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ABSTRA CT.

Three dimensional information about the human face is of importance, not only
for medical diagnostic purposes, but also as input to facial recognition systems and, more
recently, for the entertainment industry. The orthodontic surgeon in particular needs
quantitative information about the average sizes and relations of the constituent parts of
the human face as a whole or parts of it.
A num ber of methods including a m atrix of m echanical probes, lasers,
holography. Moire fringe patterns and stereophotogrammetry have been investigated as
possible ways in which three dimensional records of human heads could be made. Each
method has its own merits and demerits ranging from accuracy requirements, safety
factor to the subject, complexity and cost of analysis.
The aim of this research was to develop com ponents of a non-contact
stereophotogrammetric system to acquire, process, display and rephcate the surface of the
human face. In contrast to previous work in photogrammetry that used two film based
camera stations, this system's key requirements were all-round coverage of the complex
facial surface, accuracy and surface quality and a data acquisition time of less than 2
seconds (approxim ate time for which a person can rem ain expressionless and
motionless). The resulting design is unique in its combination of the complex three
dimensional surface coverage, accuracy and speed. The data are acquired using four
Pulnix T526 CCD cameras mounted around a semi-circular steel rig. Using an area based
stereomatcher, dense disparity models are generated automatically. W ith the use of
control points imaged in the scene, the three resulting models from the stereomatcher can
be combined through transformations to form one complete facial model which can then
be manipulated to yield profiles, distances between features of interest, and angles in a
graphics visualisation suite. Planimetric accuracy is 0.1 mm and accuracy in height is
0.3 mm.
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Chapter one: Introduction.

CHAPTER

ONE.

INTRODUCTION.
The application of methods of close range photogrammetry to the solution of medical or
industrial measurement problems has become fairly well established over the past two
decades. The extent of this can be seen by the availability of systems based on specially
developed photogrammetric techniques. One of photogram m etry's attractions as a
metrology technique to surgeons and engineers is that the measurements are carried out
indirectly. Classically, the object or phenomenon to be evaluated is photographed from
two or more locations and the measurements are made on the overlapping photographs
using a wide range of methods, ranging from sim ple scales (parallax bars) to
sophisticated computer assisted equipment.
W hen dealing with m edical or engineering problem s, the application of
photogrammetry demands a different approach from that needed from traditional map
making. Objects are very much three dimensional in close range photogrammetry, rather
than roughly planar as in aerial photogrammetry. More often than not, physical contact
with the object is undesirable hence optical triangulation (passive or active) methods for
depth determination are employed. Furthermore, close range photogrammetry is a lot
more flexible with regard to targeting and illumination and there are more ways of
establishing measurement networks than would otherwise be available in map making
applications in aerial photogrammetiy.

1.1

THESIS BACKGROUND.

This research work was mainly done in the D epartm ent of Photogram metry and
Surveying at University College London and to a lesser extent the Department of
Orthodontics of King's College Dental School. The thesis reports on the design and
construction of a facial imaging system for the provision of facial digital elevation models
(DEMs) from which three dimensional information of the face can be extracted by using
the software developed.
The process of medical diagnosis involves collecting and evaluating information
gathered from a wide range of sources. In an increasing number of instances, this
information is presented to the clinician in the form of a picture based on some physical
property of the structure being investigated and any abstraction is done on the hard
copies. Large amounts of discrete measurements between different points of the human
anatomy already exist for the design of well fitting prosthetic devices and for the
construction of other devices like breathing masks (Lovesey, 1973). However, what has
been lacking for some time are systems that would provide three dimensional information
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of the human anatomy interactively. One area that can benefit from the availability of such
a system is the area of human facial imaging. It's only of late that interest in developing
accurate systems for the provision of three dimensional data of the human face has
resurfaced. This has been made possible with the advent of powerful computers with
graphics capabilities, capable of processing and manipulating stereo-images with a view
to replicating facial surfaces from which three dimensional data can be derived.
Prior to this work, attempts at generating facial models in the department had been
made by Sigalingging (1988), Thomas, (1989) and Deacon, (1991). Sigalingging's work
mainly focused on the geometric issues of such an imaging system based on analogue
cameras. The system proposed by Sigalingging lacked three dimensional controls as it
used planar scale rulers placed in the x and y directions and coordinates of conjugate
points were determined by the use of the Kern DSR-1 analytical plotter. The procedure is
slow and requires highly trained personnel. Thomas, (1989) used analogue images
acquired from Sigalingging's setup and scan digitised by the use of the CCD cameras on
the Kern DSR-11. He digitised the images and investigated the feasibility of using an area
based stereomatcher to obtain disparity data. Thomas also developed a triangulation
routine to display a wire frame of the facial model. Unfortunately, Thom as' work
inherited the same deficiencies associated with the Sigalingging's approach; that of
lacking three dimensional control. Deacon's work was more comprehensive. Instead of
using analogue cameras. Deacon used two CCD cameras hence cutting the time wasted in
processing film. Deacon addressed the control point pitfall associated with Sigalingging's
and Thomas' work by using a purpose built calibration rig consisting of an array of light
emmiting diodes (LED) embedded in two precisely engineered perpendicular planes.
Camera calibration was done using the Tsai calibration model (Tsai, 1986). He used an
earlier version of the area based stereomatcher and the targetted dummy head described in
section 5. to generate the disparity data. A relative R.M.S. accuracy of 0.5mm was
obtained (Deacon et al, 1992). However, given that he only used two camera stations he
was not able to generate a full facial model. There has been notable work taking place
elsew here too. M ethods involving M oire fringe patterns (L eivesley, 1983),
stereophotogrammetry (Vannier, 1991; Waldhausl eta l, 1990) and contour photography
(Segner, 1986) have been used with photographs being the medium of storing the facial
records. Laser ( Coombes, 1991 ) and holographic techniques have been used too.
Earlier safety concerns with lasers and the cost and complexity of associated equipment
are improving hence more systems based on this principle should be expected as laser
techniques mature. A comparison between laser techniques and stereophotogrammetric
techniques is presented in section 6.9.
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In situations where time is of the essence, traditional photogrammetric methods, though
accurate, have one major weakness: that of time lag between image capture and when
hard copies are available as a result of the developing process. Furthermore, specialized
equipment and personnel are needed in order to extract the three dimensional information.
W ith the availability of charge-coupled device (CCD) cameras plugged into a frame
grabber sitting on a computer, images of any structure will be grabbed at a press of a key.
However, like any measurement device, the CCD cameras have to be calibrated if
meaningful results are to be obtained. Generally dedicated techniques and software have
to be developed to process the images so as to obtain the information needed by the
surgeon to plan and monitor a surgical procedure. A high degree of automation is also
required to minimise and preferably eliminate the need for highly skilled engineers.
It was in view of the non-availability of suitable imaging systems to provide three
dim ensional facial inform ation in an orthodontic environm ent coupled with the
encouraging results from earlier work in the department that as photogrammetrists, we
felt that we could use techniques in the field of close range photogrammetry to develop a
facial imaging system incorporating photogrammetric principles. At the outset some of
the attributes of the system were the generation of all-round coverage of the complex head
surface meeting an absolute accuracy requirement of 0.5mm r.m.s. The image acquisition
time from the four cameras was limited to within 2 seconds. The visualization software
would have options to vary DEM resolution and would have facilities to provide vital data
like distances between points, profiles and variable view positions.

1 .2

THESIS PLAN.

This thesis consists of two sections, with the next three chapters falling under the first
section and the last four chapters in the second. The first section introduces the theme of
the research and presents a critical literature review whilst the second section contains the
main body of the research.
First Section (Chapters 1 - 4).
Chapter one broadly introduces the motivation and objectives of the research while
chapter two presents standard clinical procedures used for the provision of facial
inform ation. Chapters three and four are a literature review on photogrammetric
techniques developed over the years to extract three dimensional information from
photographs (images). Chapter 3 concentrates on close range photogrammetric image
acquisition systems. The review is hmited to characteristics and performance of analogue
and digital (CCD) cameras. Chapter 4 looks at the techniques of extracting image co
ordinates and the subsequent computation of three dimensional co-ordinates from
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disparity data. This chapter further looks at ways in which three dimensional co-ordinates
are manipulated to produce graphic visualizations of the surfaces imaged on the
photographs.
Second Section (Chapters 5 - 8).
The geometric design and hardware considerations of the imaging system are presented
in Chapter five. This chapter addresses issues like the base-to-height ratio, choice of
lenses, and computer hardware capabilities. Chapter six forms the bulk of the second
section. This chapter presents the results obtained from images captured by both analogue
and CCD cameras and processed by the use of an area based stereomatcher and results
obtained by the use of the Kern DSR-1 analytical plotter. An analysis of the results is
carried out within chapter six. As well as a quantitative analysis of results, chapter six
makes a qualitative comparison of the King's College system with a laser based system
developed at University College London in the department of M edical Physics and a
system based on Moire fringes being developed at St. George's Hospital, all for the
provision of facial topographic information.
Chapter seven evaluates the usefulness of the system and interpretation of the data
generated in an orthodontic environment. The chapter explains how the system will assist
in surgical management and planning and how the graphical output will be used by
surgeons. The last chapter, chapter eight, comprises a discussion which considers where
the research may progress in future and lastly a presentation of the conclusions is
presented which includes a summary of the original contributions made.
In addition to the eight chapters, there are six supporting appendices:
a) Appendix A:
Derivation and linearization of the collinearity equations.
b) Appendix B:
Theory and measurement of the three dimensional co-ordinates of the control points
using the electronic coordinate determination system (ECDS).
c) Appendix C:
Typical results of the calibration procedure using the combined adjustment program
(CAP).
d) Appendix D:
Model View file format.
e) Appendix E.
Examples of DSR-1 model setup files.
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f) Appendix F:
Glossary of images.
g) Appendix G:
Manual pages of all of the software developed.
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CHAPTER TWO.
THE NEED FOR THREE DIMENSIONAL FACIAL
DATA IN ORTHODONTICS.
2 .1 INTRODUCTION.
Clinicians in orthodontics and other associated medical fields have found a need for
an accurate, reliable, and valid system for recording soft-tissues of the human face.
M easurable records of soft-tissues can be o f use in various phases of patient
management, namely, case analysis, diagnosis, and treatment planning as well as in more
obvious fields of study, such as facial changes under growth and after orthodontic
treatment or orthognathic surgery and during postretention reviews (Robertson and Volp,
1981). Unfortunately, traditional techniques currently in use utilize two dimensional
projections of the face from which orthodontists and maxillo-facial surgeons obtain most
of the relevant data.
Photogrammetry has been used in the study of the head, teeth, and jaws. This is
mainly due to the importance placed on personal appearance and functional relationship of
teeth. This area of the human body has been addressed by photogrammetry more than
any other area of the body due mainly to the reasons described in section 5.1.1.
Orthodontists and oral surgeons have been very interested in photogrammetry due to
procedures and results enabling them to obtain measurements of shape and changes in
shape resulting from growth, surgery and dental treatment. Wictorin (1971) of Sweden,
investigated the change of soft tissue contours of the face following surgical treatment of
mandibular protrusion. Photographs of the patients were taken before and after surgery
with Nikkor stereometric camera and a Wild A7 stereoplotter was used to plot the facial
contours. Natural points on the face such as facial spots were used as control points to
allow comparison of facial plots made from the two sets of photographs. W ith this
procedure used, fixation of the head was not required. Analysis of surgically corrected
faces was undertaken in the United States by using stereopairs taken before and after
m axillofacial surgery (Berkowitz and Cuzzi, 1977). In this work the subject was
positioned in a reference frame and three stereometric cameras, each equipped with an
electronic strobe projector to enhance skin contrast, were used to obtain complete
coverage of the face and head. Studies of this type have involved the use of conventional
stereometric cameras and stereoplotters to enable the user to produce life-size contour
plots of the face and to analyze information concerning facial changes.

23

Chapter Two: The need fo r three dimensional facial data in orthodontics.

Stereophotogrammetry has been explored by several researchers as a means of
measuring the forms of palates, of both normal and cleft palate subjects. Impressions of
the palate are made from the living subjects and the plaster casts prepared.They then are
used to acquire information concerning the shape and size of the palate. By moving the
plaster cast sideways between exposures, stereophotography of the palate was achieved
by Berkowitz in 1971 by using a single metric camera. Stereophotogrammetry has been
making it possible to analyze the shape and size of palates with far greater detail and
accuracy than any other methods previously used. Investigations dealing with teeth
configuration and tooth morphology have also been included in stereophotogrammetry.
Methods for measuring the occlusal surface of teeth and then obtaining contour plots is
accomplished in the same manner as for the measurement of palates. In 1967, Gruner
developed a close-range camera system to obtain measurements of the mouth in order to
control and determine changes in teeth configuration, gum, and bone tissue before and
after surgery. A large number of points are measured on the tooth surface, which allows
the surface to be described mathematically by a surface fitting technique. For this type of
application stereophotogrammetry is considered to be superior to any conventional
technique.

2 .2 CONVENTIONAL ORTHODONTIC AND MAXILLO-FACIAL
SURGICAL PROCEDURES.
The word orthodontics is derived from the Greek words op0oÇ meaning right or
correct, and o Sodto ^ meaning tooth. Although quite correct, it is an inadequate
description of the subject as it is conceived today. Leighton et al (1976) define
orthodontics as:
"the study of growth and development of the masticatory apparatus, and the
prevention and treatment of abnormalities of this development."

Orthodontics is infinitely variable as each patient presents the orthodontist with a different
problem. It is by studying these many and varied problems that the orthodontist increases
his knowledge and it's this knowledge gained that enables him to plan treatment. It has
been suggested that orthodontics is both an art and a science as part of the orthodontists
concern is with aesthetics as it is to do with need for correcting dental oral relationship.
As such the aims of orthodontics has grown to include overall facial appearance and
harm ony rather than being limited to correction of m alocclusion. W here as the
orthodontic requirements are that the teeth and jaw s are repositioned to achieve a stable,
aesthetic, and functional jaw and tooth relationship the patient's aim in seeking treatment
is to improve facial aesthetics as far as possible and to improve function. The problem is
thus a manipulation of the various elements in three dimensions to achieve the best
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solution within the constraints of aesthetics, stability and function (Anidge, 1985). Such
tooth movements are carried out with extreme care and can not be carried out rapidly;
many months or even years may elapse before achieving the desired results.

2 .2 .1 AIDS TO DIAGNOSIS.
A full clinical examination and treatment planning consists of simultaneous scrutiny
of the patient, models, photographs and cephalometric radiographs. Complex deformities
require a detailed joint appraisal by the orthodontist and surgeon, and even then a single
surgical solution may not suggest itself immediately.

D ental casts.
Study models are made by letting a patient take a squash bite into a tray of soft
ceramic material with a view of providing the orthodontist an impression of the teeth
present as well as their orientation. In certain cases treatment planning may be assisted by
simulating the proposed treatment on study models. The models are mounted on bases in
such a way that the upper and lower teeth are placed in correct occlusion (Plate 2.1).
Generally, study models are used for the following reasons:
- they make it possible to view the occlusion from every aspect.
- they enable accurate measurements to be made of the dental arches.
- they can be used later for the assessment of treatment progress etc.

Plate 2.1: Illustration o f a study model (cast).
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P h o to g ra p h s .
Photographs are taken preoperatively and postoperatively as a surgical audit and
rarely for medico-legal reasons. The basic orthodontic sequence of colour photography
consists of:
1. Full face at rest.
2. Right profile ( or both profiles if any asymmetry).
3. Upper and lower dental arches and
4. Teeth in occlusion.
Attempts have been made to superimpose the 1:1 object-image profile photograph with
the lateral X-ray, but as the imaging geometries differ, these images do not match exactly.
As may be seen in Figure 1.1, co-registering images from the two sources must take into
account the consequences associated with projective displacement of all points not lying
on the central or principal ray of the system. This is important in X-ray imaging geometry
as teeth, bony structures of the skull and overlying soft tissue are layered upon each other
in such a way as to create a confusing and noisy image.

Figure 2.1: X-ray and Photographic imaging geometries.

As may be seen in Figure 2.1, coregistering images from two sources must take into
account the consequences associated with the projective displacement of all points not
lying on the central or principal ray of the system. Furthermore, corrective procedures
ought to be adopted to circumvent the phenomenon where bony structures of the skull
and overlying soft tissue are layered upon each other in such a way as to create a
confusing and noisy image.
Construction of a photographic montage also assists in treatment planning. To
construct a montage, the profile photographs are cut up and the pieces are rearranged to
give an impression of what is likely to be achieved by surgery (Plate 2.2). Although
empirical and crude, this can be helpful and the anticipated result must be shown to the
patient. However, the montage has limitations, the most obvious being the soft tissue
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representation. It is impossible to reproduce with accuracy the anticipated change in the
lips or soft tissue contour overlying the maxilla.

Plate 2.2: Photographic montage used to compare tlie preoperative
profile witli the outcome.

R a d io g ra p h s.
Radiographs show details of the bone and teeth clearer and may be taken with a
standard dental X-ray machine operated at 90kV, 30mA and ideally with a rotating anode.
Radiographs are used as an aid to diagnosis in orthodontics for the following purposes:
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- to establish the absence or, if present, the exact position of unerupted teeth.
This is of particular importance when extractions are contemplated.
- to establish the presence or absence of supernumerary teeth, especially in those cases in
which there is a space between the upper central incisors.
- to determine the extent of calcification or resorption of the root of a tooth.
- to confirm the presence and extent of pathological conditions.
In order to study growth changes in the human skull, Broadbent in 1931, introduced
a radiographic technique whereby the head was positioned in a specially designed
headholder (cephalostat) by means of ear rods, so that, at regular intervals, serial frontal
and lateral radiographs of the same individual were obtained with the minimum
inaccuracy. Radiographic cephalometrics is concerned with the measurements of the
head. Lateral skull radiographs are helpful in establishing the relations of
- the maxilla to the mandible
- the maxilla and the mandible to the base of the skull
- the maxillary teeth and the maxilla
Skeletal and soft tissue landmarks have been defined and their identification on the
tracings of the radiographs is essential to the various analyses used in clinical dentistry.
Once the landmarks are identified, these points are then connected to form the various
lines and planes that are used in cephalometrics. Figure 2.2 shows the skeletal and soft
tissue landmarks and Table 2.1 is an example of angular measurement to the nearest
whole degree of the mean angular cephalometric values of Caucasians.
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Figure 2.2: Skeletal and soft tissue landmarks used on
cephalometric x-ray tracings.
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Mean
+ normal range

Measurement
SNA

82 ± 3

SNB

79 ±3

ANB

3±1

A-B/FOP

90±5

FOP/Mx

1 0 ±4

UI/Mx

108 ± 5

LI/Mn

92±5

UI&l

133 ±1 0

Et - APog

0 - 2 mm

EtCt

0 - 2 mm

Table 2.1: An example of some mean angular cephalometric values o f Caucasians.

The lateral radiographs and photographs showing lateral profiles of the patients skulls
and face respectively provide lot of useful information to the surgeon and dentist upon
which they can plan treatment. A look at a tracing made from a lateral radiograph by an
experienced surgeon would enable the surgeon to suggest a treatment plan. As such the
concept of facial profile is of great importance as the facial profile reflects the underlying
skeletal form of the individual. Facial profiles can either be convex, straight or concave
depending upon the spatial relationship of the maxilla and mandible (Figure 2.3).

Figure 2.3: Facial profiles: a) concave profile b) straight profile
and c) convex profile.

A convex profile is associated with a protracted maxilla and/or retrognathic mandible
whereas a straight profile illustrates a harmonious maxillo-madibular relationship.
However, a prognathic mandible and/or a retracted maxilla produces a concave facial
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profile. Discrepancies between angular measurements made on an individuals profile and
those given in standard tables like those in Table 2.1 assist in the decision process when
considering what surgical procedures to undertake. Unfortunately, on medical grounds
this data source can not be obtained regularly as patients can not be subjected to large
radiation doses frequently, as such other imaging methods that can provide information
of skeletal tissue should be used.

2 .3 MOTIVATION AND AIMS OF THIS RESEARCH WORK.
From the aforegone discussion on current practices on diagnostic aids, the current
weakness lies in the fact that the photographs and radiographs that provide useful
information of the bone tissue are lateral. This implies that analysis is limited to the
occlusal plane (Arridge, 1985). Any information off this plane can thus only be
extrapolated. The other major drawback lies in the legal/ethical limits to which patients
can be exposed to such radiation doses with an implication that radiograms can not be
frequently used. Recommended minimum periods between X-ray radiation exposures is
six months. A number of techniques exist that can be employed to provide three
dimensional facial data

and of these techniques photogramm etry is one of them.

Photogrammetric approaches have the distinct advantage of acquiring images of dynamic
scenes almost instantaneously thereafter the images can be used for further mensuration.
The aim of this research work was to develop com ponents of

a non-contact

stereophotogrammetric system to acquire, process, display 3-D surface models of the
human face. Furthermore, to develop tools that would enable clinicians to manipulate the
facial data so as to generate profiles, angles and distances between points.
The next two chapters give an overview of close range photogrammetric imaging
systems and the advances in three dimensional data extraction from pairs of overlapping
photographs (stereopair).
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CHAPTER THREE.
LITERATURE REVIEW.
3 .1

WHAT IS PHOTOGRAMMETRY?
The word "photogrammetry” is derived from three Greek words, photos meaning

"light," gram m a meaning "something drawn or written," and metron meaning "to
measure." The root words therefore originally signified measuring graphically by means
of light (Slama, 1980). The official definition of Photogrammetry has changed with time
to encompass the activities of the Photogrammetrist. As of 1979, the American Society of
Photogrammetry and Remote Sensing defined Photogrammetry as follows:
Photogrammetry is the art, science, and technology of obtaining reliable information
about physical objects and the environment through processes o f recording, measuring,
interpreting photographic images and patterns o f electromagnetic radiant energy and other
phenomena.

The best known application of photogrammetry is the compilation of topographic maps
and surveys, complete with contour lines, based on measurements and information
obtained from aerial and space photographs; the compilation is usually performed by
means of optical analogue instruments and/or analytic computations.

3.1.1 CLOSE RANGE PHOTOGRAMMETRY.
The term close range Photogrammetry is generally used when object-to-camera
distances are not more than 300 metres (Atkinson, 1980; and Karara, 1989). Similar
topographic principles of precise measurement are applied in close range photogrammetry
to measure objects which are difficult to study; such as in recording measurable
deform ations in engineering models and for the m edical study (in situ ) of live
specimens, photogrammetry offers a superior solution. Close range applications of
photogrammetry are often considered as requiring mere adaptations of techniques
developed specifically for aerial survey. Although the essential differences between the
photogrammetric measurement of close range systems and an aerial survey may be selfevident, some of these differences have been highlighted in Table 3.1.
In general, any photogrammetric process, consists of two major phases:
a) acquiring data on the object to be measured by taking the necessary
photographs, and
b) transforming the photographic data (perspective projection) into maps or
spatial coordinates (orthographic projection), or digital elevation models
(DEM).
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ENGINEERING PHOTOGRAMMETRY.

AERIAL SURVEY.

Object may have truly spatial charateristics
(great depth) and discontinuities in depth.
Accmacy in all three co-ordinates may
be equally important.
A restricted format is likely.
Spatial nature of object necessitates photo
graphs of varying position and (xientation.
Point information is the essential
requirement.
Targetting may be possible for all points
which require co-ordinati(m.

Relief is small in comparison
with the flying height.
Accuracy requirements in height
different from those in plan.
Entire format is usable.
Vertical photography employed almost
exclusively.
Photogr^hs may be used for plotting
as well as point detœninatiœ.
Excluding cadastral surveys, targets
may only be used for control points.

Total number of photographs is
relatively small.

A large block may consist of
thousands of photographs.

Site restrictions frequently
encountered.

Few restrictions other than air
traffic control and weather.

May be possible to determine some of the
camera parameters with considerable
accuracy.
Flexible approach required due to
differences from one project to
another.

Auxiliary data have only a
limited accuracy.
A fairly standardised approach
can be adopted.

Table 3.1: A comparison between close range photogrammetry
and aerial survey.

Thus, the total photogrammetric process can be subdivided into data acquisition and data
reduction. The data acquisition system is concerned with procuring what may be termed
the raw data or raw information and is the more expensive of the two. The raw data is
realized in terms of the photograph. Hence the data acquisition system is concerned with
obtaining necessary and suitable photography. The data reduction system is used for
converting the geometric information on the photographs into a final form suitable for
their intended use. The final form may be analogue such as a map or digital.

3 .2

CLOSE RANGE IMAGE DATA ACQUISITION SYSTEMS.
The immediate goal of imaging systems is the provision of image representations of

high inform ation content for applications covering every segment of science and
technology. Broadly speaking there are three essential components to the making of
images.
a) The most essential component is illumination. In most instances an object is
imaged as well as viewed by diffusely reflected light. The appearance an object
presents in a photograph or directly to the eye, depends not only upon the object
itself but also upon the light that illuminates it.
b) The next essential part of an imaging process is image formation. Light from
the object must be collected upon the surface where the picture is to be made.
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illum inating it in a pattern, or image, which resembles the object. The
faithfulness of the resemblance depends upon the optical system used,
c) The third essential part of the process is the image perpetuation. This is the
part that is generally recognized as that m ost characteristic o f photography
(Mack and Martin, 1939).
Image creation is now indispensable in science; to mention a few examples: modem
astronomy depends almost exclusively upon imagery of one form or the other for its data.
X-ray images are standard aids in medical and dental diagnosis and other non-visible
radiations are used for widely different purposes. A list of the different functions of
images would fill this volume. The term "light" originally meant the agent of vision (Ray,
1988). This narrow concept has long been discarded and the term is now used to include
all radiant energy, that to which the eye is sensitive being only a small part of the whole
spectrum. Even in photography the range of the light used to generate the picture may be
considerably broader than that used by the eye to observe the object such as false colour
infra-red. Depending on the region concerned, electro-magnetic radiation is detected and
recorded by various means. Photographic materials are useful, versatile detectors using
direct action of the radiation to form either a latent image or indirect means such as the
fluorescence effects used in radiography. Other detector systems include the emission of
photo-electrons, such as from the photo-cathode of a TV image tube, the accumulation of
charge, as in a focal plane array of charge coupled devices (CCDs).
The types of camera in common use are so many and varied as to defy proper
classification. However, the

state-of-the-art in sensor techniques for close range

photogrammetry is characterized by two major trends. As such, the discussion here will
be confined to types of cameras in general use for close range measurement purposes
namely film based (analogue) and CCD based (digital) close range cameras. Both
categories of cameras employ lenses in order to obtain images that are at the same time
bright and clear since, by proper placement of one or more lenses, it becomes easy to
direct rays from any point of an object to any other point on the focal plane.
3.3

F IL M BASED (A N A LO G U E) C A M E R A S.
This group of cameras have been around for close to a century and as such a lot of

investigations on their performance has been done. The high performance o f such
cameras in close range photogrammetry is the result of a hybrid combination of several
components involved in the photogrammetric process. In addition to sophisticated camera
and lens systems, availability of high-quality film and use o f powerful processing
systems, the application of numerical and digital procedures for calibration, orientation
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and image measurem ents have played an im portant role in the reliability of the
procedures. Little wonder that Fryer (1992) observed that in order to comment on image
recording systems all these factors have to be taken into account.

3.3.1

CONVENTIONAL METRIC CAMERAS.

There are three major classes of cameras used in conventional photogrammetric
practice. These are metric cameras, reseau cameras and non-metric cameras.Conventional
metric cameras use a rigid optical and mechanical construction in order to maintain a
stable interior orientation over a long period of time. These cameras can either be single
cameras or stereometric cameras. Most modem photogrammetric single cameras consist
of two main parts - an orientable camera support which can be mounted on a tripod and a
tiltable metric chamber which can be separated for transportation. Most such cameras
operate with glass plates and some permit the use of roll and/or cut film. A number of the
metric cameras have variable principal distances to widen their focusing ranges. Focusing
may either be in discrete steps or continuous, for example, through the use o f adapter
rings or use of lenses which can be attached to the camera (Slama, 1980). W ith a few
exceptions, stereometric cameras operate with glass plates and consist of two single
cameras rigidly mounted on a base of definite length, with the optical axes parallel to each
other and perpendicular to the base (normal case of photography). The minimum and
maximum accuracy thus obtainable are set by the fixed geometry of the stereometric
camera (Slama, 1980). As is the case with most single cam eras, most stereometric
cameras have provisions for changing the principal distance so as to increase the range of
focusing. Cameras in this group are characterised by fiducial marks. Fiducial marks of
one design or another are engraved on a glass plate which are imaged onto the film at the
time of exposure. They are usually a minimum of four in number and are located in or
near the centre of each of the four sides. Ideally, the lines joining opposite pairs of
fiducial marks should intersect at the principal point of the system (Figure 3.1). Thus in
the construction of the cameras, fiducial marks are located or adjusted to indicate the
principal point of the system within exceedingly close tolerances. For other cameras not
requiring mapping accuracies, the fiducial marks are located by the manufacturer to
indicate only the geometric centre of the format (Luhmann, 1990). Examples of metric
cameras in current use include Wild P31, P32 and Zeiss UMK1318. Although they
provide high optical and geometric quality, they are not particularly easy to use nor do
they have a wide range of accessories. The price/performance ratio of these systems will
ensure that they disappear from the market within the next few years.
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Figure 3.1: Fiducial centre or indicated Principal Point
of a 35mm film.

3.3.2

RESEAU

CAMERAS.

Reseau cameras have been very successful in practice. In small and medium formats,
they provide the comfort of automatic exposure, motorized film cassettes, interchangeable
lenses, various accessories and an accuracy similar to conventional metric cameras. In
large format cameras the reseau technique offers a constructionally simple method of
providing a well-defined interior orientation as well as compensation of film unflatness.
In this group of cameras a glass-plate reseau is designed as part of the optical
system. The reseau consists of a series of fine grid intersections arranged in a chosen
configuration with some nominal spacing. Typical reseau grids have spacings from 2mm
up to 50mm and the reseau marks can be imaged onto the negatives in two ways. Using
projectors mounted behind the film plane, reseau marks are individually projected onto
the film with separate perspective centres. The images of the reseau points have good
local contrast, but the constructional effort is rather high. The standard solution for reseau
projection incorporated in all small and mid-size cameras uses the single perspective
centre of the camera lens. Sufficient contrast of the reseau image can be obtained by pre
exposure of the grid. The engraved reseaux are superimposed on the negatives, prints or
diapositives without regard to later changes of scale (Slama, 1980). These grid
intersections may be closely established with regard to the fiducial marks and the
principal point of the camera. Reseau technique are widely used for photographic sensor
systems and have enabled the development of specialized high-precision camera systems
in the process making it easier to measure the potential precision of semi-professional
cameras (Fraser and Brown, 1986). The main advantage of a reseau is the facility to
com pensate num erically for film deform ation w hich occurs during recording,
development and processing. Together with suitable network configurations and on-thejob calibration by bundle adjustment, extremely high accuracies can be achieved. The
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additional effort in measuring reseau targets is easily accommodated by using automated
monocomparators.
Off-the-shelf reseau camera systems differ mainly in their film format. There are
35 mm cameras ( Rollei 3003, Leica R5 ), various mid-size cameras (Rollei 6006,
Hasselblad MK70, Linhof Metrika, G SICRC-2) and large format systems (GSICRC-1,
Rollei LFC).

3.3.3

NON-METRIC

CAMERAS.

In some applications, unmodified conventional off-the-shelf 35mm cameras not
designed specifically for photogrammetric purposes are used. The use of non-metric
cameras, as opposed to metric cameras, for photogrammetric purposes has the following
advantages and disadvantages. The advantages are:
- general availability,
- flexibility in focusing range,
- some are motor driven, allowing for a quick succession of photographs,
- they can be hand held and thereby orientated in any direction and
- the price is considerably less than that for metric cameras.
The disadvantages are:
- the lenses are designed for high resolution at the expense of increased
distortion,
- instability of interior orientation,
- lack of fiducial marks and the absence of level bubbles and orientation
provisions precludes the determination of exterior orientation before
exposure.
Due to the absence of fiducial marks and lack of film flatness the obtainable accuracy has
up until a few years ago been limiting. However, a lot o f w ork led by ISPRS
Commission V has resulted in the developm ent of a number o f methods for data
reduction particularly suitable for use with photographs from non-metric cameras. These
methods are based on highly sophisticated analytical techniques which combine in most
cases the calibration and evaluation phases.
The choice of the cam era depends on the project, w hether the low cost
camera/expensive evaluation system or the metric approach is more suitable or financially
advantageous, the decision has to be made by the user. Often project arrangements
require versatility and light weight cameras which can only be met by non-metric
cameras, and with the progress that has been made regarding the use of non-metric
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cameras this option can now yield high precision results. The photogrammetric potential
of non-metric cameras is indeed high!
3.3.4

C A L IB R A T IO N M ETH O D S

O F A N A LO G U E C A M ER A S.

Traditionally, the objective of camera calibration is to estimate those parameters in the
photogrammetric system which can be considered as "constants" in later photogrammetric
measurement tasks (Hadem and Amdal, 1992). The parameters of the photogrammetric
system (the functional relationship between image points (x,y ) and object points
(X,Y,2^) are prim arily those of interior and exterior orientation describing the
fundamental model: the central perspective, and secondly additional parameters which
describe the deviations from the model. These deviations (model errors) can be
mathematically formulated as systematic image errors on the basis of a physical approach
or a numerical/statistical approach. Interior orientation defines the internal geometry of the
camera which determines:
- the position of the imaging plane with respect to the optical centre of the (ideal)
lens, known as the principal distance/ (or calibrated focal distance) (Burnside,
1985).
- the position at which the camera axis of the lens intersects the image plane,
known as the principal point or point of symmetry, which then determines
the origin for the camera co-ordinate system.
- the distortion properties of the imaging lens.
On the other hand exterior orientation defines the position and orientation of the camera
system with respect to some external reference frame
Yy^,
). The position of
the cam era (perspective centre) is given by the co-ordinates

X q, Yq, Z q and the

orientation is given by the Euler rotation angles omega (œ), phi

and kappa

((j))

(k )

taken

about Xyy, Yy^ and Zy^ axes respectively.

Camera calibration is mostly based on the well known collinearity equations (see
Appendix A). This basic formula for analytical photogrammetry can be expressed in
several forms. Corrections for the small inaccuracies of co-ordinates of the principal point
and principal distance are introduced. Additional correction terms dx and dy for the
measured image coordinates x and y respectively are formulated to model lens distortion.
The calibration equations can be written as :
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where the subscripts indicate
o: the perspective centre
i : the i ^ photograph
j: the

object point
and/y and/y are the principal distances derived from the use of the observed images xjj
Sind y ij co-ordinates respectively (Fryer, 1992).

Figure 3.2: Collinearity condition.

Usually the values /y and jy are simplified to a common value /. Also, ôr is the
radial distortion described by equation ( 3 .3 ) and A x and A y are the decentering
distortions described by equation ( 3 .5 ) and ( 3 .6 ) . The terms m j j ^ .....,
elements of an orthogonal matrix which contains the direction cosines ;

are

Yq I and

are the object space co-ordinates of the object points. The radial distortion can be
expressed as
5r = k

+ k 2^ ^ . . . .

(3.3)

where the k 's are the coefficients of radial distortion corresponding to infinity focus, 8r
is in micrometres, r in millimetres and
r^=(Xij-Xp) ^Myi j -yp) ^

The decentering distortion equations are
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A x = pj[r^+2(Xij-Xpf+2p2(Xij-Xp)(yij-yp)

(3 .5 )

=Pi[r^-^^(yij-ypf-^^Pi(Xij-Xp)(yij-yp)

(3 .6 )

where the p's are the values at infinity focus of the param eters of
decentering distortion.
The terms d x ^ p and d y ^ p

have been included in equation (3.1) and (3.2) to

indicate the use of additional parameters which are commonly incorporated in bundle
adjustment A great range and variety of sets of additional parameters have been proposed
by photogrammetrists. Kilpela (1980) details eight sets of additional parameters, and
Ziemann and El-Hakim (1982) and Murai et al., (1984) have evaluated their effectiveness
under different conditions. Although the exact physical meaning of many of the additional
parameter terms is unclear, there can be no disputing the effective way by which the
systematic errors which remain in image and model co-ordinates after a conventional
bundle adjustment can be reduced (Fryer, 1992). There always exists a temptation to
successively add more and more additional parameters in order to reduce the size of the
residuals of the image co-ordinates. Fraser (1982) has shown that for the case of
minimally constrained multi-station adjustment, the use of higher degrees of additional
parameters can lead to a serious deterioration in the accuracy of the object co-ordinates.
The additional parameter model shown below in equation (3.7) and (3.8) should be
sufficient to remove the majority of systematic effects from most close range adjustments.
2
2
2
dXap=xi]X y + a ^ -Myx y+a^x y
—2

—

—

2

—

(3 .7 )
________

d yap= bjx+ b^+ bjxy+ b4x +bsx y + b ^ y

(3 .8 )

where
X=Xij-Xp

and
y=yij-yp
and
a j,

Ü4

and

........ , b ^ are the coefficients of the additional parameters.

