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ABSTRACT

The purpose of facial reconstruction is to estimate the facial outlook from a discovered skull
with the intention of providing a positive effect for deceased identification. At present, the reconstruction
is performed by a forensic artist. This method is done manually using clay modeling. It is very subjective
and not reproducible. Other drawbacks are that it is very time consumed, and hard to change and modify
the model. Therefore computerizing the process is challenging and makes the reconstruction more
scientific. This work proposed a novel method for computerized facial reconstruction through the use of
Free Form Deformation. In the experiment, all heads in the head database were aligned to be same
position, proportion and orientation as questioned skull using Iterative Closest Point algorithm which is a
straightforward algorithm that minimizes the difference between two surfaces. Partial similarity between
skulls in the database and questioned skull were assessed using Cylindrical Projection approach. Each
part of skulls in the head database which was the best match to the corresponding part of questioned skull
was selected as reference part. All reference parts were deformed according to questioned skull using
Free Form Deformation. Deforming of soft tissue after the skull gave the desired face shape. The
resulting faces from this experiment shows promising for forensic facial identification in the face pool

test achieving approximately 45% success rate.

Keywords: Facial Reconstruction/Free Form Deformation/Cylindrical Projection/Iterative Closest

Point/Partial Similarity
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CHAPTER 1

INTRODUCTION

1.1 Background

In the popular television programs especially CSI and Bones, people might impress the
criminal investigation of CSI agent Gil Grissom or forensic anthropologist Temperance Brenan.
They could easily reconstruct the face from the skull found in the crime scene. The reconstructed
face looked exactly the same as the face of the victim in the FBI face database system that could
accurately identify the victim. This process seemed very useful as it could help to rule out
numerous possibilities to only one identity. With the support of the facial reconstruction and
facial recognition system they finally solved the case, jailed the murderer. It is popular but
somewhat unrealistic. In the real world, facial reconstruction from skull is rather used when other
evidence is absent or severely damaged. This method would be considered at last when all other
attempts are failed, according to its unreliable. Prag and Neave (1997) stated that it has an average
success rate of 50% when it is used for identification purpose. Maraj (2007) stated that facial
reconstruction plays a significant role in the identification of skeleton remains but it is
inadmissible in court proceedings as a sole means of body identification.

We have to accept the fact that there are many ways in which soft tissue may cover the
same skull leading to different facial outlook. The purpose of facial reconstruction is not to
produce exact likeliness of the person during life, but to provide some positive effects for human
identification. The obtained face will not exactly be the same as face of person during life but it
may be similar enough to stimulate someone’s recognition. Echeverria (2003) suggested that for
this technique to work effectively, it is necessary that the reconstruction is seen by someone who
has known the subject and welcome to cooperate with the investigation. Facial reconstruction is

performed in the hope that it may stimulate recognition, and consequently narrows the field of



identification, allowing other legally accepted identification tests, such as radiographic or
dental/medical records comparisons, DNA analysis, or techniques to establish positive identification
(Vanezis, 2007). There are several reasons why identification is essential. For every unidentified
deceased person, there might be someone who cared about. Family members should have known
what happened to their love one. Most of the time, an unidentified body is found, crime remains
unsolved and the murderer may be still walking around.

Knight (1991) had outlined a number of reasons why identification is essential:

1. Ethical and humanitarian need, especially information for surviving relatives.

2. The facts of the death need to be ascertained for official, statistical and legal purposes.

3. Administrative and ceremonial purpose for burial or cremation.

4. To discharge legal claims and obligation regarding for example, property, estate and
debts.

5. To prove claims for life insurance contracts, survivors’ pensions and other financial
matters.

6. To allow legal proceedings to proceed with firm knowledge of the identification of
the deceased.

7. To facilitate enquiries into criminal or suspicious deaths.

Facial reconstruction has also been used to reproduce the faces of ancient human remains,
mostly of mummies. In these cases, the reconstruction is made only for the purpose of creating an
accurate image of this person, rather than to make a match with some known individual (Echeverria,
2003).

An old technique which is still in use and constantly evolving is the manual clay facial
reconstruction also known as sculptural technique. This method uses average skin thickness data at the
skull landmarks. A snapshot of the beginning stages of a reconstruction using the tissue thickness
method is shown in Figure 1.1. Taylor (2001) named this operation as a technical phase. From tissue
thickness at the skull landmarks, the remaining open spaces are interpolated to form the features of the
face. Taylor (2001) named this operation as an artistic phase. Echeverria (2003) supported the term
artistic phase and states that there is no defined method to do the interpolation, so it is done according
to the discretion of the artist, and thus, the resulting face is very subjective and not reproducible.

Khatod (2004) stated that the traditional clay facial reconstruction method requires expertise in the



field of anatomy, forensic science and art. The process is very time consuming and when a victim is
not identified, a second face reconstruction may be attempted with slightly different features. Since the
original skull is needed, the first reconstructed face needs to be taken apart in order to restart the
process. Since there are no exact rules for the traditional manual facial reconstruction therefore
computerizing the process is challenging and makes the reconstruction more scientific. The
advantages of the computerized method over the manual clay reconstruction are speed, rapid editing
capability, and production of images can be stored and repeated at any time if required (Vanezis,

2007).

From Taylor, K. T. (2001). Forensic Art and Illustration. Florida: CRC.

Figure 1.1 A Snapshot of the Beginning Stages of a Manual Reconstruction Using the Tissue Thickness

Method.

This work introduced a novel approach to computerized facial reconstruction through the
use of Free Form Deformation method. This approach differed from other researches that tried to
interpolate all face features from small set of tissue thickness data. Stephan, Taylor (2001) stated
that the relationships between skull and the external appearance of the face are complicated by
muscle, fat and vasculature. The relationship between connective tissue and skull is not
completely known at this time. The assumption behind this new approach is change in the facial

soft tissue responds to the change in the skull. The reconstruction is obtained by deforming the



craniometric landmarks of known skull into unknown skull. Forcing soft tissue of the known skull
to the unknown skull with the associated deformation gives a desired shape of the soft tissue for

the unknown skull. The basic overview of this approach is shown in Figure 1.2.

Target Skull

-Landmarks localizatio:
-Skull registration

vy

-Landmarks localization

-Sku [l registration <

-Free Form Deformation —y
'Y 'Y -
Reference head Result

Figure 1.2 The Basic Overview of Facial Reconstruction from Skull Using Free Form Deformation

The remainder of this paper was organized as follows: in Chapter 2, we reviewed the
theories and researches that were related to this work. Chapter 3 described our facial
reconstruction method. Chapter 4 presented the experimental results. The conclusion for this work

was presented in Chapter 5.

1.2 Objective

The objective of this work is to develop a method for computerized facial reconstruction from
skull through the use of Free Form Deformation method that can be used as supporting system for the
criminal investigation to rule out numerous possibilities to some identities when other identification
methods are failed. The purpose of this facial reconstruction method is not to reproduce the exact face
as the person when he/she is alive. The plausible face may be the right term to define the result from
this approach. We expected that the result of this work will be useful as the supporting system for
criminal investigation, disastrous devastation remains identification, and ancient human remains facial

reconstruction. The objectives of this work are listed as follows:



1.2.1 To collect the 3D head database from CT scanner

1.2.2 To develop the numerical facial and skull similarity measurement method using
Cylindrical Projection.

1.2.3 To develop the partial similarity measurement method for skull comparison.

1.2.4 To develop the computerized facial reconstruction method using Free Form Deformation.

1.2.5 To explore the possibility of using computerized facial reconstruction as a supporting

tool for forensic identification from skull.

1.3 Scope

At present, facial reconstruction is performed manually by a forensic artist. This work
proposed a novel approach to computerize the reconstruction. The head database used in this
work was acquired from CT scanner. Due to the limitation of access this kind of data, this work
was performed using only 11 heads in the head database. All volunteers are Thai male with the
age range of 25-55 years. We expected that the result of this work will be useful as the supporting
system for forensic facial identification in Thailand. The scopes and limitations of this work are
listed as follows:

1.3.1 The 3D head models derived from CT scan images with 1 mm resolution are used
in this research.

1.3.2 The head database used in this work containing 11 heads.

1.3.3 The target group of this facial reconstruction is Thai male 25-55 years old with
normal nutrition condition and not too much emaciated or obese.

1.3.4 The normal expression of reference heads and questioned heads are required.

1.3.5 Manual craniometric landmarks localization is required.

1.3.6 Ears reconstruction and hair simulation are not included in this research.



1.4 Methodology

In order to produce this work, we studied available researches and previous works done in the
field of facial reconstruction from skull and then developed our new approach later. Our methodology
can be summarized as follows: First, the 3D head database was derived from CT scan images. Second,
craniometric landmarks of questioned skull was needed to manual localization. Then questioned skull
was aligned to be the same orientation as heads in the database using Frankfurt plane. After that, in
order to select the skull which was most similar to the questioned skull from the head database to be
reference head, all heads in the database were registered to the questioned skull using Iterative Closest
Point. After that, the partial similarity for each part of reference skull was considered using Cylindrical
Projection approach. Finally, the reference head was deformed according to the questioned skull using
Free Form Deformation. The deformation of soft tissue of the reference head gave the desired facial

shape.



CHAPTER 2

THEORY AND LITERATURE REVIEW

This chapter reviewed the methods related to facial reconstruction. The idea of manual
facial reconstruction was briefly discussed first and then the researches involving in computerized
facial reconstruction were reviewed. The remainder of this chapter was organized as follows:
manual clay facial reconstruction, craniometric landmark, computerizing the manual method and

computerized facial reconstruction.

