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Abstract

Current methods for facial reconstruction are tedious and time-consuming, and require foren-
sic artists with years of practical experience. Furthermore, the complexity of the reconstruc-
tion problem greatly increases when time-related factors come into play, such as those that
occur in missing children scenarios. This thesis describes a software system for simulating the
growth of the craniofacial skeleton. It is a first step towards our goal of a complete software
package for three-dimensional craniofacial reconstruction. There is a tremendous amount of
data on craniofacial growth in the form of studies that collect frontal and lateral cephalo-
grams, which can be used to generate three-dimensional coordinates of landmarks on the
craniofacial skeleton at various ages. We define a simplified model of bone growth that uses
these landmarks to drive the growth of the rest of the craniofacial skeleton. The inputs to our
growth model include a triangular mesh acquired from the bone to be grown (e.g. skull, man-
dible), a set of vertices on the mesh identified as landmarks, the coordinates of these land-
marks through time, and vertex weights which are a measure of the influence exerted by
landmarks on the rest of the vertices. The output is a triangular mesh, “grown” either forwards
or backwards in time to a specified age. An expert in craniofacial growth assigns these vertex
weights by using a specialized tool calkecyola. We also provide a tool for automatically
generating a first approximation for the vertex weights of a new mesh given the weights pre-
viously assigned to a mesh of similar bone type (e.g. skull, mandible). Validation of our
growth model is an outstanding issue; we lack three-dimensional data (e.g. from CT scans)
for an individual through time, with which we would compare the output of our software. For
now, we must be content with the expert opinion of our colleagues in the Department of Den-

tistry’s craniofacial reconstruction group, who are quite pleased with our results so far.
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CHAPTER 1 Introduction

1.1 Overview of the Skull Growth Project

Many fields of academic studies are showing growing interest in the development of graphical
tools to aid both in research and in commercial applications. An example is the ongoing collabo-
ration between a group of researchers at the University of British Columbia (UBC) and the Royal
Canadian Mounted Police (RCMP). The UBC group is composed of members of the Media and
Graphics Interdisciplinary Center (MAGIC) and of the Craniofacial Biology Laboratory of the
Faculty of Dentistry. They are currently developing a system of methods for interactively model-
ling craniofacial reconstructions. Current scientific methods used in craniofacial biology will be
combined with methods used by forensic artists to produce 3D panels of life-like images for sub-

ject identification.

The UBC group first met with the forensic division of the RCMP in June 1992. MAGIC was

represented by Dr. Peter Cahoon and Dr. Kelly Booth, the Faculty of Dentistry by Dr. Alan Han-
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nam, Dr. David Sweet and Dr. Geerling Langenbach, and the RCMP by Inspector Herb Leroy, Dr.
Brian Yamashita and Officer Cameron Pye. The main theme of the meeting was the issue of
forensic craniofacial reconstruction. Could graphical tools be used to aid in reconstructing the
face of an individual, given only the craniofacial skeleton? The RCMP group was also particu-
larly interested in the question of craniofacial growth prediction, and its application to the identi-
fication of missing children. In short, could we use a computer to simulate the aging of the
craniofacial skeleton? If so, this could then be used to create pictures of missing children, artifi-

cially aged along user-specified criteria.

1.1.1 Applications to Forensic Anthropology

Forensic anthropology is the subdiscipline of physical anthropology which specializes in the
fields of osteology and skeletal identification, as they pertain to courts of judicature and to public
discussion. Coroners, medical examiners and forensic pathologists are routinely involved in the
investigation and solving of unexplained deaths, and deal primarily in analyzing evidence in the
form of remains. Sometimes, due to circumstances, the flesh remains cannot provide enough
material for conclusive studies. Therefore, the hardier skeleton becomes the only avenue of infor-

mation, and forensic anthropologists are called upon for their greater osteological expertise.

The first aim of forensic facial reconstruction is to aid in individual identification. Through
this technique, the facial appearance of an individual is reconstructed from the bony remains of
the skull. Existing tools and methods demand the services of forensic artists who are highly spe-
cialized in facial reconstruction. Furthermore, there are a wide range of equally probable faces
that could reasonably be generated from a given skull, but investigators can usually only afford to
produce a limited number. Alternative methods are needed, methods that could both speed up and

facilitate facial reconstruction, as well as provide more conclusive information.
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Forensic anthropology can also be applied to archeology. Research into human evolution
throughout the ages, into the development and growth of civilizations, and the particular traits that
characterized each one in different parts of the world has evolved around the recovery and analy-
sis of ancient human skeletons and artifacts. Through the study of a variety of these artifacts,
researchers can determine the way of life of a people: what tools were used, what clothes were
worn, which musical instruments were played, even what diseases prevailed. However, the diffi-
culty increases when efforts are made to draw the actual portrait or physiognomy of the people.
Craniofacial reconstruction using skeletal remains provides a means to answer this question. In
fact, it could become a medium through which scientists strive to determine and understand the
effect of customs, way of life, habitat, religious beliefs, social phenomena, to name but a few, on
the appearance and behaviour of past peoples. Past Forward Ltd. [20], based in England, is doing

very interesting work in this regard for the Jorvik Viking Centre.

1.1.2 Craniofacial Growth Prediction

The problem of facial reconstruction is further complicated when time is factored into the recon-
struction process. In particular, we are interested in providing assistance in the case of missing
children. Current forensic approaches require a specialized artist to combine the facial features of
the parents and child using only photographs, to predict the appearance of a child several years
after disappearance. This method relies heavily upon the experience and talent of the artist in
guestion. While the results can be quite convincing, it is very time-consuming process. Alterna-
tive, more interactive procedures could be of great benefit to the artist, especially if automation

could reduce the more tedious aspects of facial reconstruction.
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1.2 Thesis Objectives

The goal of this project is to provide a software system that can be used by a skilled practitioner to
simulate the growth of the craniofacial skeleton. This project is part of a larger software chain,

leading towards the ultimate goal of a software package for three-dimensional craniofacial recon-
struction. As such, it is essential that we produce software that is both complete by itself (i.e. it
works) and extensible (i.e. we can later include a much more complicated growth model without

having to rewrite the entire system).

It should be clear that there are a tremendous number of biological factors that affect the
growth of the craniofacial skeleton. Attempting to include all of these factors into our growth
model is beyond the scope and intent of this project. In these initial stages of development, we
concentrate on providing a simplified model of growth. Even though it is vastly simplified when
compared to the biological model, our mathematical model will at ledsobelybased on actual

biological processes.

An example usage of our system is as follows. We start with a triangular mesh, acquired by
performing a laser range scan of the skull of a 5 year old child. Using an off-line method such as
the one described in Appendix A, we compute the coordinates through time of a small set of land-
marks on the surface of the skull. Using custom-built software tools, we assign weights to each
vertex which correspond to the amount of influence exerted on the vertex by each landmark.
Given all these inputs, our system can construct a triangular mesh that represents the skull at any

desired age, thus simulating its growth.
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1.3 Outline

Chapter 2 briefly introduces the reader to the essentials of human craniofacial growth, from
a biological point of view. The related field of cephalometry is described, along with the impor-

tance of craniofacial landmarks. Also, a brief mention is made on related works and publications.

Chapter 3 gives an overview of our growth simulation package and describes in detail the
inputs and outputs of our system. This chapter also introduces the simplified growth models that

are used to simulate bone growth.

Chapter 4 explores in further detail the algorithms behind the growth simulation. Also, we
introduce and describe an algorithm used for semi-automatically assigning to vertices the amount

of influence exerted by craniofacial landmarks on the rest of the craniofacial skeleton.

Chapter 5 looks at the implementation details of our software package, from file formats to
third-party software libraries. We describe two custom-built tools for operations on triangular
meshesiandmark Pickersimplifies the selection of craniofacial landmarks, wikilayola is

used for assigning system-specific values to vertices of the mesh.

Chapter 6 examines the results of applying our growth algorithms to simple geometries such
as spheres, and to more complex geometries such as skulls and mandibles. The problems associ

ated with validation of the growth model are discussed.

Finally, chapter 7 summarizes the work that has been done in the context of this research
project, looks at some open issues involved in the use of our system, and outlines avenues for

future research.
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CHAPTER 2 Bac kg round

Craniofacial growth is an extremely complex process. There are a great many functions packed
into the relatively small space of the craniofacial region — sight, smell, speech, breathing and
food intake, to name but a few. Every one of these functions has its own set of influences on bone

growth which is in itself already complicated.

Enlow and Hans [10] provide an excellent introduction to the process of craniofacial growth
and development. The purpose of their book is “to outlirbidged formathe enormous range
of morphogenic information dealing with key craniofacial growth concépis.particular, it is
well suited for researchers from other academic fields who wish to better understand the biologi-
cal concepts that underlay craniofacial growth. The following chapter borrows heavily from the
above-mentioned textbook, and also from Enlow [9] and Ranly [22], to describe the essentials of

the craniofacial growth process.

1. page ix in Enlow and Hans [10].
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A note on terminology. The reader might be confused by our usambfacial skeletows.

skull. For our purposes, the craniofacial skeleton is composed of two major bone structures: the

. Skull

Mandible

mandible and the skull.