Theoretically, it is possible to use only seven control points to determine the six
exterior orientation parameters and eight parameters of interior orientation. For a complete
calibration, a three-dimensional test field is necessary. Its extension in the direction of the
optical axis is very important for the reliability of the computed principal distance (Faig,
1971). This requires a favourable spatial distribution of control points for the reliable
determination of inner orientation parameters (xp, yp a n d /), adequately distributed over
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the imaging plane. A planar array of targets are avoided because o f the high degree of
correlation which result in a degenerate condition as the system of equation has the same
Z-value (Harley, 1966; Torlegard, 1967). Generally, the larger the number of points
imaged and used, the more precise will be the resulting camera calibration.
Metric close range cameras focused infinity are sometimes calibrated in an optical
laboratory environment, but usually these techniques are reserved for precise aerial
cameras (Karara, 1989). The optical laboratory methods rely on a precise knowledge of
the position and direction of light beams that are transmitted through the lens from or to
an array of fixed collimators or a movable goniometer. In the collimator method, the
intersections of these light beams with the image plane are subsequently measured. The
accuracy of this calibration technique depends on the known geometry of the target
collim ators and on the accurate m easurem ent of the images. For the goniometer
technique, the emerging directions of the images from a precise grid held at the image
plane are observed on the object side of the lens by a movable goniometer. The accuracy
of the calibration depends on the known geometry of the grid plate and on the positioning
accuracy of the goniometer.
Calibration of non-metric cameras, on the other hand may be divided into three
categories: partial, self and " on-the-job " calibration. Partial calibration uses a test area or
target array of points which can be used to determine all the parameters required in
calibration of a metric camera. For the non-metric camera the parameters of the radial
distortion may be found once and for all by this method, and combined with the principal
point and principal distance determined for each exposure by self or on-the-job
calibration. Self calibration is based on multi-picture photography and measurement,
where the interior orientation parameters are included as unknowns in the adjustment of
the coplanarity condition equations. Self-calibration utilizes photography taken of both
the object and the object space control which can be clearly defined object points suitably
distributed (Karara, 1989). The interior elements are assumed unchanged between each
exposure. In its 'purest' form of self-calibration one would expect approximately four
camera stations to be convergently arranged around an object to which 50 to 500 targets
may be affixed. Two or more photographs would be taken from each station and it is
desirable to roll the camera through 90® between photographs in order to successfully
recover Xp and yp (Fryer, 1992). The method is also applicable to metric photography.

On-the-job calibration is particularly suitable for non-metric cameras since the
elements of interior orientation of the actual images are determined in the same solution as
the other unknowns (exterior orientation and/or points), thus eliminating the effect of
instability of the interior orientation. On-the-job calibration uses photographs taken of the
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object and the object space control simultaneously. It essentially uses the same
mathematics as the partial calibration method. The object space control is set up and
measured within and surrounding the object space. Attempts have been made to construct
and use control frames which retain geometric stability well enough for repeated use. The
Direct Linear Transformation (DLT) method (Abdel-Aziz and Karara, 1971) is generally
regarded as an on-the-job method. The elements of interior orientation are not explicitly
obtained from the solution of the DLT equations. The method is well suited to non-metric
photography where fiducial marks are not present. Generally, a direct transformation is
made from com parator co-ordinates to object space co-ordinates and hence the
transformation from comparator system to photo system.
The original DLT represented a direct transformation of space co-ordinates to surface
co-ordinates. For more than one photograph, object (unknown) space points are
computed by intersection determination of the DLT parameters of each photograph.
Karara and Marzan (1975) introduced image refinement parameters for the method. The
projective transform ation equations (eq. 3.9 & 3 .1 0 ) representing a singular
transformation of three dimensional space onto a plane.

_ ajpC +ai2Y

+

gv

^44
where (x, y ) are in any arbitrary surface system
(X , Y , Z ) are in the object space system.
Examining the basic collinearity equations (equations 3.11 )
X - Xq _ ( X j ’ XQ) mj j + ( Yj - Yo)m22 + (l^j' Xo)mj3
- f - ( X j - X o ) m 3 j + ( Yj - Yo}ms2 + ( Xj -

y - yo _(Xj-Xo)m2i + (Yj-YQ)m22 + (Xj-Xo)m23
-f

where {xq ,

- ( X j - X o ) m s j + ( Y j - Yo)ms2 + ( X j - X o j m ^ s

) are the co-ordinates of the principal point
in the surface image system.
/ is the principal distance.
m i l , m i2

are elements of the orthogonal matrix R.
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{Xq , Y q , Z q ) are the co-ordinates of the perspective centre.
{Xj, Yj , Zj)aiQ co-ordinates of a point j in the object space
system as are (Xq , Yq , Z q ).

Assuming the measuring system and the photo system are parallel, simplification of
equations 3.9 and 3.10 and inclusion of systematic errors (A x , Ay ) yield:

The similarity with equation 3.9 and 3.10 should be noted.
Including random errors of observation and expanding 3.13 and 3.14
(Ax + X + Vjç) . (LçX + I^i q Y +

jZ + 1 ) = L jX + L,2 Y +

(Ay + y + Vy) . (LçX + L jq Y + L ^ Z + 7j = L^X + L^Y + LyZ + Lg

(3.15)
(3.16)

i.e
Vj^= -(LjX + L 2 Y + LgZ + L^)/A -h x(LçX + L jq Y + LjjZ)/A + Ax +
Vy= -(L^X + L^Y + LyZ + Lg)/A + x(LgX + L jq Y .+ LjjZ)/A + Ay + y/A
where A = L g X + L j q Y L j y Z + 1

The systematic errors that can be compensated for include radial distortion, both
symmetric and asymmetric. Thus to the eleven unknowns an additional five unknowns
are included to the solution. They consist of the first three terms of symmetrical and the
first two terms of asymmetrical lens distortion,
i.e.
Ax = x '(k jrl

4- p j(r ^

Ay = y'(kjr^ + ^2 ^^ +

+ 2x'^) + 2p2x'y'

+ p j ( r l + 2y'^) + 2p2x’y '

(after Marzan and Karara, 1975)
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The result of the computations yield the principal point co-ordinates and the principal
distance of the cam era whereupon the unknown object space co-ordinates of the
measured points are computed.

3 .4

CHARGE-COUPLED DEVICE ( CCD ) CAMERAS.
The understanding of charge-coupled devices, invented in 1969 (Howes & Morgan,

1979), has matured over the past two decades at a very rapid pace. One of the reasons for
this rapid progress is the fact that a charge-coupled device is not a new device but a new
way of using an old and familiar device i.e. a metal oxide semiconductor (MGS)
capacitor.
Cam era tubes which employ electron-beam scanning have been designed and
developed over several decades, consequently the best camera tubes today are very
sophisticated and offer high performance in terms of resolution and sensitivity. However,
it is only comparatively recently, with the advent of charge-coupled devices, that
satisfactory means have become available to overcome various practical problems
associated with electronic cameras. Features that are normally associated with solid-state
devices such as ruggedness, long life, compactness, low voltage operation and ability to
perform complex functions favour the continued development of this new generation of
imaging devices. The possibilities of improved performance and compatibility with
further signal processing open up entirely new areas of application.

3 .4 .1

SENSOR ARCHITECTURE.

Charge-coupled device imagers are based on the photo-generation of electric charge in
silicon (Ravich, 1987). A chip of silicon is divided into an array of picture elements
(pixels) by the action of vertical diffusion channels, which divide the chip into a series of
columns and modulate the potential created by sets of horizontal electrodes. W hen a
positive bias is applied to these electrodes, charges triggered by the action of incident
light are stored in potential wells created in the silicon. Charge coupling is the technique
by which the stored charge is transferred along the device by manipulating the potential
wells.
To understand how a potential well can be moved from one location to another in a
CCD structure, consider the arrangement of four closely spaced electrodes shown in
Figure 3.3a. Assume that some charge is stored initially in the second potential well
which is biased to lOv. Normally, all CCD electrodes are maintained at a bias in excess
of the threshold voltage. In Figure 3.3 the assumption is that the threshold voltage Vjij is
less than 2v, and so potential wells will be created beneath all the electrodes. The
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potential well under the lOv electrode will be much deeper than those under the 2v
electrodes. Suppose the bias on the third electrode is increased to lOv. If the two lOv
electrodes are very close together their respective potential wells will merge and so the
charge packet originally under the second electrode becomes shared between the wells
under the second and third electrodes (Figure 3.3b and Figure 3.3c). If now the potential
on the second electrode is reduced to 2v, the remaining contents of its potential well will
be shifted into the third well (Figure 3.3d). We therefore end up with a situation (Figure
3.3e) similar to that in Figure 3.3a save that the deep potential well and its associated
charge packet have moved one place to the right. Thus by applying a succession of
varying voltages to the CCD electrodes a charge packet can be propagated in a controlled
manner ju st beneath the surface of the semiconductor. There are two basic types of
organisation for an area imaging array employing separate image and storage regions,
namely: frame transfer and interline transfer. Ideally, among other considerations, an
array design should:
i)

enable all the signal charges to be read out to a low capacitance
output stage to minimize the signal-to-noise ratio,

ii) minimize image smear and
iii) employ a read-out sequence which should match the format of
a conventional line-scanned TV display.
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e)
Figure 3.3 (a) - (e): Movement o f potential and associated charge packet
by clocking o f electrode voltages.

3 .4 .1

FRAME TRANSFER ARRAY.

The frame transfer array organisation is shown schematically in Figure 3.4. The array
is divided into vertical columns by channel stop diffusions while electrodes running
across the array at right angles to the channel stops divide the array into horizontal lines.
The electrodes are grouped into two sections: an upper optical integration section and a
lower storage section. A horizontal readout register allows serial readout of data from the
store, the direction of charge transfer being indicated by arrows. Both the readout
register and storage zone are shielded from the incident illumination either by using a
metal overlay on the device or by masking the device externally.
Channel stop
d iffu sion .^

I III

Light sensitive
zone.

Storage and
readout zone.
output
port
Figure 3.4: A frame transfer CCD.

The frame transfer array operates in the following way: an image is focused on the
optical integration section and, with the electrodes held at a suitable voltage bias, the
photogenerated charge is collected in the potential wells beneath these electrodes. At the
end of the integration period the collected charges are transferred into the store by
applying clock pulses to the electrodes of both integration and storage sections. Then, by
means of appropriate clocking of the store and readout sections, the whole frame of
information is moved one line at a time up the storage section. A second frame of
information is collected while the first is being read out. Once readout of the first is
complete, the second frame is transferred to the store for subsequent readout. Image
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smear is minimized in this type of array organisation. It can not be completely eliminated
because there is a limit to speed of charge transfer between the integration and storage
sections.

3 .4 .2

IN T E R L IN E TRA N SFER ARRAYS.

The interline transfer array organisation is shown schematically in Figure 3.5. The
array is designed with readout sections interspaced between the optically sensitive
regions. Each column comprises separate sensing elements. The output from all the
columns is taken in parallel using a common readout register. The readout registers are
shielded from the incident illumination by a metal overlay. The interline transfer array
operates as follows: light incident on the optically sensitive regions generates charge
signals which are collected beneath the photogates. At the end of the integration period,
these charges are transferred horizontally in one step to the vertical readout registers. The
frame of information is then readout line by line in a manner similar to that used in the
frame transfer array.

output

—o port.

line
readout
register
Figure 3.5: An interline transfer CCD.

Image smear is virtually avoided because the transfer from the image sites to the shielded
readout can be very rapid (~lm s). This organisation results in a sensitive image area
which is interspaced with insensitive storage areas.
Most CCD cameras are designed to interface with commercial broadcast TV standards
as defined by the (CCIR) in Europe (RS 170 in Japan and Americas). Due to the limited
bandwidth, television pictures are transmitted in two fields. The first field consists of all
the even lines and the second consists of all the odd lines. This is known as interlacing.
Retention in the monitor phosphorus and in the eye, smooths the transition between the
fields. In Britain, the television standard consists of 625 lines per frame transmitted as 50
fields or 25 frames per second. During the even field 312.5 lines are scanned out of the
camera in l/50th of a second (20msec). The remaining 312.5 lines are scanned out in the
next 20msec (Lindley, 1990). However, not all of the 312.5 lines of video information in
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a field are used for image display. Approximately 24.5 lines are utilized for vertical
blanking and display synchronization. This leaves 288 lines per field or 576 lines per
frame for visible-image information.
Interlacing is achieved differently in frame transfer and interline devices (Sequid,
1975). In interline devices, interlacing is easily achieved by alternately reading out the
odd and even lines. The two fields are therefore collected from separate areas of the
device. In Frame transfer devices interlacing is achieved by shifting the charge collection
sites by half a pixel between each field. The odd and even fields therefore overlap and
each field is collected from the whole of the active device area.

3 .4 .3

PERFORMANCE AND PITFALLS OF DIGITAL IMAGING
SYSTEMS.

A wealth of knowledge on solid-state sensors, their characteristics and performance
has been studied. The suitability o f solid-state im age sensors for real-tim e
photogrammetry has been investigated by numerous authors (Gulch, 1984; Haggren,
1984; Curry et al

1986; El-Hakim, 1986; Grun and Beyer, 1986; Wong and Ho, 1986;

Dahler, 1987; Heikkila, 1988; Lenz, 1988; Luhmann, 1988; Bosemann et al., 1990;
G ustafson, 1991; and Shortis et al. 1991). On the other hand, pitfalls and the
performance of frame grabbers have been investigated for example by Raynor and Seitz,
(1990). Building on this knowledge and expertise, the radiom etric and geometric
characteristics of the elements involved in image acquisition with solid-state imaging
devices and their effect on the three dim ensional accuracy of photogram m etric
measurements was reviewed by Beyer (1992).
Figure 3.6 shows the major elements of imaging and information extraction and the
discussion based on the figure generally applies to m ost im aging situations.
Characteristics of the elements are analyzed following the path of the data as shown in
Figure 3.6. The influence of degrading factors on the accuracy of three dimensional
photogrammetric measurements is discussed. Illumination, synchronization, temperature
and other effects are discussed.

3 .4 .3 .1

ILLUMINATION.

The images we perceive in our everyday visual activities normally consists of light
reflected from objects. The basic nature of an image may be considered as being
characterised by two components. One component is the amount of source light incident
on the scene being viewed, while the other is the amount of light reflected by the objects
in the scene. These components are appropriately called illumination and reflectance
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components, and are denoted by i and r , respectively. The functions i and r combine as
a product to form the image:
image = i.r

where

0</ < a

and

0<r < 1

(Gonzalez and Wintz, 1987).

Illumination

Object Space

Optics
Sensor
Camera electronics

Signal transmission

Frame grabber

Digital image

Figure 3.6: Image acquisition with solid-state imaging sensor,
(after Beyer, 1990).

The importance of illumination is generally underestimated.The temporal stability, the
spectral characteristics, and the distribution of the light intensity on the object affect the
measurement accuracy in several ways. The temporal stability is critical for very short
image acquisition periods, i.e less than the power supply frequency, and very long image
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acquisition periods (Beyer, 1992). Shutter cameras (mechanical or electronic) need to be
synchronized to the power supply of the lighting system when illumination sources are
used which vary their lighting intensity with the frequency of the power supply.
Electronically triggered fluorescent lights limit these variations to a few percent. Imaging
systems requiring longer time spans for image acquisition, such as cameras with micro
displacement of the sensor (e.g. ProgRes 3(XX)) or cameras with area and/or line sensors
scanning a larger focal plane require an excellent long-term stability of the illumination for
time spans ranging from several seconds to 30 minutes. Given that edges of objects in the
imaged scene are defined by illumination gradients, variations in illumination intensity
affects the definition of an edge.
The precise effect of these variations in illumination on the accuracy depends on the
type of sensor and the edge location algorithm (Purll, 1985). When employing methods
which are susceptible to illumination gradients across the area of the features, e.g.
centroiding or Least Squares Matching (Omen, 1985), such variations must not induce
illumination intensity gradients across the features. The most obvious problem associated
with illumination is the variation of its intensity due to the inherent properties of the
illumination and/or shadows. Only the gradient induced across a feature of interest is of
importance (global differences do not lead to positional changes with typical target
location algorithms like least squares matching (Beyer, 1992)). Consequently shadows,
i.e. borders of shadows, are of great importance. Shadows are a significant problem with
standard targets but virtually non existent with retroreflective targets, although these can
also be affected by local variations in their reflectivity thus inducing similar problems.
3 .4 .3 .2

C H O IC E O F O B JE C T /T A R G E T S .

The type, colour, size, and form of the object/target does affect the accuracy. Type
(material) and colour are factors defining the background. Retroreflective targets exhibit a
strong return signal due to their reflective property and as such provide the highest
contrast (Beyer, 1990). They can under certain conditions also exhibit more uniform
reflective characteristics across the field of view. Target size must be considered together
with imaging scale.
3 .4 .3 .3

O P T IC S .

Radiometric and geometric characteristics of lenses and optical systems are well
documented in literature. Zoom lenses are increasingly being used in close range vision
systems and geometric calibration of zoom lenses has also been addressed in recent years
(Wiley and Wong, 1990). It is imperative that the modulation transfer function of the
optics must be adapted to that of the sensor. An infra-red cut-off filter is often
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incorporated into CCD cameras with interline transfer sensors as well as colour cameras
as it reduces aliasing by generating a double image displaced by 1/2 the sensor element
pitch (Beyer, 1992). The stability of the assembly of optical elements and sensor has
tremendously improved for most CCD-cameras. A stable fixture o f the sensor to the
camera body allows the location of the optical axis in the imaging plane, determination of
the optical axis' orthogonality with respect to the sensor surface, and the planeness and
parallelity of the surfaces of other optical elements of the CCD cameras.

3 .4 .3 .4

SENSORS.

Solid-state sensors exhibit excellent radiometric and geometric characteristics. Of
special interest is the photoresponse non-uniformity (PRNU), the surface characteristics,
and the regularity of the sensor element aperture and spacing. Today's generation of solid
state sensors have a characteristic sensitivity of 400 - 900 nanometres. A typical response
curve for such sensors is shown in Figure 3.7. The curve can be considered as being
linear in the visible part of the electro-magnetic radiation.
The sensor surface can exhibit global and local deformations as well as repetitive
surface topography patterns. The global deviations have been found to reach 50 fim
(Blouke et a l ., 1987). Image displacement is not only a function of the radius from the
image centre but also of the direction, as structures exhibit row and column regularities.
The advantage of this surface topology, as compared to film unflatness, is that the
displacement is stable in time and should thus be easier to determine.
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Figure 3,7: Response curve for solid state sensor.
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3 .4 .3 .5

C A M E R A E L E C T R O N IC S .

Electronic components of the camera serve to control the sensor, to perform analogue
signal processing and to generate a video signal as well as synchronization signals to be
transmitted. Cameras with incorporated analogue-to-digital converters differ only with
respect to the signal to be transmitted. However, one would expect differences in the
camera electronics on specialized cameras.
Analogue preprocessing includes numerous signal processing schemes to enhance
signal-to-noise ratio and to eliminate electronic disturbances such as clocking transients
from the sensor readout. Some cameras like the COHU 470 are equipped with automatic
gain control (AGC) which assures a constant average image brightness with a feedback
loop and signal am plification (Beyer, 1992). This feature is helpful for human
observation and certain applications but can induce unwanted intensity variations of
features due to changes in other areas of the image, for instance, change of the
background of an object. Gamma correction compensates for the non-linear transfer
function of TV monitors. This facility destroys the excellent linearity of the sensor and
should thus not be used if a hnear transfer function is required.
3 .4 .3 .6

T H E FR A M E G R A B B ER .

Frame grabbers allow a video signal to be digitised in real time (Lindley, 1990) and
often include a m ultitude of processing capabilities. Figure 3.8 shows the major
functional elements of a frame grabber.

Analog front end.

I

Sync detection

ADC

I

Data buffer

Synchronisation
Timing generation

I

Signal output

Figure 3.8: Typical image acquisition components
of a frame grabber.
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The analogue front end includes the impedance matching circuitry, the DC-restoration,
analogue offset, and analogue gain control. Proper impedance matching is required to
circumvent signal reflections. DC-restoration removes the blanking level from the video
signal. The location in time of the blanking signal and the quality and stability of the
subtraction have been investigated. Wrong timing of the blanking signal sampling can
lead to a variation of the subtracted signal level of over 4 grey levels (Beyer, 1992). A
factor with significant importance is the performance of the synchronization (see section
3.3.2.7).

3 .4 .3 .7

Signal Transmission and synchronization.

Signal transmission and synchronization are after temperature the main factors leading
to the largest radiometric and geometric disturbances. Image data can be transmitted in
analogue form from the camera to the frame grabber and digitised on the grabber.
Alternatively, the analogue-to-digital electronics can be on the camera and hence
digitisation of the signal occuring in the camera can be transmitted to the frame store as a
digital signal. Advantages of digital transmission lie in the fact that analogue-to-digital
conversion takes place immediately after the sensor and as such degradations associated
with transmission are eliminated. Unfortunately, the disadvantages range from lack of
standards for transmission to problems that result from transmission over long distances
at high frequencies (Baltsavias et a l ., 1990).
Video signals used to transfer information from the camera to the computer usually
correspond to the television standard as set by the CCIR for Europe (Luhmann 1987).
The information is coded into a one dimension signal using time as an independent
variable. The standard provides the necessary definitions of the synchronization to
facilitate the decoding of the three dimensions mentioned. Line synchronization is given
by a sync pulse, that is issued at a certain time, Dt, before the line actually starts. The
exact value of Dt is less critical, since it represents just a horizontal shift of the entire
image but it must be constant over all the lines. An error in synchronising the receiver
with the transm itter will result in an error of the co-ordinate in the corresponding
dimension. Since the vertical dimension is counted in discrete steps, it is not sensitive to
errors. In the CCIR standard, the horizontal sync pulse is negative with respect to the
lowest possible grey value, the black level. It is sensed with a level sensitive trigger that
always detects the same point on the slope of the sync. Potential differences introduced
between the ground reference of the transmitter and the receiver can shift the entire signal
up or down. As a result the detection of the sync will be shifted horizontally and the
image will suffer from a geometrical distortion if the error voltage is not constant in time.
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Synchronization is achieved either by phase locked loop (PLL) line-synchronization
or by pixel synchronous sampling which utilises the pixel clock frequency (Raynor and
Seitz, 1990). However, PLL is not perfect and can induce a geometric deformation
reaching several tenths of the pixel spacing as well as line jitter resulting from the line
sync being lost or being falsely interpreted (Lenz, 1988). Non-PLL controlled frame
grabbers have either an interruptable oscillator with an integer multiple of frame grabber
frequency, which is started at the beginning of each line, or have a continuous running
crystal oscillator with four times or higher frequency than the frame grabber. It is
advisable that the synchronization signals must be derived from a master clock to enable a
stable locking of the frame grabber onto the video signal (Beyer, 1988; Baltsavias et a l .,
1990).
3 .4 .3 .8

TEM PERATURE.

Temperature plays a significant role in the internal precision of measurements and as
such the accuracy obtained. Warm-up effects occurring after a camera and, to a lesser
degree, frame grabber are switched on can lead to large variations in image positions.
Simple tests have been carried out among others by Beyer (1992) and Dahler, (1987).
These tests consist of capturing a series of pictures of a stable control field at regular time
intervals. Co-ordinates of the same targets in all the images were compared and a drift in
all targets was observed. The co-ordinates drifted towards a value which was reached
after 90 minutes (Dahler, 1987). An internal stability of better than 0.01 pixels in x and y
after a maximum of three hours is quoted by Beyer (1992). Larger variations observed
with PLL line synchronization are connected to variations of the clock frequency induced
by the temperature change during warm-up.
3.4.4

C A L IB R A T IO N P R O C E D U R E S O F C C D C A M ER A S.

This photogrammetric problem has been investigated since the 1980's, however, new
aspects arise due to some special properties of the more and more commonly used
discrete array cameras (CCD, CID (charge-injection device), MGS etc). CCD cameras
have no fiducial marks, hence the location of the principal point must be calculated.
M oreover, in most cases the CCD camera may use different lenses for different
applications and this requires calibration for each use (Zhou et at. , 1992). Likewise the
principal distance of the CCD camera used for close range work is constantly changing
and its determination must be made from the images procurred. M ost of the existing
calibration procedures applied to close range analogue cameras are used and the most
commonly used is self-calibrating bundle adjustment.
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More recently methods applicable specifically to CCD cameras have been developed.
Tsai (1985) proposed a technique with a linear first stage and a non-linear second stage
(optimization to include radial lens distortion) to calibrate the interior and exterior camera
parameters. However, this technique needs prior knowledge of the principal point (image
centre co-ordinates Xp and yp) and requires multiple planes of calibration points to
determine the horizontal scale. Lenz (1987) suggests some ways to determine the image
centre. They are a direct optical approach, an approach using two or more images taken
with different effective focal lengths and an approach exploiting the radial lens distortion.
Other notable work involving CCD calibration has been done by Harley and Huang,
1990. The complete camera model and mathematical derivations are dealt with in
Appendix A.

3 .4 .4 .1

CALIBRATING THE PRINCIPAL POINT.

The principal point is defined by the intersection of the image plane and the camera
axis. This line does not necessarily coincide with the optical axis of the lens. For high
accuracy measurements it is not sufficient to use the apparent centre of the frame buffer
(e.g. 255.5, 255.5) as image centre, since it can easily be off by more than 40 pixels
(Lenz, 1987). Unfortunately, only optical methods result in stable centre estimates. One
of the techniques employs a laser beam. The laser beam is pointed at the lens assembly
mounted on the camera and adjusted relative to the lens so that the reflections from the
glass surface coincide with the primary beam, indicating its alignment with the optical
axis. Once aligned, an attenuation filter is placed in the optical path, the camera is turned
on and the centre of the light spot observed in the image can be used as the image centre.
An alternative method varies the principal distance. When the principal distance of an
optical system is changed, e.g. by altering the distance setting, the image will appear
zoomed. Only the centre of zoom will appear to remain stationary. If the lens centre
travels perpendicular to the image plane while changing the distance setting, the centre of
zoom coincides with the principal point.The assumption of perpendicularity is only
approximately true. The accuracy of this method increases with larger changes in scale.

3 .5

DIGITAL PHOTOGRAMMETRY AND IMAGE PROCESSING.
Digital photogrammetry is concerned with the capture, storage and automatic

manipulation of digital images (Schenk, 1992a). In that respect, digital photogrammetry
and machine vision have the same goals. The principles of close-range photogrammetry
has been used since the late 19^^ century (H arley, 1967) but few practicing
photogrammetrists employ close range photogrammetry as the market is rather small and
special knowledge and equipment are required. The increasing availability of digital
cameras and digital processing systems has brought a radical change. This is particularly
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true for applications where time elapsed from measurement to results is critical. Such is
the case in many industrial applications where we would ideally want to process the
measurements in real-time.
A lot of progress has been made in digital close-range photogrammetry and systems
are no longer only in use in research laboratories but also in a production environment
(Beyer, 1992; Haggren and Haajanen, 1990). Machine vision on the other hand, is a
relatively new and rapidly changing field. Many of the essential concepts have only
recently evolved from artificial intelligence (AI) (Schenk, 1992a). Some of the major
motivating factors of digital photogrammetry are:
- need for real-time response
- need for quick response in disaster times
- availability of massive data from air photos and satellites
- technological advances in hardware (computers) and software.
Digital close range photogrammetric systems are most successful when measuring
well targeted points in a controlled environment. Emphasis is placed on accuracy and
reliability with points typically determined to sub-pixel accuracy. M ost applications
require results in 3-D object co-ordinate space. The predominant method for obtaining
3-D information is stereoscopy. Depending on the application, the points in object space
are analysed and geometrical properties such as distances, slopes and surfaces are
derived. M achine vision, however, requires various degrees of recognition and
interpretation capabilities. Such is the case in process control, parts identification, robot
guidance, planning, navigation and obstacle avoidance for autonomous vehicles. Here the
emphasis is not on utmost accuracy but on extracting and grouping features, on image
segmentation, on associating meaning to groups of symbols, on geometric modelling,
matching and hypothesis verification (Schenk, 1992a). In contrast to close range
photogrammetric systems, machine vision systems deal with late vision problems.
However, a fundamental problem in both disciplines is Ending conjugate points in stereoimages (correspondence problem) and related to the correspondence problem is the
determination of surfaces. For both disciplines, a thorough understanding of image
formation is essential as automatic measurement, interpretation and analysis of images is
greatly facilitated by the knowledge of how the images are formed.

3 .5 .1

DIGITAL IMAGE.

An image may be considered as a flat object whose brightness or colour may vary
from point to point. This variation can be represented mathematically by a function of two
spatial variables. W hen colour is involved, the function should be regarded as vector
valued, or several functions should be used (Kak and Rosenfeld, 1976). W here black-
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and-white images in which only shades of grey are used, such images can be represented
by a single real-valued function, sa.y fix, y j . In order that such images are processed by
computers, they have to be converted into numbers. A sampling process is used to extract
from the image a discrete set of real numbers ("samples") and a quantization process is
applied to these samples to yield numbers having a discrete set of possible values. In
most practical situations, the samples are the values of the image at a discrete, usually
regularly spaced set of points or averages of the values taken over small neighbourhoods
of such points resulting in a rectangular array of real numbers. The samples are quantized
to a set of equally spaced grey level values or digital numbers (DN) (Kak and Rosenfeld,
1976).The unit of measure is suitably chosen and can be taken to be integers; thus a
digital image can be regarded as an integer array and the elements of a digital image array
are called picture elements , pixels or pels.

3 .5 .2

WHY PROCESS IMAGE DATA DIGITALLY?

Human beings are adept at visually interpreting images produced by certain imaging
devices, especially cameras. However, there are certain thresholds beyond which the
human interpreter cannot detect differences in the imagery which are just noticeable. For
example it is commonly known that an analyst can discriminate only 8 to 16 shades of
grey when interpreting continuous-tone black-and-white aerial photography (Jensen,
1986). If the data were originally recorded with 256 shades of grey, there may be more
subtle inform ation present in the image than the intepreter can extract visually.
Furthermore, the interpreter brings with him or her all the day-to-day pressures, making
interpretations generally unrepeatable. Conversely, the results obtained by the computer
are almost always repeatable (even when wrong). Furthermore, when it comes to keeping
track of a great amount of detailed quantitative information such as the spectral
characteristics of a vegetated field throughout a growing season for crop identification
purposes, the computer is much more adept at storing and manipulating such tedious
information and possibly making a more definitive conclusion as to what crop is being
grown. This is not to say that digital image processing is superior to visual image
analysis. This is certainly not the case. Rather, there may be times when a digital
approach is better suited to the problem at hand. By and large, there are similarities
between the goals and methods of manual (visual) and digital (image processing)
methods although the attainment of these goals may follow significantly different paths
(Estes et a l , 1983).

3 .5 .3

DIGITAL IMAGE PROCESSING.

Image processing is a science that deals with images and image data. It covers a broad
spectrum of techniques that are applicable to a wide range of applications (Lindley,
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1990). An increasingly accepted contemporary view of image processing is to regard it,
in a broad and generic sense, as being nothing more than one aspect of 'information
processing' (Machlup and Mansfield, 1983), as opposed to the more ad hoc traditional
view which tended to embrace one or more, depending on individual preference or
prejudice, of various technological niches including, inter alia , picture processing, image
processing, pattern recognition, scene analysis, image interpretation, optical processing,
video processing and image understanding. These niches overlap to a greater or lesser
extent and each has its own history, peculiarities and ardent supporters. There have been
attempts to produce some measure of unification and demystification by categorising
these niches into more reasonably circumscribed areas, such as 'signal processing',
'classification' and 'understanding' (Cohen and Feigenbaum, 1982). Signal processors
transform an input image into another image that has desirable properties. Image
processing and picture processing are the most common terms for this class of processing
where both digital and optical techniques can be used. Classification techniques classify
images into predetermined categories. Pattern recognition and pattern classification are the
most commonly used terms. Image understanding has a definite semantic context,
requiring both knowledge about the specific problem domain, often complex and threedimensional, as well as sophisticated image processing techniques. The complexity of
image understanding has resulted in the fact that decomposition of processing into
'early', 'intermediate' and 'late' stages is almost axiomatic (Muller et al., 1988).
The term 'image processing' is hereby used as a catch-all for all of these activities,
with the im plicit understanding that the fundamental underlying activity is that of
'information processing', performed on two-dimensional projections of some property of
the physical world. An intrinsic characteristic of image formation is the information loss
inherent in the process of capturing the image. The intensity values represented by the
individual pixel values are the result of many factors, including the intensity, colour,
location and nature of the light sources, the position, reflectance, transparency and
opaqueness of the objects in the scene, the transmission, reflectance, absorption and
scattering properties of the transmission media, and the optical and electrical properties of
the imaging device (Offen, 1985). The main difficulty in interpreting images occurs not
because we do not understand these diverse phenomena but because of the confounding
of complexities inherent in the mappings of these various processes onto the resulting
image. While a given scene gives rise to a unique image in any given direction, that image
(and knowledge of the direction of projection) does not uniquely specify the threedimensional scene from which it resulted. There is, for example, no way to fix the depth
of any point seen in the image. Mathematically speaking, a projection operator does not
have a unique inverse. The question is how properly to represent and sensibly to resolve
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these uncertainties? Mackworth (1983) has proposed a set theoretic approach to this
problem, where the image process is represented, in the simplest case, by mappings
between the 'world', 'projection' and 'image' domains. This is illustrated in Figure 3.9.
This, at least in principle, makes possible the representation of all solutions, potentially
infinite in number, to the image interpretation problem in a finite manner. This is a
representation, which though it may be of considerable theoretical interest, needs further
exploration if it is to be of any practical use. Image processing is thus concerned with the
retrieval of intrinsic images using only data contained in the image. Intrinsic images are
maps of properties such as colour, surface orientation, surface discontinuity, depth, and
velocity (Pratt, 1978; Rosenfeld and Kak, 1982; Ballard and Brown, 1982). O f concern
to us is the use of the data output by early processes such as these in the extraction of
physically meaningful features, specifically linear surface discontinuities.

WORLD

PROJECTIONS

IMAGES
Figure 3.9: Symbolic interrelationship between the world, projection and image domains.
R represents the 'mapping function', (after Mackworth, 1983).

3 .5 .3 .1

MARR’S VISION THEORY.

M arr (1982) proposed a com putational approach. M arr's theory has a strong
inform ation processing underpinning. He argues for understanding an inform ation
process (vision) at three levels:
computational theory specifies what the visual system must do. It
answers the question about the purpose of the computation and the
strategy for solutions.
representation and algorithm investigates the representation of
input and output and the algorithm that transform one into the other,
h ard w are

im p le m en ta tio n

answ ers the question how the

representation and the algorithm can be physically implemented.
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The tenet of Marr's theory is that the shapes and positions of things can be made explicit
from images without knowing what these things are and what role they play. However
this can not be accomplished in one step, rather in a sequence of representations designed
to facilitate the subsequent construction of physical properties of objects ( Schenk,
1992a). The three main steps are briefly discussed.

3 .5 .3 .2

PRIMAL SKETCH.

The purpose of the primal sketch is to make explicit important information about the
two-dimensional image, primarily the intensity changes there and their geometrical
distribution and organization (Marr, 1982). Intensity changes, or edges for short, are an
important physical property of objects. In the real world edges occur over a wide range of
spatial extents. A sharp edge, for example, is manifest within a small area, comprising a
few pixels only. On the other hand, a fuzzy edge can only be detected by looking at a
much larger area. Marr and Hildreth (1980) proposed a sequence of LoG operators to
detect edges at various scales. The LoG operator (Laplacian of a Gaussian) is obtained by
taking the second derivative of a Gaussian filter. The Laplacian (V^) is particularly suited
because it is direction independent. By changing the standard deviation co of the
Gaussian, the desired sequence, also called multichannel implementation, is obtained
(Grimson, 1986). The parameter co determines the spatial extent within which an edge is
detected. Edges are identical with the zero-crossing contours that result from intersecting
the convolution surface with a plane, whose convolution value is zero.Thus, a sharp edge
is obtained by convolving the image with a small (û (fine channel), and fuzzy edges
result from coarser channels (Figure 3.10 ). There is a lot of evidence that the human
visual system performs the same operations. Cells exist in the visual cortex that respond
to different spatial frequencies. Spatial information is processed in each part of the visual
field by five independent channels (Campbell and Robinson, 1968; and W ilson and
Bergen, 1978). The primal sketch thus, is more than just an agglomeration of zerocrossings.

