
const PointF3 &JQ const PointF3 &0 )

{
/1 Equations (3.4)
Point F3 | 1( -dP.dot(dP), dP.dot(dQ, dP.dot(Q0 - PO) );
PointF3 12( -dP.dot(dQ, dQdot(dQ, dQdot(QQ - PO) );
PointF2 st = IntersectlLines( 11, 12 );
/1 Equation (3.5)
return (st.x*dP + PO + st.y*dQ + Q0)/2.0f;

}
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Three-D Rotations

matrix rotX( float onega )
matrix R(3,3,matrix::eye);

/1 Equation (2.3a)
si n(onmega) ;

R(2,2) = cos(onega); R(2,3) =
R(3,2) = -R(2,3); R(3,3) = 2,2);
return R

matrix rotY( float phi )
matrix R(3,3,matrix::eye);

/1 Equation (2.3b)

R(1,1) = cos(phi); R(1,3) = -sin(phi);
R(3,1) = -R(1,3); R(3,3) = R(1,1);
return R

matrix rotZ( float kappa )
matrix R(3,3,matrix::eye);

/1 Equation (2.3c)
n(kappa) ;

R(1,1) = cos(kappa); R(1,2) = si
R(2,1) = -R(1,2); R(2,2) = R(1,1);
return R

matrix rotate( const PointF3 &angles )

/1 Equation (2.2)
return rotZ(angles. z)*rotY(angl es.y)*rot X(angl es. x) ;

Poi nt F3 rotati onToAngl es( const matrix &R )

/1 Equations (2.5)
return PointF3( atan2(-R(3,2),R(3,3)), asin(R(3,1)),

atan2(-R(2,1),R(1,1)) );
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Camera Model

struct Camera

}s

Py

mat ri x

Poi nt F3 T;

Point F2 f;
0;
k;

Poi nt F2
fl oat
Canera( void ) : R(3,3,matrix::eye), T(0,0,0), f(1,1), o(0,0), k(0) {}
Canera( const matrix & otation, const PointF3 &ranslation,
const PointF2 &focal Length, const PointF2 &origin, float distortion )
R(rotation), T(translation), f(focallLength), o(origin), k(distortion)
if( Rnrows()!=3 || Rncols()!=3 ) throw natrix:: BadSize();
matri x getParanmeters( void ) const;

voi d set Paraneters( const matrix &m);

Poi nt F2 wor| dTol nage ( const PointF3 &P ) const
{ return caneraTol mage( worl| dToCanera(P) );

}
Poi nt F3 wor| dToCanera( const PointF3 &P ) const { return R*P+T; } // Equation (2.1)

Poi nt F2 caner aTol nage( const PointF3 &P ) const
{ return projectionTol mage( project(P) ); }
Poi nt F2 proj ectionTol mage( const PointF2 &pq ) const;

Poi nt F2 i nageToProj ection( const PointF2 & ) const;
Poi nt F3 cameraToWorl d( const PointF3 & ) const { return transpose(R *(P-T); }

matri x Canera::getParaneters( void ) const

{

matrix m_ 11, 1 );

int i =1

mii++,1) = T.x; mli++, 1) = T.y; mi++ 1) = T.z;

Poi nt F3 angles = rotati onToAngles( R );

m(i ++,1) = angles.x; n(i++,1) = angles.y; m(i++ 1) = angles.z;

m(i ++, 1) = o0.X; mi++,1) = o.y;
mi++,1) = f.x; mli++, 1) = f.y;
m(i ++,1) = k;

return m

void Canera::setParanmeters( const matrix &m)

{

if( mnrows()!=11 || mncols()!=1) return; // Uh, oh!
int i =1

T.x =mi++1); T.y = n(i++1); T.z = n(i++,1);

R = rotate(Point F3(nm(i, 1), m(i+1,1),n(i+2,1))); i+=3;
0.X = m(i++,1); o.y = n(i++,1);

f.ox = mi++ 1); f.y = mii++ 1);

k = n(i++1);

Poi nt F2 Canera: :i mageToProj ection( const PointF2 &y ) const

{

/1 Equation (2.7)
PointF2 uv = (xy - o)/f;

/1 Equation (2.6)
return (1 + k*(uv.x*uv.x + uv.y*uv.y))*uv;
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Camera Model (Contd.)