Craniofacial skeleton

R

FIGURE 1. Craniofacial skeleton vs. skull

2.1 Of Tissues and Cells

The growth and development of a living structure is catedphogenesidviorphogenesis is the
formation and differentiation of tissues and organs, a biological process having underlying control
at the cellular and tissue level. Differentiation is the sum of the processes whereby apparently
indifferent cells, tissues and structures attain their adult form and function. Bone is “simply” a
specialized type of tissue, but no craniofacial component is developmentally self-contained and
self-regulated. Growth of a component is not an isolated event unrelated to other parts: it is the
composite change of all components. As such, our task of providing a mathematical model for the

growth and development of the craniofacial skeleton seems all the more daunting.
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A note on terminology. The complex operations described above rely on carefully regulated
“growth”. Growth is a general term implying simply that something changes in magnitude, but
which does not necessarily account for how it happens. To try to understand how it works, and

what actually happens, the more descriptive and explanatory “development” comes into play.

2.2 Overview of Craniofacial Growth and Development

Enlow and Hans define two basic kinds of growth movement that guide the facial growth process:
remodelling and displacementRemodelling is the process by which a bone’s shape changes
through time. A bone does not appear in a prenatal infant in its final shape, and cannot simply
grow by new additions keeping the same form. Rather, some areas of the bone grow faster or to a
greater extent than others (Figure 2). Thus the temodelling. Displacement is the process by
which contiguous bones push away from each other as they grow, to allow for enlargement of the
separate bones. While this may seem intuitive, it is important to realize that growth of a particular

bone is not an isolated event. It is affected throughout its growth by all surrounding components.
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FIGURE 2. In the newborn the face is roughly 1/8 the size of the cranium,
whereas in the adult the ratio is closer to 1/2.
Adapted from Figure 1-15, page 12, in Jacobson and Caufield [16].
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2.2.1 Remodelling

A lay person might assume that bone grows “simply by generalized, uniform deposition of new
bone (+) on all outside surfacégsee Figure 3). Such a growth process would not allow for the
complex morphology of craniofacial bone, and for the complex interrelationships between the
growth of bones, muscles and other soft tissues. Growth is a three-dimensional process: any given
bone grows differentially, that is, it grows in some directions much more than others and at vary-
ing regional rates. Bones grow by virtue of addition, or “apposition”, of new bone tissue on one
side of a surface and by removal, or “resorption”, of bone tissue on the other. If the rate of apposi-
tion is higher than the rate of resorption, then the bone’s surface increases in size and thickness. A
bone’s inside and outside surfaces are covered by fields of growth, which are either appository or
repository. This combination of apposition and resorption is responsible both for enlargement of

the bone and for relocation of the bone in space.

FIGURE 3. Incorrect conceptualization of the remodelling process.
Adapted from Figure 2-1, page 19, in Enlow and Hans [10].

Relocation is a key concept in the remodelling process. Consider the example in Figure 4,

where bone is represented as a stack of chips. As growth occurs, bone tissue is added to the right

1. pages 18-19 in Enlow and Hans [10].
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and removed from the left. Notice that the black chip’s position in space does not change. In
essence, the relative position of the black chip within the stack changes — it is being “relocated”.
Notice how the apposition and deposition patterns (greatly simplified in this example) are respon-

sible for both the enlargement and relocation of the mandible bone.

FIGURE 4. Remodelling and the mandible.
Adapted from Figure 2-3, page 20, in Enlow and Hans [10].

2.2.2 Displacement

As mentioned earlier, remodelling of a bone does not happen in isolation. The growing bone
includes contacts with other bones which are also enlarging. Displacement occurs as these bones
push away from each other. The whole bone is moved by mechanical means, as opposed to the
relocation of the bone surface during remodelling. Consider the analogy of two balloons that are
in contact with each other. As the balloons are inflated, they are displaced as they compete for the

same space.
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2.2.3 Remodelling and Displacement Combinations

Both remodelling and displacement are responsible for the growth movement of bones. The diffi-
culty lies in determining which combinations of these two components occur for a particular sec-
tion on the surface of a bone. Consider Figure 5, where BbaedY are in contact with each
other. All of the growth combinations depicted would have an overall similar effect. Chapter 3 in
Enlow and Hans [10] contains an analysis of which of the many hypothetical combinations actu-
ally take place in the various regions of the craniofacial skeleton. For now, we will content our-

selves with being aware of these combinations.

X Y
| ] [ |
@@ | ] [ I
() | | . |
© ] o
(d) I & |

FIGURE 5. Remodelling and displacement combinations yielding similar results.
(a) apposition on right side df (b) apposition on left side of
(c) apposition on left side of with resorption on right side of
(d) apposition on right side of andy, resorption on left side of

2.3 Cephalometry and its Contribution

Cephalometry is the science of measuring the head, usually through the use of standardized lateral
and frontal head radiographs, or cephalograms. Broadbent’'s seminal work in this field [3]
describes a means for producing the lateral and frontal head films, with the patient in a fixed and

reproducible position. There are numerous studies on morphological changes of the craniofacial
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skeleton, of which Behrents [2] does an exhaustive review. Of particular interest are those that
include the collection of frontal and lateral cephalograms. Huitat. [14] give a listing and
description of longitudinal craniofacial growth record sets currently extant in North America. The
largest of these is the Broadbent Bolton Growth Study, where cephalograms were collected on
over 5000 children. A subset of these comprise a comprehensive longitudinal growth study of

men and women of the ages 1 to 18 years, and have become known as the Bolton Standards.

In order to provide measurements of the craniofacial skeleton, there exists a set of agreed-
upon points of reference, or landmarks. The number of landmarks that have been named and
defined is quite large. Martin and Saller [19] list 69 landmarks on the craniofacial skeleton itself,
while Behrents [2] identifies 87 landmarks from cephalograms. Admittedly, many of these land-
marks are rarely used. Rogers [23] defines a smaller set of 30 landmarks, which contains those

most frequently used in practice.

With proper calibration, frontal and lateral cephalograms can be used to obtain three-dimen-
sional coordinates of certain landmarks. Graysbal. [13] propose a standard, reliable set of
such landmarks, and describe how to derive the three-dimensional coordinates of a landmark
using the two-dimensional coordinates obtained from lateral and frontal cephalograms. Their
technique is essentially the same as the one described by Broadaleft], where an “Orienta-
tor” is overlain on the frontal and lateral cephalograms (see Figure 6). This is used to establish a
correlation between the two cephalograms, as they were related at the time the films were taken.

This way, the points in one cephalogram that correspond to a point in the other can be located.

Subramanyan and Dean [27] describe custom-built visualization software for the analysis of
frontal and lateral cephalograms, which facilitates the collection of three-dimensional landmark
data. At the time of this writing, they were close to making available their collection of three-

dimensional landmark data from the nearly 2000 “Bolton Standards” cephalograms.
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FIGURE 6. Bolton Orientator with lateral and frontal tracings in position.
Adapted from Figure 3-5, page 32, in Broadbketrdl [4].

2.4 Previous Work

While there are an abundance of works that explore in detail the biological processes that dictate
craniofacial growth and development, attempts to create computer graphical models of these pro-

cesses are scarce. Cahoon and Hannam [5] simulate the “growth” backwards in time of an adult

human mandible to that of a six year old child. The mandible was reconstructedt fsoans.

Data on mandibular growth from the Saksena studies [24] [25] was used to drive a simple, three-
dimensional free-form deformations algorithm. Landmarks on the mandible acted as control

points for the deformations. The main drawback is that their technique is very unwieldy, which

makes it difficult to properly control the deformation.
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3.1 Overview of the Software

The purpose of the software is to simulate the aging of a craniofacial skeleton, either forwards or
backwards in time. In theory, the inputs and outputs are simple: provide the system with a polyg-
onal model of a craniofacial skeleton, a starting age and a target age. The output is a polygonal
model of the craniofacial skeleton, aged to the specified target age. However, this would require
an extremely complex, fully functional biological model of bone growth. In practice, the inputs to

the system are quite a bit more complex. At least initially, it requires additional knowledge on

craniofacial growth and development that can only be provided by an expert in the field, because
reliable craniofacial growth data only exists for the landmarks. For these reasons, our system is
initially targeted to users with prior knowledge of craniofacial growth and development, such as

forensic artists and researchers in craniofacial reconstruction. Figure 7 provides a general over-

view of the steps involved in using our software.

15
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Acquire polygonal
model of craniofacial
skeleton.

'

Identify vertices on
mesh which are cran-
iofacial landmarks.

'

Generate sets of land
mark coordinates
through time.

'

Determine influence
exerted by landmarks
on the other vertices.

'

Run growth
algorithm.

FIGURE 7. Simplified view of the workflow involved in using our system.

3.2 Inputs

Inputs to our software are provided through a specifications file, the format of which is detailed in
Section 5.4.3. Each of the following sections examines one of these inputs in detail, and describes

how they can be acquired by users of our system.

3.2.1 Triangular mesh

Our system requires a polygonal model of the bone to be grown (e.g. skull, mandible), spe-
cifically a triangular mesh defined in the Open Inventor 3D Interchange File Format [29]. In the

case of forensic reconstruction where skeletal remains are available, a typical first step would be
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to perform a laser range scan of the bone, for example with a Cyberware 3D Color Digitizer™.
Other data sources include the extraction of the skull from CT scans, as described bydoch

[17].