3 .5 .3 .3

2 V 2 D SKETCH.

The purpose of a 2 V2 D sketch is to make explicit the orientation and rough depth of
visible surfaces as well as contours of discontinuities in a viewer-centered co-ordinate
frame (Marr, 1982). The name of this sketch derives from the assumption that it captures
a great deal of information about the relative depths and surface orientations, and local
changes and discontinuities, but some aspects are more accurately represented than
others. The 2 V2 D sketch is built up from the primal sketch, augmented with information
from stereoscopy, texture, analysis of motion and shading. The surface orientation is
more accurate than depth. Only local changes in depth may arise from stereoscopy and

59

C hapter Three: L iterature Review.

occlusion. Occlusion may be specified by the presence of occluded edges in the primal
sketch, or by analyzing motion patterns (Schenk, 1992a). The 2 V]D sketch is
represented as a set of primitives which include local surface orientation ( the "needles"
primitives), distance from viewer, discontinuities in depth and discontinuities in surface
orientation (Marr, 1982). The length of each needle describes the degree of tilt of that part
of the surface, while the orientation of a needle reflects the direction of slant, however,
needle diagrams in themselves do not represent depth or discontinuity information which
the 2 V2 D sketch includes (Berthold and Horn, 1986). The distance from the viewer is
represented by a scalar quantity.
In areas of low contrast, no edges are present and therefore no depth information.
Interpolation procedures are invoked in areas of insufficient information (though not part
of M arr’s 2^/20 sketch idea). The missing depth inform ation is interpolated from
surrounding areas where contrast is present (Schenk, 1992a).

Figure 3.10; Different sizes of LoG operators used to locate zero-crossings.
Top sketches show cross sections through LoG operators. The width o f the
central lobe, oo, determines the degree o f smoothing (co = 2\/2a).

The 2 V2 D sketch is the end product of early vision process, solely derived
from images, without support from late vision or knowledge of the scene. The early
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vision processes are modular, they work parallel and independent from one another. The
segmentation problem is implicitly solved by making explicit the discontinuities between
different surfaces.

3 .5 .3 .4

3-D MODEL REPRESENTATION.

The purpose of this last step is to describe shapes and their spatial organisation in the
object centred co-ordinate system. M arr and Nishihara (1978) suggest a modular
organisation of shape descriptions in a co-ordinate frame which is determined by the
shape itself (canonical co-ordinate frame). The modular organisation allows a description
that is independent of the degree of details an object is described. The theory is restricted
to a set of generalized cones. A generalized cone is obtained by moving a cross section of
constant shape but variable size along an axis. A vase is a good example of a generalized
cone. An object may consist of several generalized cones, each with its own axis. All
axes of one object form the component axes of the object.
A library of 3-D model descriptions at different levels of specificity is generated for
objects that may possibly appear in a scene. The same 3-D model description must be
derived from the image. Object recognition then entails a com parison o f these
descriptions with the library. Occluding contours of an image provide strong clues for
finding the axes of generalized cones. Occluding contours are the silhouettes of objects.
Even though most silhouettes are ambiguous, humans interpret them in a particular way.
Marr hypothesizes that additional information is used to constrain the perception of 3-D
shapes to silhouettes as we see them. These constraints are general and do not require a
priori knowledge of the scene.
However, Witkin and Tanenbaum (1983) suggest a weakness in Marr's approach due
to inadequate regard to 'structure', making M arr's interm ediate 'intrinsic im age'
descriptions of little more use than the original image. They suggested that structural
descriptions could be more useful since they may cross the boundaries between
representational levels. Scale-based hierarchical structure is introduced in the concept of
scale space (Witkin and Tanenbaum, 1983).

3 .5 .4

IMAGE PROCESSING ALGORITHMS.

Broadly speaking image processing algorithms can be classified into four different
classes namely:
a) Point processes,
b) Area processes,
c) Frame processes and
d) Geometric processes (Lindley, 1990).
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These algorithms can be applied to an image individually or in conjunction with other
functions, either within the same class or within different classes. However, It should be
noted that the application of these algorithms is not commutative (Lindley, 1990).
Mathematically this can be expressed as:
lout

= L *G * lin

not equal to:
lout = G *L * Tin

A number of authors have dealt with the above issues adequately and can be looked up in
standard image processing texts such as those by Rosenfeld and Kak, 19; Pratt, 1978;
Gonzalez and Wintz, 1987; Lindley, 1990.

3 .5 .5

FEATURE

EXTRACTION.

Taking the intrinsic image information produced by early image processing,
significant image features may be sought as the basis for the delineation of objects in the
scene. Edge information such as the output from one of the edge detectors may be used to
search for lines; colour (multispectral) or shading (greyscale) information may be used
together to propose the occurrence of physical objects. Having obtained evidence for the
presence of linear features via edge detection, we seek to group edge elements (edgels)
into lines. From a greyscale edge strength image, we want to extract a binary map of the
locations of significant lines, from which we may extract the coordinates of the edgels
and store them as a vector. There are several ways to approach this. A simple
thresholding on the basis of edge strength will remove weak edgels. The binary map may
then be 'thinned', such that each edgel is simply four- or eight-connected; in this context
simply implying that each edgel is connected to no more than two of its neighbours. This
further reduces the dataset. However, most schemes are notorious for preserving
fragmented and arbitrary groups. From this binary image, individual lines may be tracked
and edgel coordinates stored as vectors. Edgels may be linked on the basis of proximity,
edge strength and/or similar orientation. It may thus be possible to follow a varying edge
strength and jump gaps in a noisy line. The feature extraction task may, perhaps should,
guide the image processing stage if possible, by the use of knowledge of the feature of
interest. Sleigh (1986) has proposed the use of rule based boundary tracing, performing
edge enhancement, extraction and linking in one algorithm, with high tolerance to noise,
and returning edges which more closely reflect perceived image structure.
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CHAPTER

FOUR.

F R O M IM A G ES TO SU R FA C ES.
4 .1

IM A G E FO R M A T IO N .
A thorough understanding of image formation factors is essential in order to be able

to extract the intrinsic information within the image. Physical phenomena, such as
discontinuities of surfaces, depth, reflectance and illumination, are compounded in the
intensity values of the pixels by the imaging process.
Traditionally, photogrammetrists are particularly concerned with the geometric
relationship between image and object space. The camera geometry is understood and
deviations from the perspective projection are well handled, be it in the form of
calibration procedures or by extending the mathematical model to include additional
parameters. Since in conventional photogrammetry human operators interpret the image,
not much effort has been spent to understand the radiometric aspects of image formation
(Schenk, 1992a). This subject has been investigated by Horn (1978 and 1986;
Chellappa, 1988). O f course, remote sensing can greatly contribute to a better
understanding of image formation in aerial and close range applications.
One image formation factor is the manner in which image irradiance values at a point
are formed. Another is the geometry from the scene to the image. The former mainly
explains what irradiance value (grey-level value) is associated with a particular image
location. A careful analysis of this process may be found in Horn, 1975; Woodham,
1978; Horn and Sjoberg, 1979. In summary, there are three factors governing the
irradiance recorded at any position in the image:
1. the amount of radiant flux striking a surface,
2. the percentage of incident flux reflected by the surface material
(as opposed to the percentage absorbed), and
3. the distribution of that reflected flux as a function of direction.
A sharp change in each of these factors will give rise to an edge in the image. Further, in
regions where both the incident illumination and absorption characteristics of the surface
material are roughly constant, an equation relating the recorded irradiance to the shape of
the surface has been derived.
The apparent "brightness" recorded by an imaging device is a measurement of image
irradiance E, the radiant flux striking a unit area of the receptive field. The flux reaching a
small portion of the receptive field will be exclusively a function of a corresponding small
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surface element on some object in the scene, provided the imaging system is properly
focused. The objective is to specify the factors that determine the image irradiance at a
point in the image, as a function of the corresponding surface element.
Consider a source of illumination with intensity I in the direction of a surface patch
of area dA . Further assume that this patch is oriented with its surface normal making
angle 0with the line connecting the patch to the source. The patch will be foreshortened
relative to the source, and will appear as a smaller patch o f area dA*cos doriQnted
perpendicular to the source. The solid angle spanned by the patch is thus

d(ù= d A . ^ ^
r

( 4 .1 )

The radiant flux intercepted by this patch is then

d<l>= I.dco= l . d A . ^ ^
r

( 4 .2 )

Thus, the irradiance of the surface (the incident flux density) is simply

r
This specifies the amount of light striking a surface from a source. It is dependent on the
initial illumination intensity I as well as the orientation of the surface relative to the
source 6, and the distance to the source r .
The apparent "brightness" of a surface element thus depends on its orientation relative
to the viewer and the hght sources. A smooth opaque non-planar object will give rise to a
shaded image, in which brightness varies spatially, even in cases where the object is
illuminated evenly and where the object is covered by a uniform surface layer. Thus, the
flux emitted from a surface patch toward an imaging device must be measured as the
radiance, the flux emitted per unit foreshortened surface area per unit solid angle, or
equivalently, the flux emitted per unit surface area per unit projected solid angle
(Grimson, 1986).
When a ray of light strikes a surface it may be absorbed, transmitted, reflected or
undergo some combination therein. Our concern is the percentage of incident flux which
is reflected, and more particularly with the percentage of flux reflected in a given direction
such as towards the imaging device. The amount of flux absorbed depends on the surface
material, and the percentage of incident flux which is reflected is usually represented by a
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factor called albedo, denoted p. The behaviour of the reflected flux is determined by the
surface microstructure, those surface features too small to be resolved by the imaging
system. The surface microstructure can affect the reflected flux in a variety of ways.
Horn and Sjoberg (1979) sketch three examples. If the surface is flat and the underlying
material homogeneous, the reflected ray will lie in the plane formed by the incident ray
and the surface normal and will make an angle with the local normal equal to the angle
between the incident ray and the local normal (Figure 4.1a). Materials with this type of
microstructure are referred to as "specular", "metallic, or "dielectric". If the surface is not
perfectly flat on a microscopic scale, it will scatter parallel incident rays in many
directions. If the deviations of the local surface normal are small, most of the rays will lie
near the direction of the ideal specular reflection. The perceived surface is referred to as
"shiny" or "glossy" (Figure 4.1b). Finally, if the surface layer is not homogeneous on a
microscopic scale, the light rays which penetrate the surface will be scattered by
refraction and reflection at boundaries between regions with differing refractive indices.
The scattered rays may reemerge near the point of entry in many directions. Such
surfaces are said to have a "diffuse" or "matte" reflection (Figure 4.1c).

N
Dominant

c)

b)
Figure 4.1: Surface reflection properties showing a) specular
b) glossy and c) diffuse reflection.

To specify the effects of the surface microstructure on the exitant flux density, a
reflectance function associated with a surface has been defined. The Bidirectional
Reflectance-Distribution Function (BRDF) introduced by Nicodemus et a l , (1977)
specifies reflectance in terms of incident and reflected beam geometry (Figure 4.2). It
specifies how bright a surface element will appear when illuminated from a given
direction and viewed from a second given direction. The BRDF is defined as the ratio of
reflected radiance
in the direction of the viewer to the irradiance d E i from the
direction of a portion of the source:

dEie,(l>^

^4 . 4 )

where ftind^ndicate a direction, the subscript i denotes quantities
associated with incident radiant flux and the subscript r
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denotes quantities associated with reflected radiant flux.
So far, it has been stated that the scene radiance (or reflected flux density) is a
function of the intensity of the source I , its distance from the object r , the orientation of
the surface relative to the viewer (Bf, (|)r), the orientation of the source relative to the
surface (Bj, (|)^), the albedo of the surface material p and the microstructure of the surface

B:—

dA

Figure 4.2: Beam geometry showing the four angles needed to specify the
Bidirectional Reflectance-Distribution Function.

material, as described by the BRDF fj-. Up to this point, we have considered what
happens to light rays which strike a surface patch and are reflected. W e must finally
consider the relationship between the amount of flux reflected by a surface patch towards
the image sensor, and the amount of flux recorded by the sensor. Horn and Sjoberg,
(1979) showed that if the imaging device is properly focussed, and the lens is small
relative to its distance from the object, then image irradiance is proportional to scene
radiance. This means that the irradiances recorded by the sensor will be directly
proportional to the flux reflected by a surface element. Thus, ignoring constants, the
im age irradiance is a function of the six factors I, r, (Or,<t>r)y

P

and f r . H ow ever, a series of assumptions can be made thus sim plifying this
dependence.
M ost surfaces have the property that the reflectance is not changed by rotating a
surface element about its normal. If a surface possesses this property, the beam geometry
can be simplified as shown in Figure 4.3. In this case, only three angles are needed to
determine reflectance. The angle between the local surface normal and the incident ray is
called the incident angle and is denoted by i . The angle between the local surface normal
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and the emitted ray is called the view angle and is denoted by e . The angle between the
incident and emitted rays is called the phase angle and is denoted by g . This reduces the
image irradiance to function of /, r, i, e, g and p. Examining equation 4.1, it can be
verified that the incident flux density follows an inverse-square reduction as a function of
distance. If two surfaces lie at very different depths, and all other factors being equal, this
inverse-square dependence will cause a noticeable difference in the radiance associated
with the different surfaces. If the projections of the two surfaces are adjacent in the
image, the different irradiances will give rise to edges in the image. Similarly, surface
material changes will be associated with changes in the albedo causing a change in the
irradiances. The above simplifications greatly reduce the model describing the manner in
which an image irradiance (or grey-level) is obtained at a point in the image.

SOURCE
NORMAL

-o SENSOR

Figure 4,3: The imaging geometry showing the incident angle i, the view angle e
and the phase angle g ( from Woodham, 1978).

4 .2

SURFACE POINT RECOVERY FROM IMAGES.
If two objects are separated in depth from a viewer, then the relative positions of their

images will differ in the two eyes. This is illustrated in Figure 4.4. To avoid confusion,
three terms relating to stereoscopy are defined. The term disparity refers to the angular
difference in position of the image element in the two eyes. Standoff distance (distance)
refers to the physical distance from the viewer to the object, usually measured from one
of the two eyes. Finally depth refers to the subjective distance to the object as perceived
by the viewer, usually measured relative to a fixed point. It can be seen from Figure 4.4
that disparity varies with the relative positions of objects (Grimson, 1986). This
relationship between distance and disparity suggests that one could determine the distance
to objects in a scene by measuring their disparity. The question is how does one measure
this disparity? In general there are three steps involved:
1. A particular location on a surface in the scene is selected from one image;
2. The same location is found in the other image; and
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3.

The disparity between the two corresponding image points is measured.

Once two corresponding image points are identified, the actual computation of distance
involves a simple geometric transformation, and hence does not pose any major
difficulties. The heart of the problem lies in identifying elements in each image which
correspond to the same element in the scene. If a specific location could be identified
beyond doubt in the two images, then step (1) and (2) could be avoided and the whole
process would be simple.

Figure 4.4: Shows the relationship between disparity of a point and
its distance from the viewer.

For example, if we illuminate a spot in the scene with a narrowly focused beam of light,
we can identify that spot unambiguously in the two images. Matching the two spots and
computing their disparity is then trivial. Thus, to generate a surface from two overlapping
images, the problem of identifying corresponding image points cannot be avoided. The
random dot stereograms prove that the human visual system reconstructs surfaces from
parallax information. If Figure 4.5 is viewed under a stereoscope, the centre is clearly
perceived as a surface floating above the surrounding background (Julesz, 1986;
Grimson, 1986).
A few methods exist that make it possible to generate a dense num ber of
disambiguited corresponding points in the two overlapping images hence making it
possible to create 3-D surfaces.
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Figure 4.5: Random dot stereogram. When viewed stereoscopically, the
centre square is floating above the background (from Grimson, 1986).

4 .2 .1

CONVENTIONAL PH O TO G R A M M ETR IC M ETHOD.

Classical photogrammetry is based on conventional photography. Photogrammetric
techniques are used to bring forth an almost endless variety of useful products that
convey information about given surfaces and objects. Collections of co-ordinates of two
homologous points from overlapping images by photogrammetry may be done by:
1. Automatic photogrammetric instruments such as image correlator
instruments.
2. Semi automatic photogrammeuic insuuments such as analytical
plotters or new digital plotters which accommodate softcopy (CCT)
instead of hardcopy (film).
3. Non automatic analogue instruments witli operator assistance.

4 .2 .1 .1

ANALYTICAL PLO TTER S.

An analytical plotter is a com puter-controlled stereoplotter. B asically it is a
photogram m etric plotting system which solves m athem atically in real-tim e the
relationship between photographic image co-ordinates measured in the two dimensional
photographic reference system and the ground co-ordinates of the object in the three
dim ensional "real" world. Photo co-ordinates are m easured by som e form of
stereocomparator. These are then fed directly into a suitably programmed high-speed
com puter which solves the basic photogrammetric equations and provides a readout of
m odel or ground co-ordinates. The controlling com puter calculates the necessary
corrections required in real time and implements them in real time.
A major difference between an analytical plotter and an analogue one is in the process
of stereo restitution of a photogrammetric model. In an analogue plotter, the process of
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Stereo restitution of a photogrammetric model is done by reconstructing the exact
geometric relation of the image and the terrain in the instrument with the help of optical
and/or mechanical devices. With the advent of electronic computers, the reconstruction of
a stereomodel in an analytical plotter is computed based on two conditions which relate an
image point, an exposure station and the corresponding object point through the
collinearity equations.
Analytical plotters have no limitations with respect to types of photography they can
accept (focal length, film format size - not larger than the stage plate, lens distortion, film
shrinkage). The effects of these elements are compensated for in a straightforward
mathematical manner. They do not need fine mechanics and optics for simulation, though
a high degree of accuracy is obtained. A properly designed analytical plotter will permit
accurate photographic scale measurements of two micrometers. For the acquisition of
digital elevation model data, the analytical plotters can be programmed to drive to any
desired position or a series of positions corresponding to the required pattern and density
of points in the stereomodel.
4 .2 .1 .2

T H E K ER N DSR-1 A N A LY TIC A L P L O T T E R .

The Kern DSR-1 is a high precision stereoplotter with a sophisticated distributed
computing architecture. W ithout the peripherals, the DSR-1 is an optical-mechanical
device comprising co-ordinate input devices (handwheels/trackball, footwheel/handdisc,
footswitches), four lead-screw servo-motor systems driving the stage plates to maintain a
stereo model in response to hand/foot wheels inputs, and to solve the collinearity
equations. The UCL departmental DSR-1 is linked to a host computer, a DEC PDF
11/73 (P I) with memory capacity of the central unit of 640K and running under R T ll.
PI performs all other computational and input/output functions such as calculating model
orientations. Various peripheral devices such as a Kern GP-1 plotting table can also be
attached to PI.
The software on the Kern (Cogan and Hunter, 1986) is written in a non-standard
Pascal (Pascal 2, Oregon Software) language. The Pascal language was used for reasons
of transparency and fairly rigid program structures as it is highly modular in structure. PI
programs such as the orientation programs, make use of internal subroutine libraries of
commonly used functions, and a library of subroutines for communicating with the plate
processor. The library subroutines are available to users to develop their own host
computer programs for driving the DSR for instance in stage plate or model co-ordinate
systems. The structure of the distributed computer facility is shown in Figure 4.6.
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4 .2 .1 .3

TH E DEM DATA CAPTURE PROGRAM .

This program (Saksono, 1988) was not supplied by Kern and is not official Kern
software, but was written specifically for the requirem ents of the D epartm ent of
Photogrammetry and Surveying at UCL. The program is installed on the PDP 11/73
microcomputer which supports the Kern DSR-1 analytical plotter and it appears as an
option to the main Kern menu. With this program the user can measure points lying on a
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Figure 4.6: The Keni DSR luialytical plotter system, (trom Tlieodossiou, 1990).

regular grid with pre-specified grid interval, random points, or a combination. Figure
4.7a-c. In the regular grid case, the instrument drives to the grid points at the specified
grid interval and waits for the operator to measure the height. Then it drives to the next
grid point and so on. The manual planimetric control (conventional handwheels or the
track ball) is disabled. That means that the user cannot move the floating mark (in plan)
while he is observing the points, but the computer automatically drives the measuring
mark to the next precalculated planimetric position of the defined grid node. The user can
record the point by pressing the right foot pedal, or can discard the point by pressing the
left foot pedal. The points may be discarded when the operator decides that he cannot
sufficiently interpret and measure them. The recorded points are stored in the PDP 11/73
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hard disk (in the current logical device) and displayed on the screen. If a point is
discarded then a message "skipped", following the point number, is displayed on the
terminal, and nothing is recorded in the file. The program asks the user to give:
- the number of the desired DEM rows and columns
- the grid spacing
- the initial point, the direction along the X-axis and the direction of the DEM
block.
The user can either insert the above point co-ordinates from the terminal or drive with
handwheels to the desired position and record them. The output data from the DEM
generation program consists of:
- A file which contains the generated digital elevation data as a string of co
ordinates (point id, X,Y,Z ground co-ordinates).
- A file for storing the corresponding image co-ordinates, with respect to the
fiducial co-ordinate system, of each stored DEM point.
- A file containing information of the starting points for the next block.
The accuracy problem of the semi-automatic methods of the DEM capture programs lies
in the capability of a computer to drive the floating mark to the precalculated positions.
Most of the existing packages follow a geometric pattern, most commonly a grid pattern.
The most important consideration is avoiding an accumulation of error in the planimetric
positioning of the floating mark. This can be avoided easily if all the planimetric co
ordinates of the grid nodes are computed directly with respect to the starting origin. In
this way the planimetric position of the floating mark is independent of the points being
generated. The DSR-1 data capture program follows this procedure.
/
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b) quasi-regular mode.

a) regular mode.
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c) random mode.
Figure 4.7: Modes of data capture.

4 .2 .2

S T E R E O M A T C H IN G M E T H O D .

A major part of the research work of the computer vision community has been
directed towards the extraction of three dimensional structure from pairs of stereo images.
The basic principle utilised in this work is that of triangulation but, because there is no
active source of illumination , a correspondence needs first to be established between the
features in the images that correspond to the same physical feature in space. Stereo
matching is the method by which correspondence is established between points in two
stereo images that represent the same physical point in the real three dimensional world.
This correspondence solution may be represented as a disparity field specifying the
positional differences of corresponding feature points relative to the image co-ordinate
systems. The disparity is a function of both the position of a point in the scene, and of the
orientation, and physical characteristics of the stereo cameras. A camera model, which is
representative of the important geometrical and physical attributes of the stereo cameras,
can be used to constrain the matching search to one dimension, the epipolar line shown in
Figure 4.8. Once the disparity field between the pair of images is established then,
provided the position of the centres of projection, the principal distance, the orientation of
the optical axis, and the sampling interval of each camera position are known, the depth
of the scene can be reconstructed using triangulation in order to reproduce the range of
the image features.
There are two main stereo matching algorithms used. In the early history of stereo
matching, area based 'image texture' schemes were used (Cochran and Medioni, 1992).
In these algorithms each image point to be matched is used as the centre of a small
window of points in the first image. This window is statistically compared with similarly
sized windows of points in the second image of the stereo pair. The measure of match is
either a difference measure that is minimised (e.g. the root mean square difference) or a
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correlation measure that is maximised (e.g. the variance normalised cross correlation).
Later work in the development of stereo algorithms concentrated on matching image
features directly and therefore the importance of good feature detectors is paramount.
Before the stereo matching takes place the images must undergo some pre-processing and
this identifies certain well defined feature characteristics in each image which will be used
extensively by the stereo matching algorithm (Hannah, 1989).

EPIPOLAR
PLANE

LEFT
IMAGE

LEFT
PERSPECTIVE
CENTRE

EPIPOLAR
LINES
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RIGHT
IMAGE

RIGHT
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Figure 4.8: The epipolar line constraint. It a point P in tlie scene is projected onto
the left image then the line connecting P mid the left perspective centre, together
witli the stereo baseline, determines a unique epipohir phuie.The projection o f P in
the right image must therefore lie along the line that is the intersection o f this
epipohu- plane with tlie right image plane.

4 .2 .2 .1

AREA BASED STER EO M ATCHING TECH N IQ U ES.

Area matching techniques are the oldest and the least com plicated of the stereo
matching algorithms. Because compaiison of a given reference window to every possible
target window is computationally expensive, various heuristics have been developed to
limit the area that must be searched. In addition to the well known epipolar constraint,
these techniques have included extrapolation from already com puted neighbouring
disparities (Panton, 1978), the use of image hierarchies (Moravec, 1980), and successive
iterations of correlation and interpolation (Quam, 1984) in a hierarchy. Correlation works
well most of the time, but encounters difficulties when the two images are taken from
extremely different viewpoints, are of a scene that does not contain adequate visual
texture, or are of a scene with many depth discontinuities. However, in these instances.
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and in the presence of image noise, correlation degrades gracefully - it continues to find
the correct answer, but with reduced confidence measures.

4 .2 .2 .1 .1

LEAST SQUARES MATCHING TECHNIQUES.

The technique of least squares stereo matching is a common one but it previously
required a preliminary estimate of the disparity of points in the images in order for the
technique to produce a convergent solution. Argenti and Alparone (1990); M uller et al
(1992), solved this problem by using a Gaussian pyramid (coarse to fine) decomposition
of the images and applying the least squares method to each level of the pyramid (see also
Ohta and Kanade, 1985). Initially the two images used by the stereo matching algorithm
differ both in geometry and in radiometry. Therefore, both geometric and radiometric
transformations are performed to produce an optimal match between the images. Both
images have windows moved across them, these windows being placed at areas that are
to be matched within each image. The appropriate transforms are acted on the pixels
inside these windows in order for them to match both geometrically and radiometrically.
Let (xj, yi) and (xp y^) be the co-ordinates in the two windows of the left and right image
to be matched and let gi(xpyi) and gr(xr, yj-) be the grey level DN values in these two
windows respectively. Firstly, an affine transform ation is used to perform the
geometrical conversion;
Xj. = ao + a jx i + U2yi
yj. = bo + b jx i + b2yi

(4.5)
(4.6)

A simple linear transformation is then used for the radiometric fitting of one image to the
other

^g[8r(^r>yr^J ~ ^0

^18r(^r>yr)

(4>7)

The assumption that both images are affected by noise yields a further noise term to the
grey level values of both images n%and n^ respectively, this produces the following
transform which assumes the noise is additive;
8l(xi,yi) + n iix iJ i) = Tg[gj.(xr,yr)] + n /x ^ .y r )

(4.8)

From this the term \ \ is formed where;
v/fx/,y/j = ni(xi,yi) - T ^ [ g /x r ,y r )]

(4.9)

which is equivalent to;
v/(x/,y/j = Tg[gr(xr,yr)] - gi(x[,yi)
The parameters in the transfom s are chosen such that;
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^ [ v i(xi,y I ) f = minimum

( 4 .1 1 )

and this minimisation is performed using partial differentiation of vi(x|,yi) with respect
to the parameters used in the transformations.
This transformation and subsequent minimisation produces images that are similar in
both their geometric and radiometric properties. For the subsequent stereo matching a
coarse to fine approach is used based on the least squares method (LSM) of matching. In
this technique an optimal match between two regions is found by minimising the sum of
the squares of the differences between the grey levels of the two regions. The LSM
algorithm is initially applied to the top subsampled level of the image, formed using the
Gaussian pyramid approach. The Gaussian pyramid consists of the original image (level
zero) at the base with subsequent levels being formed from progressively more
subsampled versions of the original image. Gross errors in disparity estimation are
detected using the root mean square (RMS) of the residuals produced by the algorithm. If
this RMS value lies below a certain threshold then the matching is assumed to be correct
and the spatial coordinates of the point can be inferred from the data
One of the problems with certain stereo matching techniques is that the geometrical
distortion of the camera system used impinges on the choice of matching position. Shah
et al., (1989) describe a point-for-point matching algorithm that takes into account the
perspective distortion between the two stereo images in order for a more accurate
correspondence to be formed between them. The primary criterion used by the algorithm
is to minimise the sum of the difference squared between the grey levels of the two
images when correction for all geometric distortions have been catered for. The initial
process is the extraction of control points from both stereo images and this is done with
the help of a human operator. These control points are points whose three dimensional
world co-ordinates are known and these co-ordinates are then used to determine the
orientation of the camera relative to the world co-ordinate system. An area of interest is
then chosen in the first image and this area is then segmented into a grid with an area
cross correlation algorithm applied to each nodal point on the grid. From this is obtained
a measure of the range value from the conjugate stereo points.
The region growing algorithm of Otto and Chau (1989) was developed for producing
accurate and dense disparity maps from stereo SPOT images. An area based algorithm
was thought more appropriate since a feature based approach would probably not have
given the accuracy and density of heighting information required (Day and Muller, 1989).
The approach uses Gruen's (1985) algorithm which is an adaptive least-squares
correlation technique. The basic idea of the algorithm is to minimise the sum-of-the-
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square-of-the-differences between two image patches, with the minimisation applying to
a set of parameters specifying how the patches (and their grey levels) are allowed to be
distorted between the images. The algorithm is computationally efficient but needs to be
given starting values for disparities that are within a few pixels of the true matched
values. The method of selecting these approximate matches is to pick out isolated features
using feature detectors in this way between 20 to 200 initial approximate matches are
chosen and fed into the next stage of the process. The approximate matches are then used
by Gruen's algorithm to produce a more accurate match coupled with the appropriate
distortion parameters. The algorithm can fail by being unable to converge or by
converging to the wrong match. The former is not serious since, as the algorithm knows
it has failed it can have several more attempts from other directions. The case of a
mistaken match is a more serious problem since it could lead to worse matches later on if
there is not sufficient information available to produce the correct match from subsequent
iterations. However, a number of tests of the goodness of fit of the matches are carried
out to weed out these incorrect match choices. These tests include a threshold of the ydisparity around each matched point that is taken from the initial seed points, if the y
disparity is greater than this threshold then the match is rejected. Other constraints used
on the matches are a threshold on the eigenvalue of the covariance matrix and a limit on
the number of iterations used to produce the match. This matching system was used in
this thesis work.
4 .2 .2 .2

F E A T U R E BASED S T E R E O M A T C H IN G T E C H N IQ U E S .
Studies of human vision (Marr and Poggio, 1976) led to the development of

feature-based methods, in which line features are first extracted from the images by an
edge operator, then matched using the epipolar constraint. Because the processing to
extract edges throws away much of the information in the imagery, many heuristics have
been developed to overcome the resulting match ambiguities. Given that edges are usually
sparse in the image, depths in areas between edges are filled in either by interpolation
(Grimson, 1981; Greenfeld and Schenk, 1989) or by algorithms that match the image
intensities between edges, using dynamic programming techniques ( Baker and Binford,
1981; Ohta and Kanade, 1985). A problem with all feature based matchers is that, while
they are well suited to matching discontinuities, they give no inform ation in the
intervening areas and so only a sparse depth map is produced. This is in sharp contrast to
area based matching algorithms that use all the information contained in an image to
produce a dense disparity map. Area based schemes generally match successfully even in
areas of low image texture, a situation the feature based edge matching schemes fail to
produce any disparity information for.For this reason, feature based matching should be
regarded as complementary to, rather than as competing with area based matching.
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Feature based matchers have been used in extracting edge infromation from urban scenes
and in tunnel profiUng (Ballard and Brown, 1985).

4 .2 .2 .2 .1

EDGE BASED STEREO MATCHING.

Shape information and structural descriptions of an edge can be obtained in several
ways. The edge can be mapped into different parameter spaces such as the spatial
domain/frequency domain, Hough space, or the Y-S space, to name only a few (Ballard
and Brown, 1982). Any edge (or its representation) on one image has to be compared
and evaluated against all the edges on the other image. The matching is basically a
selection process in which edges are paired according to some measures of similarity and
consistency. First, an initial list of matches is established by singling out similarities in
the characteristics of the edges. Next a consistency check takes place to eliminate
erroneous matches. Thus, it is not enough to find edges which look alike, but they must
also agree with the pattern of the surrounding matches.
Where the break points of the edge have been marked and approximated by polygons,
similarity measures can be taken by comparing their vertices and/or their legs (sides). In
earlier work (Medioni and Nevatia, 1985; Boyer and Kak, 1986) the orientation, the end
point co-ordinates, the mid-point co-ordinates, and the length of the polygon legs have
been used for stereo matching. In addition to these geometric properties, radiometric
properties may be used for similarity assessments. Because corresponding edges usually
have a slightly different shape due to perspective projection, other similarity primitives
like
* angle at the vertices
* orientation of the vertices
* edge strength
* zero crossing sign
are used to establish the initial list of matches.

4 .3

SURFACE REPRESENTATION OF DEMs.
A continually varying surface can be represented by contours and these contours can

be effectively regarded as sets of closed, nested polygons. Although sets of isolines
(contours) are very suitable for the display of a continually varying surface, they are not
particularly suitable for numerical analysis or modelling. As a result, other methods have
been developed in order to be able to represent and to use effectively information about
the continuous variation of an attribute (usually height).
Surface modelling is a general term which is used to describe the process of
representing a physical, or artificially created surface by means of a mathematical
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expression. In order to generate the model, a set o f (xj, yj, zj; i = 1,2, ...n) are obtained
from a real surface (Segu, 1985). The x and y co-ordinates are associated with the spatial
positions of sample values while the z co-ordinates represent the values of the variable
which is being modelled. This variable can be elevation (most common), temperature,
wind speed, population distribution, pollution distribution, etc. So the digital surface can
be applied to any surface for which numeric inform ation can be obtained. Facial
modelling is one particular category of surface modelling which deals with specific
problems of representing the surface of the face.
The concept of creating digital models of surfaces in general is a relatively recent
development. The DEM concentrated the interest of the photogrammetrist when analytical
plotters became commercially available althougth, analogue photogrammetric instruments
fitted with encoders could output data directly to computers thus making it possible for
computers to directly contribute in data processing and mapping. By and large , DEMs
provide the same sort of information as contour maps, but in a digital rather than
analogue format suitable for processing by computer based systems.
Three main terms (digital elevation model, digital ground model and digital terrain
model) are widely used by scientists in that field which have been coined to describe this
or closely related processes. Although, in practice these three terms are often presumed
synonymous, in reality they often refer to distinct products. Petrie, (1987) defines the
three terms as :
Digital elevation model (DEM) refers to the creation of a regular array of
elevations, normally in a regular or irregular grid.
Digital ground model (DGM) is similar to a DEM but with the additional
feature that it may be composed of either regularly or irregularly located points. There is
also presumed to be some correction between elements which are no longer considered
discrete. This connection generally takes the form of an inherent interpolation function
which may be used to generate any point on the ground surface.
Digital terrain model (DTM) is considered by some to include both planimetiic
and height information. However, unlike the previous definitions this representation may
also include derived data about the terrain slope, aspect, visibility and so on. The data
storage method is the grid based method. Other definitions of DTMs exist and have been
defined by Blascke, (1968); Leberl, (1973); Ayeni, (1976); Doyle, (1978).
The terms digital ground model and digital terrain model have to some extent been
superseded by the term digital elevation model, which has become widely used in the
scientific literature.
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4 .3 .1

REPRESENTATION STRATEGIES.

Surface representation plays an important role in a variety of disciplines, including
com puter graphics, computer aided design, com puter vision, and geographic data
processing. The surface reconstruction problem in 2 V2 is considered here for application
to digital elevation modeling. This problem can be mathematically stated as that of
interpolating a function of two variables when its values are given either at the vertices of
a uniformly spaced grid or at a set of irregularly distributed points in the x-y plane.
Digital elevation models in general are constructed either by regular grid based methods
or triangular based methods.

4 .3 .1 .1

GRID BASED MODELS.