2.1 Manual Clay Facial Reconstruction

Wilkinson (2004) had conceptual explanation of how facial reconstruction has been
performed manually. From Figure 2.1A, the skull was set on a stand. The appropriate set of tissue
thickness data was selected and cylinders of vinyl eraser were cut to the appropriate thickness and
glued to the surface of the skull. Using modeling clay, these markers were connected by strips (see
Figure 2.1B) to create a rough contour map of the surface of the face. From Figure 2.1C, the remaining
open spaces were filled to form the face. Taylor (2001) divided the reconstruction method into two
phases: the technical phase and the artistic phase. The technical phase involves information collection,
skull preparation, tissue depth application and facial contour production. The artistic phase involves

the sculpture of the facial features and finishing of the head.



2.2 Craniometric Landmarks

The key information of manual clay facial reconstruction is the tissue thickness data. This
data presents the tissue thickness at the craniometric landmarks. There are many sets of tissue
thickness varied by many researchers. One of the most traditional data sets consists of 21
landmarks as shown in Figure 2.2. These data categorized tissue thickness by gender and nutrition
condition. Tissue thickness data of the American Caucasoid are in Table 2.1. These depth data

have been taken from dead bodies.

From Wilkinson, C. (2004). Forensic facial reconstruction. Cambridge: Cambridge University.

Figure 2.1 Manual Clay Facial Reconstruction. (A) Tissue Depth Markers Attached to the Surface of
the Skull (B) Plasticine Strips Join the Tissue Depth Markers (C) Facial Features Modeled

Between the Plasticine Strips



From Rhine, J. S., Moore, C. E. & Westin, J. T. (Eds.). (1982). Facial reproduction: Tables of

facial tissue thickness of american caucasoid in forensic anthropology. New Mexico:

Maxell Museum of Anthropology, University of New Mexico.

Figure 2.2 Craniometric Landmarks from the Work of Rhine

Table 2.1 Tissue Thickness Data Categorized by Gender and Nutrition Condition of American Caucasoid

Emaciated (mm) Normal (mm) Obese (mm)
Measurement Male Female Male Female Male Female
(N=3) (N=3) (N=67) (N=19) (N=8) (N=3)
Midline

1. Supraglabella 2.50 2.50 4.25 3.50 5.50 4.25
2. Glabella 3.00 4.00 5.25 4.75 7.50 7.50
3. Nasion 4.25 5.25 6.50 5.50 7.50 7.00
4. End of Nasals 3.00 2.25 3.00 2.75 3.50 4.25
5. Mid Philtrum 7.75 5.00 10.00 8.50 11.00 9.00
6. Upper Lip Margin 7.25 6.25 9.75 8.50 11.00 11.00
7. Lower Lip Margin 8.25 8.50 11.00 10.00 12.75 12.25
8. Chin-Lip Fold 10.00 9.25 10.75 9.50 12.25 13.75
9. Mental Eminence 8.25 8.50 11.25 10.00 14.00 14.25
10. Beneath Chin 5.0 3.75 7.25 5.75 10.75 9.00
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Table 2.1 (Continues)

Emaciated (mm) Normal (mm) Obese (mm)

Measurement Male Female Male Female Male Female

(N=3) (N=3) (N=67) (N=19) (N=8) (N=3)

Bilateral
11. Frontal Eminence 3.25 2.75 4.25 3.50 5.50 5.00
12. Supraorbital 6.50 5.25 8.25 6.75 10.25 10.00
13. Suborbital 4.50 4.00 5.75 5.75 8.25 8.50
14. Inferior Malar 8.50 7.00 13.50 12.50 15.25 14.00
15. Lateral Orbit 6.75 6.00 9.75 10.50 13.75 13.25
16. Zygomatic Arch, midway 3.50 3.50 7.00 7.00 11.75 9.50
17. Supraglenoid 5.00 4.25 8.25 7.75 11.25 8.25
18. Gonion 6.50 5.00 11.00 9.75 17.50 17.50
19. Supra M2 8.50 12.00 18.50 17.75 25.00 23.75
20. Occlusal Line 9.25 11.00 17.75 17.00 23.50 20.25
21. Sub M2 7.00 8.50 15.25 15.25 19.75 18.75

From Rhine, J. S., Moore, C. E. & Westin, J. T. (Eds.). (1982). Facial reproduction: Tables of facial
tissue thickness of american caucasoid in forensic anthropology. New Mexico: Maxell

Museum of Anthropology, University of New Mexico.

2.3 Computerizing the Manual Method

As mentioned in previous section, the number of facial tissue thickness data is relatively
small compared to remaining open space. The artist has to interpolate the remaining from the
surrounding points. There is no defined method to do the interpolation, so it is done according to
the discretion of the artist, and thus, the resulting face is very subjective and not reproducible
(Echeverria, 2003). Thus, it is hard to computerize the process. There are some researches trying

to computerize the manual method. However, this scheme suffered the need for human interaction
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in every phase; preprocessing, processing and postprocessing. This scheme also required other
tricks to carry out.

Archer (1997) attempted to reconstruct the face of the unknown skull (see Figure 2.3).
The skull is that of a male, most likely Caucasoid. The original facial appearance of the individual
from whom the model was obtained is unknown. The predefined face template of the unknown
skull was created from imagination of an artist (see Figure 2.4). The skull landmarks are located
after Rhine’s landmarks (see Figure 2.5). The extended landmarks were located (see Figure 2.6).
The reconstructed face was created by fitting the face template to the extended landmarks using
hierarchical B-spline interpolation (see Figure 2.7). The accuracy of this result cannot be

evaluated because no one knows the real face of the unknown skull.

From Archer, K. M. (1997). Craniofacial reconstruction using hierarchical B-Spline interpolation.

Master’s Thesis. University of British, Columbia.

Figure 2.3 Unknown Skull Used in the Work of Archer
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From Archer, K. M. (1997). Craniofacial reconstruction using hierarchical B-Spline interpolation.

Master’s Thesis. University of British, Columbia.

Figure 2.4 The Predefined Face Template of the Unknown Skull Used in the Work of Archer

which was Created from Imagination of an Artist.

From Archer, K. M. (1997). Craniofacial reconstruction using hierarchical B-Spline interpolation.

Master’s Thesis. University of British, Columbia.

Figure 2.5 Craniometric Landmarks According to the Work of Rhine Used in the Work of Archer
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From Archer, K. M. (1997). Craniofacial reconstruction using hierarchical B-Spline

interpolation. Master’s Thesis. University of British, Columbia.

Figure 2.6 Extended Landmarks Based on the Work of Rhine from the Work of Archer

From Archer, K. M. (1997). Craniofacial reconstruction using hierarchical B-Spline interpolation.

Master’s Thesis. University of British, Columbia.

Figure 2.7 The Reconstructed Face created by Fitting the Face Template to the Extended

Landmarks Using Hierarchical B-Spline Interpolation in the Work of Archer
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Bullock (1999) proposed the method which is an extension of work previously done by
Archer. The reconstructed face results were generated using hierarchical B-spline fitting model
with different weight type (see Figure 2.8). The accuracy of this method could not be evaluated
because the original facial appearance of the individual from whom the model was obtained is

unknown.

From Bullock, D. W. (1999). Computer assisted 3D craniofacial reconstruction. Master’s Thesis.

University of British, Columbia.

Figure 2.8 The Reconstructed Faces Created by Fitting the Face Template to the Extended
Landmarks Using Different Weight Type of Hierarchical B-Spline Interpolation in
the Work of Bullock

Andersson and Valfridsson (2005) utilized the graphical processing capabilities of 3D Studio
Max software to reconstruct face of questioned skull. The Relax modifier was used to deal with
surface creation and manipulation. The Paint deformation tool was used as a surface brush tool. First,
the craniometric landmarks were manually located after Rhines. Then, applied the Relax modifier and
Paint deformation tool to create preliminary face. Finally, the face was manually manipulated by
forensic science experts, Winskog and Berge. The final reconstructed faces and photo of test person
are in Figure 2.9 for visual evaluation purpose. The conclusion of this research is of believe that the
forensic artist with prior experience of facial reconstruction will be able to use the software to perform

a reconstruction in the future.
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From Andersson, B. & Valfridsson, M. (2005). Digital 3D facial reconstruction based on computed

tomography. Master’s Thesis. Linkopings Universitet, Sweden.

Figure 2.9 The Photo of Test Person and Reconstructed Faces which were Manual Manipulated by
the Forensic Science Experts from the Work of Andersson and Valfridsson. (A) Photo of
Test Person (B) The Result of Winskog’s Reconstruction (C) The Result of Berge’s

Reconstruction



16

2.4 Computerized Facial Reconstruction
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From Claes, P., Vandermeulen, D., Greef, S. D., Willems, G., Clement, J. & Suetens, P. (2010).

Computerized craniofacial reconstruction: Conceptual framework and review. Forensic

Science International, 201(1-3), 138-145.

Figure 2.10 General Workflow of Computerized Craniofacial Reconstruction Techniques

The progress in medical imaging technologies during recent years has lead to the
development of alternative computer-based facial reconstruction methods (Claes et al., 2010). In
stead of using small set of facial soft tissue thickness data and then interpolate the large remaining
area, we can use whole facial soft tissue thickness data from 3D model derived from CT or MRI
scanner and then approximate questioned face from reference face in face database. Current

computerized facial reconstruction techniques all share the same workflow as shown in Figure
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2.10. Figure 2.10A, the unknown skull is examined by anthropological and dental experts to
determine properties like age, gender and race. Figure 2.10B, the unknown skull is digitized to get
digital copy. Figure 2.10C, the core of process is craniofacial model which presents the relation
between skull and face of heads in the database and also questioned head. Figure 2.10D, digital
representation of skull is generated. Figure 2.10E, the reconstruction is obtained by appropriate
processing relation between unknown skull and craniofacial model. Figure 2.10F, the final stage;
the reconstructed face is given a skin color and texture.

