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ABSTRACT

Digital video cameras and image capture hardware combinations have made the
transfer ¢ visual information to computers a simple but powerful procedure. Surface
topography measurement systems have been developed based on CCD video cameras
to monitor the progression of spinal deformities. Non-invasive surface topography
measurements, if accurate enough, provide quantitative information about the

deformities. The limitations on the accuracy of a CCD-based measurement system

were analyzed.

The overall system distortion was determined by imaging a known control field. The
overall system resolution was measured using a line pairs chart. The effects on
distortion and resolution due to lens abberations were evaluated. The CCD image
sensor was analyzed with respect to limitations on accuracy due to geometry. Seasor
linearity, bloom, uniformity, and spectral response were also investigated to determine
their effect on distortion and resolution. The overall system distortion, in object
space, was 5.4 mm maximum at the periphery of the image. Overall system resolving
power was 34 line pairs/mm at the sensor surface. The most significant contributors
to system inaccuracy were lens barrel distortion (3.1 mm), lens diffraction (0.5 mm),
and sensor space variancy (0.5 mm). Digitizing irregular shapes into a regular array
and sensor device characteristics impose inaccuracies to a lesser extent, between 0.1
mm and 0.5 mm. Barrel distortion of the lens and non-uniformity of the CCD sensor

are systematic errors which can be removed.



Based on the results of this analysis several recommendations are made to improve

the accuracy of surface topography measurement systems which use CCD video

cameras.
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CHAPTER ONE: INTRODUCTION

The objective of this thesis was to determine the limitations of Charge-Coupled
Device (CCD) cameras when used for topographical studies of spinal deformity. This
thesis describes the video system in place at the Glenrose Rehabilitation Hospital and
presents background information on image capture systems which use CCD cameras.
The sources of error are investigated and classified as systematic, or, non-systematic.

Recommendations are made regarding the use of CCD cameras for topographical

studies.

1.2  Motivation

Digital video camera and image capture hardware combinations have made the
transfer of visual information to computers a simple but powerful procedure. At the
Glenrose Rehabilitation Hospital, three video cameras (JVC TK-S310U: JVC, Japan)
image an array of light spots projected onto a subject’s back, the images are digitally
captured on a computer, and the image data are transformed into three dimensional

coordinate data. This information is used to map the topography of the back and



document changes in trunk deformities. It was necessary to define the accuracy of
this system to ensure perceived topographical changes were due to actual trunk
change rather than system inaccuracy. CCD cameras are used in many applications
and are cited as being highly accurate, yet, this may not be the case. An analysis of
each stage of the image capture system was needed to determine how the accuracy

of the system could be improved.

13  Overview

Specifically, the objectives of this work were to determine the accuracy and resolution
of CCD cameras for qualitative imaging and to quantify sources of errors and

establish their relative importance.

Experiments to determine overall video system accuracy were performed using
standard known images to measure the degree and type of distortion across the

image field and camera resolution.

The overall error is a sum of elementary errors which are individually independent
but may occur consistently (El-Hakim et al, 1987). Elementary errors can be
introduced at any stage of the image capture system: the object in the scene, lens,

CCD array, signal processing, signal transmission, or frame grabber. The proportion



of the overall system error due to lens abberations were analyzed. The geometrical
errors due to array sensing element size and placement were determined. Errors
involved in the digitization of continucus functions into discrete elements were
quantified. Sensor characteristic response to incident light intensity was investigated;
experiments were developed to determine spectral response, linearity, saturation
illumination, bloom, and uniformity. To obtain these response characteristics a laser
source was optically coupled to a CCD sensing element. Characteristics which
contribute to overall error in point location were discussed. The signal processing,
signal transmission, and image processing stages of a video image capture system

were briefly discussed with respect to overall distortion.

Errors which can be eliminated by calibration routines at the image processing stage

were identified.



CHAPTER TWO: BACKGROUND

2.1 Scoliosis

Scoliosis involves a lateral bend and an axial rotation of the spine. Idiopathic
scoliosis, meaning "spinal curvature without a known cause”, can occur at any age,
adolescence being the most common (Glanze, 1985). It can occur in both genders,
however, it mostly occurs in females. Besides the spine curvature more subtle
physical signs of scoliosis are: unlevel shoulders and hips; a prominent shoulder blade,
breast, flank area or hip; and apparently poor posture. Physiological signs of scoliosis

are fatigue and decreased lung function for very severe deformities.

Little is known about the cause of idiopathic scoliosis, but, it is generally felt that it
results from more than one factor (Burwell, 1992). There are several physiological
anomalies in skeletons, neuromuscular tissues, hormones, and collagen associated with

scoliosis, but, whether they are the cause or the effect has not been determined.

Bony tissue is rigid, but, malleable and undesirable pressures cause permanent
deformations. Gravity, growth, and muscle forces act on vertebra to deform them
while the upright human trunk searches for a "conus of economy", ie. an ability to

balance with an economy of effort (Dubousset, 1992; Burwell, 1992).



Since so little is known about its cause there is no preventative treatment for
idiopathic scoliosis. Once discovered, there are treatment measures, such as, bracing,
casting, and corrective surgery. Casts and braces should apply a derotation force
rather than a distraction force. However, their success is questionable. Surgery, on
extreme curvatures, involves attaching rods to vertebrae to apply an axial distraction

force and/or rotational forces.

2.2 Assessment Techniques

Images of the spine and back surface must be taken repeatedly over time to track
progression of the curve, to determine when bracing/surgical intervention is necessary
and whether intervention has been beneficial. Presently, the documentation of spinal

deformity over time is inadequate (Burwell, 1992).

Measurement techniques should reflect the fact that scoliosis is a three dimensional
deformity. Complete determination of scoliosis requires three dimensional
measurement of both the spine and the back surface. As early as 1865, Adams was
recording three dimensional information by taking plaster casts of patient’s backs
(Adams, 1865). However, with the advent of radiography, a bidimensional mentality
was adopted for measuring and tiacking scoliosis (Dubousset, 1992). Today, the

three-dimensional approach has resurfaced.



To obtain three dimensional images of the spine itself, bi-plane radiography (two
radiographs taken from different angles), computed tomography (CT) and magnetic
resonance imaging (MRI) are used. CT and MRI are limited clinically; CT because

of the radiation dosage and MRI because of the expense (Drerup, 1992).

To obtain back surface me:surements several methodologies are available, including
ultrasound, tactile, and goniometry, however, optical methods are the most widely
accepted (Drerup, 1992). In moiré topography, a patient is illuminated by a point
source through a grating. When observed through the same grating, interference
fringes appear on the back surface. These fringes, moiré fringes, represent contours
of distance 3-5 mm, depending on the grating, and points on the back surface can be
measured to a resolution of 0.5 mm (Drerup, 1992). However, this method is subject
to large errors due to changes in the fringe pattern resulting from patient movement.
In addition, it is difficult to use computerized acquisition and analysis approaches

because of the irregular pattern of fringes.

In another optical method, a pattern of lines or dots is projected onto the back
surface and an image is taken. When using line patterns, either multiple parallel
lines are projected onto the back surface and recorded in a single frame (Frobin &
Hierholzer, 1981 and 1983), or, a single line is projected onto the back surface and
increments across the back are recorded in multiple frames (Turner-Smith, 1986).

After the images have been obtained, two dimensional coordinate information is



extracted and three dimensional coordinates are calculated.

Surface topography analysis is important because exterior appearance is what the
patient and the parents notice and want to improve. Clinically, several techniques
are available which measure the rotation, pattern and magnitude of the curve. The
advantages of using video surface topography methods instead of radiography to
derive these measurements are safety and cost. The visible light source is hazard free
for both operator and patient, and once set up, the running cost is 1/100 of an
equivalent radiograph (Quantec Spinal Measurement System, Emilcott Associates,
Inc., Madison, NJ). However, there is much debate as to whether skeletal

information can actually be derived from the topographical map of the back.

The question is not, whether surface topography can give the same measurements as
radiography, but, can it give an accurate three-dimensional reconstruction of the spine
(Hierholzer & Drerup, 1992)? The two methods have complementary uses.
Radiography gives a picture of the spine, whereas, surface topography gives a three
dimensional picture of the surface deformity. Some replacement of radiographs is
possible for shape and curvature analysis if the user is only generally interested in the
spinal midline, but, the degree of accuracy of the image must be defined (Drerup,
1992). Local shape analysis requires at least 1 point/cm?, a large set of data points,
and curvature analysis requires at least 0.2 mm accuracy, a very precise measurement

(Drerup, 1992). Most measurement systems fail to meet these requirements.



In Japan, Suzuki et al. (1992) extract information from moiré surface topography
images to detect the degree of spinal deformity and to detect progression. They used
the height of the hump at three levels of the back to express deformity and concluded
that the surface measurement was reliable for the follow-up of mild scoliosis. They

have had no cases where this method failed to detect progression.

Surface images of the human back are used at the Glenrose Rehabilitation Hospital
(GRH) to monitor spinal deformities. Previously, these images were obtained using
a moiré fringe pattern method developed by Rodger (Rodger, 1980). With this
system a point on the back could be determined with an accuracy of +4 mm (Wegner,
1985). The time required for special film processing and manual digitization of fringe
data precluded using the results in treatment decisions. A video based technique,
which is faster and more accurate, has been developed at the GRH to replace the
moiré method (Slupsky, 1988; Hill, 1990 and 1992). This system is based on a
rasterstereography method described by Frobin and Hierholzer (1981) in which a grid
of light points is projected onto the body surface (Figure 2.1). Frobin and Hierholzer
used a solid state camera with a linear image sensor oriented in the y coordinate
direction and a motor driven translator to move the camera in the x direction. Since
that time solid state charge coupled device (CCD) cameras with array image sensors

have become widely used.