Grid based surface generation method has the most widespread usage. The term grid
implies a network of values arranged in a rectangular mesh and calculated in such a
fashion that the values at the grid nodes (where a given row and column intersect) are
accurate samples from the surface that is being reconstructed. However, the estimation of
the values at the nodes is the major problem associated with the interpolation process
(McCullagh, 1988). The nodes represent samples of the surface represented by the data
and many methods have been proposed for their interpolation. There are two constraints
on the accuracy of the final DEM: the size of the grid itself and the accuracy o f the
interpolations at the grid nodes. It is clear that a small grid of 10 rows by 10 columns can
not possibly represent accurately a data set of 1000 points whereas it may be adequate for
a 50 point data set. It is therefore necessary to consider the likely requirements of grid
size related to the number of data points and the spatial frequency of elevations in the
area of concern. Information theory would lead to the conclusion that the number of grid
interpolations should be roughly equivalent to the number of data points. In order to
utilize the information of the data points, the criterion used has to be half the gap between
the closest data points in the area as a maximum. The consequences of this conclusion
have a net effect on computational speed as the number of interpolations being performed
increases proportionally. A simple solution would be to use a rectangular grid, but vary
the mesh size to accommodate the different data densities (Makarovic, 1973). Grid size
determination for a data set is at best difficult and at worst leads to significant errors in
over-generalising the surface and rem oving data fluctuations. As a result, the
interpolation process does not reflect the information of the data points unless they occur
exactly at the grid locations.
The choice of interpolation function is critical whatever the system is for modelling
surfaces. Most functions are not related to the geometry of the surface they are trying to
represent. An exception would be the case of geological gravity anomaly surveys where
there is a theoretical basis for the inverse square function applied. W here a grid is
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generated from some random set of data, many features of the function will impose
themselves on the final surface. There is a danger of generating fictitious peaks and
valleys based on function form alone rather than on an accurate surface model. It is
therefore important to consider very carefully the type of function used in any given
model. Some models available in commercial packages operate without smooth surface
interpolation while the more expensive packages allow some form o f smoothing. The
question to ask is whether the resulting smoothness from the interpolation function
represents reality. There is extensive literature available concerning methods of
interpolating values at given locations from scattered data

points (Lancaster and

Salkauskas, 1986). This indicates that there is rarely an optimum technique and that the
choice of method is very much dependent on user preference and desired characteristics
of the surface to be produced. An interpolating function is required that:
(1) will provide a continuous surface (at least visually smooth in the first
derivative) from a scattered and possibly linear data set;
(2) is easy to calculate, because where there are N data points,

interpolations

have to be calculated to create the grid; and
(3) preferably has the mathematical properties of interest to the application.
There are two major classes of interpolation methods: global and local. The global
methods fit some function to the entire data set in such a way that all the data points exist
on the function surface. All data points are honoured, but not necessarily on the grid
samphng of the surface. These techniques include the multiquadric approach and bicubic
sphne systems. They sound ideal but have one major drawback: they take up an amount
of computer memory that is always at least the square of the number of data points and
require the solution of a matrix equation that may be sparse but has the same order as the
data set. This is a non-trivial task for situations where data points may be in excess of a
few hundred (McCullagh, 1988). Nevertheless, for small data sets the global technique is
very successful, but does not lend itself easily to discontinuity handling.
Local interpolation functions produce a continuous surface because they assume there
is an autocorrelative effect present in the surface that decreases with distance away from
the location where the interpolation is made. Therefore some distance must be specified
beyond which no data point will have any effect on the interpolated value of the surface at
a particular grid node. The process by which the influence of a data point diminishes with
distance away from an interpolation is referred to as weighting. The weight of a point will
be greatest when it is near to the location of an interpolation and diminishes to zero at
some preset distance away. The choice of the function to represent the decline in
weighting is as variable as is the choice of interpolation function itself. The advantage of
a locally applied function is that it has only to consider local data points and can be
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computationally as small and simple as required (within the continuity constraint). It is
therefore fast to compute provided that the necessary local points can be found quickly
from the entire data set. The function chosen for weighting the local points that will be
used to calculate the interpolation is usually kept simple because the autocorrelation
function of the surface involved is often not known: a simple inverse power function is
frequently used. The function for calculating the interpolation can also be kept simple:
some form of inverse distance weighted average may be employed, where the distance
weighting is provided by the weighting function.
An alternative local function is the process known as kriging (Davis, 1986). The
autocorrelation function (variogram) is defined beforehand and the distributional
properties of the local data are taken into account by means of a matrix equation system
expressing their relationships to each other, to the point where an interpolation is being
made and to regional trends in the surface as a whole. This system of equations is solved
and the coefficients are used to calculate both the interpolation and an error estimate. The
latter is of variable reliability depending on the accuracy of the autocorrelation function
and other estimates necessary to the calculation. The kriging process is an elegant
solution to a difficult problem but requires a clear understanding of its approach .

4 .4 .1 .2

TRIANGULAR BASED MODELS.

The objections to the grid based methods outlined previously are:
(1) the considerable computer time needed to interpolate a detailed regular grid
to represent few data points.
(2) lack of flexibility in responding to variable data densities in different parts of
the surface being modelled.
(3) non-honouring of data points caused by insufficiently fine a grid in order to
keep computer time down to reasonable levels; and
(4) difficulty in representing break line information adequately on a continuous
surface.
These problems have led to intensive development in recent years of alternative methods
of generating DEMs. The m ost widely known alternative m ethod is based on
triangulation of the data set. The solution constructs a triangulation of the region formed
by the convex hull of the data points. This is done in such a way that the set of triangle
vertices is precisely the set of data points. Algorithmic improvements in the past ten years
have now produced reliable triangulation procedures that produce the "most nearly
equilateral" set of triangles possible (the Delaunay triangulation) in a time linearly related
to the number of data points , and without the need for large com puter memory
requirements (McCullagh, 1988). Some of the alternative names for the same procedure
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(or its dual) found in literature are Dirichlet, Deltri, Thiessen, Voronoi. The major reason
for the upsurge of interest in triangulation techniques has been that they are ideally suited
to breakline insertion. If the locations of these special lines are entered as a logically
connected set of data points, the triangulation process will include them and relate them to
the rest of the data se t
The number of available surface patch methods for triangles is large as a result of
their importance in numerical analysis in engineering. Although many methods are
available and have been reviewed extensively by Zienkiewicz (1971), the majority have
made assumptions about the types of triangle that will be used. Most methods assume
either acute or right-angled triangles and do not operate on an arbitrary triangle shape
without subdivision or transformation to standard form. Any shape triangle may be
encountered particularly in the development of a Delaunay triangulation. Many variations
of the Clough and Tocher (1965) element exist, where the basic triangle is split into three
subareas. Coefficient calculation for any triangular surface patch is much more complex
than for the rectangular case because of arbitrary triangular shape. This means that time
in calculation becomes a major factor and that the user has to make some decisions about
how smooth he wants his surface to be. Two patches are considered here: the Birkhoff
and Mansfield (1974) nine parameter rational interpolant based on a quintic polynomial
that would normally require twenty one coefficients and Akima's (1978) triangular
quintic interpolant. The former reduces the quintic interpolation problem by making
certain assumptions about the condition of the surface along the edges of the triangles,
particularly by reducing the normal derivatives on the edges of the triangle to linear
functions rather than cubic polynomials. Both interpolants operate without subdivision
and guarantee continuity of the first derivative (in Akima's interpolant the second
derivative as well). Triangle shapes can be extremely non-equilateral leading to problems
of sudden surface flexures occurring in the interior of a triangle in response to particularly
violent changes in local gradient at the vertices. The user of interpolated surface patches
should , however, be aware of the different visual impressions created by the different
functions.
4 .3 .1 .2 .1

T H E DELA UN A Y A P P R O A C H .

The Brassel and R eif algorithm approaches the problem of triangle formation by
choosing an arbitrary starting point and, as necessity demands, creating a set of
imaginary guaranteed neighbours outside the data area to be polygonised. Once a known
neighbour has been determined by this arbitrary starting method, each neighbour of a
given point can be found by rotating about that point in a clockwise direction (Figure
4.9). If point 0 is the point whose neighbours are to be discovered and 1 is a known
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neighbour, the line 0-1 is a base from which the next right-most neighbour can be
determined. A new right-most neighbour is found when a circumscribing circle passing
through the base line 0-1 and new point, 2, contains within it no other data point. The
line 0-2 then becomes the new base line until point 3 can be found as the next neighbour,
and so on around the rotation point, 0, until point 1 is reached again. W hile the
neighbours for the rotating point are being discovered, it is possible to update indexes of
the neighbours for all connected points, greatly reducing calculation effort at later stages.
In a random data set, about two thirds of all calculations will have already been made by
the time any given data point is investigated.

Known
neigboui

Rotation
point

Figure 4.9: Rotational search for Thiessen neighbours to
create Delaunay triangles.

The following features of the Brassel and Reif algorithm are significant
(1) It uses a one dimensionally sorted data list and has to check a large
number of points that may be the correct next neighbour out of the
neighbours surrounding the data points. A two dim ensional sort
structure would minimise searching time for any given point.
(2) A considerable amount of calculation is involved in determining the new
circumscribing circle centre and radius.
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(3) Advantageously it proceeds in a logical spatial manner through the data
set never covering the same ground again giving considerable economy
in storage.
Other schemes of triangulation exist such as the hierarchical approach where points
are added to the points progressively and triangulated. Any triangulation that is to be used
for surface modelling must have as a goal the properties of stability, equilateral shape,
and non-intersection. The scheme should discard long, thin and obtuse triangles as much
as possible. It is desirable that the triangulation resulting from any data distribution
should be independent of the starting point of the triangulation process inside the
distribution. This is particularly important in cases where ambiguity o f triangulation
might occur.
4 .3 .2

G R ID /T R IA N G U L A R C O M P A R IS O N .

The justification for using a triangular network approach lies mainly in questions of
accuracy of representation of the surface and the speed of calculation. The best
comparison is with a regular rectangular grid covering the same area with an equivalent
level of detail. Consider 1000 randomly located data points over a square area. The size
of grid used to represent this area would probably be of the order of 100 rows by 100
columns. The creation of the DEM grid would involve the calculation of 10 000
interpolations, each one requiring searching and numeric effort. The Delaunay
triangulation, on the other hand, requires the same initial procedures to provide a box
structure followed by 1000 sets of neighbour calculations. If the average Delaunay
computations for one point are considered approximately equivalent to the amount of
effort in a grid interpolation, it can be seen that the saving through producing a triangular
structure rather than a square grid can be great, particularly as the number of points rises.
Added to this is the advantage of having the original data points located exactly on the
triangular network and on the surface on which they would be found, as opposed to the
rectangular grid approach which only occasionally honours the data points. Figure 4.10
shows the two ways of surface display with respect to the initially collected random data.
However, if linear surface patches are considered adequate, then there is little difference
in speed of execution between the rectangular grid and triangular network cases.
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X X X

Random data

Iteqx)lated to
regular grid

Figure 4.10: Methods of surface display with respect to raw data set.

4 .4

S H A P E F R O M S H A D IN G .
Shape from shading refers to the problem of determining the shape of a smooth

surface given a single image of that surface (Horn, 1975; Frankot and Chellappa, 1988).
It is of potential utility whenever photogrammetric methods cannot be used to obtain
depth information. Such cases include remote sensing by flyby spacecraft, which image
their target only once, by orbiting spacecraft whose orbital geometry constrains them
always to view a particular region from the same angle, and even by fixed earth based
telescopes in the case of the Moon. Surfaces with bland, gentle slopes pose problems for
stereomatching because of the difficulty of identifying corresponding points in the two
images. Finally, stereomatching methods are difficult or impossible to use on very small
regions, because of the restriction imposed on the oblique viewing by depth of field. Of
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these (potential) applications, applications to planetary remote sensing has the largest
history. Here, photoclinometry (as it is termed) was first used to estimate the slopes of
mare ridges on the Moon over 35 years ago (van Diggelen, 1951) and has received
sporadic but recurring interest ever since.

4 .4 .1

PRINCIPLES OF SHAPE-FROM-SHADING.

Shape-from-shading requires the formulation of the reflectance map, R, which is an
analytical description of the observed image I (x,y ) in terms of the surface co-ordinates
X, y, z, image sensing vectors, and normalized scattering cross-section. These parameters

are the determinants of a reflectance map R as stated by Frankot and Chellappa (1988).
I(x,y) =R(Zx, Zy, P, L, p)

(4.12)

where z ( x ,y ) = an expression for terrain height,
Zx> Zy - slopes in x and y direction,
P = illumination vector,
L = viewing vector,
p - albedo.
Equation 4.12 is valid for a variety of sensors. The image grey levels I (x ,y ) are the
discretized levels between the minimum and maximum radiometric values. The terrain
slopes Zx y Zy , and the local normal, n , are related by equation 4.13 and are to be
estimated: i.e.,
n=(Zx, Z y d - z l -

(4.13)

An exact functional relationship among the variables (zx, Zy, P, L, p ), is
intractable to derive analytically, and in the past has been the subject of empirical studies
and some simplified modelling of the scattering mechanisms involved. A number of
simplifying assumptions have been made such as where the reflectance map is assumed
to follow the cosine law Wildey, (1986). In such a formulation the image brightness is
modelled as the cosine of the angle between the illumination vector and the local normal.
The cosine model assumes that the normalized scattering cross section coefficient does
not vary with local incidence angle. Single image shape-from-shading cannot resolve the
fundamental ambiguity between changes in albedo and slope when a change in shading is
encountered (Thomas et al, 1991). Even with the assumption of uniform albedo, the
problem of height reconstruction from shading is mathematically underdetermined. The
shading information from single pixels merely implies a cone constraint of the local
surface normal as stated by Wildey (1986).
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The single image algorithm derived by Frankot and Chellappa (1988) was posed as a
calculus of variations problem and involved minimizing the following cost function.
e = f f [ ( I ( x , y ) - R ( Z x , Zy))^ +

+

+

] dxdy

(4.14)

where:
I = actual image gray value,
R = reflectance map,
Zx = slope in the x direction,
Zy

= slope in the y direction,

Zxx - second partial derivative of z in the x direction,
Zxy = partial derivative of z with respect to x,y directions,
Zyy = second partial derivative of z in the y direction,
A = regularization parameter.
The first term in equation 4.14 , (/

(x ,y ) -

R

(z x , Zy

))^, is a measure of the difference

between the pixel gray values of an actual image versus the values predicted using the
current estimated terrain model. Because of the mathematically ill-posed nature of such
inverse problems (Baltes, 1980), solutions which minimize this term will lead to very
oscillatory terrain estimates. Therefore, a regularization term, A (z^xx + ^z^xy + z^yy ),
is included to act as a penalty function that limits the amount of terrain oscillations. In this
way, solutions to the combined metric represent a comparison between faithful image
prediction and terrain slope variations. The reconstruction problem is thus formulated as
a calculus of variations problem, the solution to which is obtained using the EulerLagrange equations. The form of the solution obtained is one in which the estimates of
the terrain slopes are iteratively improved. The slopes are then integrated to calculate the
heights.
One very useful condition for integrating slopes involves the notion of "integrability".
Analytically, this condition implies that
Zxy(^>y) — Zyx(x, y)

(4.15)

where z ( x , y ) i s the analytical expression for the terrain surface.
Using Stokes' theorem, it is possible to show that the requirement in equation 4.15
ensures that the integral of the slopes over any closed path reduces to zero. In practice,
the condition in equation 4.15 ensures that the slopes can be integrated along any path to
calculate heights. Earlier approaches to shape-from-shading produced height models that
did not satisfy integrability. Horn and Brooks (1986) used a penalty function to drive the
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iterated solution toward integrable solutions. A more rigorous effort was presented by
Frankot and Chellappa where the latest estimated solution was projected onto an
integrable subspace of solutions on every iteration to calculate heights. This projection is
accomplished in the Fourier domain and is given by:
C/a>)PJa) + Cj[a))P (CO)
C(Cû)=----------------

j -----

4.16

where
C((o)

: is the Fourier transform of the height model,

Cj (co): is the Fourier transform of the estimated slopes in the x-direction,
€ 2 ( 0 ) ) : is the Fourier transform of the estimated slopes in the y-direction,
Û) : is the Fourier domain frequency variable, and
P (co) : is the Fourier coefficients of a discrete differentiation operator in x and y .
Several different approaches for reconstructing the surface shapes from multiple images
have also been derived and is discussed by Thomas et al. (1989).
The technology and techniques covered in these last two chapters are so broad and
are changing so rapidly that one cannot pretend to convey more than a snapshot of where
the burgeoning field of electronic image processing is.
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5 .1

CH APTER

FIVE.

EQ U IPM E N T

SETUP.

M OTIVA TION AND O B JECTIV ES.
A typical day's work in an orthodontic unit involves attending to patients with all

sorts of dental malocclusions. These cases range from simple tooth filling procedures on
one end of the spectrum to cases that require surgical procedures on the other end of the
spectrum. Plate 5.1 shows profile views of patients with craniofacial malformation
requiring ortho-surgical treatment.

Plate 5.1: Side views mid dentation o f patients witii crmiio-facitil malformation.

Standard aids exist to assist the surgeon plan what course of action to take for a given
case. These aids could be in form of photographs, x-rays, teeth impressions or casts or a
combination of the above. Cases that involve realignment of mandibles generally result in
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changes in facial profiles necessitating a need for three dimensional measurements of the
face before and after surgery by surgeons so as to plan and monitor the effects of
surgery.
A number of methods including a matrix of mechanical probes, lasers (Moss and
Linney, 1987), moire fringe patterns (Moore, 1979), and stereophotogrammetry (Burke,
1983; Curry et al.j 1986), have been investigated as possible ways in which three
dimensional records could be made of human heads. Each method has its own merits and
demerits ranging from accuracy requirements, safety factor to the subject, complexity and
cost of analysis. Results that have been obtained from earlier investigations have been
encouraging but have highlighted some weaknesses of generating elevation models from
a single model obtained from two camera stations. This current investigation addresses
itself to these weakness and difficulties.
The cardinal weakness of the images obtained from two camera stations is its
failure to image all the features of the face. Hence, besides imaging the frontal portion of
the face, a system that will image even the sides o f the head is needed. Multi-models
covering the subject would go some way to realising a complete facial model. However,
this approach doesn't come without its own associated problems such as the optimum
number of cameras and positions and subsequently how to join the resulting models into
one model to within acceptable accuracy. This entails designing a dedicated calibration
target with distributed control points which will assist in the transformations of model co
ordinates to those of the reference system. Methods of data capture and data processing
by conventional photogrammetric methods make it impossible to have useful results
within a few hours of photography. It is the aim of this research to develop tools that will
help to bypass this bottle neck in the processing and provision of data by generating
conjugate points automatically by the use of an area based stereomatcher. The ultimate
objective is the development of a graphical display environment that extracts clinical
information, such as profiles, distances between strategic points and other information
deemed vital by the surgeon, from texture mapped images.

5 .1 .1 ADVANTAGES AND DISADVANTAGES OF
PHOTOGRAMMETRY.
W hen applied to m easurem ent in m edicine, im portant advantages o f
photogrammetry over conventional methods have been indicated by applications under
review by researchers.
* Photogrammetry is a non-destructive technique in that it totally avoids all risks involved
in hurting, infecting, or distorting the human subject being studied. The main advantage
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is that of the object not being distorted by contact, which proves to be very important
because the human body can be easily distorted by applied pressure on the soft tissue.
* Photogrammetry makes it very easy to measure objects which in the past have been
very difficult to measure by conventional methods. By using a synchronized pair of
cameras in photography, object movement at the instant of exposure is frozen which in
turn enables the range of applications to be broadened to non-rigid and moving object
situations.
* W ith the use of photogrammetry, perm anent records in the form of digital or
photographic images are always available on file. Storage space for these images is
relatively small, and can be retrieved at any time for remeasurement if the need ever
arises.
* Versatility is another advantage in using photogrammetry for medical purposes. Any
desired degree of accuracy can be achieved by making a suitable choice of equipment and
technique. Also simple and complicated shapes of a wide range of sizes may be measured
with equal facility.
* Finally, data obtained from photogrammetric measurements, especially if put in co
ordinate form, can be easily utilized by computer systems. Applications in this form can
be easily used by professionals to provide surface areas, volumes, and distances.
With the use of photogrammmetry in medicine, a few problems are encountered such as:
* the acquisition of photography such that all parts of the subject are covered;
* the need for control points to allow for scaling and the orientation of successive sets of
photography to a common reference system;
* the need for the subject to maintain a constant pose; and
* the need to improve features such as skin contrast.

5 .2

EQUIPMENT SETUP.
A dedicated room for capturing images and processing the data has been set aside

at the Orthodontics Department at King's College London Dental School. The system
consists of four Pulnix TM 526 interline transfer CCD cameras and four Rollei 6006
cameras mounted on a rigid steel semi-circular rig fastened to three of the four walls of
the room. This steel rig is mounted at a height of 2.0 metres above the floor and has a
radius of 2.1 metres (Figure 5.1). One CCD camera and one Rollei camera are screwed to
the steel rig by small angle brackets at +18.5®, +45®, -18.5® and -45® about the centre of
the steel rig. A projector that projects texture on the patient's face is set at 0^. Each CCD
camera has two leads, one going to a 14" Hitachi monochrome monitor for monitoring
the live video signal and the other lead goes to the frame grabber ( Plate 5.2).
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Figure 5.1: A phui view of camera .setup for image acquisition.

The host computer is a 80386 IBM compatible PC with a 25MHz processor and 8Mbyte
extended RAM. It has a 120 M byte hard disk, one 3.5" and one 5.25" disk drive and a
40M byte tape streamer for image archiving and general backups. The com puter has a
super VGA card with a high resolution 3FG NEC multi-sync monitor.
When it came to selecting a PC based frame grabber, our camera configuration
and cost of the board w ere the main constraints. Given that there were four video
sources, the board that eventually had to be settled for had to have had at least four
camera inputs and had to be reasonably priced. At the time of purchase there were few
boards that accepted at least four camera inputs. Hence on comparing the flexibility,
accompanying software library and the price, the Matrox IP-8/2MC was purchased. It
takes four camera inputs and comes with 2Mbyte on board memory of which there is
1Mbyte on each of the two planes with a depth of 8 bits. However, only one plane can be
active at a time. The active plane can be configured either as one buffer of 1024x1024
pixels or two buffers o f 1024x512 pixels or four buffers of 512x512 pixels. The board
comes with a fair sized software library written in the C language to facilitate access of
the board through some primitives. For most of the work, the board was operated under
the four buffer configuration thus making it possible to write a grabbing routine to
capture images from the four cameras in a multiplexed fashion in under 2 seconds.
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Plate 5.2: System components. The top plate shows some of the
imaging devices and below the hydraulic lift used to
raise the patients.

At the centre of the semi-circular rig is a custom built calibration target where the patient
positions his/her head with the help of the operator. The calibration target is
approximately at the same height as the steel rig. To raise the patient to this height, the
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patient is made to stand on a hydraulic platform which is raised or lowered at a press of
either of two buttons.

5 .3
DESIGN CONSIDERATIONS.
5 .3 .1 CAMERAS.
The selection of the cameras and their geometries was determined by requirements
for photogrammetric accuracy and the physical constraints of the setup and the cost of the
cameras. Ideally, the cameras had to be light enough to be mounted on the semi-circular
rig. As mentioned in section 3.2, the CCD cameras used are Pulnix TM 526 interline
transfer with a 1/2 " chip consisting of 500(V)x582(H) pixels. The cam eras are
monochrome and are 36mm(H) x 34mm (W) x 69mm (L) and weigh only 125 g. The are
powered by a 12V electromotive force and current of 150mA. The signal output is IV
peak-to-peak. These cameras were chosen mainly because of their size, weight, reliability
and cost. Besides these factors, an interline chip was settled for on the grounds that
problems of smear are virtually non-existent.
Popular analogue cameras today are almost exclusively 35mm or 60x60 mm
format. The size favoured for metric use is usually the 60x60mm format using 70mm
wide sprocketed film. Metric analogue cameras were chosen so the images captured by
them would act as control images over the CCD captured images. Rollei 6006 cameras
with reseaux were used.

5 .3 .2 LENSES.
Different lenses have different net effects on a project at hand. One has a choice
between narrow angle lenses or normal angle lenses or wide angle lenses or even zoom
lenses. Using a wider angle lens will give broader coverage and consequently increase
the opportunity for imaging more data. A wider angle lens also increases parallax
difference, a condition favourable to high accuracy (Warner, 1989). Furthermore, by
using a wider angle lens, each stereomodel can cover the same area but at a reduced
standoff distance but still giving the same image scale.
The CCD cameras were fitted with Cosmicar 1 2 .5 -7 5 mm zoom lenses. Zoom
lenses are used extensively in computer vision to overcome the limited resolution
provided by the small focal planes of solid state cameras. Typically, the video cameras
used in vision applications have a focal plane measuring only 9mm x 7mm, resulting in a
very small imaging area as compared to conventional film cameras. Zoom lenses are
needed to provide the capability to change the focal setting so that large areal coverage can
be obtained at short focal settings while close-up views are achieved at long focal
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settings. Fryer (1986) found that changes in radial distortions of zoom lenses are
negligible only for focal settings greater than 50mm. Although there are distortions below
the 50mm focal setting, these distortions are systematic and can be corrected in the
calibration model (Wiley and Wong, 1992). The zoom lenses were focused at 1.9 m with
a focal setting of 25mm and stopped at f/1 1. A blue filter was fitted on the lenses to
reduce relection from the skin (Takasaki, 1973).
The Rollei cameras, however, were fitted with a standard 80mm lens focused at
1.9 m and stopped at f/8 . Kodak T -M axllO , 70mm wide sprocketed film of 12
exposures each was used for photography.

5 .3 .3 DEPTH OF FIELD.
Depth of field is the distance between the points nearest and furthest from the
camera which are imaged with acceptable sharpness (Figure 5.3 ) (Ray, 1988). This
constraint arises when the camera is not focused at infinity and, as such, other objects in
the field of view will be out of focus. In close range photogrammetry, at ranges under
3m, the depth of field of the camera system plays a large part in the design of the
photogrammetric systems. Beyond 3m it is usually possible to operate a stopped down
lens focused at the hyperfocal distance to cover distances from approximately 3m to
infinity (Clayton, 1989). The effect is that fixed focus lenses cannot readily be used. The
hyperfocal distance is given by:

where: / = focal length of the lens.
F = relative aperture (e.g. % ).
c = diameter of circle of confusion.
The near and far limits

and fi 2 respectively) are given by:

(5.2)

=
H+^

1^2-

(5.3)

where: ^ = distance focused upon.
H = hyperfocal distance.
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far
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depth of field.

Range where image
will be acceptably
in focus (depth of
field).
where a #b; but b > a.
Figure 5.2: Concept of depth-of-field.

Factors that are considered in deciding upon an appropriate depth of field are the camera
standoff distance and the choice of the aperture. Generally, reducing the aperture means
an increase in the depth of field but this reduces light entering the lens. The reduced light
can be compensated by increasing the exposure time.
For our CCD cameras, an aperture setting of f / n was used with an assumed diameter
of the circle of confusion of 1000^^ of the focal length of the lens i.e f/lOOO (Mitchell,
1950). Hence, the computed depth of field in the setup is:
depth-of-field = | i 2 "
where: H =

i=

|iH \ / fiH \

and |i ~ 2000mm
depth-of-field = 9.3m - 0.5m
= 8.8m

5 .3 .4 BASE-TO-HEIGHT

RATIO.

The fraction b:h (Figure 5.3 and Figure 5.4) is ordinarily termed the base/height
ratio (sometimes the base:distance ratio). The accuracy of height determination is
dependent upon the base-to-height ratio of the stereoscopic model as this fraction is
closely related to the intersection angle of the conjugate rays (or its reciprocal), i.e.
-IH
AH =

(5.4)
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where A H = eiTor of height determination.
H = altitude of camera (stand off distance).

/ = principal distance.
B = distance between exposure stations (base).
APjç = measurement error (parallax error).

The geometrical quality of the intersection is related to the magnitude of this angle. It can
be seen that as the b:h ratio is increased, AH decreases or the greater the accuracy of
height determination. From a purely geometrical point of view the b:h ratio corresponding
to a right angle between the intersecting rays should be most favourable (Hallert, 1970).
Some sort of classification of base/height ratios is of practical value and the classification
in Table 5.1 holds true:

Base/height ratio

Denoted:
small

< 1/5
1/5 - 3/5

normal

3 /5 - 1

wide

>1

super-wide

Table 5. 1: Base to height ratio classification.

Our cameras were setup to acquire images in a convergent geometry, as a result,
the base-to-height ratios are reduced as shown in Figure 5.3 while Table 5.2 shows the
base-to-height ratios.

B =2r.Sin0/2
and H = r.Cos9/2

Figure 5.3: Reduction of base to height ratio in the convergent geometry.
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M odel

Base (cm)

H eight (cm)

B ase/height

1-2

187.40

187.93

0.99

2-3

133.27
187.40

199.15
187.93

0.66
0.99

3-4

Table 5.2: Base to height ratios o f the King's College London system.

Where maximum accuracies are required, it is often necessary to increase the base
distance to the extent that camera convergence is required to gain overlap. Where
stereoscopic coverage is a requirement, 50% overlap is the theoretical minimum although
in actual practice 55% to 60% is recommended (Slama, 1980). However, the useful
stereoscopic coverage of convergent cameras in close range photogrammetry is often
limited by depth of field rather than overlap. Figure 5.4 shows that the overlap that is in
simultaneous focus is limited to the diamond shaped volume defined by the near and far
depth of field limits of the lenses.

Figure 5.4: Constraint imposed by depth o f field in convergent close range photography.

5 .4

C A L IB R A T IO N T A R G E T D ESIG N .

5 .4 .1 B A C K G R O U N D .
A camera can be viewed as simply a device for mapping a three dimensional space
into a two dimensional space. This mapping can be described mathematically using
homogeneous co-ordinate techniques and the proper mapping or transformation matrix.
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R iiR

1 2

R 13

[ X Y Z l ] R21R22R23 =w [ u v l ]

(5.5)

R31R32R33
R 4 1 R 4 2 R 4 3

where u = x A v and v = y A v are the co-ordinate values
in the two dimensional space of the photographs and
X, Y, and Z are the co-ordinate values in the three
dimensional space.
Carrying out the indicated multiplication gives:
X. R 2 1

Y . R 2 2 "^ Z .R 2 ^ 4-

= w. w —X

X . R 22"^ Y. R 22"^ ^ ' R s 2 R 42
X, R 2 3 Y. R 23 4" Z. R 3 3 ’3- R 4 3 = W

~ y

(5.6)

and substituting the expression for w into the first two equations above and
rearranging them gives:
4 - ( / ? 2 i - ^ 2 ^ “ ) ^ + ( R31~ R 3 3 ‘^ ) ^ ~^(R 31 ' R 3 3 - ^ ) - ^
^R 2 2 - R i ^ V ^ X + ^ R 2 2 ' R 2 3 - ^ ) ^ 4-

(5.7)

3 2 ' R 33-^)^ "^{^42' R

If the three space co-ordinates X, Y, Z and the transformation matrix R are
known then these equations give the values of u and v, the two dimensional co
ordinates in the photograph. Similarly, if the transformation matrix R and the two
dimensional co-ordinates u,v are known then the equations above have the form:
ax + by + c z + d = 0

(5.8)

The equation of a plane in three dimensional space. Now if we have for the same point a
II, V

co-ordinate pair and the R matrix from another photographic view, four equations

o f the form (5.7) in the unknowns X ,Y ,Z . In general if we have n views with n R
matrices and n ii,v co-ordinate pairs, we will have 2n equations in the three unknowns.
Ü2 b2 C2 '
X]
a2 b2 C2
Y
z
^2n^2n^2n

di
(5.9)
•*

^2n

or AX = B.
If a solution exists for this over determined system, it can be computed by the least
squares method and gives a least squares solution for X, Y and Z.
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So if we know the u,v co-ordinates o f a point in at least two different
photographic views and the corresponding transformation matrices from the views, it is
possible to solve for the points position in three dimensional space. The next logical
question is how does one determine the transformation matrix R for each view? From
equation (5.2) it can be noted that the transformation matrix contains 12 unknown values.
But since we are dealing with a homogeneous system the matrix will include an arbitrary
scale factor which we can set to unity. To find the eleven unknowns we will need at least
eleven equations of the form shown in (5.7) above. Since each point has two such
equations associated with it, the X,Y, Z and u, v co-ordinates for at least 5 and 1/2
points in each picture must be known in order to solve for /?. If we use six points
a,b,c,d,e,f and
= 1, the resulting system can be written in matrix form as
follows:

^

0 0 0 0 -Ui^ jy-UiyYIj

X g Y gZg 1 0 0 0 0 - u ^ g - u ^ g - u ^ g
X f Y f Z f l 0 0 0 0 -upCj ' - u ^
0 00 OX^Y^Z^l
a'^cXa'^(^a
O O O O X ij Y ijZ jjI - vijX fy-ViyYI,
0 0 0 0 Xf iY^Z^l - V p C ^ i ~ v d
0 0 0 0 X p Y p'Zéjrl -VjX

V^yy-VyZy

^21
R 31
R41
R i2
R 22
^32
R42
R i3
^ 23
R33
R 41

«a
Ub
“c
Ud
Wg
«/

(5.10)

Vb
Vc
Vj

If more than 5 and 1/2 points are available then a least squares solution of the eleven
unknowns has to be carried out. It is apparent that the technique requires that each
photograph must have at least six reference points whose three dimensional X, Y and Z
co-ordinates are known. This requirement can be satisfied by surrounding the surface to
be measured with a target with points of known co-ordinates.
5 .4 .2 T A R G E T D ESIG N AND C O N T R O L P O IN T P O S IT IO N
D E T E R M IN A T IO N .
As discussed in the introduction, the necessity o f selecting a particular aperture
and focus setting requires a new calibration for each combination. As such a dedicated
calibration target was constructed (shown in Figure 5.5). It consists of a 300mm square
wooden plate with 25 control points on steel studs with stems of square cross sections.
Stems vary in length from 35 mm to 70 mm. Two or three circular holes of diameter 0.75
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mm were drilled at the end of each stud. Small 12 volt LED's were inserted into the
shafts of the steel studs so that the light exits through these circular holes when the bulbs
are on for calibration purposes.
The positions of the control points and the lengths of the studs were determined
by an iterative procedure, while keeping the camera positions constant, with the help of a
modelling package called DORE on a Sun4 workstation. DORE is an acronym that
stands for Dynamic Object Rendering Environment. The package has a powerful graphics
library that enables one to produce near-photographic quality images. Apart from having
a ray tracer, DORE includes features like transparency, shadow s, environm ental
reflections and the inclusions of multi-cameras. Ideal stud lengths and positions were
those that yielded images with a minimum of six control points from each of the four
cam era positions so as to have an overdetermined system of equations for calibration
purposes. The X, Y, Z co-ordinates of each point were measured to an accuracy of 0.05
mm by the use of the Kern Electi onic Co-ordinate Determination System (ECDS).

Control

p o i n t / lo

scales
Ear p o s t s

Co n trol

point / 2

C o n t r o l p o int / 25

Figure 5 . 5 : Calibration target.

The ECDS system is based on theodolite measurements and as such the data that
provides a solution to this problem include horizontal and vertical circle readings to target
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points within the object space. The Kem Aurora system has adapted the photogrammetric
bundle adjustment techniques to enable the positions of the theodolites to be resected
from control points of known positions. Detennining the positions and orientations of the
theodolites within the measurement system is necessary prior to triangulation of the
unknown points. This can be done either relatively, with respect to one of the theodolites
which is deemed to define the co-ordinate system, or absolutely, with respect to a known
fixed co-ordinate system within the object space. Once the theodolite positions are known
the triangulation of subsequent points by intersection and the determination of their co
ordinates is fairly straightforward.
Two theodolites were used to make observations to control points on the calibration
target. The best estimate of the positions of the control points can be defined to be the
mid-point of the line normal to the two, supposedly, intersecting rays. These rays are
vectors, described by the direction cosines and the theodolites' co-ordinates (Figure 5.6).
Refer to Appendix B for the fundamentals. Since not all control points to be measured
were visible from one single calibration target view, the calibration target had to be
rotated through three views. This necessitated the establishment of six transformation
points which were visible in all the three views. These transformation points were
observed in each of the three views before measuring the control points on the calibration
target that were visible in the given view. The transformation points served to transform
control points of view 1 to view 2 and those of view 3 to view 2 (see plates 1-3 and
Appendix B for results).

Figure. 5.6: Theodolite intersection by the ECDS system. Si and S% are theodolite positions.
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5 .5

S O F T W A R E U T IL IZ E D .

5 .5 .1

C O M B IN E D A D JU S T M E N T P R O G R A M (C A P).

CAP is designed for close range engineering applications and medium sized aerial
triangulation blocks. It uses bundles of rays to determine the position and orientation of
the camera and also the positions of new points. Software packages such as STARS,
GEBAT, CRISP, BINGO and CAP are generally written with one objective or a
combination of the following four objectives:
1. as a commercial product to be sold as stand alone software;
2. as on-line software enhancing photogrammetric instrumentation;
3. for commercial use in the "in house" production process of a
photogrammetric practice; and
4. for academic and research use (Ruther, 1989).
CAP was written in Fortran and can run under the MS-DOS or UNIX operating systems
and adjustment of both photogrammetric and theodolite observations can be done under
CAP. For geodetic observations using theodolites, CAP treats each theodolite as a
camera. Hence the direction bundles from these theodolites are treated formally as images
(Hinsken and Przybilla 1987). This software was used bundle adjustment of the facial
models so as to facilitate the transformation of the independent models into one co
ordinate system.
5.5.1.1

M A T H E M A T IC A L FO R M U L A T IO N .

W hen running CAP, two types of mathematical models are formed. They are the
functional model and the stochastical model. The functional model gives the functional
relationship between the observations and the unknown parameters while the stochastic
model on the other hand reflects the random errors of the observations (Hinsken, 1988).
In the functional model, if the number of observations is greater than the number of
unknown parameters, the determination of these parameters has to be done by an
adjustment. The adjustment procedure used by CAP is based on the least squares
method.
Estimated parameters are introduced into the functional model to obtain the estimated
observations. These estimated parameters are needed to start off the solution as the
solution is determined iteratively converging to the most probable values. Least squares
works by minimizing the weighted sum of the squares of the residuals and CAP bases its
adjustment model on the Gauss-Markov model. Again two types of models are possible,
the model with the full rank or that without the full rank. The model without the full rank
is the case where free net adjustment is used to define the object co-ordinate system.
The Gauss-Markov model defined is a linear model as shown below.
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2 j
x p = E ( r ) with D (y ) = a P

(5.11)

where
X

= (n X u) matrix of given rank coefficient X = q,
with q = u, if full rank and q < u , if X
is not full ranked.