Currently, our system computes growth for a single bone. In other words, our biological
model does not include the effect of displacement as defined in Section 2.2.2. Therefore, the user
can choose between two approaches: either generate a triangular mesh for the entire craniofacial
skeleton, or generate triangular meshes for both the skull and the mandible. In the latter case, the
growth of the two meshes must be computed separately, i.e. as two completely separate opera-
tions. The two resulting meshes could then be merged by using off-the-shelf three-dimensional

modelling software such a@dias.

Another issue is the number of triangles in the mesh. Laser range scans can typically pro-
duce meshes containing hundreds of thousands of vertices. Obviously, there is a trade-off between
precision and usability. Overly complex meshes can require large amounts of storage space, and
incur significant computational costs when performing both the growth of the mesh and when
interactively viewing the results. There is an increasingly large body of literature on the subject of
mesh optimization and decimation, which includes work by &ci. [8], Schroedeet al.[26]
and Turk [28]. The meshes that were used for testing our system have on the order of 3000 verti-

ces and 6000 triangles, an example of which is shown in Figure 8.

3.2.2 Starting age, target age and number of increments

The “starting age” refers to the age of the bone from which the triangular mesh was gener-
ated. In the case of reconstruction from skeletal remains, this will be the best estimate from an

expert in the field of osteology.
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FIGURE 8. Triangular mesh of a skull, with
landmarks displayed as red cubes.

The “target age” refers to the age to which the bone will be grown. It can be either greater
than or lesser than the start age, depending on the situation. As an example of the former, consider
the case of a search for a missing child where source data exists for the chiltl(@qgeepha-
lograms, CT scans). The target age would thetirbgewheren is the amount of time elapsed
since the source data was acquired. Alternatively, consider a case where skeletal remains are dis-
covered, and determined to be of ageurther assume that a child went missingears ago in

the area of the discovery of the remains. The target age would then be

The “number of increments” allows for the generation of meshes at intermediate stages of

growth from the “start age” to the “target age”. As an example, consider the following inputs:
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start age of 7, target age of 15, with 4 increments. The output would then be four triangular
meshes representing the bone at ages 9, 11, 13 and 15. This feature can be used to produce anim

tions of the growth of the craniofacial skeleton.

3.2.3 Set of landmarks

The key additional information is a set of landmarks on the input mesh, corresponding to
craniofacial landmarks such as those described in Section 2.3. The landmarks must be vertices on
the triangular mesh, i.e. not some arbitrary point on the surface. Thus, the person who generates
the mesh must ensure that there is suitable refinement in the appropriate areas of the mesh.

Figure 8 shows an example of such a set of landmarks.

3.2.4 Coordinates of landmarks through time

Let’'s consider a growth forwards in time. The coordinates of the landmarks in the initial tri-
angular mesh are assumed to correspond to the coordinates at the starting age. Then, there has t
be at least one more set of coordinates for the landmarks, corresponding to an age greater or equa
to the target age. If necessary, our system will generate a set of coordinates for the landmarks
exactly at the target age, by using simple linear interpolation. For greater control on the growth
simulation, the user can add any number of additional sets of landmark coordinates at any point in

time between the start age and target age.

There does not need to exist a one-to-one correspondence between the number of sets of
coordinates and the number of growth increments. For instance, in the example given in
Section 3.2.2 we could specify the sets of landmark coordinates for age 8, 11, and 17. Our system
would then use linear interpolation to generate the missing sets of landmark coordinates, namely

for the ages of 9, 13 and 15.



CHAPTER 3 — Our Approach 20

Admittedly, the generation of these sets of landmark coordinates at various ages is a time-
consuming process, and currently can only be done off-line. Appendix A describes a technique
for computing the three-dimensional coordinates of landmarks through time for a specific cranio-
facial skeleton, by using data from two-dimensional frontal and lateral cephalograms that can be
found in the Saksena studies [24] [25]. The main reason behind our approach of using craniofacial
landmarks to drive the growth of the rest of the skeleton is that growth data for landmarks is
readily available. In contrast, there currently does not exist three-dimensional growth data for the
entire craniofacial skeleton of individuals (e.g. extracted from CT scans of the same person at a

series of different ages).

3.2.5 Influence of set of landmarks

The coordinates through time of the landmarks are insufficient to generate the new meshes
because the number of landmarks is so small compared to the number of vertices in the triangular
mesh (typically less than 1% ratio of landmarks to vertices). As such, we require an expert in
craniofacial growth and development to provide an estimation of the influence that each landmark

has on each of the non-landmark vertices.

3.3 The Simplified Growth Model

As mentioned in the previous chapter, facial growth can be broken down into two components:
remodelling and displacement. It would therefore make sense to divide our mathematical model
into these two components. However, we concentrate in this thesis project on the remodelling
aspect as it pertains to a single bone, chiefly because of the type of input data that we currently

have (see Section 3.2), and also due to time constraints on the project.

Consider the naive interpretation of bone growth, where bone grows simply by uniform dep-

osition of bone tissue on outside surfaces, i.e. bone grows by owweadsiorof all surfaces. A
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mathematical model for this growth conceptualization is relatively straightforward — for each
point on the surface, perform the following:
(1) Determine the direction of growth as being perpendicular to the surface at
that point.

(2) Assign a magnitude of growth at each point.

This grossly oversimplified model was used in the early stages of software development, in
order to properly test the underlying software foundation and as a proof-of-concept of our system.
It is still available as an option in the current release, more as a curiosity than anything. It also

served as a stepping stone towards our finalized model, explained below.

landmark shift expansiony)

landmarlg vertex

FIGURE 9. Direction oshiftandexpansiorcomponents.

A better model of the remodelling process usesdloeationconcept. Consider the exam-
ple in Figure 4 of Section 2.2.1. If we examine only the contour of the mandible, we can realisti-
cally break down the mandible’s growth into two components: first, the mandible has increased in
size, which we’ll call theexpansiorterm. Second, the mandible has been relocated to the upper-
right, which we’ll call theshiftterm. In other words, we can approximate the growth of the man-
dible by successively applying te&pansiorterm and thehift term to each point on the surface.
Figure 9 gives a graphical view of the two growth components for a given vertex, assuming that

the vertex is influenced by a single landmark. Foretiansiorcomponent, the vertex moves in
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the direction of the surface normal defined at its position. Foshihtcomponent, the vertex
moves in a direction parallel to the direction of growth of the landmark. If the vertex is influenced
by more than one landmark, its growth is the sum of the shift and expansion components com-
puted for each landmark. Figure 10 gives a simple example of applying our growth model to a
square. Note that thexpansiorandshift terms can vary from point to point, i.e. there doesn't nec-

essarily have to be a uniform expansion or uniform shift of the points.

D expan5|on shlft

N N

v — — 1

FIGURE 10. Applying thehiftandexpansiorterms.
The filled circle identifies a landmark.

The reader may have noticed that there are a great many different combinasioiftaat]
expansionterms that will produce the same shape, just as there many different combinations of
remodelling and displacement that can produce the same growth in bones (see Section 2.2.3).
This is where the experts in craniofacial growth prediction (e.g. forensic artists) make their
appearance. For each vertex that is not a landmark, the expert assigns the amount of influence
exerted by the landmarks. Each landmark’s influence is given as two values in the range [0..1],
one for the shift term and one for the expansion term. Subsequent chapters will go into detail as to
how these influences are assigned to the vertices. For now, let us consider an example in two

dimensions, where the object that we want to grow is a circle, and for which we have a single
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landmark. Figure 9 shows the growth that results from varying the amount of influence that the

landmark exerts on the points of the circle, where the circle represents the location of bone.
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FIGURE 11. Effect of landmark influence on the growth of a circle.
(@) full influence on all vertices faxpansion
(b) full influence on all vertices fahift,
(c) full influence at landmark faxpansiontapering down to zero;
(d) full influence at landmark fahift, tapering down to zero.
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CHAPTER 4 Algorlth ms

4.1 The Growth Algorithms

The following explains the algorithms used for computing the growth of a bone, along with a
description of issues both solved and outstanding at each step. Two different methods were used:
growth along normals only, and growth ussfgft andexpansiorterms. They differ significantly

in the way they compute the influence of landmarks on vertices, and compute the new coordinates
of vertices. The flowcharts for these two methods are shown in Figure 12. Growth along normals
only corresponds to the naive model of bone growth as described in Section 3.3, where bone
grows only by adding bony tissue to the outside of all surfaces. Growthaisingndexpansion

terms is our attempt to include the relocation concept of bone growth.
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Parse specs Parse specs
file file

Compute Compute
distances vertex

on surface normals
Compute Determine

vertex landmark

normals influences
Determine Compute
_Iafr|1dmark new vertex
Influences coordinates
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new vertex

coordinates

@)
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FIGURE 12. Flowcharts for the growth algorithms.
(a) growth along normals only;
(b) growth usingshiftandexpansiorterms.