The GRH system consists of three video cameras (JVC TK-S310U) with 16 mm F/1.4
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Grid of Raster Points on the Back Surface

Figure 2.1



lenses and a Scion Image Capture II real time frame grabber (Figure 2.2) (Hill,
1990). Images are analyzed on a Macintosh II computer using an image capture
program, "Image" (Rasband, 1990), and on an IBM RISC station with custom
software. The image sensor, a Hitachi HE98246 Transversal Signal Line Image
Sensor, has an area of 8.8 by 6.6 mm? with 649 by 491 effective sensing elements
(sels). The frame grabber has 640 by 480 picture elements (pixels) with 8 bit grey

level resolution.

Centroids of the light spots are calculated for the three images. Then, the light spots
in each image are correlated. The three sets of two dimensional centroid locations
are used to determine the three dimensional x, y, and z coordinate of each light spot.
Calculation of these coordinates incorporates camera calibration parameters to
increase their accuracy. A topographical map of the back surface is constructed using
these three dimensional coordinates. These maps are used to document the
progression of the deformity, to determine when to intervene with treatment and to
determine treatment effect. To be useful as a diagnostic tool the accuracy of the
system must be defined to determine if perceived topographical changes are due to
actual trunk change or system inaccuracy. Initial studies indicate that the video based
technique has a spatial coordinate accuracy of 2 to 5 mm (Hill, 1990). The accuracy
of the GRH surface topography system should be improved to 0.2 mm before
curvature analysis can be performed with confidence (Drerup, 1992). Further

drawbacks of the GRH surface topography system are poor guality images, especially
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on the side views, and considerable time and labour required for the manual

digitization of control points for the correlation program.

23  Video Camera Image Capture System

Many applications use CCD sensors to extract three dimensional measurements
because they are considered to be very accurate, stable, of small size, and rugged (El
Hakim, et al., 1989). For example CCDs are used: in industrial settings (Tsai, 1987;
Zhang and Liang, 1989; Butler & Pierson, 1991; Kaida, et al., 1990), for star
tracking (Hopkinson, et al., 1987), for particle detection (Damerell, et al., 1986), and
for biomedical imaging (Fedotov, et al., 1989; Cholewicki, et al., 1991). In particle
detection, Damerell found spatial precision of their CCD to be 5 um (Damerell, et
al, 1980; Bailey, et al., 1982; Damerell, et al,, 1986). Li et al. (1989) found

measurement errors can be reduced to 0.1 subpixel accuracy following calibration.

A video image capture system consists of several stages: the object in the scene, lens,
image sensor, signal processing, signal transmission, frame grabber and image
processing. This section discusses the basic functions and errors associated with the
lens and the CCD image sensor only. Although the remaining stages also introduce
errors, they are not within the scope of this study, however, a brief backgrcund is

presented for completeness.
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23.1 Object in Scene

Optimum lighting conditions are required to produce a high quality image which is
essential when extracting geometric information (Cholewicki et al., 1991; Fryer &
Mason, 1989; Havelock, 1989; Ho, 1983). Hill (1990) found that image quality is
a problem in surface topography measurements since contrast between background
and light points must be maximized, but excessive light caused blooming. Low light
Jevels make visual information hard to discern from noise and high light levels make
boundaries of bright objects increase in size because of blooming. Proper and
consistent positioning of the patient is also a concern in the documentation of spinal
deformities over time. A "chariot" frame was built for the GRH surface topography

measurement system which supports the patient (Wegner, 1985).

23.2 Lens

An optical system of lenses focuses the image of an object onto the front face of the
image sensor. There are several laws which govern the pathway of light through an
optical system. Light rays do not always focus where expected, because lenses have
abberations due to material or manufacturing imperfections. Several types of lens
abberations are (SPIE, 1965; Welford, 1991; Horder, 1973):

1. Spherical: Light rays through the edge of the lens focus nearer to the lens

13



than rays through the centre.

2. Chromatic: Light of different wavelengths is magnified differently. In
addition, light of different wavelengths have different indices of refraction in
the same medium; short wavelengths focus closer to the lens than long
wavelengths.

3. Coma: For a point source which is off-axis, light rays travelling through the
centre of the lens focus further from the optical axis than light rays travelling
through the edges of the lens.

4. Astigmatism: Rays of light in the vertical plane do not focus to the same
point as those from the horizontal plane.

S. Curvature of field: Images of objects focus on a curved surface rather than
a focal plane.

6. Distortion: The magnification factor at the edge of a lens is different than it
is at the centre of the lens. If axial magnification is greater than off-axis
magnification the lens has positive, or barrel, distortion. If axial magnification
is less than off-axis magnification the lens has negative, or pincushion,
distortion.

7. Diffraction: Light passing close to the edge of an opaque obstacle, like a
narrow aperture, causes a focal point to be transformed into a circle of light,

called an Airy disc.

Lens abberations distort the imaged location of points which are used to extract

14



measurement information from visual pictures (Sid-Ahmed, et al,, 1990; T. R. Little,
1977; Lenz & Fritsch, 1990). Some lens abberations, like distortion, can be
considered in camera calibration algorithms to improve the accuracy of the position
measurement. A lens can be "stopped down" (decrease the aperture diameter) to
reduce chromatic, coma, curvature of field and spherical abberations (Hutber, 1987).

Other abberations, like diffraction and defocussing are non-systematic (Hutber, 1987;

Lenz & Fritsch, 1990).

233 CCD Array Image Sensor

The concept of the Charge-Coupled Device (CCD) was proposed by Boyle and Smith
in 1970 as an electrical substitute for magnetic bubble devices using metal-oxide-
semiconductor (MOS) integrated circuit technology (Boyle & Smith, 1970). Four
years later a 320 x 512 bit image sensor using the CCD concept was developed
(Rodgers, 1974). Before that, imaging was performed using solid-state imagers with
an integrated matrix of addressable photodiodes. The number of resolvable points

using CCD imagers surpassed that of photodiode matrices causing CCD imagers to

become more popular.

A CCD array image sensor translates visual information into a two dimensional

electrical representation of a scene. CCD array image sensors are integrated circuits

15



with an array of light sensitive elements (sensor elements, sels). Incoming light
photon energy is translated into electron-hole pairs. When an electrode of the CCD
is held at a positive voltage these photon induced electrons are attracted to it
(El-Hakim, et al,, 1989; Sedra, et al,, 1982). The charge packet gathered at the
electrode is proportional to the number of photons entering the silicon (ie. the local
light intensity). The packet is shifted to a storage site, and manipulating electrode
voltages with a clocking system shifts the stored charge sequentially along the row of
electrodes like a shift register (Hopkinson, 1982, and Sedra, et al., 1982). At this
stage, the signal is analog since charge packets store a variable, not digital, amount
of charge. These analog potentials are sampled, and then mapped serially onto a

single line one pixel at a time.

There are several physical principles which govern the aforementioned functions.
CCD image sensor integrated circuits are fabricated on semiconductor material,
typically silicon. Semiconductor material absorbs electromagnetic radiation, ie. light
photons.  Silicon is particularly receptive to near-infrared wavelengths, but, is

commonly used for visual imaging (Beynon & Lamb, 1989; El-Hakim, et al., 1989).

Absorption of electromagnetic radiation causes electrons to transfer states. In one
type of state transfer an electron-hole pair is produced when photons possess enough
energy to excite an electron across the band gap from the valence band to the

conduction band. Thus, a hole in the valence band and an electron in the conduction

16



band are generated, an electron-hole pair. Absorption leading to this type of state
transfer is called intrinsic absorption. There is strong absorption of electromagnetic

radiation at short wavelengths up to a cut-off wavelength given by the Planck

relationship:
hc_1.24
Ay == ()
E, E,

(Eq. 2.1)
where, h = 4.14x 101 eV, ¢ = 3.00 x 108 m/s, and Eg is the band gap energy. This
relationship only holds for direct band gap materials, ie. material in which the lowest
conduction band and highest valence band energies occur at the same value of

electron momentum. Otherwise, the cut-off wavelength is not so easily defined.

Visible light consists of wavelengths ranging from 0.4 to 0.7 pm. Silicon has a peak
sensitivity at approximately 0.8 pm and relatively good sensitivity down to 0.4 pm.

Its band gap energy is 1.12 eV, thus, the cut-off wavelength is approximately given

by:

1.24
Aw’:m:l.llum

In another type of state transfer either a hole is generated in the valence band or an
electron is generated in the conduction band. This is accomplished with impurities

in the material which act as acceptor sites for electrons transferring from the valence
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band, or, as donors of electrons to transfer to the conduction band. Electromagnetic
radiation absorption leading to this type of state transfer is called extrinsic absorption.
Ionization energy, Ey, is the difference in energy between the impurity level and the
band edge (either the conduction band for donors or the valence band for acceptors).

In this case, cut-off wavelength is given by:

1.24

=—E.’—(|J-m)

co

5 ke
EI

(Eq. 2.2)
Consequently, a particular cut-off wavelength can be attained by doping
semiconductor material with impurities with the required ionization energy. Intrinsic
absorption is more efficient than extrinsic absorption, but, both methods lead t») the

production of electrons in the conduction band and holes in the valence band.

Prior to the application of an electrode voltage, there is a uniform distribution of
holes in the p-type semiconductor. When a voltage is applied at the gate electrode,
holes are repelled from the area beneath it, creating a region called the depletion
layer. The larger the potential applied at the electrode the larger the depletion layer,
until, the potential at the semiconductor/insulator interface becomes so positive that
electrons are attracted to the interface. The gate potential at which this occurs is
called the threshold voltage, V,;. Electrons at the interface form an inversion layer
which is thin, but, very dense. This inversion layer is analogous to the channel

created in MOS transistors, hence the name, n-channel CCD. MOS transistors have
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an ample supply of minority carriers from the source and/or drain, however, in CCDs
there is no such supply so an inversion layer cannot form immediately. If there is no
inversion layer the depletion layer extends much further into the bulk semiconductor.
The charge storing potential, the "potential well", of the depletion layer increases

linearly with the applied gate voltage, and decreases linearly with the charge density

of the inversion layer.