P = (u X 1) vector of unknown parameters.
E
y

= represents the expectation value.
= (n X 1) vector of observations.

D (y) = ( n x n ) covariance matrix of observations.
= unknown variance of unit weight.
P

= (n X n) known weight matrix.

n

= number of observations.

u

= number of unknown parameters.

W hen the functional relation between the observations and parameters is not linear, the
function is expanded into Taylors series and the solution is obtained by an iterative
process.
The bundle adjustm ent in CAP uses the fundam ental equation of analytical
photogram m etry, the collinearity equations (see equations

2.1 and 2.2).Because

theodolite observations are treated as images, within CAP, collinearity equations still
apply. Besides the collinearity equations, models of additional observations can be
included in the adjustment so as to provide additional constraints. These include slope
distances, horizontal directions, vertical angles, distances in the X-Y plane, the X-Z
plane and the Y-Z plane.
5 .5 .2

H E R IT A B L E IM A G E P R O C E S S IN G SY ST E M (H IP S).

HIPS is a set of image processing modules which provide a powerful suite of tools
for research, system development and teaching. The HIPS package runs under UNIX
and most of the programs are written in C as filters, reading images from the standard
input and writing them onto the standard output. This feature of the package facilitates
interactive manipulation of images. The programs can be classified into five broad
categories:
1. interfacing to peripherals;
2. simple operations on digital images;
3. filters, convolutions and transformations on digital images;
4. simulation of schemes for digital-image transmission; and
5. generation of line-drawing sequences (plotting in three dimension).
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In addition, there are a few subroutines for housekeeping purposes such as accessing and
generating image headers. The main function of a header is to tell the user (person or
program) how large the image is and how the pixels are represented.
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CHAPTER

S IX .

R ESU L T S AND A N A LY SIS O F R E S U L T S .
6 .1

IN T R O D U C T IO N .
In order to assess the performance of the imaging system a methodical approach had

to be worked out. Preliminary investigations used a dummy's head into which 18 flush
pins were inserted over its face to act as points of interest for repeatability measurement
tests (Figure 6.1). Later, of course, human subjects were used to verify the systems
performance. Owing to the fact that the human skin is generally uniform and structureless
(Frobin, 1979 ), complicating the already difficult task of finding corresponding points,
an illumination pattern of some kind had to be employed. Stinctured lighting techniques
greatly reduces the correspondence problem enabling the generation of dense disparity
models (DDM) or a set of 2-D [x,y] correspondences over the stereo extent of the
imagery (Sopwith, 1980).

Figure 6.1: Dummy used tor preliminary investigations.

The production of surface models from pairs of stereo images may be subdivided into
three independent stages. Firstly, a dense array of conjugate points has to be generated.
These points were generated by stereo matching or by the use of the Leica-Kern DSR-1
analytical plotter and might be considered as a dense Digital Disparity Model (DDM).
The second stage involves the calibration of the sensor and the production of a
mathematical model of the sensor used to acquire the imagery, thus allowing conjugate
points detected by the stereo-m atcher or collected by the Leica-Kern DSR-1 to be
transformed into 3-D [x,y,z] co-ordinates. As these points might be irregularly spaced an
interpolator ought to be used to interpolate the data onto a regular grid so that the results
may be manipulated easily and comparisons can be made between different data more
easily (Figure 6.2). The resulting 3-D co-ordinates are then triangulated at different
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resolutions using the Delaunay triangulation routine developed based on Defloriani's
scheme and implemented by Thomas (1989). This display is contrasted with a regular
grid based surface representation. To add realism, this wireframe surface is texture
mapped and profiles, distances and angles can then be extracted from the rendered DEM
in the Model View (MoVie) visualisation suite (see section 6.8). In short this chapter
presents the results and a detailed analysis of the results.

left
image

Right
image

Stereomatcher

Sensor model

output

digital
^
Disparity
I Model (DDM\

Irregular
grid

Interpolator

Regular
DEM

Figure. 6.2: Flow chart showing DEM production.

6 .2

F ID E L IT Y T E ST O F C CD CA M ERA S W IT H T IM E .

Before any information from any device can be used, the user must be able to relate
the information output by the device to the phenomenon being measured under various
conditions. Solid state imagers have been used for many years and their features have
been examined as well as the subsequent handling of the data. Dahler (1987), states that
video information is dependent on three variables: the horizontal and the vertical
dimensions of the image and the time during which a sequence of images is taken.
The fidelity test consisted of directing the cameras onto a calibration rig with control
points and after switching on the power, a series of pictures were taken at varying time
intervals. The camera and the test field remained stable during this time. The co-ordinates
of the targets were determined and compared to the co-ordinates of the same targets in the
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Other images. This procedure was done by dynamically thresholding the raw images and
the resulting images constituted blobs representing the control points. Co-ordinates of the
centroids of these blobs, which were determined by the centre of gravity method, were
taken as the image co-ordinates of the control points (Figure 6.3).

*
Figure 6.3: Sequence of images from one cmnera showing raw image
with LEDs on for calibration tmtl centroids of the LED blobs.

A drift of all target co-ordinates was observed. The co-ordinates drifted towards a stable
value after about 90 minutes (Figure 6.4). Results of this simple test confirm s the fact
that temperature has an influence on the recording process (Dahler, 1987).
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1
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m in u t e s

Figure 6.4: A plot o f positiomil drift o f control point number 1 with time.
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6 .3

M O D E L C R E A T IO N BY T H E ST E R E O M A T C H IN G M E T H O D .

6 .3 .1 T H E O T T O -C H A U S H E E T G R O W IN G S T E R E O M A T C H E R .
The Otto-Chau sheet growing stereo-matcher was initially developed with the
stereo matching of SPOT-1 data in mind. The suitability of the algorithm in the stereo
matching of SPOT-1 imagery is well documented (Day and Muller, 1988, 1989). The
algorithm is based on earlier work on constrained adaptive least squares matching
(Gruen and Baltsavias, 1985, 1987). The basis of the adaptive least squares method is to
take a patch in the left hand image of a stereo pair, and compare it with a deformed patch
in the corresponding right image (Figure 6.5). The deformation parameters of the right
hand patch are altered until the right hand patch matches the left hand patch to some
desired precision. In the case of Omen's original work, and the current versions o f the
Otto-Chau algorithm, square patches of image are used. The right hand patch is deformed
using an affine transformation (shift, rotation and shear), although improved versions of
the algorithm could employ triangular patches (Otto and Peacegood, 1989) or a
succession of patches considered in a piecewise fashion (suggested by Upton, 1989).
Right (non-reference) image

Left (reference) image.

Figure 6.5: Concept of the Gruen algorithm. A square patch in the reference image is
transformed into a distorted patch in the non-reference image. The grey level
information in the right image is determined by minimizing
F = P.S + P
(P,F) is a conjugate pair.
P is a spatial shift [line, sample]
S is the shaping matrix which allows patch rotation, scaling and shear.
Xj. = ao + ajxi + a2 Yi and Yj = bg + h m + b 2 Vi

The performance of the Otto-Chau algorithm in matching corresponding patches,
which potentially contain discontinuities and occlusions may also be improved by using a
transform such as the perspective transform which fully reflects the fact that the images
being matched are the projections on two dimensional surfaces of a three dimensional
scene. The affine transformation which is the transform currently used in the Otto-Chau
algorithm is strictly a two dimension transformation, and is thus only an approximation to
the ideal perspective transformation. It is used because like most approximations
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introduced in complex algorithms, it signiticantly simplifies the mathematical basis of the
algorithm. Like most approximations, it is only valid over some subset of the domain of
the ideal transform. In the case of the Otto-Chau algorithm the use of the affme transform
means that the disparity function must be continuous over the patches being matched,
which implies that the local slope in the corresponding scene m ust be piecewise
continuous. This approximation does not cause too many problems given that the sheet
growing mechanism used by the Otto-Chau algorithm to propagate the matching process
over the surface of the image pair also requires this constraint.
The Otto-Chau algorithm can fail in two ways. Firstly, it may fail to converge
within the iteration count limit, or the precision of the match found. This situation is not
too serious as the algorithm will detect that it has failed and will then try to grow in other
directions. The second type of failure is when the algorithm converges, perhaps with
high precision, but to the wrong match. This type of failure is much more serious as the
algorithm will only be able to detect that a bad match has occurred using the precision
matrix and might not always work. Given that the Otto-Chau algorithm uses the present
match to predict future matches, this type of error can be serious as it can lead to future
matches blundering and an incorrect match resulting.
The basic difference of the Otto-Chau algorithm from the the original Gruen
adaptive least squares algorithm is the concept of sheet growing. It is this sheet growing
attribute that makes the Otto-Chau algorithm proficient at matching stereo imagery
exhibiting a continuous disparity function. Basically, in order to continue growing its
sheet of matched points, Otto-Chau must have some way of predicting how pairs will
match. The simplest way of doing this is to make the assumption that a pixel pair [x, y]
with disparity d which abuts the pixel pair [x', y'] with disparity d', conforms to the
constraint that 5 = I d' - d I is small. This is equivalent to saying that the disparity function
of the stereo pair must be quasi-continuous. In practice this means that the pull in range
for the Otto-Chau algorithm is limited to about 2-3 pixels.If delta (5) for a neighbouring
pixel pair exceeds this value ( which is often the case at a discontinuity) the sheet will not
be amended to include this pixel pair in the set of matched points. A principle issue of
concern with the Otto-Chau algorithm is the computational expense of the algorithm.
Calculating the deformations required to map the right image patch onto the left requires a
great deal of vector and matrix computations. Muller et at (1988) gives a quantitative
comparison of speed issues.
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6 .3 .2 STEREO MATCHING USING MANUALLY GENERATED
SEEDPOINTS.
Before an image pair can be stereomatched, some amount of preprocessing in the
form of radiometric correction must be done to the images. This is done to enhance the
appearance of the image by optimising the brightness, the contrast and the removal of
noise from the image. In order to stereo match any two images, the stereo-matcher must
be initialised with a number of conjugate points, hereafter referred to simply as
"seedpoints", within the images. Prior to autom ating this process o f generating
seedpoints this task was done manually. This involves the operator selecting and
measuring image co-ordinates of a visible feature in the left image and the image co
ordinates of the corresponding feature in the right image on a workstation screen using a
mouse. Each of these seedpoints can be used to determine a disparity vector linking the
image points. The distance between the cameras and the point on the surface is a function
of this disparity vector. Five or six disparity values are required to allow the automatic
sheet growing stereo matching algorithm to be applied to the images. The algorithm
refines each of the operators estimates using adaptive least squares correlation, yielding
an improved disparity value and a quality measure. The 'best' pair of image co-ordinates
is chosen and an additional disparity estimate is generated by taking the left image co
ordinate to be the neighbouring pixel and determining the right image co-ordinate using
the current disparity value. The new estimate is then refined producing a new disparity
value, the change reflecting the spatial displacement of the points being measured on the
surface. Using this technique the algorithm propagates the disparity information over the
face, stopping at points in the images where the quality measure indicates that a spatial
boundary has been reached. Stereomatching is the most computationally expensive part
of the process. In order to minimise the processing time and yet still measure sufficient
stereo disparity values in the images, the 'neighbour' of a point in the left image is taken
as being 3 pixels away. Thus the left image co-ordinates of the disparity values all lie on a
grid of spacing 3 pixels.
Given that the human skin is textureless, a suitable pattern to be projected onto the
face had to be chosen in order to simplify the correspondence problem of conjugate pairs.
Two texture patterns in particular were investigated with a view to choosing the one that
would yield most conjugate points. The first pattern was a randomly generated pattern
and a pattern of white grid lines on a black background (Figure 6.6). Seedpoints were
generated manually on the workstation's monitor using an inhouse written program called
Stereo using stereo pairs of images with the random pattern and the grid pattern. Table
6.1 shows the duration of the matching process (in cpu seconds) and the resulting
matches on a Sun 4 workstation using images from the two inner cameras of the setup.
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a)

b)

Figure 6.6: Figure showing test patterns, a) nuiclom pattern tuicl b) grid pattern.

PATTERN
PROJECTED

NUM BER OF
SEEDPOINTS

M ATCHES

CPU T IM E

REGULAR
GRID

10

3 616

351.4 s

RANDOM

10

3 855

405.1 s

Table 6.1: Stereomatcher results using manually generated seedpoints
on the 512x480 images.

The coverage of the resulting matching process is shown in Figure 6.7.

1

Figure 6.7: Left images of a) nmdom pattern and b) grid pattern stereo pairs
showing areas successfully matched (Note the holes).
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From the results obtained in Table 6.1 and Figure 6.7 concerning the selection of the
pattern to be used in adding texture to the face, it was found that the random pattern on
the whole yielded more conjugate points irrespective of whether the subject in question
was the dummy or a human being. The increase in time to obtain the extra points is a
direct result of the extra processing required. For all subsequent images, the regular grid
pattern was used despite images with a grid projection yielding about 5% less points than
the random pattern. The overiding reason in favour o f the regular grid was mainly
aesthetic reasons. The grid projected images are more appealing for visualization
purposes when used for texture mapping as the texture mapped images of the persons in
question are readily recognizable than those images where a random texture is used hence
foregoing the extra 5% of points.

6.3.2.1 HISTOGRAM EQUALIZED IMAGES VERSUS SPATIALLY
AVERAGED IMAGES.
Any image acquired by optical, electro-optical or electronic means is likely to be
degraded by the sensing environment. The degradation may be in the form of sensor
noise, blur due to camera misfocus, relative object-camera motion, random atmospheric
turbulence and so on. As such, the raw images had to be preprocessed so as to reduce the
effects of this noise.
The histogram of an image represents the relative frequency of occurrence o f the
various gray levels in the image. Histogram-modehng techniques modify an image so that
its histogram has desired shape. This is useful in stretching the low-contrast levels of
images with narrow histograms. In histogram equalization, the goal is to obtain a uniform
histogram for the output image hence utilizing the whole dynamic range. On the other
hand, spatial averaging operates by replacing each pixel by a weighted average in its
neighbourhood and generally the window size is chosen to be odd. This process results
in an improvement in the signal-to-noise ratio of the output image.
W hen the resulting images from histogram equalization and those from spatial
averaging operations were steromatched, there were more match points from histogram
equalized images on the whole than from spatially averaged images.

6.3.2.2 EFFECTS OF VARYING GRID SPACING OF THE
PROJECTION GRID.
In order to study the effects of varying the grid spacing of the projection on match
points, one has to do this in relation to the imaging device spatial resolution. The spatial
resolution that a system provides is its ability to discriminate between closely spaced
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points or lines in the image. It is convenient to assess resolution in terms of the spatial
frequency of an image focused on the device and the modulation transfer function (MTF)
of the output.
Suppose we take an image consisting of sine waves. Then in relation to the CCD
chip the peaks can be thought of as bright pixels and the troughs of the sine waves as
dark pixels (Figure 6.8). The spacing of the photosites may also be expressed as a spatial
frequency fg (photosites per mm) and the spatial frequency f of the image focused on to
the device may be normalized as the ratio %o. For example, if there were 300|im spacing
between maxima of intensity in an image focused on to a device whose resolution
elem ents had a 30|im pitch, the normalized spatial frequency would be 0.1. The
resolution is limited ultimately by the spacing of the resolution elements to a normalized
spatial frequency of %o = 0.5, known from sampling theory as the Nyquist limit. As a
result at least two resolution elements are necessary to image one line pair. If there are
less than two resolution elements an aliasing effect occurs and too many resolution
elements does not necessarily improve image infoiTnation.

Î

intensity
modulation

.S

distance
one line pair

J eoceis
Figure 6 .8 : Spatial resolution concept of CCD chip.

Three grid spacings of 0.2 mm 0.5 mm and 1.0 mm in object space were used to
study the effects of grid spacing on match points. The cameras CCD chip pixel resolution
is 20 |im square and because of the magnification resulting from using the zoom lens, 0.5
mm in object space wass mapped to a pixel in image space. Table 6.2 below tabulates the
results obtained. It was observed that fewer match points were generated using 1.0 mm
grid spacing (object space) while there wasn't any significant difference in using the 0.2
mm or 0.5 mm spacing grids. In general the number of match points is not only a
function of grid spacing but also a function of the surface the grid is being projected onto
since the captured images consist of the subject with a distorted grid as a result of the
profile of the subject in that instance.
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GRID
SPACING

MATCH
POINTS

0.2 nun

4 032

0.5 nun

4400

1.0 nun

2459

Table 6.2: Match points obtained with respect to varying projection grid spacing.

Furthermore, even with the use of the grid pattern, it was noticed that a further variation
had to be accommodated to take care of the skin pigmentation differences (dark and light
skinned patients). A grid pattern consisting of white vertical and horizontal lines on a
dark background produced a better illuminated image for dark skinned patients whereas a
negative of this grid (black vertical and horizontal hnes on a white background) worked
better for light skinned patients. When the former grid was used on dark skinned patients
the resulting images tended to be darker. To redress this condition either the camera
aperture was increased by two f-stop numbers to increase the amount of illumination or a
negative type grid was used. Because it is easier on the current system to alternate grids at
the projector than change the f-stop numbers on the four cameras, it was decided to alter
the grids to suit the skin pigmentation of the patient. However, an alternative would be to
use near infra red (NIR) grids as charge-coupled devices have a linear response in the
NIR (see Figure 3.17). In this way images may be captured without the patient noticing!

6 . 3 . 3 STEREO MATCHING USING AUTOMATICALLY GENERATED
SEEDPOINTS.
Because of the tedium associated with manual generation of seedpoints, an automated
scheme of generating seedpoints was investigated using the scheme described by Zemerly
et al., (1990). The basic outline for the automatic generation of seedpoints is:
i)

a set of interest points (points of high local contrast) should be located to
sub-pixel accuracy for each of the two images, as densely and evenly
distributed as possible;

ii)

from these scattered points a list of candidate seedpoints are drawn up using

some form of disparity limitation criterion, where disparity is defined to be the
difference in right minus left image co-ordinates of each o f the points in a
conjugate pair. This may be predicted approximately using either camera or
image geometry;
iii) the resulting patches around these points should be individually stereomatched to isolate the true seedpoints from any other pairings.
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According to Foerstner (1986) and Foerstner and Gulch (1987), the selection principles
for interest points should fulfil five requirements viz. distinctness, invariance, stability,
seldomness and interpretability. Two interest operators which satisfy these conditions,
the Foerstner and Moravec operators (Zermerly, et al. y 1990) were tested before selecting
the Foerstner operator to use in seedpoint generation.
The Foerstner interest operator is based on the error ellipse of the normal equation
matrix N,
,2

N=
where Gx and

Gy

jp i jp fi,

(6 .1 )

are partial derivatives with respect to image intensity in

the X (sample) and y (line) directions respectively. The sums are calculated in a square
window of user defined size (typically 7x7 pixels) around each point in the image. Two
measures are calculated directly from the image grey levels, w and q, corresponding to
the size and shape of the error ellipse respectively:
w = trace ( N) / d e t ( N)

(6.2)

q = 4.det (N)/[trace (N)fl

(6.3)

Interest windows for which the enor ellipse is small and close to circular (satisfying user
defined thresholds for w and q, by which the type of feature identified may be fine-tuned)
are then selected and cleaned up using a non maximal suppression technique. This is
achieved by performing bilinear interpolations on points surrounding any candidate pixel
and finding the interpolated value at unit distance away from the candidate pixel in the
direction perpendicular to the direction of an edge. If the maximum lies beyond the
locality of one pixel from the candidate pixel, the output is suppressed. The interest
points are then finally calculated by either:
a)choosing the centre pixel of the interest windows;
b)

choosing the centres of gravity of the interest windows;or

c)

choosing the centres of circular objects within the interest windows.

The latter two methods will locate interesting features to sub-pixel accuracy, whereas
choice of the centre pixel of the interest window is, as the method suggests, to pixel
accuracy only. Two further options were added to the program:
i)

all interest points are ranked in ascending order according to their value of
{wxq ). The first n points are then selected for output, where n is a number
chosen by the user;

ii) the program may be forced to sub-divide the image into a number, t, of
discrete tiles within each of which the interest operator must attempt to select
n out of t points, n being the number of points required over the whole image
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range and t being calculated from the tile size requested by the user. This
then forces a more even distiibution of points across the entire image.
The Moravec interest operator (Moravec, 1977) on the other hand is based on the squares
of four directional variances (±x, +y) of the grey levels of the pixels in a window. A
point is defined as 'interesting' if the minimum of its four directional variances is greater
than a user defined threshold. A simplification over the original algorithm was made by
making the interest threshold proportional to the average variance in the image, and the n
best points option added as per Foerstner. The simplicity of M oravec operator means
that, although it is faster than Foerstner, it cannot locate features to sub-pixel accuracy.
On comparing the two operators, a typical set of results are as shown in Table 6.3. It was
found that the Foerstner operator consistently provided a greater number of correct seed
points, and was therefore more consistent in its selection of the same positions in
different images. This is not surprising since the Foerstner operator uses all 49 pixels in a
7x7 window, and will thus select an interesting area, whereas the Moravec operator uses
only five points, and so will select individual points of high contrast which may actually
prove to be merely noise in the imagery. It was also noted that the Moravec operator in
itself provided no improvement over a human operator, in that it could only locate points
to pixel precision, whereas the human may easily locate a point to I /2 or I /3 of a pixel
simply by magnifying the imagery two or three times. The Foerstner operator proved
consistently accurate to sub-pixel precision, at least equalling human precision, but was
faster than a human operator for the number of points generated.

FO E R ST N E R

No. of interest points
No. of good seedpoints
No. of bad seedpoints

M O R A V EC

100

200

300

100

200

300

25

34

49

8

12

37

2

3

3

1

2

6

Table 6.3: Foerstner and Moravec Interest Operator results. Processing time
required on a SunClassic was below 15 seconds.

On the strength of these results, and others like them, the Foerstner operator was
chosen as the basis of all the seed point generation routines. After the interest point
generation, a selection procedure based on the imagery is used to choose the best possible
pairs of candidate seed points. Figure 6.12 shows a stereopair with interest points
determined by the Foerstner operator and then the seedpoints within the overlap region.
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Figure 6.9: Automatic seed point generation using Foerstner operator. The top
pair o f images show interest points generated while the bottom pair shows the
filtered conjugate pairs of interest points within the area o f interest.

6 . 3 . 4 O P T IM IZ IN G T H E S T E R O M A T C H E R P A R A M E T E R IS A T IO N .
T he stereom atcher is a com prehensive program that has several constraints
incorporated which are set by switches on the command line at the time of execution. By
finely tuning these parameters one is able to improve the accuracy of the matches obtained
during the matching procedure. Some of these constraints include specifying global y
disparities between pairs of the possible matches, or specifying the maximum allowable
eigenvalue of the variance-covariance matrix. Furthermore, it is possible to limit the
number of iterations to be made on determining a match, or the patch radius where the
corresponding point is to be located and also the allowable drift of the patch in x and y
when searching for a match point. Different imagery requires different settings and for
some of the settings there is a penalty one has to pay while for others one can intuitively
infer the consequence. For instance an increase in the number of iterations will increase
the matching time.
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Of the many constraints a few were kept to the default settings and a few were varied
with a view of observing the effects. Besides changing the grid spacing, the effects of
changing patch radius and eigenvalue limit were studied. Initially, the grid interval was
set at 5 but was subsequently changed to 3 for all computations so as to increase match
points (Table 6.4).
GRID

NUM BER
OF M ATCH ES

SPACING

3 317
2 247
Table 6.4: Effect of reducing grid spacing on matched points.

Grid spacing has a bearing on the processing time and eventual file size of the matched
points. A finer grid space results in longer processing time than a sparse grid spacing.
However, the nature of the surface in the scene of interest influences the choice of the
grid spacing. It is advisable to specify a finer grid spacing for a scene with a surface that
changes rapidly (high frequency) with a view to matching all these interest areas. With a
wide grid spacing, chances of missing out areas of surface changes are higher even if an
interpolator is to be used subsequently to fill in surface details in between successfully
matched points. By and large, it is better to begin with a high quality data set obtained
from stereomatching at the best grid size and fill in the "holes" (missing data) by an
interpolant. Rather than begin with a coarse data set obtained from a coarse grid spacing
and fill in approximate data by an interpolant, data which could have been obtained
directly by the stereomatcher had a finer grid size been used in the first place. Table 6.4
confirms the fact that reducing the grid spacing option for the stereomatcher increases the
number of matches and processing time as well.
From the above observations it was decided to use a 3 pixel grid spacing for this
work. However, it should be stressed that processing time is not only a function of grid
spacing; grid fineness is just one of the parameters that increases processing time.
Three patch radii were tested. These were radii of 5, 10 and 20. From these settings
the actual square grid that was being averaged, in general is given by, (2 xradius)+l
implying a square grid of 11x11 pixels, 21x21 pixels and 41x41 pixels. Table 6.5 shows
some relevant details of the effects of changing the patch radius. From these results a plot
of time against patch radius is shown in Figure 6.11. Although there are only three patch
radii considered, the relationship points to the fact that the time increases logarithmically
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with patch radius. Figure 6.10, on the other hand illustrates the relationship between
patch radius and tlie number of iterations associated with the match points.

PATCH
RADIUS

NUM BER
OF
M ATCHES

CPU
TIM E
IN SEC.

M IN Z
VALUE
(mm)

M AX Z
VALUE
(mm)

5

3 855

12min 8sec

48.79

159.74

107.20

12.22

10

4 400

40min 19sec

39.36

160.29

101.62

13.12

15.72

20

6 154

4hrs 13min

37.27

158.19

105.26

16.46

19.08

M EAN Z STANDARD
V A LU E DEVIATIO N
(mm )
OF Z (mm)

Z.
RMS
(mm)
14.58

Table 6.5: Statistics resulting from varying patch radius on 512x480 image
on a Sun Classic.

Figure 6.10 indicates that the larger the patch radius the fewer the number of iterations
needed for convergence at a point. Figure 6.12 shows a plot of the eigenvalue
distribution associated with patch radius.

patch radius 5
patch radius 10
patch radius 20

0.6

-^3 0.4

0.2

0.0
0.0

2.0

6.0

4.0

10.0

12.0

14.0

Number of iterations.

Figure 6.10: Probability distribution function o f the relationship between patch
radius tmd number of iterations.
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20

-

10

-

100

10000

1000
log(t)

100000

sec.

Figure 6.11: Relationship between patch radius and processing time.

To appreciate the role patch radius plays in stereomatching, one would have to
review the mathematical underpinning on which the stereomatcher is based. Figure 6.5
illustrates this fact, where the grey levels of a defined square patch in the left image are
correlated to the grey levels of a deformed patch in the right image subject to a least
squares constraint.
0.40

patch radius 5
patch radius 10
patch radius 20

0.30

g
-a

I
a

0.10

0.00

0.0

100.0

50.0

150.0

eigen values

Figure 6.12: Probability distribution function o f the relationship between patch
radius tuid eigenvalues.

The preceeding statement implies that the larger the patch radius, the larger the reference
area being used (larger major axis) hence the more the number of pixels involved in the
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summation and transformations associated with each potential match point consequently
the more the computational time. Column 3 of Table 6.5 shows an associated increase in
time with an increase in patch radius. The increase in matches can also partly be attributed
to an increase in the patch radius (column 2 of Table 6.5).
Furthermore, Figure 6.13, indicates that the greater the patch radius the further the
matching propagates yielding more match points. Whereas a patch radius of 5 seemed to
confine the sheet growing process only to the face, the patch radius of 20 made it
possible for the stereomatcher to match points beyond tlie face.

Figure 6 .1 3 : Stereomatcher coverage using 5, 10 and 20 pixel patch radius.
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This results from the fact that a larger patch radius has more pixels that contribute to the
summation of the grey levels making the resultant less susceptible to noise whereas a
small patch radius has less pixels that influence the resultant hence being more susceptible
to noise making it harder to converge than using a larger patch radius.
Common to all three patch radii, however, is the fact that the stereomatcher could not
converge in areas that are covered by hair. The RMS value of heights (column 8, Table
6.5) of patch radius of 20 is 19.08 mm and the minimum value is 37.27mm; which is
lower than minimum values for patch radius 5 and 10. This results from the fact that the
stereomatcher used with patch radius of 20 was able to generate matches outside the facial
extent where the height was lower than the heights of the face. Of the two patch radii of 5
and 10, the time difference in relation to the extra 600 points obtained is not justifiable but
on considering the accuracy attained with the patch radius of 10, a patch radius of 10 was
used for all subsequent stereomatching.
The other parameter that was varied is the eigenvalue limit. Each matched point has an
eigenvalue associated with it which expresses the accuracy of the match point. The
smaller the eigenvalue the greater the accuracy with which the match was determined. The
eigenvalue switch, therefore, acts as a threshold whereby all points with eigenvalues less
than the specified value are considered good matches and all points with eigenvalues
greater than the threshold are considered as bad matches. Furthermore, a colour code is
given to the good matches ranging from blue (low eigenvalue), green, yellow to red (high
eigenvalue). Three eigenvalue limits were tested starting with a low value of 100
doubling the value each time, i.e. 200 and 400 value limits while holding patch radius
constant at 10. Table 6.6 shows the relevant statistics associated with the variation of
eigenvalues.
EIGENVALUE
LIMIT

M ATCH
POINTS

100

3 889

200

4 593

400

4836

Table 6.6: Ettectx of varying eigenvalue limit.

The variation of eigenvalues revealed that at a constant patch radius a two fold increase in
the eigenvalue limit does not produce a similar increment in match points. Figure 6.14
shows that most points were matched with an eigenvalue lower than 100. However,
increasing the eigenvalue threshold allows through match points with low accuracy
associated with them hence increasing the likelihood of accepting blunders.
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5000

4000

•3

3000

J

2000
1000

100

200
e i Ku n v a l u e

400
limit

Figure 6.14: Hislognun of matched points with respect to eigenvalue limit.

Plate 6.1 shows a plot of match points generated using patch radius of 10 and eigenvalue
limit of 100.

f O 'S '. - ■

0

Plate 6.1: A colour coded stereomatched coverage showing associated eigenvalues
of match points (blue/green = low eigenvtdues orange/red = high eigenvalu.se).

6 . 3 .5 E F F E C T S OF IM A G IN G G E O M E T R Y ON N U M B ER O F
IT E R A T IO N S .
The light reflected from a scene and recorded by a camera depends on the position
of that camera relative to the scene, as well as noise and non-linearities in the camera
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itself. Thus, when a camera is moved to a new position, or when two cameras view a
scene from two viewpoints, the intensity at the corresponding points may be different.
These effects due to different viewpoints were studied by determining the impact of
viewpoint on number of iterations associated with match points . Figure 6.15 shows a
plot of view angle and number of iterations of two models created from cameras at
different view positions. The figure shows that the model created using cameras a t +18°
1.0

18/18 degrees view
45/18 degrees view
0.8

3

Xi

0.6

‘•3

0.2

0.0
0.0

2.0

1.0

3.0

4.0

5.0

Number of iterations
Figure 6.15: Effect of view angle on number of iterations.

a n d -18° yielded points with fewer iterations than the points generated from cameras at
+ 4 5 0 and +180. It should however, be said that a more meaningful analysis would have

been to determine slope angles at the surface and then determine the relationship between
the number of iterations at given surface slope with respect to the view angle. In any case
what Figure 6.15 does is point out the fact that images acquired at different view points
have different grey level infoiTnation at pixels defining the same point hence eventually
influencing the rate of convergence of the solution.

6 .3 .6 PYRAM IDAL (C O A RSE-TO -FIN E) ST E R EO M A TC H IN G .
Image pyramid or multiresolution image analysis has been studied extensively in the
past decade (Tanimoti and Pavlidis, 1975; Burt, 1981; Rosenfeld, 1984; Simchony et al,
1988) and the Otto-Chau algorithm is an attractive algorithm especially when applied for
automatic digital elevation generation. An image pyramid is a multiresolution representation
of an image. The generation of image pyramids is essentially governed by the fundamental
principal that image information is represented by a series of images with decreasing
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geometric resolution (Ackermann and Hann, 1992). The idea behind pyramidal or coarseto-fine matching is to use coarser versions of the same stereopair to minimise the disparity
range so as to provide seedpoint estimates to higher (finer) image levels. By so doing the
following properties are utilized:
a) the pull-in range is increased because at a coarse pyramidal level only
rough values are needed
b) the convergency speed of matching can be improved and
c) the reliability of finding correct matches can be increased.
The image pyramid was created by progressively averaging the pixel intensities of the
images by a factor of 2 and (conceptually) arranging these resulting images in a pyramidal
structure (Figure 6.16). The images with full resolution were at the bottom of the
pyramid and the factor 16 images at the top (Figure 6.18). The full resolution images
were then automatically seeded and these seedpoints scaled down by a factor of 16 (in
this exam ple) to initiate stereo-m atching of the top level images. The results were
propagated one level down the pyramid to the factor 8 images, which were in turn
matched using the previous results as a new, denser set of seedpoints. The process was

Fig 6.16; A coarse-to-fine matching illustration.

allowed to propagate one level down the pyramid until eventually the full resolution
images were matched using a set of seed points which, potentially, could comprise every
second pixel in the left image. The idea is that at the top level of the pyramid any trouble
areas will be averaged to such an extent that they will match, and thereby enable their
higher resolution counterparts to be much more densely seeded to allow them in turn to
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match at the higher resolutions. The size of images worked on were 512x480 pixels
(although 2“ x 2“ pixel images are recommended) with the pyramid having four levels.
Table 6.7 shows typical results of the matching results while Figure 6.17 shows a plot of
the time against matched points.

Reducdon
factor

Matches

32 X 30

16

273

12.3 s

64x60

8

1 845

109.0 s

128x120

4

8 783

767.5 s

256 X 240

2

9676

1 393.3 s

10 099

1 664.1 s

Image Size

512x480

Cumulative
CPU time

Table 6.7: CoiU'.se-to-tine matching results.
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Figure 6.17: A plot o f CPU time against matches o f tlie
coarse-to-tine matching.

Pyramidal or multiresolution stereomatching methods are often used in computer
vision to speed up computationally intensive tasks (Peleg and Ron, 1990) with a view
that an approximate solution computed from a reduced image is used to guide the
algorithm towards the complete solution on a large image. An important aspect of multi
resolution matching is image smoothing by low pass or band pass filtering because of the
low convergency rate when images are used without filtering. A commonly used filtering
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procedure is the Gaussian kernel or its approxim ation. Figure 6.19 shows a one
dimensional example of smoothing a signal with a Gaussian.

Figure 6.18: An image pyramid as a multiresolution o f an image. (For
convenience of viewing tlie upper levels are re interpolated to the size
of tlie input image).

129

Chapter Six: Results and analysis o f results.

=

100

50

100

Figure 6.19: A one-diinensional exam ple o f sm oothing a signal by
different Gaussitm kernels.

Four Gaussian masks of size 3x3, 5x5, 7x7 and 9x9 were used. Table 6.8 shows
the output and CPU time taken to match the images. From Table 6.8 it is reasonable to
say that low-pass filtering usually improves the convergency speed, although this is not
always the case. However, it should be realised that because the result of applying lowpass filters is removing or smoothing high frequency information, low-pass filtering may
also smooth important infonuation thus decreasing precision.
Multiresolution representation of images offers advantages in obtaining computational
efficiency. This is due to the fact that at lower resolutions, information to be processed is
much less than at higher resolution, so the computational work can be done more
efficiently. Secondly, too detailed information (fine structure) makes the recognition or
matching confusing, while at lower resolution the detailed information is reduced very
much, which reduces the confusion factors. And thirdly, the use of a Gaussian mask has
the effect of removing noise and improving the signal-to-noise ratio of the lower levels of
the pyramid. In this sense, the matching at lower levels of the pyramid can be done more
reliably. Furthermore, at lower resolution, the pull in range is increased, which means
that for the same parallax at the lower resolution image it is much greater in terms of
pixels than at the higher resolution image. This scaling in parallax reduces the search
space and so increases the pull-in effect of the matching.
However, the precision of matching at lower resolution is limited as the spatial
information preserved at lower resolution is limited. As the corresponding dimension of a
pixel in object space is increased at lower resolution, the obtained precision of matching
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is subject to this resolution. Generally, the lower the resolution, the lower the precision
of the matching (Li, 1991) so that if we want to have a certain precision, a certain level of
resolution has to be used.

MATCH POINTS OBTAINED USING GAUSSIAN MASKS OF SIZE:
IMAGE SIZE
3x3

NONE

5x5

7x7

9x9

32x30

273

203

396

430

197

64x60

1 845

1 921

2 408

2 816

1 893

128x120

8 783

8 639

9 325

9 417

8 550

^6x240

9 676

9 870

14 568

16265

10 371

512x480

10 099

10 253

16 419

18 091

11 059

Table 6.8: Results ol inultire.solution matching on images preprocessed
using dilïerent size Gaussiiui masks.