4.1.1 Growth Along Normals Only

Step 1: Parse the specifications file

The specifications file contains user-defined information specific to the particular growth
problem at hand. This includes all the input data as specified in Section 3.2, and the names to
assign to the output files. The main internal data structure of the software is a parameterized graph

structure. Given the file that defines the triangular mesh for the bone to be grown, we create a
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graph where the nodes correspond to vertices in the mesh, and where the edges correspond to tri
angle edges in the mesh. The nodes that correspond to landmark vertices are marked as such

Section 5.4.3 contains a detailed description of the contents of the specifications file.

Step 2: Compute approximate distance on surface between landmarks and vertices

For each landmark vertex, we need to compute the surface distance to all the other vertices.
This will later be used in step 4 to compute the amount of influence exerted by landmarks on ver-
tices. The surface distance is approximated by performing Dijkstra’s single-source shortest-paths
algorithm [7] on each landmark, where the edge weights are the Euclidean distance between the
vertices of the edge. This algorithm finds the shortest path from a given source vertex (i.e. a land-
mark) to every other vertex. The length of these paths is used as an approximation of the surface

distance.

FIGURE 13. Two valid ways for triangulating a quadrilateral.
For approximating the surface distance, the bottom one is best.

This approximation for surface distance will vary depending on the triangulation of the
mesh. For example, consider the two possible triangulations shown in Figure 13. In the topmost

triangulation, the distance betwe€mndD is exact, but the distance betweeandB will be less
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well approximated, since it will be computed as the distance Aton(C or D)to B. It should be

clear that the approximation works much better with the bottommost triangulation. Here, the dis-
tance betweed andB is exact. The distance betwe€mandD, approximated by the distance

from C to (A or B) to D, is relatively good. Performing a Delaunay triangulation of the mesh
would ensure that the bottommost triangulation is chosen, because this procedure maximizes the
minimum angle in the mesh. For now, the generation and optimization of the triangular mesh is

left to those constructing the input meshes.

It would also be possible to use a better approximation of surface distance, using algorithms
such as those given by Chen and Han [6]. However, the surface distance is not needed in the
model of growth whershift andexpansiorierms are used, since the influence of the landmarks is
assigned directly by the user. Therefore, we decided that it was not worth the time and effort

needed to implement more robust algorithms for surface distance.

Step 3: Compute vertex normals

We compute the surface normal at a vertex by first summing the normal vectors of all faces

adjacent to the vertex, and then normalizing this sum.

N

FIGURE 14. Computing the surface normal at a vertex.
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(@)

FIGURE 15. Vertew lies within the area of influence of landm#yrk
as shown in (a). To determine the landmark’s influence,
use a truncated Gaussian function, as in (b).

Step 4: Determine influence of each landmark on individual vertices

One of the key elements in the growth algorithm is determining, for a particular vertex,
which landmarks influence its growth and to what extent. Here, we assign to each landmark a
radius of influencelf the distancel between a vertexand a landmarkis less than the radius of
influence ofl, then we say that lies within the area of influence baf Note that the distance
betweerv andl is computed in step 2. Finally, a truncated Gaussian function centered on the land-
mark is used to determine the amount of influencelthas orv, as defined in Equation 1. The
value of the function at the landmark is 1, and the value on the perimeter of the area of influence

(i.e. at the radius of influence) is 0.

truncGausg d infl = — (EQ 1)
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Step 5: Compute new coordinates for all vertices

First, a note on how we quantify the expansion growth of each landmark. Consider a spe-
cific landmarki, wherel(t) denotes the position in spacel @t timet, and where\l is the vector
from I(t) to I(t+At). The expansion growth vectgg(l) is approximated by projectily onto the

surface normal dft).

I(t+ At)

FIGURE 16. Computing the expansion growth veggdl) of a landmark.

If a vertex lies within the area of influence of more than one landmark, then the influences of
the landmarks are summed (Figure 17). Landmarks have no influence on other landmarks, since
the coordinates through time of all the landmarks are given as input to the algorithm (see
Section 3.2.4). The pseudo-code in Figure 18 describes how the new coordinates of a non-land-

mark vertex are computel, is the surface normal at vertexas computed in step 3.

Step 6: Repeat from step 2

Remember that one of the input data is the “number of increments”, i.e. the number of
meshes to generate (see Section 3.2). Thus, we repeat steps 2 through 5 for “number of incre-

ments”.



CHAPTER 4 — Algorithms 31

sum of Gaussians

FIGURE 17. Overlapping, truncated Gaussian functions.

Forall_vertices( v, graph ), not landmarks {
suminfluence = 0.0;
Forall_landmarks( |, graph ) {
if( distance(v, ) <= lLinfluence ) {
suminfluence += truncGauss(v, I) * || ge() |I;

}
}

v.newcoords = v.oldcoords + suminfluence * N,;

}

FIGURE 18. Pseudo-code for computing new coordinates of non-landmark vertices.

4.1.2 Growth Using Shift and Expansion Vectors

This model uses on the relocation concept for bone growth, as described in Section 2.2.1. The
modifications to the previous method are twofold: firstly, to include a means by which vertices are
“pulled” in the direction of growth of the landmarks — this is $hét term. Secondly, instead of
Gaussian functions, the new method uses more directly an expert’s knowledge in determining

both the area of influence of landmarks and the amount of influence exerted on specific vertices.
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Step 1: Parse the specifications file

Same as in Step 1 of Section 4.1.1.

Step 2: Compute vertex normals

Same as in Step 2 of Section 4.1.1.

Step 3: Determine influence of each landmark on individual vertices

In order to properly describe the amount of influence that landmarks have on a specific ver-
tex, we must assign to the vertex two valueg#mh landmark: thexpansion weighand theshift
weightfor that landmark. These values are in the range [0..1], where 0 indicates that the landmark
has no influence on the vertex. For the remainder of this thesis, the term “weight of a vertex”
refers to the set of tuples (expansion weight and shift weight) assigned to the vertex, one for each

landmark.

These weights must be assigned to the vertices of the mesh prior to the actual computation
of growth. This process can be quite time-consuming: for example, in a typical mesh with 5 land-
marks and 5000 vertices, a total of 50000 values must be assigned! To reduce the effort, a special-
ized software package call&dayola was created that is used to interactively “paint” the vertices
of a triangulated mesh, where the colours correspond to the amount of influence of the landmarks.
Painting is done in two separate layers, one for the shift weights and one for the expansion
weights. In essence, the expert usesyolato define the area of influence of the landmarks. See

Section 5.1.2 for more details &mayola.

Selecting appropriate values for the vertex weights is not an easy task. Therefore, we pro-
vide an extra mechanism for “tweaking” the global influence of a landmark. Each landmark has a
coefficient of expansioK, and a coefficient of shifks. A value of 1 is the default. Lowering

these coefficients has a dampening effect on the influence of the landmark.
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Step 4: Compute new coordinates for all vertices

The growth of a vertex is computed by summing two vectorseexpansion vectoand the

shift vector.The expansion vector corresponds to growth in the direction of the surface normal at
the vertex (the vertex normals are computed in step 2). The magnitude of the expansion vector is
basically the same as in the previous method, the main difference being that instead of using a
truncated Gaussian function, we use the expansion weight as defined in step 3. The shift vector of
the vertex is parallel to the actual growth vector of the landmark (see Figure 9 in the previous
chapter). If the vertex is influenced by more than one landmark, than the sum of the shift and
expansion vectors for all the landmarks is used. The decision to use the sum of the effect of land-
marks rather than a scheme based on weighted averages was somewhat arbitrarily based on ou
perception of the way someone would use our system. The correspondence between modifications
to vertex weights iKrayola and resulting changes in the output mesh is thus more intuitive. This

is especially important because our growth model relies heavily on the ability of an expert to

properly assign the vertex weights.

The following equation describes how to compute the new coordinates of a vertex:
Voew = Voig + Z (N, E"ge(l)” K (1) CE(v, 1) +AFTK (1) T5(v ) (EQ2)

Where:
Vhew are the new (x,y,z) coordinates of v

Voig are the old (x,y,z) coordinates of v
N, is the normalized surface normal at v
ge(l) is the expansion growth vector as defined in Figure 16

E(v,]) is vertex v’s expansion weight, for landmark |
S(v,l) is vertex v’s shift weight, for landmark |
Ko(l) is the coefficient of expansion of landmark |

Ks(l) is the coefficient of shift of landmark |
Al is the growth vector of | and defined in Figure 16
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4.1.3 The Problem With Iteration

An outstanding issue to be addressed in future work is the effect of iteration on the growth
algorithm. Given that the vertex normals are recomputed at each iteration, the growth of the bone
is intrinsically linked to the number of increments between the starting age and the target age, i.e.
the number of triangular meshes generated by the software. Consider the situation depicted in
Figure 19. The starting mesh is a simple segment with three vertices. There is one landmark,
whose starting position is ifand whose end position islat Only vertexv is influenced by the
landmark; it grows half as much as the landmark, and only along the surface norifedthatof
our growth algorithms support this type of growth). Clearly, the mesh that results from only one

iteration is different than the one that results from four iterations.
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FIGURE 19. The effect of iteration of our growth algorithm.
The landmark starts & and grows td;. Vertexv
grows half as much as the landmark.
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4.2 Automating the Generation of Weights

Assigning weights to vertices by painting them, while better than directly editing the text file that
contains the weights, is still a very tedious process. Furthermore, without automatic assistance the
procedure has to be repeated for every new mesh, even if the mesh is of the same bone type (e.g
skull, mandible) as that of a previously painted mesh. This is due to the fact that very rarely will
two meshes contain exactly the same vertices, in exactly the same order, especially if they were
generated completely separately, or if the meshes correspond to bones of different individuals. A
useful test of the system would be to compare the growth results for a bone at various levels of
detail, i.e. by adding or removing vertices in critical areas such as the condyle and mandibular
ramus in the skull. An analysis could determine whether or not the increased precision gained by

adding vertices is sufficient to offset the added complexity and computation time.

transferWeightss a stand-alone software program that semi-automatically generates the
weights for the vertices of a mesh, given the weights for the vertices of a second mesh. The proce-
dure is justified by the fact that the growth patterns of a bone (i.e. the fields of growth) do not vary

greatly from person to person, barring fairly substantial abnormalities.