Jones (2001) presented the facial reconstruction from skull method as follows. A CT
scanner was used to generate a 3D model of the discovered skull. A reference head that has the
same gender, age and race is chosen. Using correlation techniques, a correspondence was created
between the discovered skull and reference head as seen in Figure 2.11. The soft tissue from the
reference head was then mapped onto the discovered skull using 2D warp of the 3D distance field
technique as seen in Figure 2.12. Jones stated that this method needs to be improved to
reconstruct more realistic result.

Subsol, Mafart, Lumey and Silvestre (2002) attempted to reconstruct a face of prehistoric
Man called Tautavel Man from a face of Modern Man. This approach proposed the digital
representation of skull shape by crest lines (see Figure 2.13). They expected that the relationship
between unknown skull crest lines and known skull crest lines could be used to deform reference
face to questioned face. The difficulty of this representation was that numerous and complex of
crest lines of two skulls make it hard to find the correspondences between these features. Figure
2.13 shows samples of pairing (P1, Q1) and (P2, Q2). The deformation was computed by Thin-
Plate Spline method. In Figure 2.14, the reconstructed face from this method and the

reconstructed face from manual method are displayed for visual evaluation purpose.
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From Jones, M. W. (2001). Facial reconstruction using volumetric data, In Proceedings of

IEEE Vision, Modeling and Visualization (pp. 135-142). Stuttgart: IEEE Press.

Figure 2.11 Landmarks Correlation Between Discovered Skull and Reference Skull from the

Work of Jones. (A) Discovered Skull with Correlated Landmarks (B) Reference

Skull with Correlated Landmarks

From Jones, M. W. (2001). Facial reconstruction using volumetric data, In proceedings of

IEEE Vision, Modeling and Visualization (pp. 135-142). Stuttgart: IEEE Press.

Figure 2.12 Reconstructed Results from the Work of Jones. (A) Reference Skull with Reference
Face (B) Discovered Skull (C) Discovered Skull After Filled hole (D) Reference Face

Mapped onto Discovered Skull Using 2D Warp of the 3D Distance Field Technique
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From Subsol, G., Mafart, B., Silvestre, A. & De Lumley, M. (2002). 3D image processing for the
study of the evolution of the shape of the human skull. Presentation of the tools and
preliminary results. In B. Mafart & H. Delingette (Eds.). Three-dimensional imaging in
paleoanthropology and prehistoric archaeology (pp. 37-45), Acts of the XIVth UISPP
Congress, University of Lie'ge, Belgium, 2-8 September 2001. Britis h Archaeological

Record International Series 1049.

Figure 2.13 The Samples of Pairing Crest Lines from the Work of Subsol and Coworkers. (A)
Crest Lines Extracted from Modern Man (B) Crest Lines Extracted from Tautavel

Man (Q1 is a Pair of P1 and P2 is a Pair of Q2)
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From Subsol, G., Mafart, B., Silvestre, A. & De Lumley, M. (2002). 3D image processing for the
study of the evolution of the shape of the human skull. Presentation of the tools and
preliminary results. In B. Mafart & H. Delingette (Eds.). Three-dimensional imaging in
paleoanthropology and prehistoric archaeology (pp. 37-45), Acts of the XIVth UISPP
Congress, University of Lie'ge, Belgium, 2-8 September 2001. Britis h Archaeological

Record International Series 1049.

Figure 2.14 Reconstructed Results from the Work of Subsol and Coworkers. (A) Reference Face
(B) Reconstructed face Using Thin-Plate Spline Method (C) Picture and Sculpture from

Manual Method for Visual Evaluation Purpose

Abate, Nappi, Ricciardi & Tortora (2004) attempted to reconstruct a face of ancient
Pompei Man. This approach used 19 craniometric landmarks to represent skull shape (see Figure
2.15). The deformation process is computed by Free Form Deformation method. The result of this
approach is displayed in Figure 2.16. Figure 2.17 is the resulting face with hair and texture. The
accuracy of this method cannot be evaluated because the facial appearance of this ancient man is

not presented.
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From Abate, A. F., Nappi, M., Ricciardi, S. & Tortora, G. (2004). FACES: Facial reconstruction
from ancient skulls using content based image retrieval. Journal of Visual Languages &

Computing, 15(5), 373-389.

Figure 2.15 Craniometric Landmarks Used in the Work of Abate and Coworkers

From Abate, A. F., Nappi, M., Ricciardi, S. & Tortora, G. (2004). FACES: Facial reconstruction
from ancient skulls using content based image retrieval. Journal of Visual Languages &

Computing, 15(5), 373-389.

Figure 2.16 Reconstructed Face Using Free Form Deformation from the Work of Abate and Coworkers
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From Abate, A. F., Nappi, M., Ricciardi, S. & Tortora, G. (2004). FACES: Facial reconstruction
from ancient skulls using content based image retrieval. Journal of Visual Languages &

Computing, 15(5), 373-389.

Figure 2.17 Reconstructed Face from the work of Abate and Coworkers Rendering with Texture

and Hair

From Kermi, A., Laski, M. T. & Bloch, I. (2008). A three-dimensional computerized facial
reconstruction using non-linear registration of a reference head. In Proceedings of Intelligent

Systems and Automation (pp. 9-14). Maryland: American Institute of Physics.

Figure 2.18 Reference Face, Target Face and Reconstructed Face from the Work of Kermi and
Coworkers. (A) Reference Face (B) Target Face (C) Reconstructed Face Using Free

Form Deformation
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Kermi, Laski and Bloch (2008) also proposed a 3D facial reconstruction method that utilizes
recent techniques of MRI medical imaging. The reference faces and questioned faces were segmented
and acquired from MRI images. The facial reconstruction was obtained by calculating a volumetric
transformation of the reference skull to questioned skull. Then applied the associated transformation to
the reference face to approximate the questioned face. This approach also used Free Form
Deformation as computational model to carry out throughout. The reconstructed face and the target
face are in Figure 2.18 for visual evaluation purpose.

Jiang, Ma, Lin, Yu and Ye (2010) presented the facial reconstruction experiment using three
different deformation methods. The reference skull, reference face and questioned skull with
landmarks are displayed in Figure 2.19. The three different deformation methods are Radial Basis
Functions Deformation, Moving Least Square Affine Deformation and Moving Least Square Rigid
Deformation. The resulting faces are shown in Figure 2.20. For the evaluation issue, they mentioned

that the photo of the dead is required.

From Jiang, L., Ma, X., Lin, Y., Yu, L. & Ye, Q. Y. (2010). Craniofacial reconstruction based

on MLS deformation. WSEAS Transactions on Computer, 9(7), 758-767.

Figure 2.19 Reference Skull, Reference Face and Questioned Skull Used in the Work of Jiang and
Coworkers. (A) Reference Skull (B) Reference Face (C) Questioned Skull with
Landmarks
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From Jiang, L., Ma, X., Lin, Y., Yu, L. & Ye, Q. Y. (2010). Craniofacial reconstruction based on

MLS deformation. WSEAS Transactions on Computer, 9(7), 758-767.

Figure 2.20 Reconstructed Faces Using Three Different Methods from the Work of Jiang and
Coworkers. (A) Radial Basis Functions Deformation (B) Moving Least Square

Affine Deformation (C) Moving Least Square Rigid Deformation

In this chapter we reviewed the researches involving in facial reconstruction. For the last
decade, several computerized facial reconstruction systems have been developed. Most of these
systems reconstructed face from the unidentified skull or ancient skull which no one knows the real
face. So, the evaluation is impossible. In our work, the questioned skulls are acquired from living
persons by CT scanner. This kind of data provides both skulls and facial soft tissue volume. So, we
can do visual evaluation later. To select reference head, past researches utilized only craniometric
landmarks to compare skull similarity, while this work utilized skull surface which is more
informative. In addition, past researches compared skull similarity in a whole while our work compare
skull partially. Our work selects only the most similar part from reference skull to be reference part. In
this work, the skull similarity was considered using Cylindrical Projection approach. For the
reconstruction process, the reconstructed face was obtained by deforming the craniometric landmarks
of known skull into unknown skull. Forcing soft tissue of the known skull to the unknown skull with
the corresponded deformation gave the desired shape of the soft tissue for the unknown skull. The Free
Form Deformation is known to be a powerful shape modification method that has been applied to
geometric modeling. It is inspired to do a facial reconstruction. Abate et al (2004) and Kermi et al
(2008) applied the theory of Free Form Deformation to do facial reconstruction but the details of the
application did not presented. In this work, Free Form Deformation was also applied in our way for

facial reconstruction.



CHAPTER 3

METHODOLOGY

This chapter presented the method for facial reconstruction through the use of volume
deformation. Current volume deformation based facial reconstructions differed from others
mainly by the selection of craniometric landmarks to be deforming points, selection of the skulls
to be reference heads, registration and deformation methods. Our methodology can be
summarized as follows: First, the 3D head database was derived from CT scan images. Second,
craniometric landmarks of questioned skull were needed to manual localization. Then questioned
skull was aligned to be the same orientation as heads in the database using Frankfurt plane. After
that, in order to select the skull which was the most similar to the questioned skull from the head
database to be reference head, all heads in the database were registered to the questioned skull
using Iterative Closest Point. After that, the skull similarity was considered using Cylindrical
Projection approach. Finally, the reference head was deformed according to the questioned skull
using Free Form Deformation. The deformation of soft tissue of the reference head gave the

desired facial shape.

3.1 Data Acquisition from CT Scanner

Figure 3.1 3D Head Database Acquisition from CT Scanner
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The 3D data used in this paper were acquired from CT scanner (see Figure 3.1). The
Cartesian coordinate was used to represent 3D data in the form of (x, y, z) or also known as point

cloud. For the visualization purpose we used meshing, shading and shadowing.