On the whole the advantages of the pyramidal strategy is that most iterations are
performed on images of reduced size, significantly decreasing the computational cost.
Comparisons of results in Table 6.7 and those of coverage reveal that whilst pyramidal
matching does improve the matching coverage and reducing time, it does not produce any
significant reduction in the amount of blundering. Allison et al, (1991) reported that
where a reduction of blundering occurred it was at the expense of artifacting in the
pyramidal results where regular grids of seedpoints from one level fail to match further
when propagated down the pyramid.

6 .4

BUNDLE A D JUSTM ENT.
If photogrammetry is to be used as an aid to the measurement of biological surfaces

or an engineering or industrial structure, be it a supertanker, a tunnel, a vehicle
component, or any other object requiring quantitative analysis, often the need is for a
flexible system to obtain point information of high accuracy, which demonstrates the
potential advantages of analytical methods over an analogue approach. Several papers
have been published in recent years which describe particular applications of analytical
photogram m etric m easurem ents to specific engineering and industrial structures
(Newton, 1975; Bopp et a!., 1978; Kenefick, 1977; Scott, 1978; Cooper, 1979).

6 . 4 . 1 OVERVIEW OF THE PROBLEM .
Analytical data reduction in cl ose-range photogrammetry is marked by the existence
of numerous variations on the basic problems, variations in the types of equipment used
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to obtain and measure the photography, variations in the problem specification and
available infoiTnation, and variations in the intended use of the data. In contrast to aerial
photography, in which the camera types, data-reduction equipment, and data-reduction
procedures vary little if at all. Close-range photogrammetric applications may involve
cameras ranging from non-metric cameras to highly calibrated metric cameras specially
built for close-range applications and handling images captured from two stations to
multiple stations (Figure 6.20). Information available to aid in the data reduction may
range from known control points, whose co-ordinates are obtained from surveying, to
constraints on surface shapes or groups of points, to only rudimentary information. The
product obtained may be required in a variety of types and formats, ranging from digital
elevation models to contour maps or a list of co-ordinates. A variety of end users exists,
ranging from non-technical people to technical workers in disciplines other than
photogram m etry, to photogram m etrists who are fam iliar with advanced metrology
concepts and require a rigourous analysis of the data.

Figure 6.20: Multi-Image photogrtunmetric network.

Recent years have seen the development of the field of com puter vision. These
applications typically have their own types of a priori information available and also have
their own uses for the measurements obtained, and this results in special needs for datareduction methods. Because of unfamiliarity with the photogrammetric field, much work
has been reinvented, while other problems approached from a different direction have led
to interesting and useful new solutions for the standard photogrammetric community.
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The general photogrammetric problem can be seen as the determination of the camera
interior and exterior orientation parameters to enable the calculation of co-ordinates of
object space points of interest. Different applications involve different combinations of
known and unknown parameters, but the fundamental mathematics remain the same. The
determination of the interior orientation of the camera must be the first step. Two sets of
parameters are referred to by interior orientation. The first set comprises the geometric
parameters of the camera itself, such as the principal distance and the principal point co
ordinates. The other set comprises the parameters that describe the various systematic
errors, or distortions, which are the variations between the ideal mathematical model and
the physical reality of the system. Some of these errors are properties of the camera, such
as film deform ation or lens distortion, w hile others are related to the entire
photogrammetric system. Determination of these errors can be done either by calibration
of the system before the project is completed or by including the parameters of the
distortions in the mathematical description of the process and solving for the distortion
parameters at the same time the camera and point parameters are determined.
The determination of the exterior orientation of two or more photographs can be done
by two distinct methods. In the first, the orientations of the photographs and the co
ordinates of the points are determined with respect to the object space co-ordinate system
directly, without any intermediate steps. In the other method, the orientations of the
photographs are first determined relative to each other, forming a three-dimensional
stereo model with an arbitrary co-ordinate system known as the model coordinate system.
The next step is absolute orientation, which is the transformation between the model co
ordinate system and the object space system. This is a three-dimensional similarity
transformation, equivalent to the levelling and scaling of the parallax free model on a
stereoplotter.
6 . 4 . 2 F O R M U L A T IO N O F T H E BA SIC BU N D LE SO L U T IO N .
A 'bundle of rays' is said to be formed if a point O chosen in space as a centre of
projection is joined to other points in space (points A, B, C and D in Figure 6.21) and
their corresponding image points (points a, b, c and d) by straight lines. If this condition
is enforced simultaneously for at least 3 points in a projection then that projection is
uniquely defined (Millitary Engineering Air Survey, 1979). Bundle adjustment method
can thus be described as a simultaneous enforcement of the collinearity condition for all
observed points in a block of photography and while the bundle as a whole is shifted and
rotated in the adjustment, the angles between the lines in the bundle are constant. A
further development is the bundle adjustment with additional parameters. Here the
bundles are allowed to change in shape by introducing additional param eters to
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compensate for systematic effects (due to lens, film etc) which are a function of position
on the photos. By and large, the attractions of a bundle method lies in the flexibility while
achieving the highest accuracies economically (Granshaw, 1980).

(Xo, Yo, Zo)

'(xi. yi)

D

(XiYiZi)

Figure 6.21: Geometrical basis ol tlie bundle solution.

From Figure 6.21, let Xj, y, be the surface co-ordinates of the i^h point imaged on a
particular picture with the principal point as origin and principal distance/. Let Xj, Yj, Zj
be the space co-ordinates of the point and let

be the space co-ordinates of the

perspective centre and let rjj be a typical element of an orthogonal matrix R which defines
the rotation of the picture with respect to the space system. The image and ground co
ordinates are related by collinearity equations (equations 2.11 & 2.12.). A practical
solution of equations 2. requires them to be linearised and as part of this process the
rotation matrix is chosen to be:
R = AR .R'

(6.4)

w here R' is a strictly orthogonal matrix representing the rotations determined by the
iterative solution thus far, and AR is given by the first order foiTn

AR =

(6.5)
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where 8^, 0 y , 8% are small rotations about axes through the perspective centre parallel to
the co-ordinate axes of the space system. It will be noted that the form of AR is
independent of whether R' has been determined using co, <j),

k

rotations in some

sequence, or using the Rodrigues matrix. The reason for this particular formulation of the
rotation matrix will become evident. In a large triangulation adjustment using the bundle
method, particularly when additional parameters are used, the number of observation
equations rises into the thousands, and even into the tens of thousands. The theoretical
attraction of a bundle method, however, lies in the fact that it is more direct than
traditional methods; the only observed quantities are the x and y photo co-ordinates.
There are no intermediate processes such as stereomodel formation, strip and block
formation and adjustment, except as a means of obtaining approximate starting co
ordinate values. Equations are formed directly from the observed photo co-ordinates and
the observation equations are normalised. A typical method of solving the normal
equations is by the use of partitioned normal equations generally expressed as:
t

\

V

NpNp.

( 6 .6)

y^ps^s/
where the suffix p indicates object point co-ordinates and the suffix s indicates camera
(sensor) parameters. Thus Axp and Axg represent corrections to the object co-ordinates
and camera co-ordinates respectively, and tp and t§ are the corresponding right hand sides
of the normal equations. If there are np object points and n§ camera stations, the entire
normal matrix is of order (3np 4- 6ng) x (3np + 6ng). However, the submatrix Np is
easily inverted and this allows the formation of the following system of reduced normal
equations (Brown, 1976):
N^Ax^=t^

(6.7)

where
N ,= N , - N p , N p ' N ^ ,
and
tf —tj. - N pg Np tp

Nj- is of the order 6n§ x 6n§ and equation 6.7 can be solved directly for Axg Then Axp
can be determined from
^^P=Np\tp-Np^Ax^)

( 6. 8)

The inclusion of observed co-ordinates (control points) and camera parameters is best
done using a technique such as the unified method of least squares (Mikhail, 1976)
where, conceptually, all parameters are treated as weighted observations.
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6 . 4 . 3 C A M E R A C A L IB R A T IO N U SIN G CA P.
The Com bined A djustm ent Program (CAP) was w ritten m ainly for the PC
environment and as such has a well written user interface for the PC including dedicated
preprocessing programs for creating part or all of the input files for CAP. Sadly, the
640KB memory restriction associated with DOS manifests itself in CAP by the program
imposing a maximum limit of 2000 unknown model points lest the associated matrices
become too big for CAP to handle.
Besides solving for camera calibration parameters and model co-ordinates, CAP has
three other associated programs that solve for
- approximate exterior orientation parameters (Resect);
- model creation from image co-ordinates (Relor);
- transforms relative model co-ordinates to absolute co-ordinates (Absor)
and
- camera position simulation (Capsimu).
Unfortunately, because of the lack of a graphics interface for UNIX workstations,
Capsimu cannot run. All the above programmes have associated input and output files
with some of the output files being pre-requisites to being able to run other programs.
Because of the fact that collinearity equations are non-linear, approximate values of
the unknowns have to be used to start off CAP and the closer these approximate values
are to the true values, the less the number of iterations that will be needed to solve the
unknowns. The preprocessing program Resect is used to generate approximate exterior
orientation parameters of the camera (co, (j),

k

,

X„,

Y q, Z q)

which are used as initial

values in the calibration procedure.
Considering the facial strip of photographs consisting of four photographs as shown
in Figure 6.22, in its simplest form there are four camera stations giving 4 camera
stations x 6 unknowns (co, (j),

k

,

X^, Y^, Z^) i.e 24 unknowns.Given that the other

camera parameters will have been determined during the calibration procedure using the
CAP software, the observation equations take the form of:
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d O ) „

g

d K g

d X g

Xa

' j a'

^ 1 1 ^ 1 2 ^ 1 3 ^ 1 4 ^ 1 5 ^ 1 6 ^ 1 7 ^ 1 8 ^ 19
-

d Y g

ya

^2 1 ^2 2 ^2 3 ^2 4 ^2 5 ^2 6 ^2 7 ^2 8 ^ 2 9

(6.9)

a
d Z g

d X

^

d Z ^

In the facial strip of photography, the number of observation equations can be
computed as indicated in Table 6.9 where the only unknowns to be solved are the exterior
orientation parameters of the four camera stations (co, (j), K,

Y„, Z^,) totalling 24 given

that the network has no tie points. As the system of equations is over determined a least
squares solution is used to solve for the unknowns.

A,

Pliui and height
control point.

Figure 6.22: IllusUation of the strip o f the facial photography with an
approximate distribution o f some o f the control points.

Photo No

Control Points Observed

No o f Points
observed

No o f
Obs Ecins

1

2, 4, 5, 7, 10, 14, 16,19

8

16

2

2, 4, 5, 7, 10, 14, 16, 19, 24

9

18

3

2, 4, 5, 7, 10, 14, 16,19, 24

9

18

4

2, 5, 7, 10, 14, 16, 19, 24

8

16
68

Table 6.9: Number o f observation equations.
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The adjustment procedure used by CAP is based on the least squares method and
aims to minimize the weighted square sum of residuals. At the heart of any adjustment
program is an algorithm that handles a large system of linear equations in an efficient
way.
The system of normal equations of a bundle adjustment is characterized by the fact
that they are large and sparse. The expression sparse refers to the fact that most of the
matrix elements of the normal equation system are zero elements. Often only a small
percentage are non-zero elements. Bundle adjustment programs differ mainly in the way
they make use of the structure of the normal equation system. A regular structure is
obtained if image co-ordinates are used as observations only. If non-photogrammetric
observations are introduced the regular block structure is destroyed by irregular
connections. These irregular structured normal equation matrices need special algorithms
for efficient computation. The algorithm for administration of the normal equation matrix
used by CAP was developed by George and Lui (1981). In their algorithm only non-zero
elements are stored and as such the algorithm is quite fast. During reduction of the system
of normal equations by the Gauss-Seidel algorithm, additional non-zero elements are
produced (fill-in elements) and Banker's algorithm (Snay, 1976) is implemented in CAP
to minimize the number of fill-in elements.
6 .4 .4

G EN E R A T IN G D EM T E S T DATA U SIN G T H E K ER N DSR-1
A N A LY TIC A L P L O T T E R .

The results obtained from camera calibration combined with the co-ordinates of the
targets were used to set up the facial film images on the Kern DSR-I by inserting the
relevant values in the camera management file and the control point management file
respectively. Observations were made onto one model covering the front of the face using
an inhouse program written to generate DEMs. This program (Saksono, 1988) was not
supplied by Kern and is not official Kern software, but was written specifically for the
requirements of the Department of Photogrammetry and Surveying at UCL. With this
program the user can measure points lying on a regular grid with a pre-specified grid
interval, random points, or a combination. In the regular grid case, the instrument drives
to the grid points at the specified grid interval and waits for the operator to measure the
height. Then it drives to the next grid point and so on. The manual planimetric control
(conventional handwheels or the track ball) is disabled. That means that the user cannot
move the floating mark (in plan) while he is observing the points, but the computer
automatically drives the measuring mark to the next precalculated planimetric position of
the defined grid node. The user can record the point by pressing the right foot pedal, or
can discard the point by pressing the left foot pedal. The points may be discarded when
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the operator decides that he cannot sufficiently interpret and measure them. The recorded
points are stored on the PDP 11/73 hard disk (on the current logical device) and displayed
on the screen. If a point is discarded then a message "skipped", following the point
number, is displayed on the terminal, and nothing is recorded in the file. The program
asks the user to give:
- the number of the desired DEM rows and columns
- the grid spacing
- the initial point, the direction along the X-axis and the direction of the DEM
block.
The user can either insert the above point co-ordinates from the terminal or drive with
handwheels to the desired position and record them. The output data from the DEM
generation program consists of:
- A file which contains the generated digital elevation data as a string of co
ordinates (point id, X,Y,Z ground co-ordinates).
- A file for storing the corresponding image co-ordinates, with respect to the
fiducial co-ordinate system, of each stored DEM point.
- A file containing infonnation on the starting points for the next block.
The accuracy problem of the semi-automatic methods of the DEM capture programs lies
in the capability of a computer to drive the floating mark to the precalculated positions.
Most of the existing packages follow a geometric pattern, most commonly a grid pattern.
The most important consideration is avoiding an accumulation of error in the planimetric
positioning of the floating mark. This can be avoided easily if all the planimetric co
ordinates of the grid nodes are computed directly with respect to the origin. In this way
the planimetric position of the floating mark is independent of the points being generated.
The DSRl data capture program follows this procedure.
A thousand points were captured evenly distributed over the face with a higher
density over areas where elevation rose steeply for instance around the nose. By the use
of another in-house software called , the points were used to assess the accuracy of the
facial DEM generated from CCD images.

6 . 4 . 5 MODEL CREATION FROM CCD IMAGES.
The CCD cameras were calibrated using the departments calibration rig with exactly
the same settings they were to operate under at the hospital. Image co-ordinates of the
control points were initially determined manually by reading out pixel values off the
screen using a cursor driven by the mouse. Because the highest accuracy that was being
obtained on magnifying the image was 0.5 of a pixel, a routine to determine the centres of
the circular targets to subpixel accuracy was written.
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The routine takes as its input the image of the calibration rig and performs edge
detection. A non-maximum Canny operator is then used to thin the edges to a pixels
width and then line follows the edges. Using a priori knowledge of the perimeter of the
circular targets, a threshold of the edge lengths is used to reduce the candidate edges.
Further a shape factor governed by the equation :
Q = A /[n.(U 2)^]

(6,10)

where Q is the circle factor.
A is the estimated ideal target area.
L is the longest distance across the object
was used to pull out only those edges that belong to the circular targets. The shape factor
discriminates between circular edge elements (edgels) and non-circular edgels. The nearer
to a circle the object is, the closer to 1 the ratio is.
The pixel co-ordinates of those edgels that pass the test aie then used to compute the
radius and centre of each respective circular target. These parameters of a circle are
computed based on solving the equation
(xi - Xc)^ + (yi - yc)^ -

= 0

(6.11)

where xi, yi are the co-ordinates of the i^ edgel.
Xc, yc are the co-ordinates of the centre of the circle.
R is the radius of the circle.
This equation is formed for each pixel and a least squares solution is used to determine
Xc, yc and R . Because equation 6.11 is non linear the system of normal equations was
solved iteratively with initial values being estimated from the co-ordinates of the pixels of
the edges of the circular targets. Table 6.10 shows the reduction in the number of
iterations achieved by using the subpixel accuracy method to determine the image co
ordinates of the control points. Equipped with calibration results (principal point co
ordinates, principal distance, lens distortion parameters) it was then possible to carry out
a relative and absolute orientation of the models by utilizing co-ordinates of the controls
on the rig imaged together with the subject at the hospital. Because the settings of the
cameras were not altered, it was possible to use the calibration data obtained by using
UCL's calibration rig on imagery obtained from King's College Hospital. As such a
combination of stereomatched disparity results, image and object co-ordinates of the
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controls and camera calibration data, object space co-ordinates of the three facial models
were merged into one facial model (Figure 6.23).

M ETH O D OF IM AGE
C O -ORDINATE
M EASUREM ENT.

AVERAG E NM BER
OF ITERATIONS
N EED ED FOR
CALIBRATION.

Manual location by use
o f cursor.

12

Least Squares subpixel
location.

8

Table 6.10: Effecl.s of manual mid subpixel location of centres o f the targets on
number of iterations.

Figure 6:23 A facial model of the dummy generated from CCD images.

6.5

D EM A C C U R A C Y A SSE SSM EN T.
Accuracy is defined as the degree of conformity or closeness of a measurement to the

true value. It includes not only the effects of random errors but also any bias due to
uncorrected systematic errors (Mikhail and G rade, 1981). Moreover, Shearer (1990),
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says ‘T he accuracy of any field survey data, photogrammetric measurement or completed
map can only be assessed by check comparison with measurements made to a known
higher order accuracy.” Therefore, when defining accuracy in most cases this is strictly
the relative rather than the absolute accuracy. Two types of error may be recognized from
such measurements:
a) random errors: these are errors which are quite random in nature. In
terms of height values, random errors would be expressed by values
both greater and smaller than the ‘true’ values.
b) systematic errors: these have a definite bias. For example, if all height
values checked had a positive value ( that is the recorded heights were
all higher than the correct values) then a positive systematic error would
be indicated.
The accuracy of a DEM may thus be assessed by comparison of height values derived
from the DEM surface with height values of the corresponding points obtained by
measurement of the surface to a known higher order accuracy.
For the purpose of this research, the DEM derived from stereomatching was checked
against a thousand points measured by using the Kern DSR-1 analytical plotter
(photogrammetric measurement). The data obtained from such a comparison consists of
height differences or residuals at the tested points. To do this an in-house software called
com parek was used. Since digital elevation models consist of regular grid points or
random points (which can be interpolated to grid points), it is relatively simple to check
the accuracy of these points by comparison with a control grid of height values obtained
by field or photogrammetric measurement. Such a com parison will yield height
differences or residuals. The residuals generally may be positive or negative in sign,
depending on the relative heights of the two surfaces at the common points being
compared. Its this data that was used to yield statistical expressions of the DEM accuracy.
In the formulae given below the height differences are represented by v (residual at
n individual points being v j , V2 , .... Vn )• Some of the important statistical measures
are:
m ean:
The mean is computed as
n
X

=T7„
1
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The expression takes account of tlie residuals and will tend to zero if there are similar
magnitudes of positive and negative values. It does not indicate in any way the magnitude
of individual values and if the differences are truly random, a result of x = 0 would give
no indication of what may be quite large differences in height at individual points. On the
other hand, if a significant positive or negative value resulted from this computation, this
would indicate that there was a systematic component in the residual values, ie that one
surface was systematically higher or lower (with respect to some datum) than the other.
root mean square error:
The problem of having positive and negative values is also obviated through the use
of the statistical term ‘root mean square error’, computed as

Root mean square error M = ± /\I y y

(6.13)

Where the sample is large the difference of the computed result through
using n rather than (n-1) will be of little significance. Assuming x = 0, and that there is
a normal distribution, then 68.27% (approximately two-thirds) of the residual values will
fall in the range -M to +M. The term standard error is frequently employed in mapping
circles (Shearer, 1990).
standard deviation:
The standard deviation or deviation from the mean is the final commonly used
statistical expression, and is computed as follows:

Standard deviation
lation C
a -= ± A / y (v - X ) /
V^
/(n-1)

(6.14)

The distribution of the residuals will then be symmetrical about x and again 68.27% of
the values will lie in the range -a to +a, and 99.73% of the values will fall in the range 3 a to + 3a. The value + 3 a is often refered to as the ‘maximum error’, though it is
possible for a few values to exceed this amount. It should be clear from the above that if
X = 0, then a = M, and the root mean square error can replace the standard deviation
Table 6.11 shows the accuracy assessment of the facial DEM of the dummy while
Figure 6.24 is a histogram plot of the distribution of the residuals.
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Elevation error statistics.
Number of points

1498

Mean |i

0.0 mm

SD. o

0.07 mm

RM.S.

0.05 mm

Max

0.286 mm

Min

- 0.201 mm

1error - |i 1> 3a

1.13%

Table 6.11:Statistics of DEM compared against points captured
on the DSR-1 analytical plotter.

300.0
250.0
200.0

-

3, 150.0
100.0
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50.0
0.0
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-
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0.0

0.1

-U = L
0.2

Elevation error (mm)

Figure 6.24: Histogram of DEM errors.

The planimetric accuracy of the imaging system was evaluated by repeating
disparity measurements on points whose space co-ordinates had been determined using
the Kern DSR-1. Table 6.12 tabulates the average results obtained over ten readings. In
all this, there is room for improving accuracy if a higher resolution CCD was used at a
price of an increase in camera cost and bandwidth penalty. However, accuracy at any
price is seldom demanded but in general the desired and attainable accuracy is governed
by the requirements of economy and the purpose of the data.
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Point No.

X-Co-ord
(mm)

RMS
X-Co-ord

Y-Co-ord
(mm)

RMS
Y-Co-ord

Z-Co-ord
(mm)

RMS
Z-Co-ord

1

82.65

0.09

64.10

0.1

75.44

0.4

2

100.15

0.1

65.42

0.1

80.57

0.3

3

113.80

0.1

63.45

0.09

84.43

0.2

4

145.00

0.09

64.75

0.1

91.67

0.3

5

156.00

0.1

64.75

0.2

93.73

0.4

6

170.35

0.2

64.12

0.1

95.00

0.3

7

130.74

0.1

140.80

0.1

76.33

0.3

8

137.85

0.09

34.25

0.2

99.30

0.5

9

120.38

0.1

27.05

0.1

95.14

0.3

10

144.55

0.1

27.70

0.2

101.53

0.3

11

120.34

0.1

1.05

0.1

100.90

0.4

12

1.52.80

0.2

0.25

0.1

107.88

0.3

Mean RMS

0.1

0.1

0.3

Table 6.12: System accuracy.

On comparing results in Table 6.12 and those in Table 6.11 it will appear that
Table 6.11 suggests a higher accuracy than that quoted in Table 6.12. This difference
arises from the fact that the systems accuracy was determined by considering points that
had eigenvalues closer to the limiting value of 100 (i.e. worst case those points in the
orange/red colour code zone Plate 6.1). This implies that on considering an unbaised
evaluation the system can yield higher accuracies than those quoted in Table 6.12.

6 .5 .1 FACTORS AFFECTING ACCURACY.
Accuracy of measurements made by photogrammetric methods depends to a large
extent on five factors. These are:
1. the images and their errors, and in close range systems the properties of the
camera are of paramount importance,
2. the methods, instruments and observers employed for measuring,
3. the geodetic data available for the photogrammetric work,
4. the methods and data used to check accuracy and
5. a point which is often overlooked - the definitions of accuracy and error
standards.
An indication of accuracy consists in stating the entire series of observations and it is
customary to indicate the accuracy by quoting the mean square errors in plan and in
height. Height accuracy is governed by :
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d h = ^ .d p

( 6 .1 5 )

fj

where : m = image scale number 1: m = %
and 0 = Wh
Thus vertical accuracy depends substantially on the image scale and the base-to-height
ratio while planimetric accuracy depends largely on the scale of the image. Where co
ordinates are determined analytically, direct measurements o f the photograph with a
stereocom parator of som e sort gives the m ost accurate results possible in
photogrammetry. The attainable accuracy is limited by image definition, distortion
residuals and measuring accuracy of the comparator. Under favourable conditions
accuracies of 3 - 5pm are obtainable for image co-ordinates if first order instruments like
the Kern DSR-1 etc are employed.
In conclusion, the accuracy of any DEM is a function of a complex interrelation of a
number of variable factors (refer to section 4.3 - 4.4). These can be summarized as:
- the methods of data acquisition
- the nature (density and distribution) of the input data
- the methods employed in creating the DEM.

6 .6

DELAUNAY

TRIANGULATION.

6 .6 .1 MOTIVATION.
A 512 X 480 pixel image contains slightly under a quarter of a million pixels, and
even by imposing a 3 x 3 spaced grid onto this image, the stereom atcher should
theoretically generate disparity information of up to 30 000 points. In practice the
stereomatcher does not cover the entire image, only the overlapping portion of the
stereopair, which limits the number of matched points to about 15 000. However, about
150 000 triangles are needed for a complete triangulated facial surface and this adds up to
over three quarters of a megabyte of data for each stereo matched patient.
This quantity of data presents formidable problems both in terms of storage, and in its
effect on the speed of any program used for display or for extracting information from the
surface model. An answer to this problem is suggested by the fact that much of this data
is unnecessary. The same density of information is not required over all the different
parts of the face. Where there are steep changes in the surface such as around the nose,
lips and eyes a high density of data points may be required. However, in other areas
where changes are more gradual, such as the cheeks, sufficiently accurate heights could
be interpolated between far more widely spaced data points.
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A need was therefore identified for a program which would take a dense set of 3dimensional points and create a sufficiently accurate triangulated surface model using as
few of the points as possible.

6 .6 .2 PROGRAM REQUIREMENTS.
The following requirements were identified to make the program applicable to a wide
range of surfacing problems, not just the face models:
1. It must be able to generate a surface at any level of resolution we choose. For
example if a resolution of 0.2mm is specified then the surface generated must pass within
0.2 mm of every single point in the initial dataset.
2. The surface must be generated so as to use the minimum possible number of data
points to achieve the resolution.
3. The triangles comprising the surface model should be as near equilateral as the points
used allow. This will ensure that the interpolated values of the heights at co-ordinates not
actually corresponding with a triangle vertex are as accurate as possible. For example
four points in the pattern shown in Figure 6.25 should be triangulated as in Figure 6.25a
and not a s in Figure 6.25b

b)

a)

Figure 6.25: Two alternatives of spliting a quadrilateral into two triangles.

4. Exactly the same final triangulation should be obtained irrespective of the orientation
with which the datapoints are presented or the sequence in which they are ordered.
5. The program must be able to triangulate any pattern of input points whether it be a
complete regular grid, a grid with some points missing, or a totally irregular pattern of
points, so long as no two points occupy the same x, y co-ordinates.
6. A choice of output formats should be offered, compatible with existing display and
analysis packages developed in UCL Dept, of Photogrammetry and Surveying.
7. The working memory needed during execution should be kept to a minimum.
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6.6.3

T H E DELA UN A Y T R IA N G L E SU R FA C E M O D E L .
DeFloriani (1989) described a pyramidal data structure for triangle based surface

description. The data structures and algorithms she presents were used as the basis for
the program, but adapted to suit this particular implementation. The main difference is
that the pyramidal structure retains information about each successive level of refinement,
whereas we only require the surface which finally satisfies the specified resolution. A
considerable space saving has therefore been achieved by continuously modifying one
triangulation rather than creating and retaining a pyramid of triangulations built one on top
of the other. Many of the variable names used in the program correspond to DeFloriani's
notation.
The algorithm can be described fairly easily:
i)

Start with any triangulation of points forming the convex hull of the region
to be surfaced. An inherent feature of this surfacing technique is that the
region to be surfaced must be convex when projected onto the x-y plane.

ii) Reconfigure the triangulation so that the triangles satisfy Delaunay's
criterion. This can be described as maximising the minimum interior angle
found amongst all the triangles.
hi) Calculate the distances from all the remaining points within the region to
their projections onto the triangulated surface.
iv) Incorporate the point furthest from the surface into the triangulation by splitting
the triangle within which the point falls into three new triangles with this point as
one vertex (Figure 6.26).

Figure 6.26; Illustration of the triangulation procedure showing point P being
incorporated into the triangulation scheme.

v) Reconfigure the triangulation again to restore the Delaunay property of
maximised minimum angle.
vi) Recalculate the distances from the remaining points to their projections onto
the modified surface model.
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vii) Insert more points, one at a time, by repeating steps iv) to vi) until the
surface passes within the specified tolerance distance of all the points.

6.6.4

CHOICE OF DATA STRUCTURES.
The program has to handle large numbers of vertices and triangles, and the

relationships between them. A choice had to be made between organising this data into
fixed length arrays, and therefore reference individual array elements by array index, or
into linked lists and reference elements by pointers. Arrays have the advantages that the
program would have the same known memory requirement every time it is run, and that
referencing array members by index is simple and quick. However, an arbitrary limit
would have to be drawn on the maximum number of the points the program could
handle, and to avoid this limit making the program unusable on large datasets, this array
size would have to be made very large. As a result linked lists were opted for, despite the
more com plicated and slow er referencing involved, so that the program could
dynamically acquire only the space it actually needs each time it is executed (Kruse et. al,
1991). Having decided on linked lists, a further choice was between singly linked or
doubly linked lists. Doubly linked lists make it easier to find preceding elements by
traversing back up the list whereas with single linking it is necessary to start at the top
and run all the way down until the required fore-runner is located. Hence, doubOly linked
lists were chosen.

6.6.5 PROGRAM DESCRIPTION.
The program is called delaunay in recognition of the triangle criterion at its
heart. The program reads the x,y,z co-ordinates of all the initial datapoints from standard
input. Command Une arguments are used to specify the required resolution of the surface
to be generated and the output format for the results. The techniques for achieving the
Delaunay property in a triangulated surface is presented by DeFloriani (1989). This
involves firstly pushing every edge of newly created triangles onto a stack. Then
secondly, popping an edge from the stack into the region defining the extents of the
surface to be triangulated.
The error distance from the point to the surface is a linear interpolation across a
plane. This is determined by identifying the triangle within which the x,y co-ordinates of
the point fall. The height of the surface of the triangle at the point's x,y co-ordinates is
interpolated using the co-ordinates of its vertices. Then the difference between this height
and the actual value of the z co-ordinate of the point is calculated giving the error distance
from the point to the surface. If this difference is less than the requested error the point is
not incorporated in the triangulation scheme. However, if it's larger than the requested
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error the point is included in the scheme. The vertices and triangles forming the resulting
triangulated surface are then written in the selected format to standard output. Three
different formats are offered, differing in detail only. They all consist of listing the co
ordinates of the vertices, then listing the reference numbers of the three vertices of each
triangle. The Delaunay program generates the vertices of each triangle in clockwise order,
but standard practice is to use anti-clockwise ordering. To conform with this the vertices
of each triangle are printed out in reverse order. The formats available are:
a) Simple ascii listing.
This is a general purpose format with no specific apphcation in mind. Vertices
are explicitly numbered from 0 to (number of vertices -1 ) and all output uses
ascii character coding.
b) Wavefront ascii hsting.
This format is compatible with that of W avefront visualization package
(Wavefront package). Vertices are unnumbered but each line is prefixed by v.
Triangles reference vertices according to the order in which they are listed,
starting at number 1, and each triangle line is prefixed hy fo . Character
coding is ascii. This is the format MoVie reads in as input
c) Zoosh binary listing (Day's "man" pages).
This format is compatible with a range of 2.5D displays. Vertices are unnumbered
and referenced by order. Character coding is binary. All the colour information etc.
which forms part of the zoosh format is set to 0.
Two lines are written to standard error in the course of the program. These report the
number of points used by restricting surfacing to a certain accuracy, and details about the
final triangulated surface such as number of points used and the largest distance to a point
not actually on the surface.
6 .6 .6

BUGS.
The program has been examined for loop termination and division by zero. It was

discovered that division by zero occurs if two inputs have the same x and y co-ordinates.
Consequently, a check was built in to trap this condition is so that when the condition
occurs the program will terminate gracefully with a message on standard error stating the
guilty X and y co-ordinates. Similarly if the program runs out of space the program
terminates without producing any results, but stating the problem on standard error.
6.6.7 P E R F O R M A N C E O F PR O G R A M .
The first time the program was excuted on a Sun 3 using data from a real face
consisting of about 10,000 points it required five hours of processing. Program g p ro f
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was used to examine which routines were taking up the most time. It transpired that 80%
of the processing time was spent determining points falling within each triangle. As a
result a further three lists were implemented (checklist, pointsw ith in , and p o in tso n ed g e )
so that the relationship of points to triangles is only calculated once then stored. As
triangles change, only the points associated with them have to have the triangle on which
they fall re-determined. This reduced processing time to approximately one hour. The
program has since been recompiled to run on a Sun 4 with a floating point co-processor
and the times have been investigated by comparing the processing time required to
generate a default resolution surface from several sized datasets. The results shown in
Table 6.13 were obtained.

DATA SIZE

PROCESSING
TIME / IN
CPU SEC.

t

of points).

NUMBER OF
POINTS USED
IN SURFACE.

PERCENATGE
OF TOTAL
NUMBER.

500

493

98.60

2.8

0.0021

1 000

975

97.50

7.58

0.0025

2 000

1951

97.55

15.9

0.0024

4 000

3 965

97.30

38.0

0.0026

8 235

8 202

97.25

86.7

0.0026

s (number

s log (s )

Table 6.13: Processing tiine to surtace vjirious niunbers o f points.

The value of ^

is approximately constant leading to the conclusion that for datasizes

of up to 10, ()(K) points the approximate relationship is:
time a datasize. log (datasize)
A growth order in time of n log(n) is considerably better than either a quadratic or
exponential.
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SURFACE
RESOLUTION
(mm).

NUMBER OF PERCENTAGE STORAGE SPACE PROCESSING
NEEDED FOR
TIME IN
POINTS USED OF TOTAL
CPU sec.
SURFACE (KB).
IN SURFACE.
NUMBER.

1.0

612

14.45

33.6

15.1

0.5

1 128

26.64

63.3

19.7

0.25

2 008

47.41

119.4

32.05

0.125

3 601

85.03

220.1

36.3

0.01

4 235

100.00

260.1

40.5

Table 6.14: Statistics for different resolution surfaces generated using delaunay.

Figure 6.27 shows two facial models generated at different resolutions. It will be noticed
that the density of points is proportional to the slope of the surface.

Figure 6.27: Two models generated at different resolutions: 0.5mm and 0.1mm.

6 .7

TE X TU R E M APPIN G .
The combination of image processing techniques with digital stereo im agery has

opened up a whole new area of applications based on digital elevation models. With the
ubiquity of remotely sensed satellite data, DEM height data can be derived for any

152

Chapter Six: Results and analysis o f results.

geographical area of the world with little recourse to field work. The term texture
mapping is used in computer graphics to mean 2-D resampling of an image, particularly
when the target is the 2-D projection of a 3-D surface, viewed through a viewing
transformation with perspective (Smith, 1987). This technique enhances the realism of
im agery without the computational requirements of ray tracing. A texture is the
representation of the variation of a parameter and can contain colour, bump, and scalar
data. The mapping process relates points on the surface of an object (x,y,z) to the texture
axis system (U,V,W) and there is a mapping transformation between the xyz location of a
point on the object's surface and the UVW co-ordinates of the texture. Within an object,
texture co-ordinates attach the texture to the vertices of an object.
A characteristic of perspective projection is that for all off-nadir pixels, every point
not on the datum surface appears shifted radially from its map position by a distance
proportional to its elevation. Because the aim is to project texture onto a 2-D plane, the
need to transform the perspective image into an orthographic projected image arises.The
correction involves shifting every pixel to the proper position relative to its height
displacement. In this way, an orthogonal perspective for each pixel is obtained which
reduces the image to a plane projection. The result is an orthoimage which, unlike
unrectified imagery, has a defined datum onto which features can be accurately plotted or
overlaid. All these apphcations require height data as their primary data source.

6 . 7 . 1 GENERATING A TEXTURE MAPPED IMAGE.
The conventional technique for reconstructing an image is to use wire frame graphics
techniques in which realism is achieved by identifying the visible surfaces of the wire
frame model and the colour and intensity of the surface are computed using a shading
model. In terms of realism, the shortcomings of the shaded/wire frame technique are that
it produces images which have a rather synthetic visual quality. This is because shading
models operate by calculating the light that is reflected from the smooth surface when it is
illuminated by some known light source. They have no knowledge of, and are unable to
portray, fine surface detail such as facial lines and wrinkles and skin texture. For
applications where highly realistic reconstructions of facial images are required, an
alternative approach can be used whereby a two-dimensional image of the facial surface
detail (the base image) is mapped onto an underlying wireframe model using a texture
mapping technique.
The base image used in the reconstruction process is a single frontal image. This
image has to be mapped onto the 3-D facial surface defined by the vertices of the
wireframe model. The mapping function for this process must ensure that the image
rem ains in registration with the underlying model regardless of the position and
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orientation of the final reconstruction. It is of vital importance that the underlying 3-D
model accurately represents the shape of the facial surface and that there is accurate
registration between model and base image if the reconstruction process is to achieve
realistic results. The result of using inaccurate models such as cylinders to map the base
image onto is that only limited rotational transformations of the image can be made before
the realism of the reconstructed image is lost. Figure 6.28 illustrates the process where
pixel intensity information of the texture mapped image is taken from an appropriate pixel
in the base picture.

