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ABSTRACT.

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 number of methods including a matrix of mechanical 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 components of a non-contact
stereophotogrammetric system to acquire, process, display and replicate 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 (approximate time for which a person can remain 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. With 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.

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 photogrammetry'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 simple scales (parallax bars) to
sophisticated computer assisted equipment.

When dealing with medical or engineering problems, 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 photogrammetry.

1.1 THESIS BACKGROUND.

This research work was mainly done in the Department of Photogrammetry 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, Thomas' 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
elsewhere too. Methods involving Moire fringe patterns (Leivesley, 1983),
stereophotogrammetry (Vannier, 1991; Waldhausl et al, 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.
With 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
dimensional facial information in an orthodontic environment 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
information. 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 limited 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 S - 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 Medical 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.
Measurable records of soft-tissues can be of 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. With 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
maxillofacial 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.
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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 op6o{ meaning right or
correct, and odovto{ 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
harmony rather than being limited to correction of malocclusion. Where as the
orthodontic requirements are that the teeth and jaws 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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