Electrodes are spaced closely together on a CCD structure. Initially, all electrodes
are biased in excess of the threshold voltage so they all have potential wells under
them. If one of the wells is biased much higher than threshold then the potential well
below it becomes much deeper than the others, thus, charge is attracted to it. Figure
2.3 depicts how charge is transferred along the CCD structure. If the bias of the
electrode next to the first well becomes high, then the potential well below it deepens
and the charge packet distributes between the two wells. When the potential at the
first electrode returns to the resting threshold voltage, its well collapses and the
charge packet concentrates in the deep well. By applying potentials in succession, the

charge packet propagates along all the device.

An external line to each of the electrodes on the device is impractical so electrodes
are grouped together. Each group is connected to a different clock. For a charge
packet to propagate in only one direction, at least three phases are needed. Only

two phases are needed if the device is constructed to physically restrict travel of
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Figure 2.3: Transfer of Charge Packets
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charge in the wrong direction.

The spacing of sensing elements can be expressed as a spatial frequency, g, in
elements per mm. The spacing between maxima of intensity of the image that falls
on the sensor can be expressed as spatial frequency, g, in line pairs per mm. The
maximum image spatial frequency detectable by the sensor, its resolution, is limited
at the Nyquist frequency, g,/2. Modulation depth is the difference between maxima
and minima at the CCD output when imaging a line pair. Modulation Transfer
Function, MTF, which plots modulation depth as a function of image spatial
frequency, decreases at high spatial frequencies. Geometric characteristics of CCD
sensors which cause a fall off in MTF are: continuous space transformed into
discrete spatial samples, spatial aliasing, and irregular sel spacing (Ho, 1983). These

are discussed further in Chapter 5.

There are several electrical device characteristics that limit the performance of CCDs:

1) Inter-Electrode Gap. Exposed oxide surfaces in the inter-electrode gap can
assume a potential which inhibits the transfer of charge packets between
adjacent potential wells.

2) Lateral Confinement. Charge packets must be confined laterally to prevent
spread of charge in the direction perpendicular to desired propagation.

3) Charge Handling Capacity. Ideally a CCD should have large output signals

and small gate signals and sel dimensions. However, as the gate signal and sel
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dimensions become smaller the charge packet size, Qpyy, also becomes
smaller. This trade-off is seen in the following relationship (Beynon & Lamb,

1980):

Qpy = CoxVA
(Eq. 2.3)

Where Qqny = the charge in the inversion layer (Coulombs), C,, = the
capacitance per unit area of the oxide (Coulombs/Volt per cm?), Vs = gate
voltage (Volts), and A = area of the gate (cmz).

Charge Transfer. Charge packets are not transferred instantaneously or
completely from one well to the next. If there is some charge remaining in a
well as it collapses charges could drift in the wrong direction. Additional
charge is lost when these minority carriers recombine with majority carriers.
Trapping. Trapping of electrons by surface states occurs at the silicon/silicon
oxide (Si/SiO,) interface in surface channel CCDs. Surface state energy varies
widely as the CCD changes from deep depletion to inversion. If the surface
state energy is below the Fermi level it will trap electrons from the conduction
band. If the surface state energy is above the Fermi level it will re-emit
electrons to the conduction band. If the time constant for the surface state
is longer than that for the transfer of charge, trapped electrons will not be re-
emitted until a following charge packet in the same, or subsequent, frame.
This phenomenon is called a latent image. Indeed, this latent image can

persist for several minutes (Epperson, 1987).
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7

8)

Smear. During the readout period, there is still light incident upon the sensor.
Thus, charge packets transferring through the array will pick up more charge
due to the new electron-hole pairs generated by the incoming radiation.
Bloom. There is a maximum number of charges a potential well can handle.
If an overload occurs at one sensing element, charges spread outward towards
neighbouring elements (Fedotov, et al., 1989; Hopkinson, 1987).

There are several other sources of noise in a CCD sensor:

a) Sensing noise. Usually, the most significant component is due to the
resetting procedure.

b) Dark current. Minority carriers are generated continually and randomly
by thermal effects (Hutber, 1987). Generation may not be uniform, however,
since, dark current spikes generally occur at defects in the silicon (Tanikawa,
et al., 1976).

c) Input photon noise. The generation of photons from an object is random,
thus, the charge packet collected is not entirely indicative of the actual image.
However, this is a fundamental limitation of all image sensors, not just CCDs.
d) Non-uniformity. There is a variation in size and spacing of sensor
elements that cause charge handling capability to vary from one region to
another. A multiplication factor can be incorporated into sampled data values

to eliminate this effect (Little, 1977; Hutber, 1987; Ohnishi, et al., 1985).



23.4 Signal Processing

The output video camera signal is an NTSC standard video signal (Real, 1986; Kiver,
1955). Each line consists of image information and a horizontal synchronization
pulse. Each field consists of 262.5 lines and a vertical synchronization pulse. One
NTSC monochrome video frame consists of two interlaced fields, each consisting of
262.5 lines. When rebuilding the image from the video signal, the horizontal
synchronization pulse resets the scanning to the left side of the image, and the
vertical synchronization pulse resets the scan to the top left of the image. The
vertical pulse contains information about which field should be displayed (uneven or

even lines).

The signal emerges from the camera with a voltage potential which is proportional
to the input light intensity but has losses due to the sensor and is altered due to
internal processing by the camera. After leaving the CCD the analog signal
representing the charge packet undergoes several processing stages before emerging
from the camera as an NTSC standard signal: pre-amplification, D/A conversion,
clamping, black offset, dark current compensation, blanking, clipping, vertical edge

correction, aperture correction, filtering, and synchronization.

This signal processing can affect the resolution of digital cameras. In particular,

filters have significant effect on the content of an image. Filters are used to prevent
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aliasing, to limit the bandwidth, and to enhance edges. Although, a lowpass filter
cannot avoid the aliasing caused by spatial sampling through the sensor, it does filter
out noise and prevents further aliasing due to analog to digital conversion (Lenz and
Fritsch, 1990). Filters used are usually low pass filters of a higher order which
introduce a non-symmetric distortion in the image. In addition, filter overshoot
causes shadows in the image (Ddihler, 1987). Accuracy and definition of the
horizontal synchronization pulse, warm up effects, resampling, aliasing, and voltage

fluctuation are other sources of error at the signal processing stage (Déhler, 1987;

Fryer & Mason, 1989).

2.3.5 Signal Transmission

The cable used for signal transmission is standard co-axial video quality cable with
BNC and DB-15 connectors. Unfortunately, noise is introduced to the video

information during transmission to the frame grabber (Hutber, 1987).

2.3.6 Frame Grabber

A frame grabbed image is a two dimensional array of digital grey level values

representing the scene. The NTSC video signal information between horizontal

25



synchronization pulses is digitally converted into one line of the frame grabber array.
Real time frame grabbers consist of an A/D converter and clocking and synchronizing
circuitry to store one video frame in 1/30 sec and they may include very fast memory

(Stanley, 1984).

Like spatial aliasing at the sensor, and aliasing at the signal processing stages, the
frame grabber also introduces aliasing problems caused by undersampling a signal
(Lenz & Fritsch, 1990; Dahler, 1987). Frequencies higher than the folding frequency
overlap with the actual signal causing an erroneous output. Since the output of a
camera contains high frequencies resulting from the D/A conversion, the signal
bandwidth must be limited with a filter or the camera and frame grabber clocks must
be identical. A slight hardware timing mismatch betw- n image acquisition hardware
and camera scanning hardware is another source of error. In a study by Tsai (1987),

a 1% difference in synchronization signals caused an error of up to 5 pixels.

Even with no aliasing or timing mismatch, a significant loss of resolution occurs
because the spatially quantised signal from the CCD is converted into a continuous
analogue signal and then back to a quantised form by the frame grabber (Hutber,
1987). In addition, the CCD and frame grabber, usually, have different array sizes,

and this mismatch further reduces resolution.
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23.7 Image Processing

At this stage the data from the image is transformed into user readable form, for
example, a three dimensional image or numerical calculations of area. Before being
displayed, the image can be enhanced using three methods: geometric operations,
pixel operations or neighbourhood operations (Stanley, et al., 1984). Calibration

routines to eliminate distortions can also be performed at this stage.

24 Summary

The accuracy of the surface topography measurement system at the Glenrose
Rehabilitation Hospital must be improved. There are many potential areas for
distortion and loss of resolution, as presented in this chapter. The following chapters
attempt to quantify the distortions from each stage of the surface topography system

and determine if they are systematic.

Lens distortion and diffraction, sensor pitch, and signal processing are expected to
have significant effects on distortion and resolution. CCD device characteristics were
not expected to be as significant, however, this needed to be verified. Dark current,
photon noise, charge handling capacity, and charge transfer efficiency of the sensor,

and spherical, coma, astigmatism, and curvature of field abberations of the lens were
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outside the scope of this research.



CHAPTER THREE: OVERALL DISTORTION AND RESOLUTION

Standard known charts were imaged to measure overall system distortion and
resolution. The contribution to overall distortion and resolution limitation due to the

lens and CCD sensor are examined in Chapter 5.

3.1  Overall System Distortion

A chart of known control points was imaged with the video camera system to

determine the magnitude of total spatial distortion.

Materials and Methods

The equipment layout is shown in Figure 3.1. A JVC TK-S210U CCD video camera
(JVC, Japan) with 649(Horizontal) by 491(Vertical) sels was used. Images were
captured with a Scion Image Capture II board (Scion Corp., Walkersville, USA) in
a Macintosh II computer (Apple Computer, Inc., Cupertino, USA), giving images of
640 by 480 pixels with 8 bit grey level 1esolution. Manual digitization was performed

using "Image", image processing software (Rasband, 1990).
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A Computar 16 mm F/1.4 lens was compared to the Tamron SP 17 mm F/3.5 high
performance ultra wide angle lens. All images were acquired using the same f-stop

(4) and object distance (1.4 m) as used clinically.