Step 1: Align the two meshes

The source mesh (for which we have vertex weights) and the target mesh (for which we
want to generate vertex weights) must first be aligned as closely as possible. Only the landmark
vertices are considered, since they are the only vertices for which there is a reliable correspon-
dence between the two meshes. Furthermore, the method only works under the restriction that
both meshes have the same number of landmarks, and that there exists a one-to-one correspon
dence between the landmarks of each mesh. The algorithm described byaldid] is used to
compute a matrix for translation and rotation that most closely maps the first set of points (i.e. the

landmarks on the target mesh) to the second set of points (i.e the landmarks on the mesh for which



CHAPTER 4 — Algorithms 36

the weights are known). This matrix is then applied to all the vertices of the first mesh, effectively

placing the meshes “one of top of the other”.

Step 2: Compute the geometric center of they&rmesh

The geometric center of the target mesh is computed by first summing the coordinates of all

the vertices of the mesh, and then dividing by the number of vertices in the mesh.

Step 3: Align the two meshes

For each vertex in the target mesh, a ray is cast from the geometric center of the target mesh
through the vertex. A ray-triangle intersection algorithm is used sequentially on the triangles of
the source mesh in order to determine which of these triangles is intersected by the ray. The
weight at the intersection point is computed by interpolating between the weights of the vertices
of the intersected triangle. This weight is then assigned to the vertex in the target mesh through

which the ray was cast. This procedure is repeated for each vertex in the target mesh.

This algorithm for approximating vertex weights blatantly ignores problem areas. For
instance, it is possible for a ray to intersect more than one triangle in the source mesh, since the
meshes are usually concave. Currently, only the first “hit” is registered. A better approach might
be to only consider the intersected polygon in the source mesh that minimizes the distance to the
vertex in the target mesh. However, it should be clear that any automatic generation of the weights
is bound to be imperfect, and will require some manual adjustment of the weights by using the
Krayola vertex painting program (described in Section 5.1.2). For now, our qualitative examina-

tion of the meshes generatedtlgnsferWeightsndicates that it is “good enough”.

Section 5.2 contains a more detailed look at some of the algorithms used in the individual

components afransferWeights
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The flowchart in Figure 20 contains all the steps involved in using our software system.

5.1 Geomview

From the Geomview manual [11], “Geomview is an interactive program for viewing and manipu-
lating geometric objects, written by staff members of the Geometry Center” at the University of
Minnesota. “It can be used as a standalone viewer for static objects or as a display engine for
other programs which produce dynamically changing geometry. It allows for standard direct
manipulation of 3D objects (rotation, translation, scaling, etc.) and for control of appearances
such as lighting, materials, and shading.” Geomview patrticularly shines in its supgxte ol
modules Again, from the Geomview manual:

“An external module is a program that interacts with Geomview. When

Geomview invokes an external module, it creates pipes connected to the
module’s standard input and output. [...] Geomview interprets anything that

37
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Acquire new mesh,
in IV format

v

Convert mesh from
IV to OFF (v2off)

v

Landmark Picker

v

Create specifications
file

v

Generate sets of land-
mark coordinates,
and corresponding IV

files

Similar previous
painted mesh?

Data sources for the new mesh include laser range scans, CT scans
and MRI scans. The mesh must be triangular, and defined in the
Open Inventor 3D Interchange File Format. See Section 3.2.1.

The mesh must be converted from IV format to OFF format for use
with theLandmark PickeandKrayola programs. The conversion
program to use iv20ff. See Section 5.4.2.

Landmark Pickers used to help determine which vertices on the
mesh correspond to actual craniofacial landmarks. See
Section 5.1.1.

The specifications file is created with a text editor. The indices of
the landmark vertices are those acquired thrdwegtdmark Picker.
See Section 5.4.3.

This step is done off-line, using a method like the one described in
Appendix A. Each Open Inventor file contains the coordinates of all
landmarks at a certain point in time. See Section 5.4.3.

If the new mesh represents a bone of same type as that of a previ-
ously painted mestransferWeightss used to automatically gener-
ate weights for the new mesh. See Section 4.2 and Section 5.2.

transferWeights

Krayola

v

Run our growth
software.

Krayolais used to assign and adjust the weights of the vertices in
the mesh. See Section 5.1.2.

Our growth software is used to generate a series of triangular
meshes that represent the bone at various stages of its growth. See
Section 4.1 and Section 5.4.3. Repeat until the selection of vertex
weights produces a satisfactory simulation of growth in the mesh.

FIGURE 20. Detailed workflow involved in using our system.
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the module writes to its standard output as a Geomview Command Lan-
guage (gcl) command. Likewise, if the external module requests any data
from Geomview, Geomview writes that data to the module’s standard

input. Thus all a module has to do in order to communicate with Geomview
is write commands to standard output and (optionally) receive data on stan-
dard input.

Two external modules to Geomview were created specifically for use in our project, to pro-

vide better user interaction with the growth software:

* Landmark Pickearllows the user to interactively select vertices on a polygonal
mesh. It is used to identify the vertices that most closely correspond to actual
craniofacial landmarks.

» Krayolais used to “paint” weights onto the vertices, i.e. to assign to a vertex
the amount of influence that a particular landmark has on its growth.

5.1.1 External module - Landmark Picker

One of the first tasks is for the user to determine which vertices on the triangular mesh correspond
to craniofacial landmarks. To facilitate this process,lthedmark Pickerexternal module was

created. The steps involved in using this module are described as follows:

Step 1: Start up Geomview, usually by typiggomviewat the UNIX command prompt.

Step 2: In Geomview, load the OFF file which contains the triangular mesh (see Section 5.4.2
for information on the OFF file format).

Step 3: Use theAppearancecontrol panel to customize Geomview’s environment. Turning on
Edgesand selectingmooth Shadingreatly improves the quality of the image.

Step 4: Invoke theLandmark Pickeexternal module.
Step 5: Pick the landmarks, as explained below.

In order to tentatively pick a landmark, the user right-clicks on the appropriate vertex.

This vertex is overlain with a purple cube, to aid in gauging wheter or not the vertex is
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the one that most closely corresponds to an actual craniofacial landmark. Right-clicking
on a different vertex moves the purple cube to the newly selected vertex. When satisfied
with the selection of a vertex, the user right-clicks on the purple cube, which marks the
vertex as being a landmark. The cube becomes green and is permanently attached to the
landmark vertex, and the index of the vertex is printed to the console window. Other

landmarks can then be identified.

Step 6: Modify the specifications file.

A text editor is used to copy to the specifications file the indices of the landmark vertices
identified in the previous step (the indices displayed in the console window). See

Section 5.4.3 for a detailed look at the specifications file.

5.1.2 External module - Krayola

Krayolais a modified version d@rayola an external polygon painting module that is included in
the Geomview distribution. The unmodified version is used to interactively add and modify
colours of an OOGL object (see Section 5.4.2 for a description of OOGL objects). The modified
version, Krayola, is used to paint “weights” on vertices. These weights are a series of tuples
which indicate the amount of influence that a landmark has on a vertex; each vertex receives a
separate tuple for each landmark. The file that is generatdalggla is used when computing
growth using shift and expansion vectors. The following modifications were made to the control
panel of Crayola (see Figure 21).
* In Crayola the user chooses a colour by manipulating a colour wheel and slid-

ers for intensity and opacity. Krayola, colours that lie on the white-red axis

only are used, specifically by using theight slider. The weight slider’s val-

ues are in the range [0..1], with O corresponding to white, and 1 to red. The

colours are used strictly as a means for assigstifgandexpansionveights

to vertices, with O corresponding to zero influence. For the remainder of this
section, “colour” refers to the value chosen inwmeght slider. Note that the
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FIGURE 21. Snapshot of tikrayola environment.

colour wheel is still present, but only as a visual cue for the chosen colour. The
sliders for intensity and opacity have been removed.

* Two radio buttons were addeshift and expand These allow the user to
choose between viewing the colours corresponding tehlieterm or those
corresponding to thexpansiorterm.

* A toggle button labelledModify both shift and expand has been added.
When it is “on”, any changes made to the colour of the vertices affect both the
shiftandexpandterms. When it is “off”, changes only affect one of the terms,
as determined by thehift andexpandradio buttons.