3.2 Craniometric Landmarks

Craniometric landmarks are anatomical landmarks on the skull. For manual clay
sculpturing method, average soft tissue thicknesses at the landmark points are used. From tissue
thickness at the landmarks, the remaining open spaces are interpolated to form the features of the
face. In this work, the reconstruction was obtained by deforming the craniometric landmarks of
known skull into unknown skull gave the desired shape of the soft tissue for the unknown skull.
The craniometric landmarks used in this work were modified from Rhine’s landmarks. The
illustration of craniometric landmarks used in this work is displayed in Figure 3.2. The lists of
craniometric landmarks used in this work are in Table 3.1. In this work, craniometric landmarks

of all heads in the head database have to be manually located after 3D head model was acquired.

Figure 3.2 Illustration of Craniometric Landmarks Used in this Work
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Table 3.1 List of Craniometric Landmarks Used in this Work.

# Central Landmarks # Lateral Landmarks
1 Glabella 10 Supraorbital
2 Nasal 11 Outer orbital
3 End of nasal 12 Suborbital
4 Nose tip estimation 13 Zygoma
5 Upper lip margin 14 Inferior malar
6 Lower lip margin 15 Zygomatic arch
7 Chin-lip fold 16 Condyle
8 Mental eminence 17 Lateral orbit
9 Beneath chin 18 Supra M2
19 Gonion
20 Occlusal line
21 Sub M2

3.3 Frankfurt Plane

The favorite standard orientation of skull used in forensic facial reconstruction is called
Frankfurt plane. The position of Frankfurt plane is like someone looking straight ahead. The
technical explanation of positioning the skull this way is to have the lowest point on the lower
margin of the orbit aligning horizontally with the top edge of the external auditory meatus
(Gibson, 2008). See Figure 3.3A for an illustration of this position. Figure 3.3B shows the 3D
rotation procedure consisting of pitch, roll and yaw. Since the Frankfurt plane defined only how
to control pitch, we have to define how to control roll and yaw our way. In this work, roll and
yaw are controlled by the balance between left hand side landmarks and right hand side
landmarks. In this work, all heads in the head database were aligned into this orientation. At this
point, all skulls were aligned to be the same orientation using Frankfurt plane. Apart from

orientation condition we have to deal with other conditions, position and proportion. All head in
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the head database were aligned to be the same position by moving the center of craniometric
landmarks to the origin point. At this point, all skulls in the head database were aligned to be the
same orientation and position with the assumption that all skulls have not much different size.
However, the results from this process are just in the initial conditions to be fed to the next
process to further alignment call Iterative Closest Point which is the method that minimizes the
difference between two surfaces. The process of Frankfurt plane alignment is much needed prior

processing Iterative Closest Point algorithm to prevent the local minima phenomenon.

&= yaw

-

Figure 3.3 Illustration of Frankfurt Horizontal Plane and 3D Rotation. (A) Illustration of Frankfurt

Plane (B) Illustration of 3D Rotation

3.4 Iterative Closest Point

In this work, questioned skull and reference skull were aligned to be the same position,
proportion, and orientation using registration method called Iterative Closest Point also known as
ICP which is a straightforward algorithm that minimizes the difference between two free form
surfaces (Besl & Mckay, 1992; Bae, 2006). The ICP algorithm to align reference skull to

questioned skull is as follows:
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The ICP Algorithm
3.4.1 Frankfurt plane gave the initial transformation
3.4.2 Iterative procedure to minimize the average distance of closest point pairs between
reference skull and questioned skull
3.4.2.1 Calculate the distance between reference skull and questioned skull for the
current iteration
3.4.2.2 Calculate the distance between reference skull and questioned skull for the
simulation of transforming the reference skull as follows:
1. Move reference skull a small step in the following directions: up, down, left,
right, front and back
2. Rotate reference skull a small angle step in the following directions: yaw
clockwise, yaw counterclockwise, pitch clockwise, pitch counterclockwise, roll clockwise, and
roll counterclockwise.
3. Scale reference skull up and down for a small step size
3.4.2.3 Transform reference skull after the simulation that gives the minimum
distance which is less than the distance of current iteration
3.4.2.4 Terminate if there are no transformation that reduce the distance between
reference skull and questioned skull
Please see Appendix A to clarify the idea of Iterative Closest Point algorithm. We

simplified and demonstrated the 2D version of the algorithm performance.

3.5 Free Form Deformation

Free Form Deformation (FFD) was introduced by Sederberg and Parry (Sederberg, 2007,
Sederberg & Parry, 1986; Song & Yang, 2005) is known to be a powerful shape modification method
that has been applied to geometric modeling. This technique deforms an object by embedding it
within a solid defined with a control lattice. A change of the lattice deforms the solid and hence the
object as seen in Figure 3.4. FFD generally involves with 1D, 2D and also 3D data. We can compute

a new location P’ from an old location P after deforming control point from P, to P ’l.jk as follows:
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I
ID FFD: P'=3"B/(1)P G.1)
i=0
I m ;
2D FFD: P'=% > B/ (s)B,"(1F, (3.2)
=0 =0
I m & ;
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=0 =0 k=0
n H! i n—i
Bernstein Polynonuals: Bx- (t)= — 1 (1-1) 3.4)
(n—1)l'd

Where point P' is the new location at (s ’,t',u ') of an old point P at (s,z,u) after deforming

! . . . .
. to P ,and [, m, n are the number of control points minus one in X, y, z axis.

control point P, iy

ijk

0<stu,s ’t'u '< 1). The derivation of this formula was presented in Appendix B.

From Barzel, R. (2003). Computer graphics animation course notes. France: Ecole Polytechnique.

Figure 3.4 Deformation of the Object According to the Deformation of the Lattice
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Figure 3.5 Deformation of Face According to the Deformation of the Incisor. (A) Moving the

Incisor Inside (B) Original Head (C) Moving the Incisor Outside

In this work, we used FFD in the manner of local deformation by applying the local
lattice to the craniometric landmarks. Figure 3.5 shows the deformation of face according to the
deformation of incisor. In order to reconstruct the desired face we have to deform all landmarks

of reference skull after landmarks of questioned skull.
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3.6 Cylindrical Coordinate System
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Figure 3.6 Cylindrical Coordinate System and Cartesian Coordinate System

Unlike traditional Cartesian coordinate system which specifies 3D point position by the
distance from the three reference axis (x, y, z), Cylindrical coordinate system is a 3D coordinate
system specifies point position by the distance from a chosen reference axis (r), the direction from
the axis relative to a chosen reference direction (6), and the distance from a chosen reference
plane perpendicular to the axis (z) (see Figure 3.6). The origin of the system (O) is the point
where all three distances can be given as zero. This is the intersection between the reference plane
and the axis (Bradt, 2001). Cylindrical coordinates are useful when dealing with objects that have
some rotational symmetry about the longitude axis or cylindrical-like shape. Cartesian

coordinates (x, y, z) can be transformed into cylindrical coordinates (7, 6, z) as follows:

r=Jx?+y? |3.5)

0,ifx=0andy =20
g — arcsin(i—j), ifx=0 3.6)

—arcsin G) +mifx <0
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3.7 Cylindrical Projection

Figure 3.7 Projection of 3D Head Surface onto Cylindrical Plane which is then Flattened

Cylindrical projection can be thought of as a process or as the output of the process. The
purpose of the cylindrical projection is to represent a 3D surface as 2D image-like which is convenient
to do image processing task later. First step of cylindrical projection is projecting radial coordinate
onto cylindrical plane which is then flattened. After flatten the cylindrical plane, the output is then turn
to the form of 2D image-like representation. This 2D image is defined such that the horizontal axis
corresponds to angular coordinates 6, the vertical axis corresponds to the height coordinate z and the
intensity of each pixel is set to the radial coordinate » (Tu, Hartley & Lorensen, 2005) (see Figure
3.7). The advantage of cylindrical projection is the convenient to compute absolute error between two
3D surfaces which can be directly computed from the different of the intensity from each
corresponded pixel.

In this work, to compare skull and face, the 3D head models were transformed onto the plane
using a cylindrical projection. Figure 3.8 shows the cylindrical projection of skull and face. Figure 3.9
shows the absolute errors of cylindrical projection surfaces. In Figure 3.9, upper row shows the
comparison between two skulls, lower row shows the comparison between two faces. The
demonstration of absolute error calculation between two cylindrical projection surfaces was presented

in Appendix C.



34

Figure 3.8 Cylindrical Projections of Face and Skull. (A) Face Before Cylindrical Projection
(B) Face After Cylindrical Projection (C) Skull Before Cylindrical Projection (D)

Skull After Cylindrical Projection

Figure 3.9 Absolute Errors of Cylindrical Projection Surfaces. Upper Row: The Comparison
Between Two Skulls, Lower Row: The Comparison Between Two Faces (A) Target
Head (B) Reference Head (C) Absolute Errors Surface when Compare Reference

Head to Target Head. Errors are Measured in mm.
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3.8 Nose Profile Estimation from Nasal Aperture

In order to compare the two cylindrical projection surfaces of skull at the nasal part, we
have to estimate the nasal profile due to there is less information from nasal aperture. Figure 3.10
shows the nose profile estimation method modified from the work of Prokobec and Ubelaker
(2002). Line A dissects the nasion and prosthion. Line B is parallel to line A and intersects the
foremost point on the nasal bone. For each point of nasal aperture, the distance d from line B to
the nasal aperture are calculated and mirrored to form the nasal profile estimation. Because the
purpose of this work is to reconstruct the face of Thai people but this method was originally
designed for Caucasoid people, so we have to know whether this method can be use for Thai

people. Please see Appendix D for the evaluation of this method for Thai people.