To avoid perspective distortion which occurs when the object plane and the image
sensor plane are not parallel, manual rectification was done using a camera mount
which had 6 degrees of freedom. The two planes were considered parallel when
points equidistant from the centre of the chart were imaged to have equal pixel
distances from the centre of the image. An iterative translation/rotation procedure
was used: x and y translation to align the centre of the chart with the centre of the
image; x-axis rotation to establish equal vertical pixel distances; y-axis rotation to

establish equal horizontal pixel distances; and z-axis rotation to ensure the centre

horizontal line remained horizontal.

Special consideration was given to chart lighting, since this significantly affected the
quality of the image data. Two studio lamps of 250 watts with spun glass diffusion
covers and two reflector cards produced the best results. Contrast between black
lines and white background was adequate with grey levels of approximately 180 for
black and 130 for white (out of 256). Light intensity was consistent across the image
(grey level = 130, range 115 to 145, for white) so there were no problems discerning

control points in dark corners.
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The chart was designed with a computer aided design graphics program and plotted
on a high resolution 7570A HP plotter. It consisted of 21 vertical and 17 horizontal
lines spaced 3.0 cm apart providing 357 control points for analysis. The chart was
imaged and the control points digitized to obtain two dimensional pixel coordinates.
Control points were compared to ideal coordinates to quantify overall image
distortion. Ideal image points were computed by averaging distances between control
points near the centre of the image and extrapolating the x and y distances across the
entire image field. It was assumed that the centre of the image was distortion free
since the lens centre exhibits significantly less distortion than the periphery (Horder,

1971).

Error vectors were produced showing the displacement of a point from an ideal
position to its imaged position. The magnitude (to the closest pixel value) and
direction of these vectors were calculated. Distortions were resolved into radial and

tangential components.

To determine the effect of lens quality on distortion, the chart was imaged again

using the F/3.5 lens and the distortions compared to those using the F/1.4 lens.

In all images, equivalent distances in object space appeared to be longer in the
horizontal direction than they were in the vertical direction. This effect was also seen

during the calibration procedure for these cameras (Peterson et al., in press). The
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vertical to horizontal aspect ratio was determined by comparing vertical and
horizontal dimensions of squares located at the centre and four corners of the field

of view. This aspect ratio mismatch was eliminated from the data, and new error

vectors calculated.

Repeatability and accuracy of the manual digitization procedure was investigated
using a test/re-test procedure with 10 repetitions. The centroids of 20 light spots
were digitized in 2 back surface images, one from the centre and the other from the
left side. Digitization was done by the same user on five occasions over a one week
period. The order in which the images were digitized was randomized. The
centroids were visually estimated by the user and recorded by the image processing
program. The image capture and processing programs had a resolution of one pixel.
Since no sub-pixel analysis has been done, mean values were recorded to the nearest

integer value and standard deviations were recorded to the nearest half pixel value.

Results and Discussion

Repeatability of point digitizing was +1 pixel; the maximum error did not exceed 1

pixel.

Magnitude of the error vectors increased with distance from the centre of the image.
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Since the error vectors are symmetrical, only the error vectors in the upper right
quadrant of the image taken with the F/1.4 lens are shown in Figure 3.2. Control
points near the centre were displaced by 0 or 1 pixels and those at the periphery

were displaced by 5 pixels maximum (Table 3.1).

Table 3.1: Maximum Distortion in Pixels.

Lens Maximum Maximum Maximum
Error Radial Tangential
Magnitude Component Component
F/1.4 5 5 2
F/3.5 2 2 1

The horizontal dimension of the imaged squares was 1.02 times the vertical dimension
at all five locations across the field of view. Values in Table 3.1 indicate the

distortion after this correction factor was incorporated.

After eliminating the aspect ratio mismatch, it was clear that the control points
shifted towards the image centre. The magnification factor was less at the edges of
the image than it was at the centre of the image. This type of shift is called barrel
distortion (Mikhail, 1989). The maximum shift, after compensation for aspect ratio,
was five pixels which corresponds to 5.4 mm in object space. A discrepancy of this

magnitude in a topographic map of the back is quite serious. This distortion should
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be corrected prior to using the data to map trunk deformities.

Image distortion was significantly affected by the lens used. A 3 pixel improvement

on maximum distortion was observed with the F/3.5 lens. This corresponds to 3.2

mm distortion in object space.

3.2  Aspect Ratio

To examine the range of aspect ratios possible with the system the horizontal
scanning frequency was adjusted with the Horizontal Automatic Frequency Control
(H AFC). Images were captured at three frequency values: the lowest possible value
obtainable (f=14.05 kHz), the value set by the manufacturers (f=15.75 Khz), the
highest value obtainable before the camera and frame grabber lcst synchronization

(f=16.65 Khz).

The horizontal:vertical aspect ratio ranged from 1.14:1 to 0.96:1 by varying the
H AFC (Figure 3.3). Mismatched aspect ratio of the image can be eliminated by
adjusting the camera horizontal sampling rate (Wiesel & Voegtle, 1986). It is a
simple electronic adjustment that simplifies the calibration routines at the image

processing stage.
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33  Overall System Resolution

Resolution describes how well two points in space can be discerned. Resolving power
is expressed as the number of line pairs per millimetre (line pairs/mm) that can be
distinctly resolved at the imaging surface. In this section overall system resolution is
measured. Each stage of the video camera set up limits resolving power, and will be

discussed in Chapter 5.

Materials and Methods

A chart with varying line pair distances was imaged to determine the point when lines
could no longer be distinctly resolved. The layout for this experiment is shown in
Figure 3.1. Charts consisted of line pairs which varied from 5 mm to 0.9 mm
between line centres on a white background. Line pairs were oriented vertically to
test the horizontal resolution of the camera. An F/1.4 lens was used. The images
were captured at an f-stop of 4 and camera to image distance of 140 cm. Line pairs
were imaged onto the centre of the camera lens, to minimize the effect of
abberations present at the edge of the lens. The procedure to determine resolution
described in the "IRE Standards on Video Techniques: Measurement of Resolution

of Camera Systems" (1961) was followed.
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Image and object planes were rectified as described in Section 3.1. Light intensity
values at each of the four corners of the chart were measured with a light meter to
ensure even lighting. The captured image was magnified in the image processing

program and visually examined to determine when line pairs could not be resolved.

Results and Discussion

Line pairs became indiscernible at 2.3 mm between line centres in object space. To
translate this value into image space the magnification factor, M, was calculated. In
the distortion measurements from Section 3.1, 30 mm on the chart translated to 28

pixels on the frame grabbed image. The side of the sensor is 8.8 mm which maps

onto 640 pixels. So:

size of im
size of object

28 pixelsx—omm_

640 pixels
30mm

= 0.01283

and so the distance between maxima at the sensor surface is:

distance of maxima = 2.3mm*M = 0.0295mm
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In one millimetre, thirty-four line pairs with 0.0295 mm between line centres cau be

resolved (34 line pairs/mm at the sensor surface).



CHAPTER FOUR: SENSOR CHARACTERISTICS

JVC TK-S310U cameras were not designed for high precision measurements so their
performance is not accurately documented. The CCD sensors response to incident
light was characterized by measuring its spectral response, linearity, sensitivity, bloom,

and uniformity.

4.1 Background on Experimental Setup

This section describes common equipment used in the experiments to characterize

CCD response to incident light.

Building V'*ration

Suitability of the experiment site was investigated to determine if the optical set up
should be isolated from building vibration. An accelerometer was used to measure
the vibration at three locations around the laboratory, two on the counter top and
one on the floor. The maximum vibration was 3 um, measured on the counter top,

and average vibration was 1 pum. The desired focal point diameter for the laser light
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beam was 13.4 um, the size of a CCD sensing element. Since average vibration was

less than the desired accuracy no further isolation of equipment was necessary.

Light Source

Two types of lasers were used for light sources: a Helium Neon (HeNe) and a laser
diode. In the linearity determination experiments the optical setup was aligned with
the HeNe laser and then the laser diode was inserted to obtain sensor response
measurements. In the remaining experiments only the HeNe laser was used. The
laser diode produced light with wavelength 670 nm and the HeNe laser produced

light with wavelength 633 nm.

To obtain a focal point size equivalent to sensor element pitch the Rayleigh principle
was applied. The principle states that focal spot size will be smaller if the divergence
of the beam, o, can be reduced (Melles-Griot, 1988). The divergence of the beam

is proportional to the inverse of the beam waist, Wi

Bl

Wo

(Eq. 4.1)
Hence, the optical setup used in the following experiments allows the beam to
diverge to increase wg, then, extracts the centre portion of the beam where

divergence will be minimum. This sampled beam is then focused to a very small
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point size equivalent to sensor element pitch.

Laser Light Intensity Varijation

It was necessary to vary the laser intensity across the dynamic range of the CCD.
Several methods were considered: polarization filters, a prism reflection/re-aligning
system, gelatin (gel) filters, and laser drive current variation. The method chosen was

a combination of gel filters and laser drive current since these were inexpensive and

readily available.

Several gel filters were calibrated to determine how much light they transmit at light
wavelength of 670 nm. These filters were referred to as 4, 3, 1, 0.6, and 0.3, and they
corresponded to 0.00032, 0.00098, 0.090, 0.225, and 0.48 transmittance of the original
intensity. With these filters the full dynamic range of the CCD sensor could be
investigated but not with enough resolution. To acquire the required resolution, a

combination of gel filters and laser diode drive current variation was used.

The output light intensity of the laser diode can be varied from 0 to 100% of
maximum by changing its input drive current. A current supply which provides the

logarithm of the input voltage was built to control the laser diode light intensity

(Figure 4.1).
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The circuit consists of three stages, the logger, the adder and the current supply. For
the logarithm stage, the output of the logger stage, V,,, is the logarithm of the input

voltage, V; (Taub & Schilling, 1977; Jung, 1986):

Vbcz—V,”l

R,

i=

(Eq. 42)

i i
Vi c
VieyVae,=Vrln—2-Vin—2
S S

(Eq. 4.3)

i
¢\ R
=V (ln—=)(<-+1)
ic R
i
=26mV+2310g-2( R 11y
ic, B

(Eq. 4.4)
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Assigning R, = 1K and R = 15.7 K simplifies V,:

i
Vo=log-f3
ic,
where i, = constant
V., 15v
. i
" TRR
i 1

L, reverse saturation current, cancels in the above derivation, because, the two

transistors are in the same IC package and should have identical characteristics.