« TheUndo andEliminate Color buttons have been removed.
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The following steps are involved in usiKgayola to generate the weights file.

Step 1: Create a specifications file (see Section 5.4.3 for details on this file).

Two fields of the specifications file are used: WEIGHTS_SHIFTandEXPASE), (
which contains the name of the weights file to be created or modified, and
LANDMARKS_INDICES, which contains the vertex indices of the landmarks as
defined inLandmark PickerThe other fields are ignored. Note that the specifications

file must be named “crayola.specs” (it's hardwired - don’t ask).

Step 2: Start up Geomview, usually done by typggpmviewat the UNIX command prompt.

Step 3: In Geomview, load the OFF file which contains the triangular mesh (see Section 5.4.2
for information on the OFF file format).

Step 4: Use theAppearancecontrol panel to customize Geomview’s environment. Turning on
Edgesand selectingmooth Shadingreatly improves the quality of the image.

Step 5: Invoke theKrayola external module. Note that in order to “kick-start” the display of
colours, the user should start by selecting a landmark vertex.

Cubes centered on vertices are used as visual cues, to identify the landmarks. The cur-
rently selected landmark’s cube is blue, while the other ones are red. To select a land-
mark, the user right-clicks on the appropriate cube. All vertices that are influenced by
the selected landmark (i.e. those vertices that have non-zero values for eigingit tre
expansionterm) are coloured using different saturations of red. Vertices that are not
influenced by the selected landmark, but are influenced by other landmarks are coloured
using different saturations of blue. Admittedly, this visual representation does a poor job
of displaying vertices that are affected by more than one landmark, but it works reason-

ably well in practice.
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Step 6: Colour the vertices.

The Setand Get buttons in the control panel represent modes of operation. When the
Get button is turned on, right-clicking on a vertex sets the current colour to be the colour
of that vertex. To modify the colour of a vertex, the user first clicks oSe¢hbutton,

and uses theveight slider to select a colour. The user then right-clicks on the intended
vertex. Alternatively, the user can right-click inside a triangle, which assigns the current
colour to the three vertices of that triangle. This colour represents the influence that only
the currently selected landmark exerts on the vertex or vertices. To select a different

landmark, the user right-clicks on the landmark.

Step 7: Save the weights file.

When satisfied with the colour of the vertices, the user clicks oB8dkebutton. For
instance, if the WEIGHTS_SHIFTandEXPAND parameter in the specifications file is
“skull.weights”, then the file “skull.weights.new” is created. Colours will automatically

be loaded from the new weights file at the next session.

5.2 Automatic generation of 1st guess at weights

transferWeightss a shell script used to facilitate the process of generating a first approximation
for the weights of a triangular mesh, given the weights of another mesh (see Section 4.2 for situa-
tions where this is useful). It takes two command-line parameters: the specifications file of the
mesh for which we know the weights, and the specifications file of the mesh for which we want to
approximate the weights. Figure 22 contains the abbreviated program listtran&ferWeights

Four stand-alone programs are invoked sequentisifyp, procruste, applyand skullgrowth

These are described below.
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# targlV is the name of the BASE_OBJECT .iv file, extracted from the
specificationsfile. targWEIGHTS isthe name ofthe WEIGHTS_SHIFTandEXPAND
weightsfile, extracted from same. The extractions are done with awk files.

targlV="nawk -f getlVfile.awk < $2°
targWEIGHTS="nawk -f getWEIGHTSfile.awk < $2°

# create tmp00000.iv, which contains targlV * matrix,

# where matrix = the transformation matrix computed by procruste.

# Note that strip extracts from the two specifications file the 3D coords

# of the landmarks, and outputs them in the format expected by procruste.
strip $2 $1 | procruste - m | apply $targlV tmp00000.iv

# modify the 2nd specsfile, so that the BASE_OBJECT is tmp00000.iv
# awk -f makeTmpSpecsfile.awk < $2 > tmp00000.specsfile

# generate the new weights file.

skullgrowth $1 weights tmp00000.iv $targWEIGHTS

FIGURE 22. Abbreviated program listingtoinsferWeights.

5.2.1 strip

Usagestrip <org.specs> <targ.specs>

This program extracts the coordinates of the landmarks from two triangular meshes defined
in the Open Inventor file format. Both mesigst contain the same number of landmarks (these
are extracted from their specifications file). The coordinates are writtddotin the format

shown in Figure 23.
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<num vertices>
<x1ylzl>

<xnyn zn>
<X1Y1lZ7Z1>

<XnYn Zn>

FIGURE 23. Output of thstrip program

5.2.2 procruste 1

Usageprocruste - m

This program reads, fromstdin two sets of 3D points with a one-to-one correspondance
between the points, and finds the translation and rotation matrix that best matches the correspond-
ing data points. In other words, it calculates the best fit of two similar clouds of 3D data points.

The transformation matrix is output stdout

Briefly, the algorithm works as follows. The best least squares translation is computed from
the centers of mass of the two sets of data points. The rotation matrix is computed using a linear-
ized iterative least squares algorithm. This algorithm converges on the rotation values given that
suitable inital estimates are chosen. These inital estimates are computed by the solution of the
“orthogonal Procrustes problem” (see Golub and Van Loan [12]). A minimum of three points is
necessary to perform these calculations. Refer toekaaig[15] for a complete description of this

algorithm.

1. Written by Stan Jang, at the Univeristy of British Columbia.
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5.2.3 apply

Usageapply <target.iv> <rotated.iv>

This program reads a transformation matrix fretain and applies it to all the vertices in
<target.iv>, which is a triangular mesh stored in the Open Inventor file format. The resulting

mesh is stored idrotated.iv>.

5.2.4 skullgrowth

Usageskullgrowth<org.specsxeights<rotated.iv> <target.weights>

Section 4.2 gives a general overview of the algorithm used to approximate the weights file.
Remember that by “weight” of a vertex, we mean the arrashisf and expansiorterms which
measure the influence of landmarks on the vertex. sknigrowth program, when given the
weightsparameter, performs the actual approximation. For each vertex in the target mesh, a ray is
cast from the center of the mesh through the vertex. The ray-triangle intersection algorithm
described by Badouel [1] is used to determine which triangle in the original mesh is intersected by
the ray. Finally, the weight of the vertex is computed by interpolating between the weights of the

vertices of the intersected triangle.

5.3 LEDA

One of the cornerstones of software development for this project is LEDA (Library of Effi-
cient Data types and Algorithms), developed at the Max-Planck-Institut fir Informatik in Saar-
briicken, Germany. From the LEDA web page [18], “LEDA provides a sizable collection of data
types and algorithms [...] efficient implementations for each of the data types”. It is implemented

by a C++ class library. LEDA can be used freely for academic research and development.
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Of particular use to us is the data tyeph It can be parameterized, which means that
additional, user-defined, data can be assigned to the graph’s nodes and edges. Specifically, a
parameterized graph is the internal data structure that we use to store the triangular meshes.
LEDA further provides iteration macros such as “for all nodes v of a graph G do”, which greatly

simplifies operations on the meshes.

5.4 File Formats
5.4.1 Open Inventor

The triangular meshes that are used as input to our system must be defined in the Open Inventor
3D Interchange File Format [29]. A further restriction is that meshes must be definddasi

face setsThe meshes generated by our system are also defined using this file format.

5.4.2 OOGL and OFF

An OOGL object is an object that can be loaded (aéemmviewit stands for “Object Oriented
Graphics Library”. An OFF file (named for “Object File Format”) defines a specific type of
OOGL object which is well-suited for describing triangular meshes. For a more detailed look at

OOGL and OFF objects and their syntax, please refer to the Geomview manual [11].

In order to useé&seomviewand the accompanyingandmark Pickerand Krayola external
modules, the triangular mesh which serves as initial input to our system must first be converted
from an Open Inventor file to an OFF file. We provide a file format converter oc&llefdl for this
purpose, the usage of whichvgoff <file.iv> <file.off>. This converter only works for triangular

meshes with no coincident vertices.
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5.4.3 The Specifications File

The specifications file contains all the input necessary to our system. Figure 24 shows its syntax.
Any line beginning with thé&#” character denotes a comment, and is ignored. In the template (not

in the actual specifications file), terms that can appear O or more times are shown in curly braces
“{...}", lines that can appear 1 or more times start with the “+” character, and optional lines start
with the “$” character. Figure 25 shows an example of a valid specifications file. The following
list describes the expected tokens:

 BASE_OBJECT: the first parameter is the Open Inventor filename of the mesh
for the bone to be grown. The second parameter is the age of the bone.

« OUTPUT_BASENAME: the prefix of the filenames of the generated meshes.
The age of the generated mesh and the “.iv” suffix will be added to complete
the filename.

* WEIGHTS_SHIFTandEXPAND: the name of the file generateliayola.

* GROWTH_PARAMETERS: the starting age, the target age, and the number of
increments, as described in Section 3.2.