Poi nt F2 Caner a: : proj
{

Poi nt F2 uv
Poi nt F2 m nUWV
f1 oat m nError

while( true )
Poi nt F2 uv2

fl oat d =
Poi nt F2 eps =

[ ] xxxx

ectionTol mage( const PointF2 &pgs ) const

pgs;
uv;
FLT_MAX;

uv*uv,
1 + k*(uv2.x + uv2.y);
pgs - d*uv; // Equation (2.8)

Cal cul ate error (before updating solution). ****

float error = eps.dot(eps);
if( error>=mnError ) break;
mnError = error; mnW = uv;

if( error==0)

J] xxx*

}
/'l Equation (2.7)

uv += IntersectLines( J1, J2 );

br eak;

Cal cul ate new solution. Equation (2.9) ****
PointF3 J1( d + 2*k*uv2.Xx,

Poi nt F3 J2( 2*k*uv.x*uv.y, d + 2*k*uv2.y,

2*k*uv. x*uv.y, -eps.x );
-eps.y );

/1 Craner's Method

return m nUV*f + o;
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Linear Camera Calibration

void linearCalibration( const PointF2 p[], const PointF3 P[], int N, Canera &C )
{

DLT( p, P, N, C);
extract CamaraParam;( C);

void DLT( const PointF2 p[], const PointF3 P[], int N, Canera &C )
{

matri x A(2*N, 11), b(2*N, 1);

for( int i=0; i<N, i++ ) rowbDLT( A b, p[i], P[i], 2*i+1);

/[l **** Find Solution Using SVD. ****
matrix w = pinv(A)*b;

CR(1,1) =-w1,1); CR(1,2) =-w 21); CR1,3) =-w 3,1); CT.x = -w4,1);
CR2 1) =-wm51); CR22) =-w 6,1): CR23) =-w 7,1); CT.y = -w8,1);
C.R(3,1) = w9, 1); CR32) = w10, 1); CR(3,3) = w1l,1); CT.z = 1;

void rowDLT( matrix &A, matrix &, const PointF2 &p, const PointF3 &P, int i )

{
/1 Equation (2.14)

A(i , 1) =P.x; A(i 2)=P.y; A(i ,3)=P.z; A(i ,4) =1,
A(i+1,1)= 0; A(|+1 2)= 0; A(i+1,3)= 0; A(i+1,4)=0;
A(i ,5= 0; A(i ,6)= 0; A(i ,7)= 0; A(i ,8)=0;
A(i +1,5)=P.x; A(i+1,6)=P.y; A(i+1,7)=P.z; A(i+1,8)=1;
A(i ,9)=p. x*P. x; A(i 10) =p. A(i , 11) =p. x*P. z;
A(i +1, 9) =p. y*P. x; A(i+1 0) =p. *P y; A(i+1,11)=p.y*P. z;

b(i ,1)=-p.x;
b(i+1,1)=-p.y;

voi d extract Camer aParans( Canera &C )

{
/1 ****  Nornalize. Equation (2.16) ****

if( CT.z<0 ){ CT =-CT; CR=-CR } [/ Assume target is in front of canera.