The adder stage takes the low voltage signal from the logarithm stage, V,, and

translates it to a functional operating voltage, V,, for the current supply stage:

V,=-iR,
Y, 157,
R R,

V,=15-28.3V,

i,=(

(Eq. 4.5)
Current is supplied through transistor Q5 and is limited with the 1 Watt 100 n

resistor:

. . . a
{ =] ™ =
laser (= L 100

(Eq. 4.6)

The logarithmic current supply was calibrated to determine the current levels
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corresponding to desired laser output light intensities. The current input which
generated the maximum laser light intensity, termed 100% intensity, was established.

The current values required to attain power intensities at 10% intervals down to 0%

were determined.

Current supply calibration done on different days yielded very different output
intensities. This was attributed to the power intensity meter; the meter’s output was
very sensitive to the location of the input beam. Because of this day to day variation,

calibration of the logarithmic current controller was performed before each set of

experiments.

4.2  Speciral Response

Spectral response was measured to determine what wavelength the sensor was most
responsive to. A spectrophotometer was used as a light source for wavelengths from
ultraviolet to infrared. The lens was removed from the camera, so values reflect
sensor response only. There was a protective glass cover over the CCD sensor which

may have influenced the spectral response slightly.

The output video signal magnitude at incident light wavelengths from 350 to 1100 nm

is indicated in Figure 4.2. As predicted by Eq. 2.2, sensor response stops at cut-off
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wavelength 1100 nm. Clearly, the camera responds better to red and infra-red light

than lower wavelength visible light.

43  Linearity

The purpose of this experiment was to determine if the voltage output from the CCD
sensing elements was linearly proportional to incident light. The laser light source

was focused onto the sensor, its intensity varied, and the output of the CCD sensor

was recorded.

Materials

The laser diode light source was varied with the logarithmic current supply and gel
filters. The laser beam was focused through the combination of the iris, diverging

lens, and microscope objective onto the CCD sensor (Figure 4.3).

The laser light beam diverges slightly as it travels through the first 4.2 cm, then, only
the central 1 mm of the beam passes through the iris. That beam diverges as it
travels 10.3 cm to the diverging lens where it diverges even more. Only the central
part of the beam passes through the iris of the microscope objective (Cooke 10 x .25

A3579). The microscope objective lenses focus the beam onto the CCD sensor
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through a plate of glass, approximately 0.75 mm thick, mounted on the IC package.

This glass protects the sensor from dust and damage, however, it also causes some

diffraction of the beam.

The reason for allowing the beam to diverge, and then, sampling only the central

portion of it is because the centre has a gaussian distribution with low divergence and

low noise.

The diameter, diam, of the focal point with a simple lens can be determined,

theoretically, by (Winburn, 1987):
diam=fd
(Eq. 4.7)
where, f = focal length and © = beam divergence. When a beam has travelled to the

far field the focal point diameter d, diffraction limited diameter, is given by:

d, =2.448*
af d

- 2.44+x3mm=*670nm

1mm
=4.9pm

(Eq. 4.8)

where, d = diameter of the beam.

The focal point size of the laser beam at the CCD sensor using this optical setup was
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calculated using an optical ray tracer program, "Beam 2" (Beam 2: Optical Ray
Tracer, 1986). The mathematical foundation used by the ray tracer program was
developed by Spencer and Murty (1962). The program requires measurements for

distance along z axis, radius of curvature, shape of curvature, and type of surface.

Distance between lenses and radii of curvature for the microscope objective were
measured on a similar objective, Cooke 10 x .25 A7045. The surface topography of
each lens was measured with a profilometer and the radius of curvature calculated
from that data. The radius was 11.6 mm for the first lens and 5.85 mm for the

second lens.

Using these parameters "Beam 2" predicted that the focal point size at the CCD
surface was 18 um. Sensing elements on the CCD sensor are 13.6 pm by 13.4 um,
thus, the sensing element was completely covered with light. This ensured full

response from the sensing element.

Methods

The optics were aligned using the HeNe laser light source. The logarithmic current
supply was calibrated, then the HeNe was replaced by the laser diode, and the laser

diode was aligned with the succeeding optics.
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The dynamic light range of the CCD sensor was determined. The gel filters required
to attenuate the laser light intensity to a level slightly higher than that which saturates
the CCD sensing elements were 3, 3, and 0.3 together. The filters required to
attenuate the laser light intensity to a level slightly higher than that which the CCD
sensor will no longer detect were 4, 3, and 0.6 together. The following combinations
were used to span the entire dynamic range: (3, 3, 0.3), (3, 3, 0.6), (4, 3), (4, 3, 0.3),

(4, 3, 0.6). Each step represents approximately a 1/2 intensity reduction.

The beam was focused onto one CCD sensing element using the camera ri-unt
adjustments. The z axis was adjusted until the smallest spot size was produced. Then
sensor tilt around the z axis was adjusted to make the x axis horizontal. The camera
mount was translated in x and y to obtain maximal sensing ¢clement signal response.
Then tilt around the x and y axes were adjusted until there was equal spill over onto
adjacent pixels. All of these adjustments were observed on the oscilloscope. The
current was ramped from 100% down to 60% for each filter combination. Sensor

output voltage and video signal voltage of the target sensing element were measured

at each intensity increment.

Results

The output voltage of the target CCD sensing element at each input light intensity
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variation is shown in Figure 4.4. Although the CCD sensor was responsive to light
intensities over a larger range, the range of light intensity indicated is that which the
frame grabber could respond to. The best line of fit for the data had an r® = 0.975.
After the linear sensing element response undergoes the signal processing stage, the
response is no longer linear (Figure 4.5). Chapter S discusses the implications of a

non-linear response.

44  Saturation Voltage

Sensor response to light saturates at a point called the saturation voltage. Saturation
voltage for this CCD sensor was 71.88 mV. Any voltages greater than this will not

be indicative of the actual quantity of light incident upon the sensor.

4.5  Quantization

The charge packet which gathers at an electrode of the CCD is proportional to the
incident light in that region. Quantization is an expression which relates the chanze

in CCD sensor output voltage to a change in input light intensity.
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Determination

55



1250 ~

] o o
g o
(w]
1000 =~
(=]
E
z
g 750 - (u]
k- o
>
o] &
0
o
g
250 ] ] 1
= o < o
(=] o (=]

Relative Light Intensity

0.8~

Figure 4.5: Video Signal Response for Linearity Determination

56



The intensity of the full beam of the laser diode was 0.72 mW. The part of the beam

which passed through the iris contained 20 uW of that intensity:

2

r 2
0.72mWs 22 0 7om e 1M o6
xr, 1t6mm?

This intensity was attenuated by 4 gel filters (a 4, 3, and 0.3) and by four glass
interfaces (diverging lens, 2 microscope objective lenses, and protective glass on
sensor IC), to 4 x 1012 W. When this intensity was decreased by half the sensor
signal changed by 9.37 mV, the video output changed by 325 mV and the pixel grey
value on the frame grabber changed by 86. Thus, quantization is 213 x 10"12 W/v

for the sensor, 6.15 x 10"12 W/V for the video signal and 0.02 x 1012 W/grey level for

the frame grabber.

Each grey level of the frame grabber represents approximately 0.11 mV change at
the image sensor output (ie. 9.37 mV/86 grey levels = 0.11 mV/grey level). This
value is approximate because the relationship between light intensity and frame

grabber output is not linear.



The purpose of this experiment was to quantify how much charge is detected at its
neighbours when a sensing element is over exposed. This was determined by
increasing the magnitude of light incident upon one sensing element past saturation

and observing the response of surrounding pixels.

Materials

The HeNe laser was used as the light source. Light intensity was varied using gel
filters and glass slides. A diverging lens, iris, and microscope objective were used to
focus the laser beam onto the CCD sensor (Figure 4.6). An average of eight frames
of the video signal was taken with the "Image" image capture program. The sensor
signal was measured at the output of the CCD sensor IC. Shielding was placed

around the camera circuit boards.

Glass slides were used to attenuate the laser light to obtain intermediate intensities
between gel filters. Combinations of two glass slides were calibrated to determine

their filter strength at light wavelength of 630 nm.

The laser light beam diverges as it travels through the first 239.5 cm, the diverging
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lens and the next 54.1 cm. At the iris, only the central 2.2 mm diameter of the beam
goes on. That beam is focused by the microscope objective (Reichart 10/0.25) onto
the CCD sensor. Parameters for the microscope objective required by the ray tracer
were calculated from profilometer measurements of the surface profile of the lenses.
The protective plate of glass on the CCD package was removed and the ray tracing
program, "BEAM 2", calculated the focal point size on the CCD sensor to be 12 um.
The size of the sensing elements is 13.6 um x 13.4 um, thus, there was no optical spill

over of light to neighbouring sensing elements.

Methods

The optical system was aligned. The beam was focused onto one CCD sensing
element using the camera mount adjustments. These adjustments were observed on

an oscilloscope.

Gel filters required to attenuate the laser light to the range around which the CCD
sensor would saturate were determined. The gel filters required to attenuate the
laser light int 2nsity to a level slightly lower than CCD sensor saturation were 3, 3, and
0.3. The filters required for a level slightly higher than saturation were 3, 3, 0.6, and
0.3. The following filter combinations were used to span the entire range: (3, 3, 0.3),

(3, 3, 0.6), (3, 3, 0.6, 0.3). Each step represents approximately 1/2 intensity reduction.