3-D Model
(x,y,z data)

I
I

3

Triiuigulate tlie surface
to im inegultir w iie fnune

Interpolate to regular
grid.

RENDER.

---------►

Navigator file containing
lighting pinmneters.
viewpoint etc.

^ B a s e image.

^

1

^ ------------------------------------Texture mapped
image.

Figure 6.28; The texture mapping process.

6 .8

M ODEL VIEW (MoVie).
Model View is a PC based visualiazation suite written by the author to facilitate the

interaction between the user and the three dimensional facial data generated from the CAP
software.

6 .8 .1

INFLUENCE OF PC A RCH ITECTU RE ON M ODEL VIEW .

Graphics is about making data understandable and the task of turning computer
generated 3-D data into a picture that looks three dimensional to the human eye is not
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trivial (Foley and van Dam, 1982). Particularly complex is the calculation of depth and
lighting and making the objects in the picture move smoothly. Besides processor speed,
an equally important aspect that has a significant effect on the ease with which graphics
are manipulated and displayed on a PC is the interplay between the operating system and
the graphics adapter.
The operating system, MS-DOS/PC-DOS, was originally developed for the 8088/86
processor utilized in the original PC. DOS is essentially a single tasking 16-bit operating
system, designed to run by the original 8086 processor's 16-bit address scheme. This
means that code must be divided into segments, none of which may be larger than 64KB
in size although, the total amount of memory that can be addressed within an applications
program is 640KB. This is a severe constraint when dealing with images.

^

APPLICATION

i
^

^

Î

DOS SERVICES.

^

1 Î
HARDWARE
Figure 6.29: Dos applications typically rely on MS-DOS and the BIOS
for tlieir fundtunental requirements.

As well as imposing performance penalty when running on more capable processors, the
16-bit address scheme makes programming difficult (Jackson, 1993). Even when using
high level languages when developing applications, the programmer becomes involved in
remedial measures that limit the portability of the code onto other platforms (Figure
6.29). Despite Intel's introduction of 32-bit based processors, because the operating
system is fundamentally 16-bit based, the processor's full potential cannot be fully
exploited.
In 1991, M icrosoft introduced Windows. Sadly, W indows, sitting on top of DOS,
essentially suffers from the 16-bit lim itations although its own internal memory
management makes life a little more simple for applications requiring large chunks of
memory. That neither DOS nor W indows is a com pletely satisfactory operating
environment is something on which developers and users can generally agree. Now that
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the hardware world is 32-bit, and with newer processors like DEC Alpha and MIPS
R6000 already opening up a 64-bit universe, an operating system is needed that takes full
advantage of this fact. With the pending release of W indows-NT (New Technology), a
32-bit based operating system, by Microsoft, most of the restrictions imposed by DOS
will be resolved (Figure 6.30). W indows-NT is a key com ponent of the Advanced
Computing Environment (ACE) initiative, which is designed to provide full support for
two platforms: 386/486-based PCs and MIPS RISC-based systems.

APPLICATION

c

I

OS/2
API

WIN 32
API

WIN 16
API

DOS
API

I

I

WIN 16
SUBSYSTEM

POSIX
API

t

WIN 32
DOS
OS/2
POSIX
SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM

I
I
I

EXECUTIVE SERVICE

KERNEL SERVICE

HARDWARE ABSTRACTION LAYER
HARDWARE :
Figure 6.30: The structure o f Windows-NT, showing increasing levels
of abstraction inside and outside the operating system (Jackson , 1993).

Strain on the graphics subsystem become apparent once one begins using a 640 x 480
resolution with 16 colours and higher without vendor acceleration hardware. This
problem lies in the fact that the IBM AT was designed to run with a 5.3MHz clock speed,
soon increased to 8MHz. Because this was the fastest speed at which the processor
would operate, the AT expansion bus, on which the graphics subsystem is coupled, was
designed with 8MHz operation in mind (Figure 6.31). W ith an 8MHz bus standard.

156

Chapter Six: Results and analysis o f results.

manufacturers of expansion cards did not bother to make provisions for their products to
work any faster as there was no point in speeding up the AT bus. IBM's Micro Channel
bus and EISA was an attempt at addressing this problem but has never caught on. The
most recent attempt at redressing this problem is the implementation of direct video.

c

CPU

cache/memory
subsystem

3

AT Bus ^
^
8MHz, 16 bit , ?

EApansion ^
Bus Interface

J

I

I

I1

I I
I I

Lucal Bus
33-50 MHz, 32 bit.

V^Adaptery
^

Video ^
Adaptery

W

w

Slots

Figure 6.31: Direct video is a far more elticient approach to tlie display o f images. Data
is sent from tlie processor to the display adapter, avoiding the bottleneck o f tui 8MHz
16-bit bus.

The CPU, memory/cache subsystem and expansion board interface are the major
components on any motherboard.They are connected via a high speed bus known as the
local bus. The key features of the local bus are that it runs at the same clock speed as the
CPU and that it is tightly coupled to it. On the other hand the expansion bus running at
8MHz is loosely coupled to the CPU. W hereas loose coupling of the expansion bus
allows for a wider set of design parameters and ensures a wider range of compatibility,
unfortunately it cripples perfomiance. The obvious place to put adapters that deal with
large amounts of data, namely disk controllers and video cards, is on the local bus.
However, a video controller which is inherently slow isn't going to be speeded up by
connecting it to the local bus: im provem ent will only com e when the bus is the
bottleneck.
Because of the restrictions imposed by the operating system and the graphics adapter.
Model View was designed with these constraints in consideration.

6 .8 .2 D ESIGN PH IL O SO PH Y .
The main objective of writing Model View was to have a general purpose PC display,
besides facial data, any complicated 3D object whose file fomiat is identical to the Wave
Front file format (Appendix D). The program accepts streams of 3D co-ordinates that
have been converted to a triangulated irregular network by the Delaunay triangulation
program (section 6.6.3). The positions and order that the co-ordinates are given to the
system can almost be random. When designing any program where the user will spend a
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lot of time interacting with it, the user interface becomes vitally important (van Dam,
1989). Long before one starts programming, the underlying style of the user interface
should have been designed. The type of tasks to be performed have to be decided and
how the user interacts with the database. Ideally, operations that are performed regularly
should be as quick and simple as possible and in this instance, at the m ost basic level
vertices of the object are manipulated.
6 . 8 . 3 IM P L E M E N T IN G AND U SIN G M O D E L V IE W .
User interface design has always presented a problem to application programmers.
The programmer usually concentrates on making things work instead of worrying about
details of the user interface. So the application, while it may work and be functionally
correct, it is often not easy to use. This was overlooked when only computer literate
people used the programs. However, with the advent of the personal computer, user
interface design and dialogue become of vital importance.
Any educated programmer can write a computer program that produces required
outputs. But what are the outputs? Are they just calculations and data? W hat about
usability and programming maintenance ? The PC has forced programmers to address a
whole set of new issues: processing speed, functionality, and usability are much more
important today than ever before. The world of PCs now reaches millions of people
concerned with the productive use of applications without the need or desire to become
involved with the workings of the computer or software. Programmers can no longer
concentrate on operating goals alone - they must worry about the user interface as much,
if not more, than any other element in the design process.
The term user interface is the use of text, graphics and sound to communicate
information to the user. The interface usually encompasses the screen and the keyboard,
although the printer and disk drives may also be involved (Ladymon, 1992). When the
term user interface is used, one thinks about how the application communicates
information to the user and how the programmer programs the application to succinctly
communicate that information. For example, a menu on the screen, from the user's point
of view, only displays and retrieves information for the user. From the programmers
point of view, many choices have to be made:
- what kind of menu?
- where should it appear?
- should it use text, graphics or both?
- must it use the mouse ?
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These and many more questions must be answered. Designing such an interface involves
both the external and internal structure of the application. It must provide for consistency
between menus, ease of use, and achieve the program's operational goals
When developing the user interface the following points were taken into account:
- the application ought to allow the user to control the dialogue.
- the application ought to be usable by novices and experts alike.
The user interface is mainly through menus and the mouse. Plate 7.1 shows the screen
layout. The most commonly used functions appear at the top of the screen. The options
are selected by typing the first letter of the word. The use of the mouse is limited to
measuring distances and angles between points (Plates 7.2 & 7.3).

6 .8 .4 DATA INPUT AND DATA STRU CTU RES.
The program accepts 3-D co-ordinates that have been converted to a triangulated
irregular network by the Delaunay triangulation program. The positions and order of the
vertex file is such that the data is stored in two sections. The first section is a list of
vertices in terms of their xyz cartesian co-ordinates, while the second section holds edge
references to the three associated vertices defining a triangle by using the vertex position
number in the file (Appendix D). With this arrangement of data storage, co-ordinate
transfoiTnations that take place only affect the data in the first section i.e. the vertex list.
Operations that are incorporated in Model View include transformations which
include translations, rotations and scaling. Model View provides a facility to measure
distance and angles interactively on the the displayed model by the use of a mouse. There
is a provision too, to generate either vertical or horizontal profiles and furthermore these
profiles can either be a single profile of interest across the model or multiple profiles.
Figure 6.32 summarizes the capabilities of Model View.
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Figure 6.32: Schematic diagnun summarizing the functions o f ModelView.
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6.9

COM PARISON OF KINGS C O LLE G E LONDON SYSTEM
W ITH O TH ER SYSTEMS.
A handful of methods involving a matrix of m echanical probes, lasers,

holography, moire fringe patterns and stereophotogrammetry have been investigated as
possible ways in which three dimensional records of human heads could be made. Each
method has its own merits and demerits ranging from accuracy requirements, safety
factor to the subject, complexity and cost of analysis. In tiying to make a comparison of
systems, two other systems based on the moire fringe technique and a laser based
technique will be discussed. The discussion is not exhaustive but rather gives an insight
on the principles on which these systems are based highlighting their strong points and
weak points.

6 .9 .1 TH E M O IR E FR IN G E TECHN IQU E.
The word moire means watered or wavy appearance (Gove, 1976). The term evolved
from the ancient French mouaire, which itself is believed to be derived from the English
mohair, the wavy tleece of the Angora goat. The moire phenomenon is created when two
nearly identical patterns of opaque lines on separate sheets of transparent material are
superim posed, with the two line patterns approximately parallel to each other. Dark
fringes may be observed when the sheets are viewed against a light background. These
fringes are caused by the opaque area of one pattern overlapping the transparent or
opaque area of the other and thus blocking out the light, while the intermediate light areas
results from the transparent points of the materials overlapping each other. Small
differences in the pitch and/or the orientation of the two line patterns and/or the
orientation sheet will affect the shape and spacing of the fringes. The interference fringes
will therefore allow one to derive information on small differences in their relative
position and orientation. This phenomenon is shown in Figure 6.33, where the two line
patterns and the interference, or moire, fringes created by superim posing them are
shown.

Figure 6.33: Moire fringes obtained by superimposing two patterns
The Moire fringes iire the zig-zag 'bands' nmning vertictilly.
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An early example of an application in which moire fringes were intentionally created
for measurement purposes is reported in Mulot (1925). This application was concerned
with the measurement of the deflections of thin sheets under load. The surface under
investigation was placed under a grid, and moire fringes were formed by the interference
of the grid and its shadow, cast on the surface by a light. It was shown that the fringes
represented planes parallel to the grid and could be used to calculate the deflections.
6 . 9 . 2 T H E M O IR E P R O C E S S.
Moire geometry in Figure 6.34 can be recognized as being that of conventional closerange stereo arrangement, with a pair of separate projection centres at 0% and O 2 (Perrin
and Thomas, 1979). A basic property of the moire process is that the parallax information
for recovering the third dimension is encoded into a single two-dimensional image. The
image is produced through 0% by virtue of a bundle of stitictured light originating at O 2 .
A camera is usually positioned at Oj to record the image, as shown in the figure. The
three dimensional information is obtained by a two stage process. The initial stage,
referred to as source encoding, involves a spatially modulated source of illumination at
O 2 bathing the scene with a bundle of structured rays that characterize the perspective
view from O 2 to objects in the scene. The second stage is the scene demodulation
process. This process involves viewing the encoded scene from a different perspective at
O j, and spatially dem odulating it to extract the m oire fringe pattern. Spatial
m odulation/dem odulation is achieved with a variety of techniques and structures
commonly refered to simply as grids.

m.

camera

m.

'projector

Figure 6.34: Moire imaging geometry with the two optical axes parallel
and perpendicular to the base ( from Perrin and Thomas, 1979).
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In general, two techniques, namely the shadow and projective techniques, are
commonly applied for the purpose of measurement and display of an object's threedimensional form. Shadow-moire techniques are characterized by a single material grid
that serves the role of both the encoding and the demodulation grids. The grid is located
close enough to the object so as to cast sharp shadows on it, and it must be large enough
to simultaneously encode and provide sufficient aperture through which to view the
scene. The second is the projection-moire technique. This technique is characterized by
separate, physically remote encoding and demodulation grids that are imaged onto the
object by projection optics. The grids may be small material gratings conventionally
imaged, or one or both of the grids may be emulated.
6 .9 .3

THE ST G EO R G E'S H O SPITA L SYSTEM.

The system being developed at St George's hospital is based on the principle of phase
shifted moire which involves translation of a single grating or both gratings. Grid
translation techniques have the advantage of eliminating aliasing thus increasing the
surface slope limits.
The imaging part of the system consists of two CCD cameras and two projectors with
phase projection gratings placed in front of them (Figure 6.35).
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Object.
Figure 6.35: Illu.stiation o f the St George's imaging system.
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A patient is made to sit in a chair and the head made to rest in a rig which establishes
the reference position. The projection (reference) grid is static while the grid in front of
the CCD camera is mechanically translated orthogonal to the grid line direction under
microprocessor control while four phase shifted images are grabbed by the frame grabber
into computer memory. The translation speed is generally tailored to the required
exposure. For example, a 2 millimetre pitch grid in a 1/10 second exposure situation
requires translation velocities of at least 1 centimetre per second to traverse one grid line.
Each pixel position is thus associated with four intensity values Iq, Ii, I 2 , 13. The grating
is translated to positions equivalent to phase angles of 0®, 90®, 180® and 270®. Because
the height information on the object is related to the tangent of the angle of intersection of
the rays from the camera and projector defining the point, then the tangent of the angle
hence the height can be abstracted from the different grey level intensities associated with
each pixel, i.e.:
tanO =

sinO

I 3 - 12

Reported capture time of the system is 2 seconds and the accuracy in plan is 0.2mm while
height accuracy is 0.5mm.
6 . 9 . 4 C O M M EN TS ON T H E M O IR E M ETH O D .
An interesting feature of the moire method is that the topography of the recorded
object is readily displayed by the fringes. This feature sets the moire technique apart from
stereo photogrammetry where the surface form can be determined only by measurement
and calculation. The basic geometry of both the shadow and projective moire techniques
is closely related to stereo photogrammetry in the sense that the three-dimensional
information is defined by projective geometry based on two projection centres. In the
case of the shadow moire technique these projection centres are the light source and the
camera lens. For the projection moire technique they are represented by the lens of the
projector, used for projecting the grid on the object, and the camera lens. The distance in
depth between the fringes depends on the distance from the light source and the camera to
the object as well as their relative distance. These distances determine the base-to-height
ratio, which affects the resolution and accuracy of the depth information derived from
moire images, much as it does in stereo photogrammetry. Furthermore, consideration
has to be given to the fact that moire photography is a central perspective representation
of the photographed object. As such different scale factors apply to the fringes,
depending on the distances from the camera they represent. Also, the interval of
successive fringes is not constant but increases with the distance from the camera.
Corrections for these deficiencies are relatively easy to apply.
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Generally, moire techniques based on incoherent light require relatively simple
equipment and can offer geometric information with an accuracy of a few tenths of a
millimetre (Karara, 1989). The main restriction on the achievable sensitivity is caused by
the fact that a small grid cannot be selected arbitrarily and its limitations on surfaces with
discontinuities. In the case of shadow moire techniques, for example, the physical size of
the light source limits the distance behind the grid over which a well defined shadow
pattern can be obtained. For fine grids this distance may become too short to provide the
necessary depth of field to accommodate the surface to be analysed. Other limitations are
due to the depth of focus of the camera lens and in the case of the projection moire
technique, the aperture of the projector lens. To a certain extent these limitations do not
apply to moire interferometry based on coherent laser light where a considerably higher
sensitivity near the ends of the wave length ranges is possible (Post, 1985).
6 .1 0

L A S E R T R IA N G U L A T IO N T E C H N IQ U E .

This technique uses coherent monochromatic light to illuminate the subject and is a
combination of hardware and software capable of producing 3-D information o f the
subject under appropriate operating conditions. Lasers, when used in triangulation based
imaging systems, project a spot of light or line onto the scene. Cameras or infrared
sensors are used to detect the light. Signal or image processing techniques are then used
to determine the position of the spot or segments of the line. Trigonometry is used to
estimate the distance to the detector. Depth resolution depends on how well positions,
distances, and angles can be measured. Unfortunately, triangulation methods suffer from
the "missing parts" or shadowing problem due to the separation of the source and
detectors ( Karara, 1989).
Non-coherent white light can also be used to obtain 3-D information in much the
same way that laser light is used where a spot, line or stripe of light is projected onto the
scene and the reflected light is detected by cameras.
6 .1 0 .1

T H E U N IV E R SIT Y C O L L E G E LO N D O N (U C L) M E D IC A L
P H Y SIC S

SY S T E M .

The UCL Medical Physics system employs a Spectra-Physics Helium Neon low
power laser designed for the acquisition of facial surface co-ordinates. The system is
based on the principle of using two fanned laser beams projected vertically onto the face
from an oblique angle and observed from the front with a CCD camera fitted with a red
filter. The two laser hnes are necessary in order to ehminate blind spots due to shadowing
by high features, particularly the nose (Figure 6.36).
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Figure 6.36: The University College London Medical Physics imaging system.

The patient is made to sit in a chair and the head is immobilized with a purpose built
cephalostat. Attached to tliis is a registration device which is detected by both laser and
CT scanning systems so that data sets acquired by the two methods can later be brought
into registration. The platform on which the patient sits is rotated by a stepper motor
under the control of a microprocessor. The imaging system is also driven by a signal
shared with the microprocessor hence giving synchronisation between patient position
and the captured image scan sequence. The patient is rotated at the rate of one revolution
per minute for a quarter of a minute. As the rotation takes place the video image of the
line of intersection between the beam and facial surface are captured and passed via a
Direct Memory Access interface to the computer memory. The profiles are collected at the
rate of 1.4 degrees over the front of the nose where greater detail is required and 2.8
degrees elsewhere. A Norsk ND540 minicom puter controls all the data capture and
processing. G raphics display is through GEM S system with 24 bit planes. The
relationship between the screen co-ordinates and the co-ordinates in real space are derived
from measurable system parameters such as laser angle, distance of the camera to the
centre of rotation and magnification.
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6 .1 0 .2

C O M M EN TS ON T H E LA SER M ETH O D .

This technique like other optical sensing techniques is non-contact and permits the
analysis of changes away from the midline. However, because the capture time is about
15 seconds (McCance, 1991), the problem of patient movement especially in the under 4
years of age group cannot be ignored. The major disadvantage is that the equipment is
specialized and costly. McCance reports problems around the chin area although this can
be overcome by the use of a tilting platform for the camera and laser. Facial hair breaks
up the laser hue making data collection impossible, and that not all skin types are as good
in reflecting the laser light thus making image collection difficult. This problem is reduced
by applying makeup onto the patients faces (talc powder).
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CHAPTER

SEVEN.

CASE STUDY.
7 .1 INTRODUCTION.
A thorough and logical assessment of every case is essential. Failure to follow a
consistent procedure may result in important features being overlooked. However,
provided that all relevant aspects are covered, the exact sequence of examination is a
matter of individual preference. The approach outlined here is structured so that by the
time occlusion is examined in detail, the background information about the skeletal
relationship, soft tissue pattern and dental status have been acquired, as this can be
important in interpreting the occlusal findings.
Research has shown that there is an interaction between the occlusion and lip posture,
and as such the evaluation of the soft tissue pattern should not be carried out in ignorance
of the general features of the occlusion, which will be apparent from reference models or
from notes made on a previous occasion [Houston and Tulley, 1989]. However, it is
desirable to assess lip pattern before dental status is checked comprehensively because
after the intra-oral examination the patient is less likely to behave in a relaxed and normal
fashion, A thorough clinical examination is usually accompanied by study models and
radiographs.

7 .2 SOFT TISSUE AND SKELETAL RELATIONSHIPS.
Facial form should be assessed in all three dimensions. Transversely some facial
asymmetry is normal but any unusual degree of imbalance should be noted. More
important from an orthodontic viewpoint is whether the midpoint of the chin coincides
with that of the rest of the face. A divergence can reflect a true asymm etry o f the
mandible, for example due to a lateral mandibular displacement resulting from premature
contacts of the teeth. Because the teeth lie in a state of balance between the lips, cheeks
and tongue, a patients profile view gives clues as to the nature of positions of the teeth
(Figure 7.1). A direct implication of the above statement is that correcting tooth positions
will result in changes in the soft tissue profile. Hence when carrying out a clinical
assessment, the general form of the lips should be noted: are they everted or retracted?
Full and everted lips are usually associated with a bimaxillary proclination, while more
retracted lips often cause a bimaxillary retroclination of the incisor teeth.The profile is a
very important data element. For instance anteroposterior jaw relationships are assessed
from the profile.
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Figure 7.1: Varialions in soft tissue profile, a) Thin and vertical lips associated with
bimaxillary retroclination b) full imd everted lips associated with bimaxillary
proclination.

While variations in lip thickness may disguise the skeletal relationships, it is usually
possible to obtain a reliable impression of the underlying jaw relationship. Vertically the
anterior lower facial height is assessed from the Frankfort - mandibular planes angle, or
by comparing the height of lower and middle facial thirds. An excessively large or small
lower facial height may be associated with a corresponding variation in the depth of
overbite.

7 .3 CASE A SSESSM EN T.
Patients are ready to have their images captured after a prelim inary medical
investigation has been carried out. The subject under review is female, whose relevant
details and medical history had already been obtained by the consultant treating her. Four
digital images were captured after being properly setup in the control frame (chapter five).
Figure 7.2 shows a raw image of the subject. All three models were stereomatched in
under 30 minutes using stereomatching parameters of eigenvalue = 100, iterations = 10,
gridspacing = 3. Using CAP program, the image co-ordinates of the conjugate points
were then used in conjunction with the camera model to compute the three dimensional
co-ordinates of the object points.
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Figure 7.2; Raw image of the subject.

The points were then triangulated using the Delaunay triangulation program to obtain a
triangulated DEM. Figure 7.3 shows two triangulated models of the subject at different
view points (at 0.5 mm resolution).
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It is from such OEMs that one can then manipulate the data to obtain either profiles Plate
7.3 or compute angles or distances between points of intersections, in the ModelView
suite. O f im portance, the surgeon would like to m onitor progress of treatm ent by
comparing profiles obtained at different epoches while taking note of the changes.
Unfortunately, outright comparisons isn't of much use as soft tissue profile changes is
not only a function of skeletal changes.

,'MspUg

rt>f i 1rs

Plate 7.1: Computer screen .showing menu o f ModelView
visualization suite.

Plate 7.2: Screen shot of tiiangulated facial display in MtxlelView.
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Plate 7.3: Screen shot showing a display o f profiles in ModelView.

SUM M ARY.
Case assessment must follow a standard procedure but many of the findings will not be
of direct relevance to the treatment of that patient. It is therefore important to be able to
recognize the relevant features and their inter-relationships, and summarize this in a
coherent manner. A summary should include:
1. Details about the patient.
2. General features of tlie malocclusion and dentition.
3. Skeletal relationships.
4. Path of mandibular closure.
5. Soft tissue features.
The prominence given to a particular heading will depend on the features of the individual
case.
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CHAPTER EIGHT.
D ISC U S S IO N AND C O N C L U S IO N .
8.1

D IS C U S S IO N .
This thesis presented an application as it relates to fast, cost effective, hardware for

3D data acquisition of human faces. A wide assortment of ad hoc approaches have been
used to simplify and solve the many and varied problems. Today's and tomorrow's
image acquisition and processing hardware allows the photogrammetrist to develop novel
3-D measurement algorithms that solve the problems and lend these systems a degree of
intelligence and precision hitherto unattainable. In this the last section I will briefly
discuss issues pertaining to advantages gained by using CCD cameras as opposed to
photographic cameras, the stereomatcher and ways of including volumetric data (data of
organs inside the head).
Photographic materials as they are known today have come a long way. A lot of
effort has gone into developing materials that give good reproduction of the smallest
differences in brightness and tone of the subject being imaged (contrast). Photographic
emulsions in use today have the following properties:
a) good sensitivity,
b) steep characteristic curve and
c) high resolving power.
W hereas conventional photography is synonymous to large form at, high fidelity,
continuous tone images, standard CCD images are small format with scene intensity
being represented by integral values e.g. 512 by 512 by 8 bits. Nonetheless, a major
advantage of CCD devices is the geometric stability of the picture elements. The positions
of the picture elements are fixed with respect to each other and do not change from picture
to picture. Thus for conducting precise photogrammetric measurements, there is no need
for fiducial marks to define the interior geometry of the cameras ( Wong, 1986) let alone
defining the camera co-ordinate system for the pixel array acts as a co-ordinate system.
Looking at Figure 8.1, CCDs show excellent sensitivity on a wide range of wavelengths
and they are sensitive from exceptionally low to high light levels.
While it may be true to say that the resolution of fine grained photographic emulsions
is quite high, technological advances in the field of producing large format CCD arrays
are being made. High definition (resolution) over large formats typical of photographs is
mainly hampered by bandwidth limitations. For instance a large format CCD array of
4096 by 4096 pixels operating at video rates requires not less than 48MHz transfer rates
if the system has to work in real-time. On comparing this bandwidth with current PC
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buses only PC's with a bus running at 50MHz or faster would cope with such volumes
of data.
CHARGE-COUPLED DEVICE (THINNED)
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Figure 8.1: Tlie sensitivity or qutuitum el'ficiency o f certain CCDs to light o f different
wavelengdis coinptaed to otiter forms o f light detectors

The area based stereomatcher used though developed with satellite imagery in
mind seems to perform satisfactorily on facial images. Because satellite imagery is
acquired at an altitude of about 8()()km, there a number of differences that result between
satellite imagery and images obtained at close range. Whereas small height changes on
satellite images don't have a profound effect on spectral information, such small height
changes at close range makes noticeable difference which might result in discontinuities.
M ost approaches to depth measurement through stereo analysis suffer from a dichotomy
of choosing between a wide baseline, with high precision of matched features but
increased match failures and increased difficulties of perspective and occlusion effects
and a narrow baseline with easy matching but poor depth accuracy (Baker

, 1986).

This becomes an obvious limitation whenever depth measurements must be made on the
basis of just two views of a scene. So as to minimize this constraint, our system uses
four view points of the subject and a sufficiently wide baseline (Figure 5.3 and Table
5.2). As a cautionary remark, the stereomatcher however, should not be looked at as a
panacea to all problems that require the extraction of 3-D data from stereomodels.
Because an active triangulation technique is em ployed, the im portance of
illumination wasn't underestimated as the spectral characteristics and the distribution of
the light intensity on the subject affects the measurement accuracy. In close range work
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objects to be measured have to be evenly illuminated so as to avoid shadowing. Areas of
concern on the face are the nose and eye area. Similarly caution must be taken to also
avoid a lot of illumination as high reflectance from the face results in blundering by the
stereomatcher. To ensure ambient illumination, a blue filter was used at the projector. Of
course the spectral information of the resultant image is a resultant of illumination,
imaging geometry, sensor characteristics and surface properties of the scene.
Given that the information that is acquired by CCD cameras relates to soft tissue
only, to be able to look at the effects of surgery in a holistic manner, information o f the
underlying bone tissue is important as changes made to the bone tissue have a bearing on
the soft tissue profiles.
8 .2 SO U R C ES O F 3D V O L U M E T R IC DATA.
Although we live in a three dimensional world, orthodontists become accustomed to
evaluating radiologic data in two dimensions. Through experience, they can usually
create in their minds 3-D images from two dimensional information. At times, however,
the data are so complex that even with axial, sagittal and coronal tomographic displays,
the composite image remains unclear. As such computer systems that would display
anatomic structures in 3-D could go a long way in helping in surgical planning. There
exists a handful of low energy radiation methods for acquiring cross sectional
inform ation of internal tissue. The m ost im portant

being Com puterized Axial

Tomography (C.A.T.) scans or Nuclear Magnetic Resonance (NMR) scans.
C A T . SC A N S.
Computerized Tomography allows the collection of large amounts of 3D data in the
form of slices mapped in terms of the X-ray absorption coefficients with a resolution of
approximately 1mm. Computerized Axial Tomography allows an option of a low dose to
be fitted which halves the dose of radiation. Approximately 50 slices are needed for a
CAT scan of the head although where less detail is required this can be reduced to a
minimum of about 24 slices. The slice thickness can be varied, with 3mm or 1.5mm
slices being common, and the separation of the slices can be varied. The usual slice
separation is between 3mm and 6mm but in general the greater the slice separation the
poorer the resolution. Typical radiation values calculated by Lithium Fluoride discs using
the Philips C.A.T. scanner for 50 by 1.5 slices with the low dose option at 1.5mm
intervals is 30mSieveits. When the slice separation is increased to 6mm then the radiation
dosage is 15mSieverts. These values are well below the permited annual dose for
radiation workers of 300mSieverts, and 150mSieverts for the thyroid and the eyes
respectively.
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Three dimensional C.T. scans were first employed in management of the craniofacial
malform ations and the processing of the 2D slices provided by the CT scans was
developed by (Marsh and Vannier, 1983; Merz, 1983; Vannier, 1984). 3-D CT scanning
is now a standard investigation in major craniofacial centres. In these images, the
underlying bone structure is easily separated from other tissue using thresholding
techniques which is characterized by high values on the radiodensity spectrum.
Thresholding works well with dense bone and large areas but has problems in thin bone.
On the whole much has been learned from 3D images through the electronic dissection
made available by the system.
N .M .R .

SC A N S.

Nuclear Magnetic Resonance Imaging has been suggested as a means of obtaining
data as this incurs no radiation hazard although it takes a very long time to acquire a
single image. NMR is concerned with the nuclei of atoms which have a non-zero
magnetic moment [L and spin I. The nucleus of an ordinary hydrogen atom IR, a proton,
provides a good example. When placed in a magnetic field B the proton processes at an
angular frequency CO = yB where y is the nuclear gyromagnetic ratio. This result, derived
by Sir Joseph Laimor in 1897, is an essentially classical result viewed in elementary
quantum terms, the proton may be found in one of two eigen states ± |iB . If an
electromagnetic radiation of frequency x>that the quanta exactly matches the separation of
the two states is applied, then a resonant exchange of energy can be taken between the
proton and the magnetic field. Hence the name Nuclear Magnetic Resonance. It requires:
ho) = 2|iB
(47r|i
leading to co = 2nv = 1 - jp B
= yB.

Since y = |j./(h/47T)

To obtain NMR signals from the human brain in vivo the human subject is placed in
a large magnet, usually of superconductivity designed with a i m bore, having a magnetic
field typically in the range 0.5 to 2T. For protons the corresponding NMR frequency
range is 21.3 to 85.2 Mhz. Further details on how NMR can be used to obtain an image
of a structured heterogeneous object such as the human head and applications may be
found in the book by Andrew et al (1991).
However, because of the homogeneity of the MR image, low contrast, structures are
difficult to identify when using automatic thresholding techniques, for instance the
difference between enamel, bone and air is very small. Thus segmentation in NMR
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requires multiple image features to allow classification (Herman et al., 1985 and Hale et
al., 1981). Some tissues show a non uniform response producing varying magnetic
fields, and problems exist with ferro-magnetic materials like orthodontic brackets or
amalgam fillings which distort the magnetic fields. Similar problems exist with articles of
jewellery, or metal hooks in clothing and some constituents in cosmetics. However,
some stainless steel, titanium and aluminium can be used.
8 .2 .1 M U L T IM O D A L IT Y IN T E G R A T IO N .
Different imaging techniques are becoming increasingly important in the imaging of
internal structures of the head. This information supplied by the various imaging
modalities is largely complementary. NMR, X-ray and CT depict different aspects of
anatom y but provide little functional inform ation. In contrast, nuclear medicine
tomography (SPECT, PET) bring out diverse characteristics of brain function but
delineate anatomy poorly. As such to be able to represent both function and anatomy
integration of these images from different sources is necessary. A condition for integrated
image presentation is that the images from the various modalities have been brought into
agreement. Matching of tomographic images has become a major research topic in
medical processing.
Approaches to multimodality matching can be divided into classes by a variety of
distinguishing properties. Matching methods may be based on extrinsic or intrinsic image
properties i.e. on registration markers added to the image protocol or on patient related
image driven features only; may be two-, three- or even four-dimensional (with time as
one of the dimensions); global or local; automatic or interactive with all intermediate
shades of semiautomatic methods( Viergever et al, 1992). The gross dichotomy of the
approaches is into extrinsic methods based on artificial marker matching and intrinsic
methods based on image feature matching. Extrinsic and intrinsic methods are further
subdivided according to the type of artificial marker and the nature of the image feature
used for matching respectively.
E X T R IN S IC M A T C H IN G .
The approaches classified under extiinsic matching are:
- stereotactic
- frame headmould or dental mould
- point-shaped skin markers and
- arrow-shaped skin markers.
These approaches have in common that they do not admit of retrospective matching,
which entails that the clinical protocols must take account the requirements of the
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matching procedures. Consequently, an image that was acquired before the necessity of
multimodality integration was recognized, cannot be included in the matching procedure
if extrinsic approaches are used. Image registration using skin markers is patient friendly
and applicable to all clinical imaging modalities. The reproducibility is good for short
slice intervals. For image thick image protocols with thick slices, the accuracy of point
marker based registration is poor.
IN T R IN S IC M A T C H IN G .
The methods classified under intrinsic matching are:
- anatomical landmarks
- surfaces and
- differential-geometric invariants.
The above approaches have two properties in common. The first is that the imaging
protocols need not make provisions for the matching procedure and the second is the
extreme patient friendliness. However, a shared disadvantage of intrinsic matching
methods is that the image features on which the match is to be based, have to be detected
in quite dissimilar images, which poses a challenging task. The use of differential
geometric invariants in multimodality image matching is new. Earlier attempts to match
multimodal images using geometrical information suffered from the ad hoc nature of the
the differential operators involved. The family of Gaussian differential operators provides
a framework to define geometric invariants for, e.g. spatial orthogonal transformations or
intensity transformations (Florack et al. 1992). 2D Chamfer matching algorithm has been
employed and investigations into the possibility of extending the operation to 3D
matching are being researched into.
COM M ENTS.
Matching of tomographic images has become a major research topic in medical image
processing. Matching algorithms may either use artificial marker information (e.g. head
frames (Peters et al. 1989; Zhang et al. 1990) or skin markers (Hawkes et al. 1990), or
patient related image properties, e.g. anatomical landmark points (Maguire et al. 1990) or
surfaces (Levin et al. 1988). Marker-based matching methods have the advantage that any
modality can be matched, as long as a marker can be constructed that is visible in the
images. Extracting marker positions from medical images is often easier than extracting
patient related image properties, because the marker is designed such that it stands out in
the image. On the other hand, matching methods using patient related image properties
have distinct advantages over marker based methods since the imaging protocol does not
need any adjustments.
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8 .3 T H E Q U E ST F O R SPEED .
Conventional Von Neumann or serial computers do not provide sufficient processing
pow er to execute many image processing algorithms quickly and efficiently. This
problem can be tackled in two ways:i)

by designing processors which can provide a substantial increase in
processing power;

ii) by using a number of smaller processors simultaneously which in turn
provide a very powerful composite system.
The first approach makes use of better computer chip designs. One way is to boost the
clock rate implying more instructions per second. A nother way o f getting higher
performance is by using RISC (reduced instruction set chip) technology. Yet another way
of boosting performance is to have dedicated processors to perform certain specific
functions. One of the most CPU draining jobs is handling input and output. Intelligent
bus masters can be used to deal with this task thus leaving the CPU for more "important"
tasks. Dedicated coprocessors fall into this category with for instance maths coprocessors
for heavy number crunching applications or graphics coprocessors.
The second solution is parallel processing. This solution consists of several
autonomous processes which execute independently. These processes make use of
multiprocessors that are coupled by hardware (in the form of dedicated channels or in the
form of common memory) and by software (in the form of synchronization points) to
attain the performance needed to master applications unreachable by Von Neumann
uniprocessors. Recent research has shown that many image processing problems can be
decomposed into relatively distinct sub-problems and parallel processing seems to be
ideal for image processing (Muller et al, 1988).
8 .4 C O N C L U S IO N .
The objectives of this thesis were basically twofold - to develop components of a
non-contact stereophotogrammetric image acquisition system and to process and display
3D models of the human face for use in a clinical environment. The resulting imaging
system is capable of image capture in less than 2 seconds (approximate time during which
a person can remain expressionless and motionless). W ith the use of an area based
stereomatcher, facial DEMs with an accuracy of 0.1 mm in plan and 0.3 mm in height are
achievable. A higher accuracy however, can be obtained if higher resolution CCD
cam eras are employed. Although the current form o f data could be enhanced by
incorporating volumetric data, by and large the aims set out at the beginning o f the
research have been attained.
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Key contributions this piece of work has made lie in the unique design of the imaging
system which incorporates photogrammetric principles giving all-round facial coverage
with an image capturing time of less than 2 seconds. Central to the system was the design
of a dedicated rig with control points which make it possible to do an on-the-job
calibration and also makes it possible to merge the data from three model into one facial
model via transformations. A number of methods and algorithms exist for the extraction
of homologous points from a stereopair; however, the procedures in this work differs
from other approaches in that an automated approach is utilized in obtaining the conjugate
points hence saving time by far. Furthermore, the use of a hierarchical triangulation
scheme has a lot of benefits with respect to conveying and retaining surface information
when dealing with surfaces that vary considerably like the face. The scheme strikes a
balance between sufficient surface representation and file size.
Looking into the crystal ball, the outlook for photogrammetric measurement and
control of close range dynamic events has never been more promising. I see "superchip"
imagers, processors and memory leading to the solution of outstanding problems in real
time, in-situ, filmless photogrammetry, imaginatively and cost effectively. Just like huge
rooms fuU of vacuum tubes gave way to tiny silicon chips, traditional chemical imaging
systems are giving way to CCD's, aiTay processors and disk storage. This cannot help
but have a profound impact on the way photogrammetric solutions are implemented, and
on the scope of application.
8 .5 FU T U R E W O R K .
This research work is open to further extension work. Paramount is the inclusion of
multimodal data of the head. Inclusion of such data entails researching into ways of
registering the data from different sources and developing a mechanism of manipulating
the 3-D data efficiently. Certainly it would be advantageous to develop a database which
would include information on growth patterns which would assist the surgeon on
management aspects of current cases under treatment. W ith a given patient, using the
database and image manipulation tools, images from the database with similar diagnosis
can be used to calculate a growth pattern. This information would be used to visualize the
patients looks in x number of years with or without reconstructive surgery. As an
alternative to CAT or MNR data, it would be worthwhile exploring the possibilities of
extracting bony structure data from low radiation x-ray data obtained from different
projections.
Because ModelView was developed under DOS operating system, the 640 KB
memory hmitation on DOS had a large influence on ModelViews design considerations.
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This is most evident when rotations have to be performed on a dataset usually requiring
generating two copies of vertices lists each about 250KB. Because memory is usually
reduced by the TSR's (Terminate Stay Resident), users are restricted to using coarser
resolution DEMs so as to fit in available RAM. It seems clear that a more powerful
operating system such as the OS/2 or Windows NT will be highly desirable. It would be
advisable to rewrite ModelView code under a more powerful operating system and taking
advantage of the inbuilt memory management facilities provided by the operating system.
Another area worth further investigation is the possible advantages that would be
gained by using transputers to both assist in stereomatching and accelerating the graphics
on the PC. Positive results along this line would free the use of the Sunclassic and have
all the processing on the PC ultimately making the system affordable by many more
practioners. On the stereomatcher front it would be interesting to find out if there would
be any advantage in combining feature and area based stereomatchers.
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G LO SSA RY .

m axilla

upper jaw.

m axillary teeth

teeth in the upper jaw.

o cclu sa l

relationship of upper and lower teeth.

orthognathic surgery orthodontic and surgical correction of jaw deformities.
p ost-reten tion

retaining of teeth in their treated position.

resorption

resorption of tooth roots.
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A.