Figure 3.10 Nose Profile Estimation from Nasal Aperture: Line A Dissects the Nasion and
Prosthion. Line B is Parallel to Line A and Intersects the Foremost Point on the
Nasal Bone. For Each Point of Nasal Aperture, the Distance from Line B to the

Nasal Aperture are Calculated and Mirrored to form the Nasal Profile Estimation.
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3.9 Skull Similarity in Parts

Differ from past researches which considering skull similarity in a whole, this work, skull
similarity was considered partially. In this work, there are two schemes of how to section the skull
for comparing purpose. Scheme I, skull is sectioned into five parts consisting of (1) orbital part,
(2) zygomatic part, (3) nasal part, (4) oral part and (5) mandibular part. Scheme II, the skull is
sectioned into four parts consisting of (1) orbital part, (2) nasal part, (3) oral part and (4)
zygomatic and mandibular part. Illustration of skull comparison after scheme I is displayed in
Figure 3.11 and illustration of skull comparison after scheme II is displayed in Figure 3.12.
Scheme II differs from scheme I in the way that scheme II considers zygomatic part and mandible
part together while scheme I considers zygomatic part and mandible part separately. The reason
why scheme II consider zygomatic part and mandibular part together because these two bones are
linked by masseter muscle. This muscle is the major muscle responsible for facial appearance. It
is a very large and thick muscle originates at zygomatic bone and terminates at mandibular bone

(see Figure 3.13).
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Figure 3.11 Absolute Errors of Cylindrical Projection Surfaces for Scheme I: First Row: Orbital
Part, Second Row: Zygomatic Part, Third Row: Nasal Part, Fourth Row: Oral Part,
Fifth Row: Mandible Part. (A) Target Skull (B) Reference Skull (C) Absolute Error

Surfaces when Compare Reference Skull to Target Skull. Errors are Measured in mm.
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Figure 3.12 Absolute Errors of Cylindrical Projection Surfaces for Scheme II: First Rrow: Orbital
Part, Second Row: Nasal Part, Third Row: Oral Part, Fourth Row: Zygomatic and
Mandible Part. (A) Target Skull. (B) Reference Skull. (C) Absolute Error Surfaces

when Compare Reference Skull to Target Skull. Errors are Measured in mm.

Figure 3.13 Illustration of Masseter Muscle which Originates at Zygomatic Bone and Terminates at

Mandibular Bone.
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3.10 Facial Reconstruction Procedure

Figure 3.14 and Figure 3.15 show the facial reconstruction procedure. Figure 3.14 shows
facial reconstruction scheme I and Figure 3.15 shows facial reconstruction scheme II. There are
11 three dimensional head models in the head database. Each of them is selected as questioned
skull and the remaining heads are used as reference heads. First of all, the questioned skull is
compared to all skulls in head database each part separately. Next step, the best match for each
part is selected as reference part. Then all of the reference parts are deformed according to the

questioned skull. Finally, the deformed parts are combined to reconstruct the desired face.
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Figure 3.14 Facial Reconstruction Scheme |
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presented the facial reconstruction results from face database through the
use of facial reconstruction scheme I and facial reconstruction scheme II. There are 11 three
dimensional head models in the head database. Each of them was selected as questioned skull and

the remaining heads were used as candidates to be selected as reference heads.

4.1 Facial Reconstruction Results

Facial reconstruction results are displayed in Figure 4.1 to Figure 4.4. Figure 4.1 presents
the scheme I facial reconstruction of subjects 1 — 5. Figure 4.2 presents the scheme I facial
reconstruction of subjects 6 — 11. Figure 4.3 presents the scheme II facial reconstruction of
subjects 1 — 5. Figure 4.4 presents the scheme II facial reconstruction of subjects 6 — 11. In Figure
4.1 to Figure 4.4, first column and second column demonstrate the target faces and reconstructed
faces accordingly. These two columns are displayed for visual evaluation. Third column and
fourth column present the cylindrical projection of target faces and reconstructed faces
accordingly. The absolute error surfaces when compare reconstructed faces to target faces are

calculated and display in fifth column. Errors are measured in mm.
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Figure 4.1 Scheme I Facial Reconstruction of Subjects 1 - 5. (A) Target Faces (B) Reconstructed Faces
(C) Cylindrical Projection of Target Faces (D) Cylindrical Projection of Reconstructed Faces
(E) Absolute Error Surfaces when Compare Reconstructed Faces to Target Faces. Errors are

Measured in mm.
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Figure 4.2 Scheme I Facial Reconstruction of Subjects 6 - 11. (A) Target Faces (B) Reconstructed Faces
(C) Cylindrical Projection of Target Faces (D) Cylindrical Projection of Reconstructed Faces
(E) Absolute Error Surfaces when Compare Reconstructed Faces to Target Faces. Errors are

Measured in mm.
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Figure 4.3 Scheme II Facial Reconstruction of Subjects 1 - 5. (A) Target Faces (B) Reconstructed Faces
(C) Cylindrical Projection of Target Fces (D) Cylindrical Projection of Reconstructed Faces (E)
Absolute Error Surfaces when Compare Reconstructed Faces to Target Faces. Errors are

Measured in mm.
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1.58

Figure 4.4 Scheme II Facial Reconstruction of Subjects 6 - 11. (A) Target Faces (B) Reconstructed
Faces (C) Cylindrical Projection of Target Faces (D) Cylindrical Projection of
Reconstructed Faces (E) Absolute Error Surfaces when Compare Reconstructed Faces to

Target Faces. Errors are Measured in mm.
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Table 4.1 Absolute Errors of Facial Reconstruction from Scheme I and Scheme 11

Absolute Reconstruction from Absolute Reconstruction
Subject
Error from Scheme I Error from Scheme 11
1 1.71 1.62
2 1.77 1.73
3 1.80 1.77
4 1.43 1.33
5 1.71 1.60
6 1.35 1.58
7 1.41 1.41
8 1.25 1.22
9 1.98 1.87
10 1.46 1.40
11 1.55 1.55
Mean 1.58 1.55
Maximum 1.98 1.87
Minimum 1.25 1.22
Standard deviation 0.22 0.20

4.2 Visual Evaluation

In the previous section, the quantitative evaluation was performed using cylindrical
projection approach. However, the goal of facial reconstruction is not reconstruction accuracy but
rather recognition or identification success. As mentioned in the review of Claes et al. (2010),
a more realistic and human subjective, identification process can be simulated by generating face
pool test. An example of face pool test is shown in Figure 4.5. Top image is the reconstructed
face to be identified with the faces from the face pool. The reconstructed faces in the face pool

test were from Scheme II reconstruction. Face pool are a set of faces from the face database.
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The reference faces of the reconstructed face were excluded from the face pool. The 19 human
assessors were recruited from last year bachelor degree students in computer science at
Rajamangala university of Technology Isan who registered to image processing course in second
semester of academic year 2011. They were asked to indicate the best three match faces from the
face pool. The ranks of recognition were indicated by the number 1, 2 and 3 accordingly. The
result of face pool test is shown in Table 4.2. From Table 4.2, 1" rank recognizable presents the
number of assessors who could correctly identify the target subjects from number 1. In the same
manner, 2™ rank recognizable and 3" rank recognizable present the number of assessors who
could correctly identify the target subjects from number 2 and number 3 respectively. For
example, considering reconstructed face number 9, the number 14 in the 1" rank recognizable
presents that 14 assessors from all 19 assessors (approximately 74%) indicated number 1 in the
subject number 9. The number 2 in the 2™ rank recognizable presents that 2 assessors from all 19
assessors (approximately 11%) indicated number 2 in the subject number 9. The number 1 in the
3" rank recognizable presents that 1 assessor from all 19 assessors (approximately 5%) indicated
number 3 in the subject number 9. And the number 2 in the cannot recognizable presents that 2
assessors from all 19 assessors (approximately 11%) did not indicated any number in the subject

number 9. Please see the full set of face pool test in Appendix E.
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Test face

Face pool

Note. Instruction: Please look at the test face at the top and then consider the faces from face
pool. Please select the best three match faces from the face pool. Please indicate the rank

of the match by the number 1, 2 and 3 under the face in the face pool.

Figure 4.5 Example of the face pool test. Top image is the reconstructed face to be identified with

the faces from the face pool.
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Table 4.2 Result of Face Pool Test

Reconstructed 1" Rank 2" Rank 3" Rank Cannot
Face Recognizable Recognizable Recognizable Recognizable
1 11 (58%) 4 (21%) 2 (11%) 2 (11%)
2 2 (11%) 2 (11%) 3 (16%) 12 (63%)
3 3 (16%) 2 (11%) 2 (11%) 12 (63%)
4 3 (16%) 7 (37%) 4(21%) 5 (26%)
5 7 (37%) 3 (16%) 3 (16%) 6 (32%)
6 2 (11%) 2 (11%) 2 (11%) 13 (68%)
7 7 (37%) 4 (21%) 4 (21%) 4 (21%)
8 2 (11%) 3 (16%) 0 (0%) 14 (74%)
9 14 (74%) 2 (11%) 2 (11%) 1 (5%)
10 3 (16%) 5 (26%) 6 (32%) 5 (26%)
11 3 (16%) 6 (32%) 1 (5%) 9 (47%)

4.3 Discussion

From Table 4.1, when compare the results from scheme I and scheme II one by one, most of
absolute errors from scheme II are less than absolute errors from scheme I except for subject 6. For
subject 7 and 11, the absolute errors are equal because both Scheme I and II used the same reference
parts for the reconstructions. When compare the results from scheme I and scheme II overall, the
average of absolute errors from scheme I is 1.58 and the average of absolute errors from scheme II is
1.55. So, we can conclude that scheme II is slightly better than scheme I. However, the goal of facial
reconstruction is not reconstruction accuracy but rather recognition or identification success. As
mentioned in the review of Claes et al. (2010), a more realistic and human subjective, identification
process can be simulated by generating face pool test. The result of face pool test is shown in Table
4.2. The reconstruction number 1 was considered success because more than a half of assessors could

recognize this reconstruction to subject number 1 at first recognition. The reconstruction number 2 and
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3 were considered fail because more than a half of assessors could not recognize the faces to the target
subjects. The reconstruction number 4 was considered fail if we consider only first recognition
because only about 16% of assessors could recognize the face at first recognition. But if we consider
first recognition and second recognition together, the reconstruction number 4 can be considered
success because more than a half of assessors could recognize the face to the target subject.
Considering this way, we can conclude that the reconstruction number 1, 4, 5, 7 and 9 are considered
success which achieved approximately 45% success rate. Although the result shows that we cannot
produce exactly the same face as the target face and the success rate of identification was not
considered high, it still shows a promising and possibility for using computerized facial reconstruction

as a supporting tool for forensic identification from skull.