PointF3 Rl, R2, R3;
Get Row(C. R, R3, 3);

C.T /= abs(R3); C. R /= abs(R3);
Get Row(C. R, R1,1); GetRow(C R R2,2); GetRowC. R, R3, 3);

[/ **** Principal point. Equations (2.17a) and (2.17b) ****
C.o.x = RlL.dot(R3); C.o.y = R2.dot(R3);

/] **** Focal point/Scaling factor. Equations (2.17c) and (2.17d) ****
Rl -= C.0.x*R3, R2 -= C.0.y*R3;

C.f.x = abs(Rl); Cf.y = abs(R2);

/1 ****  Translation vector. Equation (2.17e) ****
CT.x =(CT.x - Co.x*C.T.z)/C.f.x;
CTy = (CTy - Co.y*CT.z)/Cf.y;

[/ **** Rotation matrix. Equation (2.17f) ****
Rl /= Cf.x; R /= Cf.y;

Put Row(C. R, R1,1); PutRow(C. R, R2,2); PutRow(C. R R3, 3);



Nonlinear Camera Calibration

struct Callnfo

const PointF2 *p;
const PointF3 *P
int N;
Caner a *C,

Cal Info( const PointF2 *points, const PointF3 *Points, int nunPoints,

. Canera *cam ) : p(points), P(Points), N(nunPoints), C(cam {}

float ncError( const nmatrix &, void *info )

const PointF2 *p = ((Callnfo *)info)->p;
const PointF3 *P = ((Callnfo *)info)->P;
Caner a *C = ((Callnfo *)info)->C
int N = ((Callnfo *)info)->N;

C->set Paraneters( x );

/1 Equation (2.18)
float sum = O;
for( int i=0; i<N i++)

sum += abs2( project(C >worldToCanmera(P[i])) - C->i mageToProjection(p[i]) );

return sum

void nonlinearCalibration( const PointF2 p[], const PointF3 P[], int N, Canmera &C)

[l **** |npitial condition. ****
matrix x = C.getParaneters();

float prevError = FLT_MAX;
Callnfo info( p, P, N, & );
for( int i=0; 1<200; i++ )
{

I ong eval s = 5000;
float error = sinplex( X, ncError, & nfo, 1le-3, le-3, evals );

] *xxx

Run the sinplex optimzer until the error stops changing.
if( fabs(prevError - error) < 0.000001*error ) break;
prevError = error;

}

[ ****  The answer ****
C. setParaneters( x );
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Triangulation

Poi nt F3 Tri angul ate( const PointF2 &pp[2], const Canera (2]
Point F3 d0O = ([ 0]. R*honogeni ze( C[0].i nageToProjection(pp
Point F3 d1 = ([ 1].R*honpgeni ze( C[1].inageToProjection(pp

return IntersectLines( dOo, C[0].T, di, C[1].T );

[
[

)
0
1

1)
1)

)

) .

i
1
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Fitting a Lineto an Image Edge

float m nGad( const nmatrix &, void *info )

const Signedlmage *|I = (Signedl nage *)info;
Point F3 | = pol arToLi ne( PointF2(x(1,1),x(2,1)) );
int w=1->wdth(), h = 1->height();

/1 Equation (3.7)

float sum = O;

if( fabs(l.y) > fabs(l.x) )
for( int x=0; x<w, X++ )

int' y=-(l.z +x*l.x)/l.y + 0.5;
if( y>=0 && y<h ) sum += (*1)(x,y);

el se
for( int y=0; y<h; y++)
{

int x =-(l.z + y*l.y)/l.x + 0.5;

) if( x>=0 & & x<w ) sum += (*1)(Xx,Yy);

/] **** Return negative to find maxi num  ****
return -sum

Poi nt F3 Fi ndEdge( const Signedl nage &, const PointF2 &p0, const PointF2 &l, int b )
{

[/ **** |npitial condition. ****
Point F2 polar = lineToPolar( Iine(pl,p0) );

matrix x(2,1);
x(1,1) = polar.x; I/ r
x(2,1) = polar.y; // theta

float prevError = FLT_MAX
for( int i=0; i<20; i++ )
{

I ong eval s = 5000;
float error = sinplex( x, mnGad, &, le-5, 1le-5, evals );

/1 **** Run the sinplex optimzer until the error stops changing. ****
if( error>=prevError ) break;
prevError = error;