Intensity was varied across the range of interest using each combination of gel filters
and glass slides. Sensor voltage and video signal voltage for the target sensing
element and the top, bottom, left and right neighbours were recorded. In addition,

an eight frame average frame grabber image was captured at each intensity level.

Results and Discussion

Saturation voltage for the target sensing element occurs at 71.88 mV which
corresponded to 0.4 normalized intensity. Figure 4.7 shows that this is when
neighbouring sensing elements begin to show an increased output. This increase
indicates spill over of charge from the target pixel. The amount of charge spill over
is significant, particularly for the right neighbour. The voltage spill over to the right
neighbour was 16.25 mV, and to the other neighbours, 4.1 mV. In terms of
saturation voltage (71.88 mV), the right neighbour received 16.25 mV/ 71.88 mV
*100% = 23% spill over and the other neighbours received 4.1 mV/ 71.88 mV
* 100% = 6% spill over. Since a change of 0.11 mV at the sensor output generates
one grey level change on the frame grabbed image, 16.25 mV spill over implies the
right neighbour’s grey level will be in zrror by 147. Since there are only 256 grey

levels in total, 147 is a very significant error.

The video signal does not indicate this spill over as clearly (Figure 4.8). Intensity
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information for one sensing element is spread over a range of approximately five
sensing elements because of camera signal processing. Hence, voltage representing
spill over is obscured by this spreading of the signal. Chapter 5 evaluates and

discusses the implications of bloom on overall system distortion and resolution.

Initially, this experiment was attempted with the la<er diode, however, the laser beam
could not be focused onto one sensing element. This is probably due to poor laser
lens quality and high order transverse electromagnetic (TEM) modes. TEM,,, modes
occur in the plane perpendicular to the axis of the optical cavity. The subscripts |
and m indicate the number of times the electromagnetic field crosses the x and y axes
respectively. TEMy, has a gaussian distribution, whereas i-gher order modes
produce beam profiles with bright and daik patches. It i3 desirable to emit only
TEM, because it has minimum divergence, minimum diffraction loss, and can most
easily focus down to a diffraction-limited spot size (Winburn, 1987; Melles-Griot,
1988). The phase changes in the higher order modes of the laser diode limited the

minimum spot size attainable.

4.7  Uniformity

The purpose of this experiment was to examine the repeatability of sensing element

output as a functicn of sensing element location. The same laser and optical set up

64



as used in the bloom determination experiments was used for this experiment (Figure

4.6).

The beam was focused onto the CCD sensor. The CCD sensor was made
perpendicular to the laser light beam using the camera mount adjustments. It was
required that the distance from the microscope dbjective to sensor surface remain

constant so the intensity and focal point size of the light at all sensing elements were

consistent.

The camera mount adjustments were uscd to translate the CCD sensor so the laser
beam focused on eight positions around the sensor, four near the centre, and one
near each corner. CCD sensor output was measured at two levels of intensity at each

location, one near sensor saturation and the other at mid-range.

Resuits

Images of the light spots indicated that the spot diameter was greater at the corners
than at the centre. Thus, data for the four corner samples was eliminated because
the light intensity was not uniform. At medium light intensity, mean sensor output
voltage was 13.6 mV, with a standard deviation of 2 mV (15%) and a range of 11 to
16 mV (sample size = 4). At high light intensity, mean sensor output voltage was

71.4 mV, with standard deviation of 8 mV (12%) and a range of 60 to 78 mV (n=4).
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The uniformity of incident light intensity is very sensitive to distance from lens to
sensor. This may explain why these results do not support the findings of other
investigations which indicate that uniformity decreases as light intensity increases

(Little, 1977).

4.8 Summary

Sensor response characteristics which were determined in the previous sections are

summarized as follows;

Table 4.1:  Summary of Sensor Characteristics

Linearity 12 = 0.975
Quantization 213 x 10012 wyv
Bloom 23% (Right Neighbour)

6% (Others)

Uniformity 12% (High Intensity)
15% (Low Intensity)




CHAPTER FIVE: INDIVIDUAL ERRORS

In ihis section, individua’ . ontributions at each stage of the image capture system are
quantified to determine their effect on overall system resclution and distortion.
Concentration is on the lens and the CCD sensor. As shown in Chapter 3, overali

maximum distortion was 8.6 mm and overall system resolution was 34 line pairs/mm.

Distortion, diffraction and chromatic abberation for this surface topography
measurement system were investigated. The distortion exhibited by the F/1.4 and
F/3.5 lenses is barrel distortion. The F/1.4 lens caused point localization errors of up
to 5.4 mm (Chapter 3). Distortion decreased by 3 pixels when using the F/3.5; so
the amount of overall distortion attributable to the F/1.4 lens is 3.2 mm in object
space. This i5 a significant svstematic error which may be corrected at the image
processing stage. Radial and tangential correction factors can be applied to each

data point of the captured image.

Stopping down, ie. making the aperture smaller, is a technique used to decrease lens

abberation effects which are typically more apparent at the lens periphery. Flowever,
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this causes more diffraction of the light rays. The limit on resolvable line pairs
resulting fiom this diffraction can be determined. Lines will appear distinctly
resulved if the separation between their centres is equal to approximately 1/2 of the
Adry Jisk defined by diffraction theory. The Airy disk for the lens used in the surface

topography measureinent system is:

Airy disk = 2.44AN
=2.44*670nm *4
=0.0065mm

(Eq. 5.1)
where, N = f-number. In object space this implies a 0.5 mm disk of uncertainty of

placement.

The spectral distribution of the illumination light used in imaging applications must
be cousidered when evaluating point accuracy (Hakkarainen, 1986). Because of
chromz:;: abberation, a point source of white light, a combination of all visible

wavelengths, cannot be imaged to a single point.

The index of refraction in crown glass for visible light ranges from 1.520 to 1.534
(Melles-Griot, 1988). An optical ray tracing program was used to examine variation
in focal spot size when the index of refraction varies across this range (BEAM 2:
Optical Ray Tracer). The focal spot size varied by 20 um using a simple planc.::1vex
ens with a focal distance of 16 inm. Thus, a point source of white light can

potentially de-focus to a diameter of 20 um on the sensor surface. Since de-focusing

68



is symmetric, the centroid of a light spot can still be accurately located, however, the
resolving power of the lens is still limited. The light used in the surface topography
measurement system is white and, unless this source is changed, the defocussing error
cannot be eliminated. In this measurement system 20 pm corresponds to 1.5 mm in
object space. However, the lens likely has chromatic abberation correction built into

it, so the amount of de-focusing will not be this large.

Illumination at the imaging surface decreases proportionally to cos?e, where e is the
angle the portion of the image field in consideration makes with the lens axis
(Welford, 1991; Horder, 1971; Little, 1977). This is due to the nature of light and
is not a lens defect. This effect was obvious when obtaining distortion images in
Chap:er 3 and in back surface images. The diag 1.l distance of the imaging surface
on the CCD is (8.82 + 6.6%)12 = 11 mm. The focal length of the lens is 17 mm.
Based on these values, @ = 37.5° (Horder, 1971). Thus, cose = 0.4 and there will
be a fa: .f to 40% intensity at the corners of ihe field. To give the imaged c:uiput
uniform intensity, the object must have extra illumination at the edges. Although a

scaling factor can * applied to the data at the periphery, some detail may be lost.

Futient backs in the surface topography measurement system spans across 2 region
which may cxtend beyou. & depih of field of focus fcr the lems. A basic

photography rule is to focus one third of the distance between the closest and
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farthest points. For example, if the back ranges from 130 to 160 cm from the camera
then the focal distance should be set at 130 + 10 cm = 140 cm. This estimation is
based on the following relation. Hyperfocal distance, h, is the distance from the lens
to the nearest object which is just acceptably sharp when the lens is focused at

infinity. It is defined by:

n=L

cN

(Eq. 5.2)
In the case of the GRH surface topography system, N = f-number = 4 and f = fucal
distance = 16 mm. C, circle of confusion, is equal to 1/(1/2(minimum resolvable
lines/mm on sensor)). Minimum resolvable lines/mm on the sensor = 36.8 lines/mm
(Sectior 5.7}, thus, C = 0.0545 mm. The hyperfocal distance, h, equals 1.2 m. When
the lens 1s focused at a finite value, u, the distance, x, from the lens to the nearest
point in acceptably sharp focus equals (h * u)/(h + u). The distance, y, from the lens
to the farthest point in acceptably sharp focus equals (h * u)/(h - u). The distance
the lens should be focused on is found by solving these equations for u. For the case

of the Glenrose, with x = 130, and y = 160, u = 2xy/(x + y) = 143 cm.
In practice, using these guidelines produces an image that is not sharp due to lens

abberations and the behaviour of light wave.. Indeed, light spots on the sides of the

back in the images from the GRE system indicate sigrificunt defocussing.
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5.2  Senmsor Geometry

The pitch of the sensing element was calculated to determine the maximum resolving

power of the CCD sensor.

Given that:
NH = number of horizontal sensing elements = 649
NV = number of vertical sensing elements = 491
H = horizontal sensor siz= = 8.8 mm

V = vertical sensor size = 6.6 mm

The size of a sensing element is:

(Eq. 5.3)
Given these ser:sor dimensions, the resolving power in the horizoats! direction is 36.8

line pairs/mm and in the verucal direction, 37.3 line pairs/mm.

The consistency of sensor placement has been defined as 0.2 pixel pitch (Mori &
Hirokane, 1989). Relative sensor spacing due to temperature changes is negligible,

0.03% + 0.04% (Reimar and Fritsch, 1990). SiO, or metal layers may vary in
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thickness, however, the thickness of these depositions is much less than the total
surface area of the sensor. Based on these facts, sensing elements were assumed to

be precisely located i.: x and y directions in one plane.