# Comments, comments, of course

BASE_OBJECT <filename.for.skull.iv> <age of skull>
OUTPUT_BASENAME <basefilename.for.growth.output>
$ WEIGHTS_SHIFTandEXPAND <filename.for.weights (from Krayola)>
GROWTH_PARAMETERS  <ageBegin> <ageEnd> <steps>
LANDMARKS_INDICES  <index> { <index>}
GROWTH_TYPE <type> { <Ks> <Ke>}
$ LANDMARKS_INFLUENCES <influence> { <influence> }
(same number as
for LANDMARKS_INDICES
+ LANDMARKS_COORDS <landmark.coords.iv> <age>

FIGURE 24. Template for the specifications file.
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* LANDMARKS_INDICES: the indices of the landmark vertices in the starting
triangular mesh. These are acquired by ukergdmark Picker

* GROWTH_TYPE: depending on which growth algorithm to use, the first
parameter is either “shift_and_expand” or “normals_only”. For the former, this
is followed byKs andKe pairs, one for each landmark (see Section 4.1.2).

* LANDMARKS INFLUENCES: if the growth type is “normals_only”, then
these parameters are the radius of influence of each landmark.

* LANDMARKS_ COORDS: the first parameter is the file which contains the
positions of the landmarks at a certain age. This age is defined by the second
parameter. Note that there can be an arbitrary number of these lines, each one
giving the coordinates of the landmarks at a different point in time. Each file
must be defined in the Open Inventor format, specificallypmsrd setf29].

# Vive I'Acadie! (A comment like any other.)

BASE_OBJECT Data/skull.iv 5

OUTPUT_BASENAME Output/skull.out
WEIGHTS_SHIFTandEXPAND Data/skull.weights
GROWTH_PARAMETERS 5154

LANDMARKS_INDICES 1454 55 33 210 1657

#GROWTH_TYPE normals_only

GROWTH_TYPE shift_and_expand 0.50 0.75 0.50 0.75 0.50 0.75
0.50 0.75 0.50 0.75

LANDMARKS_COORDS Data/skull.Im.10.iv 10
LANDMARKS_COORDS Data/skull.Im.15.iv.15

FIGURE 25. Example of a valid specifications file
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CHAPTER 6 Results and AnaIySiS

6.1 The Growth Algorithm
6.1.1 Simple Geometry

Figure 26 shows the results of applying our growth algorithm to a sphere, using shift and expan-
sion vectors as defined in Section 4.1.2. There is one landmark, situated at the north pole of the
sphere. Figure 26a is provided to give a general idea of the assignment of weights to the vertices.
The weights are displayed using varying saturation levels of red, where full red denotes maximum
influence and white denotes zero influence. We see that the maximum influence is at the land-
mark, and that it uniformly tapers down to zero at the other pole of the sphere. Figure 26a also

shows the position of the landmark at the next time interval — the landmark grows straight up.

Figure 26b shows the result of only using the shift weights (i.e. the expansion weights are all
zero). Notice how all the vertices grow in the same direction as the landmark. Figure 26¢ shows

the result of only using the expansion weights. Notice how each vertex grows in the direction of
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the surface normalt that vertexnot at the landmark. Figure 26d shows the result of using both

the shift and expansion weights. In order to make this figure an averaging of Figure 26¢ and

Figure 26b, the coefficients of expansi#t)(and of shift K¢ were changed from 1.0 to 0.5.
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FIGURE 26. Applying our growth algorithm to a sphere. (a) assignment of vertex
weights. (b) shift only. (c) expansion only. (d) shift and expansion.
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6.1.2 Complex Geometries

Figure 27 shows the result of applying our growth model to a mandible. Figure 27a shows the
position of two of the three landmarks used in this example, and the corresponding assignment of
vertex weights. The landmark on the tip of the jaw corresponifeitdon and the other visible
landmark to the right i§onion The hidden landmark corresponds to the@fhion Figure 27b
contains the initial triangular mesh, which was acquired from CT scans. Applying our growth
algorithm to this mesh yields the mesh displayed in Figure 27c. Finally, Figure 27d provides a

good idea of the growth by overlapping wireframe models of the initial and resulting mesh.

Figure 28 shows the result of applying our growth model to a skull. Figure 28a shows the
position of all five landmarks, and the corresponding assignment of vertex weights. The two land-
marks on the side of the skull &#ggoma the landmark on top of the skullApex the landmark
on the bridge of the noseN&sion and the landmark on the bottom of the nogeniterior Nasal
Spine Figure 28b contains the initial triangular mesh, which was acquired from CT scans. Apply-
ing our growth algorithm to this mesh yields the mesh displayed in Figure 28c. Figure 28d con-

tains overlapping wireframe models of the initial and resulting mesh.

6.2 Approximating the Weights

Figure 29 shows the results of usingnsferWeightso approximate the vertex weights for a new
mesh, given the weights of a similar source mesh. The source mesh, shown in Figure 29a and
Figure 29c, is a triangulated sphere which contains 151 vertices and 224 triangles. The target
mesh, shown in Figure 29b and Figure 29d, was generated by squashing and warping a sphere,
and contains 637 vertices and 992 polygons. Both meshes have four landmarks in roughly the
same positions: one at each of the poles, and two along the equator. Vertex weights for the source
mesh were assigned Krayola Figure 29a and Figure 29b show the expansion weights of the

vertices for the source and target meshes, while Figure 29c and Figure 29d show the shift weights.
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(@) (b)

(©) (d)

FIGURE 27. Applying our growth algorithm to a mandible.
(a) assignment of vertex weights. (b) initial mesh. (c) resulting
mesh. (d) initial and resulting meshes, overlapped.
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FIGURE 28. Applying our growth algorithm to a skull.
(a) assignment of vertex weights. (b) initial mesh. (c) resulting
mesh. (d) initial and resulting meshes, overlapped.
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(@) (b)

(©) (d)

FIGURE 29. Approximating weights of a new mesh.
Expansion weights of source mesh (a) and target mesh (b).
Shift weights of source mesh (c) and target mesh (d).
Visible landmarks are highlighted with a filled circle.
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6.3 Validating the Method

Validating our growth model is a tricky proposition. Currently, there is not enough hard data on
craniofacial growth with which to compare the output of our software. It is relatively easy to get
three-dimensional data for the craniofacial skeleton of an individual (e.g. from MRI and CT
scans). However, what is lacking is data for that same indivitlt@lgh time i.e. scans of the

same person at various ages.

In the ideal case, we would be able to analyze our growth model as follows:
(1) input data: triangular meshes for the craniofacial skeleton of an individual, at
aget (call itl, for input) and at ager At (call it R, for reference).

(2) output data: the resulting mesh at &gat after applying our growth algo-
rithm to mesH (call it O, for output).

(3) the analysis: comparison BfandO.

This last step raises an interesting question: how do you compare two polygonal meshes?
What is a reasonable measure for “closeness™? The problem is further complicated by the fact that
the two meshes will not necessarily contain the same number of vertices and triangles. Given the
current lack of data with which to compare our growth model, our research into the problem of

comparing meshes hasn’t yet gone past the “brainstorming” stage.

Lastly, it should be remembered that one of the purposes of this project is to provide a mesh
of an aged craniofacial skeleton, on which other software can perform facial reconstruction.
Research is ongoing here at the University of British Columbia on methods for reconstructing the
facial feature from a craniofacial skeleton. Comparing the results of that process with pictures of
actual people could very well be the “true” validation of our growth model. For now, we must be
content with the expert opinion of Dr. Geerling Langenbach and Dr. Alan Hannam, colleagues in

the Department of Dentistry’s craniofacial reconstruction group at the University of British
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Columbia. They are quite pleased with our results so far; our software gives them a tremendous
amount of control over the process by which the growth of a mesh is computed, which is one of
their requirements. Although there are disadvantages to having so much control (hamely the time
necessary for assigning weights to vertices), assigning weights to other bones of a given type
(e.g. mandible) is relatively straightforward once the weights are generated for any particular

bone of that type.
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7.1 Summary

Facial reconstruction is required when police investigators attempt to identify an individual from
skeletal remains. However, current methods for reconstruction of facial features are tedious and
time-consuming, and require forensic specialists with years of practical experience. Furthermore,
the complexity of the reconstruction problem greatly increases when time-related factors come
into play, such as those that occur in missing children scenarios. Our research group is particularly
interested in exploring the uses of craniofacial growth prediction to help in the identification of

missing children.

This thesis lays the groundwork for using a computer to simulate the growth of the craniofa-
cial skeleton. Our method requires a great deal of input from an expert in the field of craniofacial
growth and development. As such, the software is initially targeted towards users such as forensic

artists and medical researchers.
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There exists a tremendous amount of data on craniofacial growth in the form of studies that
collect frontal and lateral cephalograms. More importantly, this data can be used to produce the
three-dimensional coordinates of certain points of reference (landmarks) on the craniofacial skel-
eton, at various ages. The main thrust of this thesis was in creating a model of bone growth that
would use these known landmarks to drive the growth of the rest of the craniofacial skeleton. The
problem was complicated by the fact that the number of identifiable landmarks is very small when
considered against the entire surface of the bone. For example, in a typical triangular mesh repre-

senting a skull, the ratio of landmarks to vertices was less than 1%.