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

A traditional manual facial reconstruction has been used for a long time in both forensic
and archaeological fields. However, the progressive studies and medical imaging technology
leads to the development of alternative computer-based facial reconstruction methods. We have to
remark that there is no way to reproduce exactly the same face for discovered skull. Instead of
using small set of facial soft tissue thickness data and then interpolate the large remaining area,
we can use whole facial soft tissue thickness data from 3D head models derived from CT scanner
and then interpolate questioned face from reference faces in the head database. This work
presented possibility to use this scheme as a supporting tool for forensic facial reconstruction.

In comparison with past facial reconstruction research systems, our work presented a number
of advantages. (1) Most of these previous systems reconstructed face from the unidentified skull or
ancient skull which no one knows the real face. So, the evaluation is impossible. In our work, the
questioned skulls were acquired from living persons by CT scanner. This kind of data provides both
skulls and facial soft tissue volume. So, we can do visual evaluation later. (2) Most of these systems
consider skull similarity in a whole, whereas our work considers skull similarity in parts. So, these
previous works selected the reference head from overall similarity, while our work selected only the
similar part from reference head which can exclude other parts that are not similar to questioned skull.
(3) Most of these previous works considered skull similarity based on craniometric landmarks, while
our work considered skull similarity from skull surface which is more informative and more reliable.
(4) Some of these previous works did not present any kind of evaluation and some of these works
presented only visual evaluation, while our work presented both visual evaluation using face pool test

and numerical evaluation using cylindrical projection approach which is more informative.
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This work proposed two schemes of facial reconstructions, categorized by how skull is
sectioned and selected as references. Scheme I sectioned skull into 5 parts and scheme II
sectioned skull into 4 parts. Scheme II differed from scheme I in the way that scheme II
considered zygomatic part and mandible part together, while scheme I considered zygomatic part
and mandible part separately. Three dimensional data of skulls and faces used in this work were
all acquired by CT scanner. The reconstruction was obtained by deforming the craniometric
landmarks of known skull into unknown skull. Forcing soft tissue of the known skull to the
unknown skull with the corresponded deformation gave the desired shape of the soft tissue for the
unknown skull. From the numerical evaluation, the results from scheme II were slightly better
than scheme I. From the visual evaluation, this work achieves approximately 45% of recognition
success rate. Although the result shows that we cannot produce exactly the same face as the target
face and the success rate of identification was not considered high. The results showed promising
for forensic facial reconstruction. However, the reconstruction efficiency was still limited due to

the limitation of number of head in the head database.

5.2 Future Work

Preliminary results from our work presented the feasibility of this approach, although
further investigations are required. (1) The head database needed to be increased to make this
approach more useful in forensic facial identification. (2) The relationships between facial
features and underneath skull should be more investigated separately (e.g. eyes, nose, mouth,
cheek and chin). (3) Facial similarity measurement method for evaluation phase should be
improved. We recommend machine learning approach. (4) Facial reconstruction according to
nutrition and aging conditions is the one of interesting research topic. (5) In this work, we have to
locate craniometric landmarks manually. So, automatic localization of craniometric landmarks is

the one of future plan research.
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APPENDIX A

DEMONSTRATION OF ITERATIVE CLOSEST POINT
PERFORMANCE

In Chapter 3 we mentioned about using Iterative Closest Point (ICP) algorithm to align the
skuls to be the same position, orientation, and proportion. The purpose of this section is to presents the
progression of the algorithm to clarify the idea of the ICP algorithm. The demonstration was presented

in 2D version of the ICP algorithm to simplify the understanding.

iteration: 0
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Figure A1 The Static Object with Asterisk-Marked at the Comer and the Moving Object with

Circle-Marked at the Corner
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To demonstrate the performance of the ICP algorithin, please see Figure Al, let the rectangle
with asterisk-marked at the comers be the static object or target object and the rectangle with circle-
marked at the corners be the moving object to be transformed to be the same position, orientation, and
proportion as the target object using the ICP algorithm. In this section, the ICP algorithin from Chapter
3 was simplified from 3D approach to 2D approach to clarify the understanding. The ICP algorithm to
align the moving object to the target object is as follows:

The ICP Algorithm

1. Initial transformation

2. lterative procedure to minimize the average distance of closest point pairs between the
target object and the moving object

1) Caleulate the distance between the target object and the moving object for the
current iteration
2) Calculate the distance between the target object and the moving object for the
simulation of transforming the moving object as follows:
A. Move the object a small step in the following directions: up, down, left, and
right
B. Rotate the object clockwise and counterclockwise for a small angle step
C. Scale the object up and down for a small step size
3) Transform the object after the simulation that gives the minimum distance which
is less than the distance of current iteration
4) Terminate if there are no transformation that reduce the distance between the
target object and the moving object

From the ICP algorithi, the initial transformation is presented in Figure A.1. From step 1, the
distance between the target object and the moving object of this iteration or iteration 0 is 1.13.
Definition of the distance between objects is the average value of the distance between closest point
pairs from the objects. In this case, the closest point paits between the objects are as follows: A and E,
B and F, C and G, and H and I, The equation to caleulate the distance between the objects is in
equation (A1),

distance = (AE + BF + CG + DH)/4 (A1)
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From step 2, all candidate transformations of the moving object were simulated. The
simulations of moving object to the right, to the left, up, and down are presented in Figure A2,
The simulations of rotation object clockwise and counterclockwise are presented in Figure A3,
The simulations of scaling object down and up are presented in Figure A4,

From step 3, transformed the moving object after the simulation that gives the minimum
distance which is less than the distance of current iteration. From Figure A2 to A4, we found that
the simulation of rotation the object counterclockwise in Figure A3 gives the minimum distance
of 0.9 which is less than current iteration distance of 1.13. Hence, the object was then
counterclockwise rotated and the next iteration was processed. The progression of the ICP
algorithm implementation from iteration 0 to 27 is presented in Figure AS. At the iteration 27,
since, there are no transformation that reduces the distance between the target object and the
moving object, then the processing was terminated in step 4.

From Figure A5, we can sce the progression of the ICP algorithm implementation from
iteration 0 to 27. The moving object was iteratively moved, rotated, and scaled with the intention
of providing the best transformation that minimized the distance between the moving object and
the target object. From Figure A6 and Table Al, we can sce the progression of the distance from
the distance of 1.13 at iteration 0 to the distance of 0.00 at the iteration 27. In this case, we can
see the convergence of the progression but please note that in general case the pre-alignment
processing is needed prior processing the ICP algorithm to prevent the local minima

phenomenon,



Simulation 1: move the object to the right
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Simulation 2: move the object to the [eft
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Simulation 4: move the object down
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Figure A2 The Simulations of Moving Object to the Right, to the Left, up, and Down



Simulation 6: rotate the object clockwise
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nterclockwise
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Simulation 7; scale the object down
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Figure A5 Progression of the ICP Algorithm Implementation from Iteration 0 to 27
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Table Al Progression of the ICP Algorithm Implementation from IHeration 0 to 27

Iteration Distance Iteration Distance
0 113 14 0.34
1 0.90 15 0.32
2 0.72 16 0.29
3 0.64 17 0.26
4 0.61 18 0.23
5 0.58 19 0.20
6 0.55 20 0.18
7 0.52 21 0.16

0.50 22 0.14
0.48 23 0.12
10 0.44 24 0.09
1t 0.42 25 0.06
12 0.39 26 0,03

13 0.36 27 0.00
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APPENDIX B

FFD FORMULA DERIVATION

Free Form Deformation - FED infroduced by Sederberg and Parry (Sederberg, 2007;
Sederberg & Parry, 1986; Song & Yang, 2005) is known to be a powerful shape modification
method that has been applied to geometric modeling. This technique deforms an object by
embedding it with in a solid defined with a control lattice. A change of the lattice deforms the
solid and hence the object. FFD generally involves with 1D, 2D and also 3D data. This chapter

presents the derivation of 1D, 2D and 3D FFD accordingly.