The Modulation Transfer Function, MTF, discussed in Chapter 2, falls at higher
frequencies due to the limit that size and pitch of the sensors place on the sensor
resolution capabilities. This is called the Geometric MTF (Beynon & Lamb, 1980;
McCaughan & Holeman, 1979). It is calculated from the Fourier transform of the

basic cell (Beynon & Lamb, 1980):

- S
sm(—-;)
n
MIF,, = —T&
S
gl

(Eq. 5.4)
where, s = sensor pitch, g = normalized spatial frequency, and I = the sensitive

region.

The light sensitive regions of the pixel pitch, s, and sy, are I, and Iy The output
response from a particular sensing element occurs at the same time regardless of
where it was illuminated within I,. Thus, the output impulse will vary spatially with
respect to the input illumination source position. If there is no optical band limiting
before spatial sampling tnen the error in locating the illumination source is +L/2 and

tL/2 (I+0z & Fritsch, 1990). For the GRH system, these values correspond to
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location errors of (13.6um/2) = 6.8 um and (13.4 pm/2) = 6.7 pm (0.5 mm in object

space). Locating the illumination source will be impossible if illumination lands on

the blind region of size (s, - L) or (sy - Iy) since there will be no output at all.

Subpixel approximation techniques can be used to make the system space-invariant
and decrease this location error. The shift of an input step function relative to the
centre of the light sensitive area is transformed into the output amplitude, A(s),
(Lenz and Fritsch, 1990). If this relationship between A(s) and shift from centre is
known, grey level interpolation can be used to determine the exact location of the

illumination source. Thus, the system becomes space-invariant.

Regardless of how well the edge of the sensor can be defined physically, there will
be error defining sensor element edge due to its sensitivity distribution. There is a
gradual transition from sensitive to blind regions. Definition of the sensitivity
distribution profile gives more accurate spatial integration area measurements for use

in the precise evaluatisn of resolution (Ohnishi & Murakami, 1985).

When an image is projected onto a CCD sensor, the continuous image is transformed
into discrete space (Figure 5.1). Errors generated because of this transformation are
called digitization errors. Errors due to discrete image representation have been
developed using statistical techniques {Chih-Shing, 1983; Havelock, 1989; Lenz and

Fritsch, 1990). Chih-Shing (1983) estimated the positional :ror in terms of the
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Figure 5.1: Continuous Image Transformed into Discrete Space
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dimensionless perimeter of an object. If the spatial frequency of the sensing elements
is increased, the digitization error can be reduced. Chih-Shing’s technique measures
spatial quantization errors; however, intensity quantization also limits precision
(Havelock, 1989). Havelock developed a model for analysis of position uncertainty
which can be applied to general grey scale shapes. Havelock’s model indicates that

the number of quantization levels per pixel is more important than pixel size in

determining precision.

The surface topography system image processing stage calculates centroid coordinates

of the light spot images. The variance on the centroid coordinate can be determined.
Given that errors are evenly distributed between +0.5 s,, the mean square boundary

loca icn error, obz, is (Lens & Fritsch, 1990; Chih-shing, 1983):

Sx

2
f_, x26x
X

2__ 2
O S
2
_,xbx
2

2
Sz

2
0,=0.289s,

(Eq. 5.5)

The contribution of the error of one boundary to the error of the x coordinate centre

estimate, Uzc(one)’ is found by calculating the first order moment in x divided by the
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total area of the ellipse:

2 XG
cc(one) =( bsy)z
xrg,
=x2( ob )2
nrn,
r
where n,: 2, r, = radius along y , r, = radius along x
S
y
(Eq. 5.6)
It follows that:
2 2, 9
o'e:( )= ( )
ave, ave rxny
xzave is calculated:
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33
(Eq. 5.7)
Four ny boundary elements with the average x? coordinate, xavez, contribute to acz.

If P and Q are independent variables, then, VAR(P+Q) = VAR(P) + VAR(Q),
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hence, the variances °c(ave)2 can be added to get total variance on the centroid

coordinate, azc:

oz=4n oz(m)
g,

-4n r( LA
3 y

-8 %%

3n(1t)

if °b=(E)z
8 1 Sy

s

y

(Eq. 5.8)
So, the RMS error in the x direction is inversely proportional to the square root of
ny in the y direction. In this surface topograpshy system, n,= 3 and 5, = 2. Thus, the
error of the . «corctinate estimate, O is 1.44 um ( 0.1 mm in objer: space). The
error of the v . ordinate estimate, 62, is 1.16 gm (0.09 mm in object space). This
relationship shows that the variance on centroid coordinates can be reduced by

decreasing the sensor pitch, or, increasing the control point size.

Just as in sampled electrical signals, sampled images form replicas (harmonics) of the
power spectrum in the spatial frequency domain. These replicas can overlap with the
actual image spectrum. The amount of overlap depends on the sampling rate and

the actual image spectrum. If the actual image spectrum has low spatial frequency
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content there is less chance for overlap. However, if the actual image spectrum has
high spatial frequency, like, hard edges or regular repetitive patterns (like the regular
dot pattern used in the back surface measurement system) there is a greater risk for
aliasing. At a constant pitch, the amount of aliasing increases as the pixel size
decreases (Kriss, 1990). Anti-aliasing can be performed by inserting an optical low-
pass filter between the lens and image sensor (Kazunori & Murakami, 1985); or, by
shifting the image by a fraction of the pixel pitch using a birefringent filter (Kriss,
1990). The most effective shift is approximately 0.5 x pixel pitch. This shift presents
information to a sensing element that was originally imaged onto the inter element

spacing.

5.3  Semgor Churacieristics

The sensor characteristics measured in Chapter 4 can also limit overall resolution and

distort imaged points.

Spectral Response

The semiconductor material on which the CCD is fabricated is more sensitive to light

of red and infrared wavelengths than it is to the light at the low ezd of the visual
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spectrum. Thus, imaged grey levels representing different colours of a scene will not
accurately interpret illumination intensity with respect to each other. Since the
surface topography images are currently done with white light this is not a concern.
However, it is important to get the widest dynamic range of cutput from the sensor.
This can be accomplished by using red or infra-red light for the light spot pattern
which is projected onto the back surface. Red light may be more comfortable for the
operator to use since it is visible. Another factor which insures the widest dynamic
range of the system is that skin reflects red light more efficiently than the othe- ~isual

light wavelengths (Regan & Parrish, 1982).

Linearity

CCD sensors are widely used because they are cited to have a very linear response
to light intensity. Sensor manufacturers generally express linearity as less than 1%
(EG&G, 1989). Indeed, some investigators have found deviation from a linear
response of less than 0.1% (Epperson, 1987). A best line fit was approximated to the

output signal from this CCD sensor yielding an 12 of 0.975 (Figure 4.4).

The image processing stage of a surface topography system detects light spot edges
and calculates the centroid of the light spot based on the spot size. When the output

response varies as a function of input intensity, edge detection and centroid
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calculations are more difficult. In regions where a large change in intensity causes
a lower than normal change in grey level, peak intensities will be attenuated to lower
than appropriate grey levels. Thus, centroid calculation routines will not have the
information about peaks, and the centroid will be miscalculated (Figure 5.2 a). This
condition is seen near the saturation of the sensor. The inverse is true as well; when
a small intensity produces a larger than normal change in grey level, points which
should have almost the same grey level will have very different levels (Figure 5.2 b).
Again, the centroid will be miscalculated. This condition is seen near the lowest

threshold of the sensor.

Distortion due to non-linearity can displace centroids in any direction. In the case
of the F/1.4 lens, the barrel distortion increased radially. Distortion due to ron-
linearity is compounded with the large lens barrel distortion component to give the
overall distortion. The only information available to the image processing software
is the resulting grey level in the captured image. Although a transformation could
be developed which would map the measured grey levels to true grey levels, there
will be information lost in areas where a large change in intensity results in 2 small

change in grey level.

With rezpect io resolution, nun-linearity makes line pairs difficult to discern because
large changss in intensity can effect smail changes in grey level which inhibits edge

detection.
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Figure 5.2: Non-Linearity Effects on Centroid Calculation
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Quantization

The number of quantization levels is very important for resolution. If contrast is low,
black areas may be quantized to the same level as the white space between them.
With more quantization levels, black and white areas will be quantized to different

levels and the edges can be detected (Figure 5.3 a).

Quantization levels are also important for accurate centroid location. If there are
more grey levels to indicate large intensity transitions then proper peak detection can

be done and centroids accurately located (Figure 5.3 b).

Bloom

When sensing elements exhibit bloom, centroid localization is difficult because
surrounding elements appear to be part of the object of interest. If bloom was
symmetric in all directions it is possible that the centroid calculation for the imaged
spot would coincide with the real spot. In this CCD sensor, the right neighbour

received most of the excess charge. Consequently, high intensity point sources appear
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Figure 5.3: Quantization Level Effects on Centroid Calculation
and Resolving Power
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to be elongated toward the right, and centroids are miscalculated. This observation
is supported by the fact that bloom usually occurs in the serial register before the
parallel register (Epperson, 1987). Even before the sensing elements reach
saturation, charge can diffuse in the direction of the horizontal line. This "tailing"
effect also causes an elongation of point sources (D#hler, 1987). The cause is either

the output register of the CCD sensor or the signal processing of the camera (D#hler,

1987).

Regarding resolution, bloom adds charge to sensing elements representing black

areas. As a result, the modulation depth is decreased and edge detection is more

difficult.

At the onset of saturation, this sensor bloomed 16.25 mV to its right neighbour and

4.1 mV to the other neighbours. These voltages at the sensor translate to 147 and

37 grey levels respectively at the frame grabber.

The effects of bloom are non-systematic. The amount of bloom varies depending on
how over saturated the target sensing element is. A routine could be written which
would detect if a pixel is in saturation, then adjust the surrounding pixel grey levels
by an appropriate amount. This routine may alter data which should not be altered.

Thus, the calibration routine would introduce distortions.



Uniformity

If sensing elements have the same incident light, but, different output grey levels,
centroid localization will be erroneous. Similarly, if sensing elements have different
incident light, but, the same output grey levels centroid localization will be erroneous.
This non-uniformity, in effect, reduces the number of quantization levels available,
and causes distortion and limits resolution. The reasons why quantization levels limit

accuracy were discussed previously.