The input data to our software system is composed of five parts: a triangular mesh acquired
from the bone to be grown (e.g. skull, mandible), typically from a laser range scan; the age of this
bone and the target age to which growth will be simulated; a set of landmarks on the mesh; the
coordinates of those landmarks through time; and a measure of the influence that the landmarks
have on the rest of the vertices of the mesh. We have described two growth models that use these
inputs for simulating bone growth. They mainly differ in the way that a landmark’s influence is
determined, and in the method used for computing the new coordinates of a vertex. Our growth

software produces triangular meshes as output.

The first model of growth makes two extreme simplifications. First, each vertex only grows
in the direction of the surface normal at the vertex, which simulates the naive model of bone
growth where bone grows simply by addition of bony tissue to the surface. Second, each land-
mark’s area of influence (i.e. which vertices are affected by the landmark’s growth) is defined by a
truncated Gaussian function centered around the landmark. This model was quickly seen to be

insufficiently accurate, even from a qualitative point of view.

In the second model of growth, there are two components that determine the direction of

growth of a vertex: thexpansion vectoand theshift vector For the expansion component, the
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vertex moves in the direction of the surface normal defined at its position. For the shift compo-
nent, the vertex moves in a direction parallel to the direction of growth of one or more landmarks.
The expert knowledge of the user is required to determine which landmarks influence the growth
of a particular vertex. For each non-landmark vertex, the user must assign the amount of influence
exerted by the landmarks. Each landmark’s influence is given as two values, one for the shift term

and one for the expansion term. The collection of these values is called the “weight” of the vertex.

To facilitate the assignment of the vertex weights, we provide a specialized software tool
calledKrayola. Krayolais an external module for use wi@eomviewa software package pro-
vided by the Geometry Center at the University of Minned¢tayola is used to interactively
“paint” the vertices of a triangulated mesh, where the colours correspond to the amount of influ-
ence of the landmarks. Painting is done in two separate layers, one for the shift weights and one

for the expansion weights.

One of the keys in making our software a viable tool is the ability to free the user from the
tedium of having to assign shift and expansion weights for every new triangular mesh. For this
purpose, we provide a means for automatically generating a first approximation of the weights of
the new mesh, given the weights of previously painted mesh of the same bone type (e.g. skull,
mandible). The two meshes can have a different number of vertices and edges, which makes the
technique useful for levels-of-detail analysis of a particular mesh. The only restriction is that both

meshes have the same number of landmark vertices.

Validation of our growth models is an outstanding issue. Currently, what is lacking is three-
dimensional data (from CT or MRI scans) for an individhabugh time i.e. scans of the same
person at various ages. For now, we must be content with the expert opinion of our colleagues in
the Department of Dentistry’s craniofacial reconstruction group, who are satisfied with our results

so far.
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7.2 Future Research
There are many open issues that demand more thorough investigation:

+ Validating the growth model

While the preliminary results are encouraging, the algorithm currently being used in the
growth model requires much more rigorous testing and analysis. What are “reasonable” values for
the shift and expansion weights for a particular bone, and how is “reasonable” defined?
Section 6.3 suggests a method for performing the validation, but it requires data for the skull of
the same individual at different ages, which is currently not available. So far, tests of our software
have only used on the order of 5 landmarks. It seems obvious that the accuracy of the simulation
would increase with the number of landmarks used. The collection of three-dimensional land-
marks for the Bolton standards that have been promised by Subramanyan and Dean [27] would be

of great help in this regard.

* |Improving the growth model

One of the goals of this project was for the growth model to be at least loosely based on the
actual biological processes that dictate bone growth. A avenue worthy of further research would
be to attempt to make our model more biologically accurate. For example, the current model is
applied to a single bone at a time. A nice improvement would be the ability to grow both the skull
and the mandible at the same time, by incorporating into our model a means for two bones to

affect each other’s growth.

Another aspect of our growth model that needs to be addressed is the ability to detect and
prevent surface-surface penetration. Consider Figure 30. As veiaretB grow (and expand in
the direction of the surface normals), they will intersect, causing unwanted artifacts. This situa-

tion is not currently being detected.
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FIGURE 30. The problem of surface inter-penetration.

* Merqging the growth algorithm arn€rayola

It is not always obvious what effect modifications to the weights of vertices will have on the
growth of a mesh. Currently, the user must go through a series of iterations: (1) modify vertex
weights by usindlrayola; (2) compute the growth of the mesh using these weights; (3) repeat the
previous steps until the selection of weights produces satisfactory growth in the mesh. In a truly
interactive environment, it would be possible for the user to immediately see the effect of chang-
ing vertex weights. For example, the user would make modifications to the weigfnts/ola,
press a button, and immediately see in a separate window the resulting growth of the mesh. Given

the current trends of increasing computing power, this scenario seems feasible.

7.3 Conclusion

We re-emphasize the fact that this thesis represents only a small part in the development of a
complete software package for craniofacial reconstruction. The main goals were met, in that we
have created a software system that simulates the growth of the craniofacial skeleton and whose
inputs and outputs are clearly defined and in a readily available format: the Open Inventor 3D
Interchange File Format. Ongoing work by Katrina Archer and Dr. David Forsey at the University
of British Columbia is exploring how to reconstruct the facial features of an individual using only
the craniofacial skeleton. That research project will be combined with our growth system to pro-

duce aged pictures of missing children.
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Appendix A Estimating Coordinates of
Landmarks Through Time

This appendix describes a technique for computing the three-dimensional coordinates of land-
marks through time for a specific craniofacial skeleton. For the most part, it was taken from
personal communications with Geerling Langenbach of the Craniofacial Biology Laboratory
of the Faculty of Dentistry at the University of British Columbia. It it assumed that the reader

already has a good grasp of the terminology of craniofacial growth and reconstruction.

Human craniofacial growth is often studied using cephalograms, which are X-rays of the
head. Certain points on the craniofacial skeleton are identified as landmarks, and are used to
describe the shape and growth of the craniofacial skeleton, by measuring the linear distances
between these landmarks. Enormous databases (cross sectional as well as longitudinal) of
these measurements are available (refer to the report by letatgii4]). Mostly a combina-
tion of two X-rays are taken — a lateral and frontal view — which gives some insight into the

three-dimensional shape of the skull. However, these databases are examined two-dimension-
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ally, and it is only in the last few years that people have tried to transform the data into three-
dimensional information. The problem with this transformation is that, for many of the land-
marks, it is nearly impossible to pick exactly the same point on both the lateral and frontal

films.

FIGURE 31. Craniofacial landmarks on a lateral head film.
Adapted from Figure 7, page 7, in Rakosi [21].

This project uses data from the Saksena studies [24] [25]. Twelve distances involving
six landmarks were chosen that have the least variation during growth. Subsequently, the
change in averages of these distances and their standard deviations in time are described by
power functions. Four of the landmarks can be found in the midline of the skull: Apex (top of
the skull), Nasion (suture between the nasal and frontal bones), Anterior Nasal/he (

the anterior tip of the maxilla bone right under the nose), and Menton (the lowest point on the
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symphyseal area). Two landmarks have a non-midline position: Gonion (on the lateral X-ray,
it's point on the curvature of the mandible angle located by bisecting the angle by lines tan-
gent to the posterior ramus and lower border of the mandible, and on the frontal X-ray it's the
most lateral point on the mandible angle), and Zygoma (on the frontal X-ray, it's the most lat-
eral point on the zygoma bone). For four landmarks (Menton, Apex, Gonion and Zygoma) the
orientation of the skull can influence the chosen point on the skull. Normally the X-rays are
taken with the Frankfort Horizontal (the line connecting the upper border of the external audi-
tory meatus with the lower border of the orbit) of the patient’s head parallel to the floor. All

these landmarks, except Zygoma, are easy to locate on both films.

To transform the two-dimensional linear distances between the above mentioned land-
marks into three-dimensional data, the following method has been used. Starting with the lat-
eral film, the distance between Nasion and MenktsNle) is called the reference line, and
this is assumed to be of average distance. All the other distances are scaled to this reference,
and their deviation from the average is determined (in Standard Deviations). FrideNtee
line, theANSposition is determined by first drawing two circles whose centers are located at
Na andMe, and whose respective radii are of lenjlsANSandMe-ANS Then, the most
reasonable of the two intersections is taken to be the position &iNBeThe positions of
Apex and Gonion are obtained in similar ways. All these points, except for Gonion, are
assumed to be exactly in the midline, so their z-coordinate is set to zero. The z-coordinates of
Gonion and Zygoma are obtained using the frontal film measurements. For both of these
points it is assumed that the face is symmetrical, and their position is determined by the same
method using respectively tiNe-Go & Go-Go, andNa-Zy & Zy-Zy lengths. FolGo there is
actually a third measurememMi¢-Go), but this length is less accurate. With this method, the

Zy landmark will only obtain a z-coordinate. As this landmark is not accurately locatable in
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the lateral films, it will mainly be used to provide some measurement of the width of the upper

face.

When any other than the average craniofacial skeleton has to be grown in time, the
Nasion-Menton line again is used as the reference, and that line will be assumed to be of aver-
age length. Every other linear distance will be scaled to this average. For each of these dis-
tances, the distance from its own average (in Standard Deviations) is computed. The new
lengths can now be computed for the target age. Finally, the same procedure as described
above is used to obtain the three-dimensional coordinates of the landmarks in the new cranio-

facial skeleton.