1.1 1D FFD

p
mopy (5=0.2) myp,
O @0
(50=0) (s4=1)
pf
mopb (S ’:???) m1p’1
o ® 0
(sp=-1) (81=4)

Figure B1 1D FDD, Upper: Before Deformation, Lower: After Deformation

Figure Al shows the masses system containing two masses i, locates at position p, and
m, locates at position p,. Before deformation, the position p, has 1D position parameter s, = 0,
The position p, has 1D position parameter s, = 1. Let the position p is the center of mass system

has 1D position parameter s, This system has to be satisfied with the center of mass gquation

(B.1).
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p = (mgpy +mp ) (my+m)) (B.1)
From (B.1), since there is only one position parameter we can rewrite (B.1) to (B.2) this way:

s = (mgsy tms) ! Cmgtmy) (B.2)
Let the sum of masses in the systemn is equal fo one as follow:

mytm; =1 (B.3)
Hence s, = 0 and 5, = 1, solving (B.2) from (B.3) gives the solutions

m,=1-s

m =s

The deformation makes two control points move, p, moves to p0' and p, moves to p ,’. We have to
find the new position p’ for old position p after the deformation of control point. The mass system

has to be satisfied with {B.4) afier the deformation.
p' =( mop'0 + muv,, Y/ Cmgtmy) (B.4)
From (B.4), since there is only one position parameter we can rewrite (B.4) to (B.5) this way:
s =(moslu+ml$"l )/ Cmg+my) (B.5)
Hence m, = 1 -5 and m, = s , solving (B.5) gives the solution
! f I
s =(1-8)s,+ss5, (B.6)

Equation (B.6) is the formula of 1D FFD. The example computation of position plr locates at s’

after the deformation in Figure B.1 using 1D FFD formula is as follow:

s =(1-02)-1)+(02)(4)
={-0.8)+(0.8)
-9
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1.2 2D FFD

p's(s5=1.5, 13=1.5)

pi(5;=0, t;=1)  Pa(ss=1, &=1) P't(3'1=-0-5,_fjfj_)_,/f

my__

Mg mo my {772 , )
Po(50=0, £,=0)  pa(ss=1, =0) pYa(86=0, t5=0) P2S2=1,12=0)

Figure B2 2D FDD, left columa: before deformation, right column: after deformation

Figure B2 shows the masses system containing four masses m,, m, , m, and i, locate at
position p, , p, , p, and p, accordingly. Let the position p is the center of masses system has 2D

position parameter s and £ This system has to be satisfied with the center of mass equation in two

dimensions (see Equation (B.7) and Equation (B.8)).

§=(mgsy+ms, + s, + s, Y Cmgtmtmy+mg)  (B7)

t= gty + myt + gty + gy, Y (mg+my +my+my)  (B.8)

Let the sum of masses in the system is equal to one as follow:
mytm oy tm=1 (B.9)

Let (B.10) presents the relation between four masses. This equation also called mass balance

equation,
g, = My, (B.10)
Hence s,= 0,5,=0, s,= 1 and 5, = 1 solving (B.7) from (B.9) gives the solution

5=yt my (B.11)

Hence #,=0,¢,= 1, 1,= 0 and £, = 1 solving (B.8) from (B.9} gives the solution
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| t=m,+m (B.12)
In this step we substitute (B.11) in (B.9), we thus obtain
1-s=my+m, (B.13)
In this step we substitute {B.12) in (B.9), we thus obtain
L-t=my,+m, | (B.14)
Then multiply (B.13) with (B.14) gives the solution

(my+m Ymg+m))=(1-s)}1-1t)

Mging + mgn, + mgm, + mym,={(1-s)(1-1)
Consider (B.10) we obtain

iy + mgmy + mgm + mgy = (-5 )1 - t)

mg( my +my +my g )={1-s)(1-1)
Consider {B.9) we obtain

my=(1-5)(1-1)
We can find s, in the same manner, Starting from multiplication (B.12) and (B.13)

(mgtm )m +m)=(1-sN

mgn, -+ gy man, + mgiy, = (1 -5 )t
mgn, + man, + mang +mmy=(1-5),
mmg+m +m,+m)=01-s}

my=(1-s)i

We can find m, in the same manner. Starting from multiplication (B.11) and (B.14)



(it Y mg+my)=s(1-1t)

mght, + i, + gy + myny = s(1- )
Wi, t i, + anm, gty = s(1-1¢)
g +my tmy+my )y =s{1-1t)

my=s(1-1)
We can find m, in the same manner. Starting from multiplication (B.,11) and (B.12)

oy +any Yo +my) =st

My, T i, gty oty = st
My iy ity + oty = st
my(my+my + my+my)=st

my=st
Finally, we have all masses in form of s and # as follows:

mg=(1-s)1-1)

my=(1-sM}
my,=s{1-1)
m, =st

Afier deformation, the masses system are satisfied with center of masses equation

! ¥ ' 1 I
s =(mgs g tms s, Fms Y Gng+m+my+my)

i I ! ! 1
f=(mgt o+ttt , gty ) (g my oy my )
Hence the sum of all masses is equal to one, so we obtain

! f ' ! I
S =S ohms cbangs s

t I ' ! i
E=mgt gttty gt

The two equations above are the formula of 2D FFD. The example computation of position p’

locates at (S’, t') after the deformation in Figure B2 using 2D FFD formula is as follow:
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s = moslo + ”’1-5"1 + mzs'2 + mJS,J
s’=( 1-5)1 -t)s'0+( l -s)ts’iﬂ-s( 1 -t)‘s'errsa'sl3
s = (0) + (1 - 0.6)(0.7)(-0.5) + (0.6)(1-0.7)(1) + (0.6)(0.7)(1.5)

s =0.67

¥ ! ! I !
F=mgt g tand gt +m,t

4 ! 1 ! !
E=(l-s 1=ty +(1—s)te +s(1—1),+st1,

{ = (0} + (1 - 0.6)(0.7)(1) + (0.6)(1-0.7)(0) + {0.6)(0.7)(1.5)

£ =091
1.3 3D FFD
m3p3(05111) m7p7(1»1|1)
m1p1(0:0)1) 505 1,0,1)
m2p2(311!0) 6 m6P6(1»1r0)
Mopo(0,0,07 myp4(1,0,0)

Figure B} 3D Masses System

Figure B3 shows the masses sysfem containing eight masses m, through m, locates at
position p, through p, accordingly. Let the position p is the center of mass system has 3D position
parameter s, f and #. The control points p, locate at coordinate (s, 1, ). This system has to be

satisfied with the center of mass equation as follow:

7
> mp,
_ =0 (B.15)

=i
S
i=0

P

Let the summation of all masses is equal to one and split (B.15) into three equations in three

directions obtain



Mgty +m, + gty g g, = 1

7
§= mesl
=0
7
t= Z m,
=0

7
H= Zﬁlfﬂf
=0
Substiting s,, #, and «, from Figure A3 into (B.17), (B. 18) and (B.19)} accordingly gives

my gt tm, =
my g tmetm, =1

my gt =u
Substituting (B.20) into (B.16) gives

my g tm,tmy=1-8
Substituting (B.21) into (B.16) gives

my+mgtm+mg=1-t
Substituting (B.22) into (B.16) gives

mytmy g tmg=1-u
At this step, there are the mass balance equations as follows:

Higity, = iy, oits = M, mght, = Myth g
i, = Hint, 1y, — Mg, B = M,

M, = myihe = mye = mym,

Muitiplying (B.23) X (B.24) X (B.25) gives
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(B.16)

(B.17)

(B.18)

(B.19)

(B.20)
(B.21)
(B.22)

(B.23)

(B.24)

(B.25)

(1-s)(L-0(1-1) = Gngtm tmytm Yongtm+m cmmgtmytimg) (B.26)

Expanding the multiplication and consider the masses balance equation gives
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(- 8YA ~ D1 = 1) = mg (g (g + my +my +my + 0, + 0 Mg+, )+
(g + By Iy Dy g+ g Ry )
Wy (g +my +m, By b g+ g+ mg )
wy (g + My + g+ mg b g+ mg i)+
1, (Mg + Wy DL+ g kg )+
s (Mg + M+, + 00y 0, + mg g )+
Mg (g + iy + 0y 4y F B s Mg )+

w1, {1y £ By B+ 0 B B )
Consider (B.16) we have

my = (1=s)(1-)(1-u)
At this step, we can find m, through m, in the same manner, finally we have

= (1-8)(1-u
ity = (1-s)(1-u)
mty = (1-s)tu
= s(1-0)(1-u)
mg = s(1-u
mg = st(1-1)

m, = sl

After the deformation the masses system has to be satisfied with center of masses equation

7
S
t_ =0 (B.27)

p=r5—

:
Z n

i=0

Hence the summation of all masses is equal to one and all point has three dimensional coordinate,
splitting (B.27) into three equations and using value of m, through m, gives the 3D FFD formula

as follows;



7

s = (1-.5')(1-1)(1-:4)5'0 + (I—S)(l-t)us'1 + (1—3)1(1-11)3'2 +

(l—.s')m's’3 + s(l-t)(l-u)s'4 + S(l-t)z.rsls + .s*t(l-nr)s'6 + Stus',,

£ = ()10t + (-s)(A-0ut’, + Q)L +

(l-s)nn"3 + s(1-A(1-10)¢ '4 + s(1-Nut ’5 + st{1-u)t '6 + stut '7

u'= (1-s)(1-0(1-1)u ’0 + (1-8)(1-Ore ', + (1-5)t(1 20D ’2 +

(1-s)tuu ’3 +s(1-0(1-1)u ’4 + S(l-t)zm"5 + st{l-1)u ’6 + stun '7

These above three equations are the 3D FFD formula to find the new position plr at coordinate (s’,
t’, u') from old position p at coordinate (s, ¢, #) due to the relocation of all control points from old

- . . - '
positions p, at coordinate (S0 g ug) through p, at coordinate (s, 15 u,) to new posifions p , at

. Pt ' . rost
coordinate (s , 1, # ;) through p', at coordinate (s,  , # 3



78

APPENDIX C

DEMONSTRATION OF ABSOLUTE ERROR CALCULATION

BETWEEN TWO CYLINDRICAL PROJECTION SURFACES

As mentioned in Chapter 3, in order to compare skull and face, the 3D head models have
to be transformed onto the plane using a cylindrical projection. The advantage of cylindrical
projection is the convenient to compute absolute error between two 3D surfaces which can be
directly computed from the different of the intensity from each corresponded pixel. Figure Cl
shows the absolute crrors of cylindrical projection surfaces. In Figure C1, upper row shows the

comparison between two skulils, lower row shows the comparison between two faces.