Non-uniformity of sensor response is systematic. Because sensing element non-
uniformity is a function of incident light level, discrete levels of incident light across
the entire dynamic range of the CCD must be used to analyze the change in grey
level required for each pixel site. This change in grey level must be applied to the
surface topography images on a pixel by pixel basis. This calibration will generate
appropriate values for intensity level, however, some information on detail will

already be lost.

54 Camera Circuitry

The aspect ratio mismatch caused a maximum distortion of 3 pixels (3.2 mm in object

space). This aspect ratio also had consequences on image resolution. On the charts
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used to determine distortion a horizontal line was in:aged as 3 pixels wide, while a
vertical line was imaged as 5 pixels wide. The 3 to § ratio may be due to the aspect
ratio mismatch of the system. Electronic filter ripple which results in the output of
one sensing element spreading over five sensing elements worth of time could be
responsible. Furthermore, there was a shadow of a line two pixels to the right of the
imaged vertical lines. This shadow was evident in the captured image, on video
monitors and on an oscilloscope. Overshoots are often designed into the signal
processing for edge enhancement, however, when they are too strong, they produce

multiple reproductions of objects (Dahler, 1987).

The CCD sensing elements exhibited a near linear output response to incident light
intensity (Figure 4.4). However, the signal processing stage transforms that response

into an exponential response (Figure 4.5). The effects on distortion and resolution

due to non-linearity were addressed previously regarding sensor linearity.

5.6 Summary

The most significant contribution to overall distortion is from the lens barrel
distortion (3.2 mm). The spatial variation of the output response with respect to the

input response introduces an uncertainty of 0.5 mm. Digitizing an irregular shape
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into a regular pattern causes 0.1 mm point localization error. However, this can be
reduced by decreasing the sensing element pitch or increasing the control point size.
The most significant limitation on resolving power is the sensing element pitch. Lens
diffraction (0.5 mm) and chromatic abberation (1.5 mm) de-focuses imaged points
and decreases resolving power. Sensor spectral response, non-linearity, bloom, and
non-uniformity, cause grey levels to be higher or lower than expected for some
picture elements. However, the effect on point localization is not significant unless

sub-pixel approximation techniques are used.

Although not investigated, the signal processing and the frame grabber circuitry, also
distort the signal. Besides the 3.2 mm distortion due to aspect ratio, the long time
constant which causes the point spread and the filter which causes the ringing may
cause significant errors. In addition, the non-linear behaviour of the signal processing

stage cause errors which may be significant.
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CHAPTER SIX: RECOMMENDATIONS AND CONCLUSIONS

At each stage of a video image capture system distortion is added to the original
illumination information. Some distortions are easier to correct than others. The
errors which are systematic can be accounted for in the image processing steps after
the image data has been captured. Sources of non-systematic errors must be

eliminated by replacement with another method, reduced in some way, or accepted.

6.1 Recommendations

Recommendations are categorized into the parts of the image capture system.

1) Object in Scene

There are two things regarding the patient’s back that can be done to improve the
acquired images. To eliminate the difficulty in obtaining light spots on the side
images, the skin on the side of the patient’s backs should first be treated with a
reflective coating, such as the glitter spray used in theatrics. In this way, the side
spots will reflect more light and these points will be more easily discernable from the

background black level. The centre of the patient’s back should not have reflective
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coating since this may induce blooming effects.

Secondly, the light source used to illuminate the patient should be band limited to
red. This will improve image quality in two ways: the effect of chromatic abberation

of the lens will be eliminated and the CCD responds more efficiently to red light.

2) Lens

One common action to decrease abberation effects is to stop down the lens so that
the edges of the lens are not used. In this way, the barrel distortion and other
abberations described in Chapter 2 can be decreased. Stopping down offers another
benefit to the topography system: the depth of focus will increase. One disadvantage
is that diffraction increases with f-stop so that the Airy disk size will increase; thus,
decreasing resolution. The best value for f-stop should be determined through trial
and error with a line pairs/mm resolution chart. The intensity of the light source for
light spot projection must be increased as f-number is increased since light passing

power of a lens is inversely proportional to f-number.

The illumination intensity of light spots at the periphery of the image should be
brighter than those at the centre. This will counteract cos? losses towards the edge

of the lens, and provide a uniform image.



Both the radial and tangential distortion components should be incorporated the into
calibration routines applied in the image processing steps (Sid-Ahmed, et al., 1990).
Mathematical models from the values obtained for distortion in Chapter 3 or the

parameters given by the survey technique described by Peterson et al. (in press) can

be used in these routines.

If stopping down and calibration do not increase the accuracy of measurements, then
another lens of a higher quality should be purchased. Lenz & Fritsch (1990) discuss

appropriate lenses for use in videometry using CCD sensors.

J) CCD Sensor

Distortions due to the CCD sensor non-uniformity can be reduced by calibration
routines implemented at the image processing stage. Distortions due to spectral

response, non-linearity, and bloom are not systematic.

Future image capture systems should use a CCD sensor which will exhibit better
performance characteristics. Several techniques have been implemented to improve
on the performance of CCD sensors (Yamada & Fukumoto, 1989; Teranishi et al,,
1987; Hopkinson & Lumb, 1982; Matsumoto, 1991; Hynecek, 1988). To improve
the density of sensing elements a frame transfer CCD should be used instead of an

interline transfer CCD. On interline transfer arrays, the sensing and read-out areas
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are interspaced. On frame transfer arrays, one half of the CCD is sensing area and
the other half is read-out area, thus, there is no gap between sensing elements. In
addition, the CCD sensor should have external control over integration time, so,

image smear due to patient sway and breathing can be eliminated.

An anti-aliasing technique described by Kazunori and Murakami (1983) or Kriss
(1990) should be used to eliminate spatial aliasing due to sensor geometrical

limitations.

4) Signal Processing

The horizontal:vertical aspect ratio should be adjusted to equal 1:1. Although NTSC
standards dictate that the horizontal scanning frequency should be 15.75 kHz, this is
not appropriate for this surface topography system. If this unequal aspect ratio is
eliminated then calibration parameters for lens correction will apply in all directions,

simplifying the calibration procedure.

In these experiments the largest source of error was the signal processing performed
by the camera. Translation into an NTSC signal deforms the scene information
significantly. In particular, the ringing exhibited after high light intensity is detected

caused smear and shadowing. The most accurate use of a CCD sensor would be to
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transfer the sensor analog output directly into a data acquisition board.

5) Frame-Grabber

The number of quantization levels should be increased. The Scion II frame grabber

is only capable of 8 bits of quantization levels while 12 bits are now common.

The number of horizontal and vertical pixels of the frame grabber should be
equivalent to the number of sensing elements of the sensor. In this way, there is a

one to one ratio, and information will not be lost due to sampling error.

The source of synchronization signal for the camera used in the surface topography
system could be adjusted between external, line, and internal. Unfortunately, there
is no method to externally synchronize the frame grabber. Synchronized systems
where the camera sel-clock is used to trigger the A/D converter pixel-clock would be
very advantageous as it would eliminate the jitter due to mismatched synchronization

pulses (Reimar & Fritsch, 1990; Dahler, 1987).



6) Image Processing

The systematic errors discussed so far should be incorporated into calibration routines
performed on the two dimensional images of the surface topography system.
Systematic distortions were: radial distortion, tangential distortion, and uniformity.
Several investigators have suggested methods for correcting distortions to obtain
measurements from images which are within desired accuracy requirements
(Cholewicki et al., 1991; Dijak, 1985; Yokobori et al., 1986; Butler & Pierson, 1991;

Fryer et al,, 1989; Fraser & Shortis, 1990).

The surface topography system image processing stage should incorporate a weighting
function based on the grey level of the pixels when calculating light spot centroid

location.

Finally, without sub-pixel approximation, this system will not attain more than 0.5 mm
accuracy (one pixel represents approximately 1 mm in object space). The image
processing stage should incorporate this > pproximation procedure after the systematic

errors are removed from the data.
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6.2  Conclusions

Overall system distortion was 5 pixels, maximum, at the periphery of the image, which
in image space is 5.4 mm. The overall system resolution was 34 line pairs/mm, which
in image space means line centres must be separated by 2.3 mm. Each stage of the
surface topography system was investigated. Although not investigated in detail in
this thesis, the signal processing stage seemed to contribute the most to system

distortion and low resolution, mostly due to the long time constant trail-off of signals.

The F/1.4 lens used in this surface topography measurement system also exhibited
significant distortion and resolution limiting properties. There was a significant barrel
distortion which was reduced by using a F/3.5 lens. Diffraction and chromatic

abberations were quantified, but, were less significant.

The CCD sensor is a very accurate measurement tool. Its most significant
contribution to overall distortion is due to location uncertainty, it can only pinpoint
locations with an accuracy of 0.5 mm in image space. The overall system resolution
is primarily limited by the size of the sensing element pitch and sensitive area. The
process of digitizing an irregular shape into a regular pattern does not contribute
significantly to overall distortion. Sensor characteristics (non-linearity, bloom,

uniformity, spectral response) contribute slightly to overall distortion, however, the
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magnitude is less than in the other stages of the camera and is not significant unless

subpixel approximation is used.

Systematic errors can be eliminated at the image processing stage. However, the
errors which were non-systematic cause a significant loss of information about the

scene.

6.3  Future Work

The sensitivity profile of the sensing elements should be measured. Although
subpixel approximation programs can obtain satisfactory results assuming a
rectangular response, the results will be more accurate with a more accurate response

model.

The effect of patient sway and breathing on image smear should be investigated. For

this investigation, integration time must be adjustable.

The image sensor should be investigated in more detail regarding noise, dark current
and charge transfer efficiency. To do this, detailed specifications on the CCD sensor,
CCD driving circuitry controllable by the user, and sensitive measuring equipment are

necessary.
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The feasibility of improving the density of spots in the light pattern should be

investigated.
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