A ppen dix A.

D E R IV A T IO N AND L IN E A R IZ A T IO N O F
C O L L IN E A R IT Y E Q U A T IO N S .
Consider a single photograph in space, with its x and y axis parallel to the ground co
ordinate system. The photo co-ordinates of a ground point A will be x^ and y^ and the
perspective centre O, a and A will not be collinear. The co-ordinates of a in a parallel x'
y' z' co-ordinate system centred on O will be x^, y^,
(-/) (Figure A-1).

Xa

X

Figure A-1

A rotation R and a shift are now applied to the photo to bring a into line with O and A ie,
to achieve collinearity (Figure A-2). There will be a unique position and attitude of the
photograph which will achieve this simultaneously for all points in the photo.

T -

-------

/Y<
Figure A-2
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The photo co-ordinate values of a will be unchanged by this rotaion. However, their
values in the parallel x' y' z' co-ordinate system centred on the perspective centre will be
affected, becoming x'a y'a and z'a. The relationship is expressed as shown below where
R is an orthogonal matrix.
Xa
Ya = R
Za

Xa
Ya
Za

Za
Z q -Z /^

Z

( 1)

From similar triangles in Figure A-2
X a -X q

Y ^ -Y q

or

Xa=Za

Z a -Z q

(2)

^A ’

(3)

Za " Zq
" Z ;,- Z o

(4)

Za —Zr

'

Substituting (2), (3) and (4) into (1), we get:
X A -X o

Y A -Y o

Za' Zq

a-riiZa

X -X
Ya -Y o
Z ^ Z o '^"22Z.

(5)

Za" Zq
Z ^ ^

(6)

Z a " Zq

X a" X q
r i3

o

Za- Z

y

ry

r j

ry

^ r^gZ ^

y

y

(7)

Then dividing (5), (6), (7) by z ^/CZ a - Z q), we get:
Za " Zq
^ a = riiXy^- Xo+r2i Y;^- Yo+r^i Zy^- Z q

Za ' Zq

Y a- riz X A - X o+r22 Yy)^- Yo+r32Zy^- Z q

Z a ~Zq
^ a - risX A " X o+r23 Yy^- Yo+r33Zy^- Z q
Z.
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Dividing (8) and (9) by (10) then rearrange the equations and substite

_ r ^11 (^A~
^

+ ^21

^13 (X y ^ -X (9

y a = -/

+

by

^ q ) + I"31 (^A" Zp)

r23 ( Y ;^ - Y

q

) +

r33 (Z y ^ -Z (9

^12(^A" Xo) + fziC^A" Yc) + r32(ZA"

( 11)

( 12)

^13 ( ^ A " ^ o ) + ^"23 C ^A " ^ c ) + **33 ( ^ A ' ^ c )

Equations (11) and (12) are non-linear in their unknowns, and must be linearized before
they can be used. This is done by using Taylor's theorem:
Let F = qxa + r / = 0

(13)

G = qya + s / = 0

(14)

where
q = rj3 (X a - X

q

)

+ r23 (Y a - Y q) + :33 (Z a - Zq)

r = r ii (X a - X q) + 1^21 (^A " ^ o ) + ^31 (^A ’ % )
s = rj2 (X a - X q) + r22 (Y a - Yq) + r32 (Z a - Zq)
Linearizing:

(F) o +

/8 f \

's f \
f8 F \ ,
^8F^
' ÔF
dK +
dXa + — 1 dco •+• — d(j) +
^5x, 0
6X,
15(0/0
^5<|)/o
^5Xa/o

dYo +
ÔY0 /0

(G)o +

ÔF

dZo +

ÔZ0/0

8G
dy.

8F

5F '

dX A +

ÔXA /0

SF
dYA+

\5Y a ; o

dco + l - ^ l d(j) +
8(|) '0
\ 5(0/0

dX() +

dZA^= 0

8G

dZ A = 0

8Z A / 0

In equations (15) and (16) 5F/g^^ and 8G /gy^= q from equations (13) and (14). dxa
and dya are residual errors in the measured photo co-ordinates Xa and y a , ie. Vxa and Vya
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, The terms (^P/5 cd)o ^tc are partial derivatives of the functions F and G with respect to
each of thw unknowns evaluated at some set of chosen values, as indicated by the
subscript. The equations may be rearranged:

-qVxa=

-qVya=

'ô f\
ÔF
1do) + — j dcp + ....e tc .... +
d Z A + (q X a + r/)o
ÔZA / O
,5o)j 0
sf

'

80

dco +

(8(0/0

d(|>+ ....e tc .... +
(8(1)

^5 g '

)o

dZA+ (q y .+ s / )o

(17)

(18)

The above equations may be expressed in a modified matrix form of the form V = A.X L as shown below:
Vxa = biidco + bi2dc|> + bigdK + bi4dXo4- bi5dYo+ bi6dZo+ bndX A + bigdYA + bigdZA - J
Vya = b2 id (0 + b 2 2 d^ + b 2 3 dK +

etc

- K

w here b n etc are the partial derivatives divided by q. The full form of all 18 'b'
coefficients and the J and K tenns are:
(Substituting AX for (X a - X q), AY for (Y a - Y q), and AZ for (Z a - Z q ))

b ii = — ri2(AX) + r22(AY) + r32(AZ)j

b 12 = —-

8 i 3=

COSO)

coscj) cosK (AX) +

^23(^ X ) ‘ ^13 (AY)j

COSO)

coscj) sinK (AY) - coso) sinK (AZ)

r2i (A X ) - r i i (AY)j

b i 4 - ^ |r i ^ + ^ (rn )

bi5 = | M

+ |^(r2i)

b i 6 - | ( r 3 ^ + ^(r3i)
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t> i8--^(r23) + |-(r2i)

b i 9 - - |( r 3 ^ + ^(r3i)
J _ qx + r /

q
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C A M E R A C A L IB R A T IO N .
A basic distinction has to be made between metric and non-metric cameras. The
latter type puts constraints on the approach and method of calibration as well as on test
fields and control. Being designed m ainly for topographical m apping, aerial
photogrammetric cameras are usually focussed on infinity. Even with the smallest
possible diaphragm setting, a minimum object distance of approximately 10 metres is
necessary to obtain sharp images. The basic difference between aerial and close-range
cameras is therefore, that the latter is or can be focussed on finite object distances.
Although there are several close-range systems commercially available, amateur cameras
with or without constructive changes are used for most applications because they are
more versatile and significantly cheaper. Their unknown interior geometry and imaging
behaviour as well as their questionable stability represent the most obvious disadvantage.
In order to perform metric work with such cameras, they have to be thoroughly
calibrated.
A calibration therefore provides characteristical numbers for a camera rather than
physical values, such as focal length, etc and the space resection is the fundamental
model for camera calibration. Known ground co-ordinates of control points and image
angles computed from image co-ordinates of these control points provide the necessary
information for the computation of the projection centre. In addition to the unknown
projection centre (camera position), three rotations around the image co-ordinate axes, the
co-ordinates of the principal point are determined. If the lens distortion is not known, the
coefficients of a polynomial representing it are also introduced as unknowns. Generally,
a calibration requires a considerable amount of measuring and computing effort and this
means basically that more than 3 control points are necessary to obtain a solution. In
practice, more than the sufficient number of points are used and a least squares
adjustment is performed.
D IF F E R E N C E S IN C A L IB R A T IO N M ET H O D S B E T W E E N A E R IA L
AND C L O S E R A N G E C A M ERA S.
Camera calibration aims to determine camera parameters which make it possible to
reconstruct the bundle of rays. However, the calibration of cameras focussed for close
range is usually more difficult than that of a camera focussed for very distant objects.
W hereas the use of fixed collimators or goniometers for aerial cameras plus the
measurement of the angles p and distances r on the imaged plane are adequate (Fig. B1); these approaches tend to introduce serious errors in the directions of the observed
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targets which are at finite distances resulting from errors in the positioning of the front
node of the lens during angle measurement (Harley, 1966).
r2—

Imaging plane

Figure B-1; Quantities measured during calibration of
an aerial camera.

As a result of these differences, cameras focussed at short distances are calibrated with a
three-dimensional test object while introducing the co-ordinates of exterior projection
centre as unknowns, solved together with the interior orientation parameters of the
camera (Torlegard, 1967).
C A L IB R A T IO N F IE L D AND PR O C E D U R E .
In order to calibrate a camera it is necessary that a three-dimensional camera
calibration test field be available. The test field generally consists of an array of targets
whose X, Y, Z co-ordinates are precisely known in a reference ground co-ordinate
system. Its extension in the direction of the optical axis is very important for the reliability
of the computed principal distance. Since it is expensive to provide each object with
sufficient control for a complete calibration, a calibration/photograph scheme has to be
chosen which depends mainly on the stability of the camera. In Figure B-2 the basic
approaches A to D and their interactions are illustrated.
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interchangeable lenses and this calibration looked at an 80mm lens. The focusing distance
for an 80mm lens can be adjusted from 0.5m to infinity. During calibration focus was set
at Im with aperture settings set to

i and a shutter speed of V 4 sec and a couple of

images of the calibration field were taken. Targets were chosen to extend to the comers of
the film format, allowing radial lens distortion

Plate B-1: Departmental calibration test field.
to be computed as much as possible over the entire length of the diagonals of the
exposure. The process of calibrating the Rollei cameras consisted of the following three
steps:
1) measurement of the image co-ordinates of the target points on the DSR-1.
2) deteiTnination o f the focal length and principal point co-ordiantes.
3) determination of radial lens distortion polynomial coefficients.
The first step was accomplished by exposing the film in the camera and measuring image
co-ordinates of the target points on the developed negatives using the DSR-1. To
determine the focal length and the principal point co-ordiantes, a least squares solution of
the collinearity equation was used with the measured image co-ordiantes of target points
being input to the program. After calculating values x^, y^, f, co, (j), and

k;

the program

proceeds to compute the coefficients for the radial lens distortion polynomial. The
polynomial equation used is:
Ar = k ir + k 2 i'^ + k^r^
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where:
Ai = radial lens distortion correction.
ki ...= polynomial coefficients.
r = radial distance from principal point computed as r = V (Xq - x)^ + (y^ - y)^ .
Tabulated below are the calibration values for one of the departmentals Rollei cameras.
Lens No. 8094037
Xo = -523.433 mm Ox = 0.35

Y q = 2445.104 mm ay = 2.07

Zq = 105.123 mm

Gz = 0.38
Xo =-0.27

a = 0.05

yo = 0.14 a = 0.05

Old PD = 80.00 mm
New PD = 86.670 mm a = 0.17
Number of iterations: 4.
Radial Lens distortion polynomial coefficients:
ki =0.716E-02
k2 = -0.114E-04
k3 =0.146E-09

d is to rtio n

s'
1
e
o

—

«
oi,
-

0.1
0

20

10

Radial distance

from

30

40

principal point (mm).

Figure B-3: Curve o f symmetric radial lens distortion o f the
departmental Rollei 6006 camera.

PIX E L TO IM A G E CO-ORDINATE TRA N SFORM A TIO N .
The co-ordinates of targets measured in digital images refer to pixel co-ordinate system. As
shown in Figure B-4 this co-ordinate system is defined as a left-handed co-ordinate system
with the origin at the centre of the left topmost pixel and with the x-axis parallel to the rows and
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the y-axis parallel to the columns of the digital image. Image co-ordinates on the other hand
refer to the right handed co-ordinate system. Its origin is usually placed such that it coincides
with the location of the principal point in the image plane. The transformation from pixel to
image co-ordinates is defined via the pixel-to-image co-ordinate transformation:
X = X - x ’p

y = y'p - y'

where:
X,

y

x', y'
x'p, y 'p

image co-ordinates
pixel co-ordinates
location of principal point in pixel co-ordinates.

It is the transformed image co-ordinates that are used in CAP's bundle adjustment program.

1
y'

1
1
1
1
L

1

—

:— —

pixel

Figure B4: The pixel and image co-ordinate systems.
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USE O F T H E ECD S SY STEM IN T A R G E T
C O N T R O L P O IN T P O S IT IO N D E T E R M IN A T IO N .
Kern's electronic co-ordinate determ ination system (ECDS) is a non-contact
measuring system based on theodolite intersection and as such the data that provides a
solution to this problem includes horizontal and vertical circle readings to target points
within the object space. The system permits the simultaneous use of several theodolites
(up to eight). As a re s u lt, by using more than two theodolites, large irregularly shaped
objects can be measured from all sides thus saving time by eliminating the need to
relocate and set up theodolites. Moreover, by employing several theodolite readings, the
accuracy of target co-ordinates is increased as the co-ordinates are derived from multiple
intersections rather than a single intersection.
Determining the positions and orientations of the theodolites within the measurement
system is necessary prior to triangulation of the unknown points. To do this the Kern
Aurora system employs the photogrammetric bundle adjustment techniques to enable the
positions of the theodolites to be resected from control points of known positions.

(xi, yi, zi)
(X2, y2, Z2)

Figure C-1: Theodolite intersection by the ECDS sytem. Si and S2 are theodolite
positions.

This can be done either relatively, with respect to one of the theodolites which is deemed
to define the co-ordinate system, or absolutely, with respect to a known fixed co-ordinate
system within the object space. The theodolite positions and attitude are determined by
bundle adjustment. Once the theodolite positions are known the triangulation of
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subsequent points by intersection and the determination of their co-ordinates is fairly
straightforward.
Two Kern E2 electronic theodolites were used to make observations to the control
points on the calibration target. In principle the X, Y, Z co-ordinates of each point are
defined by the intersection of the rays from the two theodolites. However, in practice this
is not usually the case. The best estimate of the positions o f the control points are
mathematically defined to be the mid-point of the line normal to the two, supposedly,
intersecting rays. These rays are vectors, described by the direction cosines and the
theodolites' co-ordinate position (Figure C-1).
Let SI and 82 be the positions of the two theodohtes and let the station co-ordinates be :
51 = (xi, yi, zi)

and

5 2 = (X2, y2, Z2 )
Let point P be the target point which is observed from. Si and 8%. Further let the
direction cosines derived from these observations be:
11 = (1, m, n) and
12 = (1', m', n')

respectively.

By definition the shortest line between the two rays, P 1P 2 , is perpendicular to the two
rays from the two theodolites. The position vectors of points Pi and P 2 will be given by:
P i = 81 + ri.l
1-^1
where

Pi =

and

81

=

s,
'S,

Similarly,
P 2 - S 2 + r2-l2
The best estimate of the position of the target point, P, assuming thet the observation are
of equal quahty is given by.
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p =^

(C.1)

Given that only directions are measured by theodolites in the intersection method, it is
necessary to determine distances ri and T2 . Considering the vector from P i to
Pi-P2=(S2 +

■ ( S 1 + r^lj)

rewritten as;
P i - P 2 = (S 2 - S i ) + r2l2' Till

(c.2)

Taking the vector dot product of equation (c.2) with li gives;
( P 1 - P 2)"^! - ( ^ 2 " S i ) . l i + r2l 2.l1 - r i l i - l i

but by definition,

(Pi-P2).li = 0
Hence,
0 - (S 2 - S i).li + r2(l2 h ) ■^ 1^1
where

But directional cosines are unit vectors, so,
Tl = ( S 2 - S i ) - l i + r2 • (I 2 .I 1)

C.3

Similarly taking the dot product of equation (c.2) with 12, we get;
^2 = - (S2 - Si)'l2 + ri - (I1.I2 )

C.4

Substituting equation (c.4) into (c.3), gives'
= (S 2 - S i ) l i - ((S 2 - S%) I2) (I2 I1) + Ti • (Ip 12)^

Hence,
(S2+Si).li-[(S2-Si).l2]di.l2)
n = ----------------------------------------;----------------------

C .5

i-di.y
Finally, equations (c.4) and (c.5) will give values for r l and r2. An expression for the
co-ordinates of P takes the form of:
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(Si + rj.li) + (S 2 +T2.12)
P = ----------------=----------------

^
c.o

Since not all control points to be m easured were visible from one single
calibration target view, the calibration target had to be rotated through three views. This
necessitated the establishment of six transformation points which were visible in all the
three views (points P I, P2, P3, P4, P5 and P6). These transformation points were
observed in each of the three views before measuring the control points on the calibration
target that were visible in the given view. The transformation points served to transform
control points of view 1 to view 2 and those of view 3 to view 2 (see plates 1&2 ). The
results below show typical results obtained from the control point position determination
using the ECDS system.
Pt. No.
PI
P2
P3
P4
1
3
6
9
12
15
18
21

X

Y

Z

-714.650
-331.718
-552.149
-729.000
-682.898
-710.633
-683.816
-548.479
-589.729
-524.253
-392.379
-365.747

2561.144
2514.269
2322.251
2531.859
2489.634
2490.940
2495.858
2392.797
2330.638
2322.926
2460.648
2447.448

-213.707
-214.885
-267.050
-529.540
-525.656
-418.969
-371.720
-333.639
-341.436
-340.804
-374.708
-420.079

RMS
0.055
0.059
0.047
0.034
0.048
0.025
0.038
0.078
0.048
0.003
0.044
0.040

The X, Y, Z co-ordinates of each point measurements were repeated five times and the
accuracy of the average of the reduced co-ordinates (see below) was 0.01mm and the
average overall RMS error was 0.05 mm.
Pt. No.

X

Y

Z

1

-4.747

-0.385

-4.862

2

0.000

0.000

0.000

3

-32.519

106.394

-2.380

4

-28.224

106.977

3.175

5

-23.494

106.767

-0.949

6

-6.597

153.713

-10.781

7

-1.802

154.041

-6.059

8

2.868

153.422

-9.462

9

141.851

191.684

72.546

10

147.110

191.684

76.449
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11

151.027

191.653

71.509

12

109.413

184.000

139.867

13

114.137

184.300

144.277

14

118.630

184.465

144.388

15

175.081

184.722

138.911

16

179.442

184.415 143.189

17

184.378 184.488

18

287.023

150.388 -15.972

19

290.944

150.118 -19.790

20

296.249

150.685 -15.290

21

314.991

105.104

-6.404

22

319.543

104.985

-2.781

23

324.196

104.687

-8.002

24

293.624

-0.504

-4.126

25 297.974

-0.074

-9.488

139.198

a)

200
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Plates C-1 & C-2: View 1 and view 2 of the calibration rig
during co-ordinate detennination of the control points.
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MODEL VIEW FILE FORMAT.
This is an ASCII file that stores the geometry and other properties of objects to be
displayed. This format is compatible to the W avefront object file format and has a file
extension .obj. The positions and order of the vertex file is such that the data is stored in
two sections. The first section is a list of vertices in terms of their xyz cartesian co
ordinates, while the second section holds edge references to the three associated vertices
defining a triangle by using the vertex position number in the file. With this arrangement
of data storage, co-ordinate transformations that take place only affect the data in the first
section i.e. the vertex list.

SYNTAX.
All vertex co-ordinates are preceded by a v and occur in the first (top) section of
the co-ordinate list. The second section of the list contains triplets of numbers specifying
the vertex reference numbers that define the triangular face in question. These numbers
are preceded by a n / .
Example:
This example shows a cube that measures two units on each side and faces in the
positive direction (toward the camera). Note that the ordering of the vertices is
counterclockwise. This ordering determines that the square is facing forward.

V

0.000 2.000 2.000

V

0.000 0.000

2.000

V

2.000 0.000

2.000

V

2.000 2.000 2.000

V

0.000 2.000 0.000

V

0.000 0.000 0.000

V

2.000 0.000 0.000

V

2.000 2.000 0.000

f 1 2 3 4
f 8 7 6 5
f 4 3 7 8
f 5 1 4 8
f 5 6 2 1
f 2 6 7 3
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DSR-1 SA M PL E S E T U P FIL E S .

Kern DSR-1 Operating System 71S.US.B399D:

This -f ile i s c a l l e d PRuJEC.DEF

This f i l e has been up dated i 4-APR-94
Time ; 2 0 :45 :28
O per at or : FAST

P r o j e c t Name

= KINGS FI

P r o j e c t C on st ant s :
FI yino h e i g h t of l e f t camera
FI vino h e i g h t of r i g h t camera

= 3. m
= 0, m

Mean t e r r a i n hei oh t

= 0, m

No e a r t h c u r v a t u r e ,a nd r e f r a c t i o n c o r r e c t i o n s
I n i t i a l Values :

Type of Photography
Type of Camera
Camera D i r e c t i o n

- VERTICAL

Initial
Initial
Initial
Initial
Initial
Initial

= 0. gons
= . 0. gons
= 3. gons
=
0.
=
0.
0.
=

Le f t
Le f t
Le f t
Le f t
Le f t
Le f t

Kappa
Phi
Omega
East
North
Height

= METRIC
= -HEIGHT
Initial
Initial
Initial
Initial
Initial
Initial

END OF FILE
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Ri ght
Ri ght
Ri ght
Ri ght
Ri ght
Ri ght

Kappa
Phi
Omega
Ea st
North
Height

=
=
=
=
=
=

0. gons
0. gons
0. gons
0.
0.
0.
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- Control point management file.

1
2
3
4
5
6
9
9
10
11
12
13
15
16
17
13
19
20
21
22
23
24
25

-4.747
0. 000
-3 2, 519
-23. 224
23,494
-6. 597
- i .902
2.863
141.851
147.110
151.927
109.413
114.137
175.091
179.442
184.378
287.023
299.944
296.249
314.991
319.543
324.196
293.624
297.974

-0 . 3 8 5
0. 000
166.394
106.977
106.767
153.713
154.041
153.422
l 9 l ,684
I V l .684
191.653
184.000
184.380
184.722
184,415
184.488
150.388
150.113
150.685
105.104
134.985
104.687
- 0 .5 64
-0 . 0 7 4

"4.862
0. 000
-2 .3 86
3.175
-0,949
-10.781
-6 .059
-9 .4 62
72.546
76.449
71.569
139.367
144.277
133.911
143.189
139.193
-15. 972
-1 9. 793
-15. 293
-6.404
-2.731
- 8 .0 02
-4 .1 26
-9 .4 83
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1.3
1.0
1.0
1.3
1.0
1.3
1.0
1.8
1.0
1.0
1.0
1.0
1.3
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.2
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1. 0
1.0
1. 3
1.0
1. 0
1.0
1.3
1.0
1. 3
1.0
1.3
1.3
1.3
1.3
1.0
1.3
1.9
1.3
1.6

Appendix E.
DSR-1 u D e r a t i . n o Bv e î &s ylB,.;:):0,B400D2

;iE f i l e i s c a l l e d INNER.MEA

[ h i s t i l e has been up dated ; 4-AFR-94
Time : 2 1 : 19 : 25
Operator : FAST

Model I d e n t i t i c a t i D n : Base-Out Model

= 68

Lef t pb oto prs ph number
Ri pht photc ora ph number

= 69

S e l e c t e d camera:
S e r i a l Number
rollei ,left_i.7s
rollei_riqht_1.7m

Lef t Camera
Right Camera

Principal Distance
8 3 ,860 iom
63.640 mm

Inner O r i e n t a t i o n R e s u l t s :

L e f t P l a t e : AFFINE

Tra ns f o r ma t i o n

Number of F i d u c i a l Marks =
Point

1
2
3
4
5

5

F i d u c i a l Coo rdi nat es
Xum
Yum

Measured C oo r di na t e s
Yum
Xum

20200,
28203.
-19800.
-19800.
200.

129190.
129545.
89585.
39207.
139381.

20018.
-19982.
-19982.
20313.
13.

126770.
36794.
86377.
126375.
10.6577.

Residuals
VXum VYuffl
-6.
6.
“ 6.
6.
1.

5,
-6.
5.
“ 6.
2.

L a r g e s t Re sidua l = 8. urn at P o i n t Number - 2

T r a n s f o r m a t i o n Mat rix - Lef t Measuring System t o Le f t F i d u c i a l System

R o t a t i o n and Sc ale
1. 003628
- 0 . 0 1316 0

0.009171
919
1.

Shift
-11322 6. 3
-105474.1

T r a n s f o r m a t i o n Matrix - Lef t F i d u c i a l System t o Lef t Measuring System

R o t a t i o n and Scale
0 . 997288 - 6 , 039163
0.010150 0.999675

Shift
189181,9
106553.6
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F i d u c i a l n ar ks =
Po int

1
3
4
j

F i d u c i a l Co o r d i n a t e s
Yum
Xum

Measured Coo r d i n a t e s
Yum
Xum

20170.
-19333.
-19330.
20178.
178.

20894,
20094.
-19906.
-19906.
94.

La r o e s t Re sidua l = 0. ua

133094.
138294.
93394.
93094.
113094.

141669.
131678.
181670.
141669.
121669.

Residuals
VXum VYum
3.
0.
0.
0.
0.

0.
0.
0.
0.
0.

a t P o i n t Number = 5

Tra n s f o r m a t i o n Matrix - Right Measuring System t o Ri ght F i d u c i a l System

R o t a t i o n and Scale

bnitt

J,000000 0.000000

-1 18000.0
-121532.4

0. 300003

1.030023

T r a n s f o r m a t i o n Matrix - Right F i d u c i a l System t o Right Measuring System

Shi f t

R o t a t i o n and Sc ale

1.B00000 0.303000

110000.0

0. 000000

121499.4

0.999975

L e f t Lens D i s t o r t i o n

Left D istortion Interval ;

3. mms

L e f t D i s t o r t i o n Val ues ;
-0.3

-2.B

0.0

3. 8

-9 .3 -21.3
0. 0

0.0

- 4 2 . 0 - 7 1 . 4 -1 11.1 -162.1
0.0

0.0

0.0

0. 0

Ri ght Lens D i s t o r t i o n

Ri ght D i s t o r t i o n I n t e r v a l :

3. mms

Ri ght D i s t o r t i o n Values :
-0.3
3.3

-2.6
0.3

-3 .6 -20,3
0.0
3.3

- 3 9 . 3 -67. 1 - 1 05. 3 - 1 55. 0
0.3
0.0
3.3
0.8

END OF FILE
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!F<

o

r

Left S te r e o

o
c/3

R ig h t S te r e o

C/3

K)
O

>

<
O

>

Le ft C o n to u r

Rig h t C o n to u r

C e p h a l o s t a t + Con trol points

Cam era 1

Left P ro file

R ig h t Pro fi le

A graphic representation of the photographic system showing a set of seven facial views produced simultaneously.

o
M
c/3

&

A ppen dix F.

«rXP;

Subject 1; Raw images.

m

m

m

m

DEMs of Subject 1 from different view points.
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A ppen dix F.

Subject 2: Raw images.

A DEM of Subject 2.

212

A IP IP IN P IIS

213

©<

Appendix

M AN

G.

PA G E S .

NAME
capture - grabs images from four sources in multiplex mode.
SYNOPSIS
capture Hlename
DESCRIPTION.
Grabbing is the process of taking the digitized video and storing it in the video
memory. The IK x IK on-board memory on the matrox card can be configured in either
1, 2, or 4 frame buffer formats (Figure G .l). Capture configures the memory in four
frame buffer format giving 4x512x512 frame buffers.

2x512x1024x8
FB C =1

2x1024x512x8
FBC = 2

1x1024x1024x8
FBC = 0

4x512x512x8
FBC = 3

Figure G.l: Frame buffer formats of the IP8 Matrox board.

Video data is captured from each of the four video inputs into the active buffer in a
multiplexed mode and adds as suffix Ic, Is, rs and rc to the given filename.
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NAME
centroid - tracks and connects edge pixels and computes ceentroid co-ordinates
of circular objects.
SYNOPSIS
c en tro id

[-i] [-1] [-t]

< inseq > o u tseq

DESCRIPTION.
A program which generates centroid co-ordinates of circular objects in the input
sequence to sub-pixel accuracy. The input sequence is of floating point type resulting
from Canny operator consisting of two frames. The first frame contains edge strength
while the second contains edge orientation. Edge length information combined with area
infromation constrains the search space.
OPTIONS.
-i a real number between 0 and 1 as the threshold of relative difference above which two
connected edge pixels are regarded as being from different edge segments. Defaults to
0.25.
-1 an integer number as the threshold of the minimum length. Edge segments shorter than
L are disregarded. Defaults to 1.
-t pixel format of the output sequence. This value can take a value of 0 ,1 or 2.
0 - output is a byte sequence
1 - output is an unsigned short sequence
2 - output is an integer sequence.
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NAME

delaimay - program to triangulate random points or regular grid points.
SYNOPSIS

delaunay [-dialz] [-rp] [-e] < in_filenam e > out_filenam e
DESCRIPTION.
A program which generates a surface, consisting of Delaunay triangles, through a set of
3D points.
The input points have location x,y on the plane z=0, and height z. No two input points
are allowed to be in the same x,y position, but the distribution of the points is arbitrary; it could be a regularly spaced grid, a totally random scattering, or anything between these
extremes. The surface which is generated consists of triangles using a subset of the input
points as vertices. Not all of the inputted points will be used. If the difference in height
between a point at position x,y, and the value of z at x,y on the surface of the triangle
encompassing that point is less than a tolerance value "Eps", then the point is considered
unnecessary and is omitted. Hence a surface is generated using the minimum amount of
data needed to represent the surface to within tolerance "Eps".
OPTIONS
OUTPUT FORMAT OPTIONS
One of the following options MUST be specified - no default
-a
results in an ascii listing in the form of total number of points, followed by the
reference number and coordinates of all the points (each given on a seperate line),
followed by the reference number of each of its 3 vertices for each of the triangles (each
triangle described on a seperate line).
-d
results in a similar ascii listing to -a except that it is formatted for input to the DIGIT
display program. The total number of points and the reference numbers are omitted.
Instead each line describing a point is started with a "v", each line describing a triangle is
started with "fo", and the points are referenced according to their order in the listing
(starting at 1 not 0).
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-z
results in binary ouput in zoosh format, for input into the zoosh family of display
programs.
RESTRICTING REGION TO BE SURFACED
-p perimeter_file perimeter_file is the the name of a file containing a list of 2-D points
(x,y coordinates) defining a perimeter. Any input points lying outside this region are
ignored. If the perimeter is not convex then the boundary of the region to be surfaced is
taken to be the convex hull of the points in perimeter_file. If this is not specified then the
region which is surfaced is the convex hull of all the input points.
SPECIFYING TOLERANCE VALUE
-e Eps
Eps is the maximum enor between height at a point, and the interpolated height at the
point on the triangle encompassing it, that would allow the point to be left out of the final
triangulated surface. If this is not specified on the command line then the value of Eps is
set to l/500th of the range of heights of all the input points actually being used, i.e.
excluding any points outside a perimeter specified using -p on the command line (see
above).
REPORT LINE
-r
If a perimeter file is specified by -p on the command line then a message is sent to
standard error of the form:
« 301 out of 20509 points excluded because outside perimeter »
Also, after completion of surface generation, the program always sends a one line
report to standard error of the form:
«

4522 points used out of 20208 ( = 22.38 %) with maxerror = .2498 (eps =

.25) »
If the -r option is used then these report lines are also put at the top of the ouput
vertex/triangle listing. Command line request -r is ignored if output is to be in (binary)
zoosh format.
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NAME
m atrox2hips - converts Matrox images to HIPS format.
SYNOPSIS
m atrox2hips < M atrox_image > Hips_image
DESCRIPTION.
Matrox2hips converts single frame matrox images to HIPS format. Matrox2hips
only accepts images of byte format.
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H o w _ to _ u se _ M o d e lV ie w .
SYNOPSIS
modelview- Pc based visualisation suite. Does not take any option.
INTRODUCTION.
This document describes how to display and interact with 3-D triangulated objects
in ModelView. The suite has been written as general as possible so as to display any
complicated 3-D object whose file format is identical to the WaveFront file format (see
appendix E) and runs on a PC platform. The program accepts streams of 3-D co
ordinates that have been converted to a triangulated network by the Delaunay triangulation
program.
The program is menu and keyboard driven.
USING MODELVIEW.
To start Model View, at the DOS prompt, enter: m odelview . The main display
window of ModelView will then be displayed with the menu on offer at the top. As a
convention all the triangulated object files have an extension *.obj.
To enter the object file to be displayed, with the mouse click on LOAD and a text
sub window in the middle of the screen will appear prompting you to type in the file
name. Once the data has been read in clicking on DISPLAY will enable ModelView to
display the object. DISPLAY has two options of displaying the object. Either in
orthographic mode or in perspective mode. With the keyboard it is possible to zoom in or
zoom out by typing e/E or d/D respectively. Rotations are achieved by typing the
left/rig h t key or up/dow n key. Depending on whether area or distance between points
need to be computed, then by clicking the mouse on the respective menu options the
AREA or DISTANCE can be computed. Pressing the left mouse button initialises the
operation while pressing the right mouse button terminates the operation. Profiles are
generated by clicking on PROFILE menu option. Either vertical or horizontal profiles can
be generated in either singular or multiple mode.
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To display a new object, the database has to be cleared first with the aid of the
CLEAR option. Minimal on line help is available under HELP. Finally clicking on EXIT,
quits M odelview.
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