}

[ ****  The answer ****
return pol arToLine( PointF2(x(1,1),x(2,1)) );
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Polar Metrics

inline float reflect( float angle ){ angle += angle<O ? pi : -pi; return angle; }

inline float angleDiff( float al, float a2 )

float angle = fabs(al - a2);
return angle>pi ? 2*pi - angle : angle;

inline int angleEq( double al, double a2, double tol ){ return anglebDiff(al,a2)<tol; }

struct Differences
Poi nt F2 *di ff;
| ong si ze;
| ong wi ndowsSi ze;

Di fferences( const PointF2 in[], long itsSize, long itsWndowSize )

si ze = itsSize;

wi ndowSi ze = itsW ndowSi ze;

diff = new Poi nt F2[ wi ndowSi ze*(si ze-1)];

[l **** Calculate polar distances for each point. ****

for( long j=0, k=0; j<size-1; j++ )
for( long i=1; i<=wi ndowSize; i++ )

diff[k++] = i+j<size ? rtop( in[i+j] - in[j] ) : PointF2( 0, 0 );
}
~Di fferences( void ){ delete[] diff; }
Poi nt F2 &operator[]( int i ) { return diff[i]; }
const PointF2 &operator[]( int i ) const { return diff[i]; }

}s

t enpl at e<cl ass Sear chFcn>
void searchForPoint( long start, const Differences &diff, SearchFcn &funct )

const long size )
const long w ndowSi ze
const |ong di

di ff.size;
di ff.w ndowSi ze;
w ndowSi ze - 1;

[l **** Search diagonal. ****

long k = max( start - w ndowSize, OL );

Il ong beg = k*di + start - 1;

long md = start*w ndowSi ze - 1;

for( long i=beg; i<md; i+=di, k++ ) funct( diff[i].x, reflect(diff[i].y), k );
/] **** Search across. ****

long end = min( size - start, windowSize ) + i;
for( i++, k++;, i<end; i++, k++ ) funct( diff[i].x, diff[i].y, k );

struct Cl osestForDirection

| ong m nPos;
Poi nt F2 m nDi st ;
fl oat dir, tol;

ClosestForDirection( float direction, float tolerance )
{ dir = direction; tol = tolerance; mnPos = -1; mnDist.x = FLT_MAX; }

void operator()( float dist, float angle, |ong index )

if( angleEq(angle,dir,tol) && dist<mnDist.x )
{ mnPos = index; mnDist = PointF2(dist,angle); }
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Sorting a Grid of Points into Rows and Columns

long findPoint( long start, const Differences &diff, double forwardDir )

ClosestForDirection k( forwardDir, pi/8 );
searchForPoint( start, diff, k );

return k.m nPos;

inline long findLeft( long start, const Differences &diff )

return findPoint( start, diff, pi );

inline long findRight( long start, const Differences &diff )
{

return findPoint( start, diff, 0 );

inline long findTop( long start, const Differences &diff )

return findPoint( start, diff, pi/2);

inline long findBottom long start, const Differences &diff )

return findPoint( start, diff, -pi/2);

long findTopLeft( const Differences &diff )
{

long topLeft = -1;
for( long n=1 ; n>=0; n=findLeft(n,diff) ) topLeft = n;
for( long n=topLeft; n>=0; n=findTop(n,diff) ) topLeft = n;

return toplLeft;

PointF2 SortGid( const PointF2 in[], PointF2 out[], long size )
const |l ong WndowSi ze = 30;

/] **** Calculate polar differences. ****
Differences diff( in, size, WndowSize );

/] **** Sort points. ****
long cols = 0;
| ong count = 0;
int isFirstRow = 1,
for( long nefindTopLeft(diff); np=0; n¥findTop(mdiff) )
for( long n=m n>=0; n=findRight(n,diff) ) out[count++] = in[n];

if( isFirstRow ){ cols = count - 1; isFirstRow = 0; }

return PointF2( size/cols, cols );
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