2.62

Figure C1 Absolute Errors of Cylindrical Projection Surfaces Upper Row: The Comparison
Between Two Skulls, Lower Row: The Comparison Between Two Faces (A) Target
Head (B) Reference Head (C) Absolute Errors Surface when Compare Reference

Head to Target Head. Errors are Measured in mm,
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The calculation of absolute errors of cylindrical projection surfaces is presented in Figure
C2 Figure C2A is the target skull. Figure C2B is the reference skull. Figure C2C is the absolute
errors surface when compare target skull to reference skull. The pixel value in the white rectangle
areas are presented in the left column, Absolute error between two surfaces can be dircctly
computed from the different of the pixel value from each corresponded pixel as presented in

Equation C1
Cij = AU — BU (C.1)

Where C, is the pixel value of image C at row column j which is the absolute value of
different between image A and image B at row i column /. In this case, A is the target head and B

is the reference head.

The averaging of absolule error gives the idea of how much different between two

surfaces. The calculation of this value is presented in Equation C.2.

M N
_ Zi:]_ Zj:l Cij
M=N

c2

Where M is the number of row of image C and N is the number of column of image C.

From Figure C2C, the darker pixels indicate the lower errors and the brighter pixels
indicate the higher errors. Presenting this way gives the idea of where and how different between
two surfaces. The value 2.02 is the average value of all absoluie errors giving the overall

difference information.
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Figure C2 Calculation of Absolute Errors of Cylindrical Projection Surfaces, (A) Target Skull

(B) Reference Skull (C) Absolute Errors Surface when Compare Target Skull to

Reference Skull, Errors are Measured in mm.
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APPENDIX D

THE EVALUATION OF NOSE PROFILE ESTIMATION FROM

NASAL APERTURE FOR THAI PEOPLE

In Chapter 3, we mentioned about nose profile estimation from nasal aperture in order to
compare the two cylindrical projection surfaces of skull at the nasal part. Because there is less
information from nasal aperture, so we have to eslimate the nose profile to provide more
information for comparing purpose. Figure D1 shows the nose profile estimation method used in
this work which was based on the work of Prokobec and Ubelaker (2002), From Figure D1, line
A dissects the nasion and prosthion. Line B is parallel to line A and intersects the foremost point
on the nasal bone. For each point of nasal aperture, the distance ¢ from line B to the nasal

aperture are calculated and mirrored to form the nasal profile estimation.

Figure DI Nose Profile Estimation from Nasal Aperture. Line A Dissects the Nasion and
Prosthion. Line B is Parallel to Line A and Intersects the Foremost Point on the
Nasal Bone, For Each Point of Nasal Aperture, the Distance From Line B to the

Nasal Aperture are Calculated and Mirrored to form the Nasal Profile Estimation,
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Because the purpose of this work is to reconstruct the face of Thai people but this method
was originally designed for Caucasoid people, so we have to know whether this method can be
used for Thai people. Therefore, the error and the result of this method should be inspected before
accepted to be used in this work, Measurement of nose profile estimation etror is shown in Figure
D2. The rectangle region in the left column was magnified and detail added to the right column to
be clearly seen. The line with cross marked indicates the estimation line. The line with circle
marked indicates the expected line. The cross and the circle are marked every vertical step of |
mm, The error of estimation is the average value of distance between all pair of cross and circle.
The results and the crrors of nose profile estimation for Thai people in the head database are
shown in Figure D3 to DS, The summary of all estimation errors is shown in Table D1.

As seen in Figure D3, the estimations of subject 1 and 4 were considered as good
estimation both for visual inspection and for achieving estimation errors of 1,33 mm and 2.18 mm
accordingly. The estimation of subject 2 was considered as slightly too high for visual inspection
corresponding to the error of 2,71 mm. The estimation of subject 3 was considered as slightly too
low corresponding to the error of 3.04 mm, From Figure D4, the estimation of subject 8 was
considered as best estimation both for visual inspection and achieving error of 241 mm. The
estimations of subject 5 and subject 7 were considered as slightly too low corresponding to the
errors of 3.93 mm and 4.54 mm. The estimation of subject 6 was considered as slightly too high
corresponding to the error of 3.45 mm. From Figure D5, the estimations of subject 9, 10, and 11
were considered as slightly too low with the errors of 4.39 mm, 7.03, and 5,09 mm accordingly.
Except for the estimation of subject 10 which was the worst estimation from this experiment,
others result provided acceptable nose profile estimation. Although all the results did not much
accurate estimation, it anyway can give the preliminary idea of how nose of the subject should be.

In conclusion, we are pleased with nose profile estimation results from this method
because the purpose of nose profile estimation here is to provide more information about nose to
be compared with other skulls, not to produce exactly the same nose profile of real subject. At
this point, we considered that the resulis from this method was met the purpose of providing
additional information apart from nasal aperture. So, we accepted to use this method in this work

for the nose profile estimation phase.
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]

Figure D2 Measurement of Nose profile Estimation Error. The Rectangle Region in the Left
Column was Magnified and Detail Added to the Right Column to be Clearly Seen.
The Line with Cross Marked Indicates the Estimation Line. The Line with Circle
Marked Indicates the Expected Line, The Cross and the Circle are Marked Every
Vertical Step of I mm. The Error of Estimation is the Average Value of Distance

Between all Pair of Cross and Circle,



84

[/

Subject 1 (error = 2.18 mm)

)

Subject 3 (error = 3,04 mm)

Subject 4 (error = 1.33 mm)

Figure D3 Nose Profile Estimation Results and Errors of Subject | to 4
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Subject 7 (error = 4.54 mm)

a
g (
\
i f"'j
Vs {
.x"/f f}

Subject 8 (error = 2.41 mm)

Figure D4 Nose Profile Estimation Results and Errors of Subject 5 to 8
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Subject 9 {error = 4.39 mm) Subject 10 (error = 7.03 mm)

Subject 11 (error = 5.09 mm)

Figure D5 Nose Profile Estimation Results and Errors of Subject 9 to 11




Table B1 Errors of Nose profile Estimation for Subject 1 to Subject 11

87

Subject Error of nose profile estimation {mm)

1 2,18

2 2.71

3 3.04

4 1,33

5 3.93

6 3.45

7 4.54

8 241

9 4.39

10 7.03
1t 5.09.
Mean 3.64
Maximum 7.03
Mininnnm 133
Standard deviation 1.59
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APPENDIX E

FULL SET OF FACE POOL TEST FORM

In Chapter 4, the quantitative evaluation of facial reconstruction was performed using
eylindrical projection approach. However, the goal of facial reconstruction is not reconsiruction
accuracy but rather recognition or identification success. As mentioned in the review of Claes and
coworker (2010), a more realistic and human subjective, identification process can be simulated
by generating face pool test. The full set of face pool test is presented in this section, There are 11
pages in the set according to the number of the head in the head database. Top image is the
reconstructed face to be identified with the faces from the face pool. The reconstructed faces in
the face pool test were from Scheme If reconstruction. Face pool are a set of faces from the face
database. The reference faces in the reconstruction process of the reconstructed face were
excluded from the face pool. So, the number of faces in the face pool for cach test face is varied
between 7 and 9 faces. For example, if the number of faces in the face pool is 7 then it means that
the reconstructed face uses 4 faces as reference faces for the reconstruction process, If the number
of faces in the face pool is 9 then it means that the reconstructed face uses 2 faces as reference
faces for the reconstruction process. There are no face pool containing 10 faces because there are
no reconstructed faces that use only one face for reference face. The check mark under the face in
the face fool presents the target face. The numbers of assessors who decided the faces in the face
pool to be the best three matches are presented under the face in the face pool. In this case, the

best match is presented by R1, the second best match is presented by R2, and the third best match

is presented by R3.



Face Pool

Test Face 1

89

VRI(11), R2(4), R3(2)

R1{0), R2(1), R3(3)

R1(1), R2(0), R3(0)

R1(0), R2(2), R3(2) |

R1(1), R2(1), R3(2)

RI(4), R2(5), R3(3)

RI(1), R2(2), R3(1)

RI(1), R2(4), R3(4)

RIO), RZOS, R(2)

Instruction

Please look at the Test Face and then consider the faces from Face Pool. Please select the

best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.



Face Pool

Test Face 2

90

R1(4), R2(4), R3(1)

Y RI(2), R2(2), R3(3)

R1(0), R2(2), R3(2)

R1(0), R2(4), R3(5) |

i

RI(1), R2(0}, R3(5)

RI(5), R2(0), R3(2)

Ri(7), R2(3), R3(0)

R1(0), R2(4), R3(1)_|

Instruction

Please look at the Test Face and then consider the faces from Face Pool, Please select the

best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool,



Test Face 3

Face Pool

91

RI1{0), R2(), R3)z8) R1(0), R2(0), R3(0)

R16), R2(1); R(l)

RIS), R2(55, R3(2) RI(2), R2(7), R3(2)

R1{0), R2(0), R3(0)

RI(3), R2(4), R3(4)

R1(0), R2(0), R3(0)

Instruction

Please look at the Test Face and then consider the faces from Face Pool. Please select the

best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.



Face Pool

Test Face 4

92

RI(1}, R2(4), R3(2)

RI{0), R2(1), R3(1)

R1{0), R2(1), R3(1)

v RI3), R2(7),
R3(4)

e

RI1(0), Rzkz), R3(1)

R1(4), R2(), R3(5)

R1(0), R2(0), R3(1)

R1(10), R2(2),
R3(1)

RI(1), R2(2), R3(3)

Instruction

Please look at the Test Face and then consider the faces from Face Pool. Please select the

best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.
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Test Face 5

Face Pool

R1(3), R2(3), R33) | RIQ), RO, R3(1) |  Rign), R23), R3G) | RUD, R2(1),R3(0) |

R1(0}, R2(3), R3(1) [ R1(2), R2(4), R3(5) R1(3), R2(3), R3(1) R1(1), R2(2), R3(5) |

Instruction
Please look at the Test Face and then consider the faces from Face Pool. Please select the
best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.



Face Pool

Test Face 6

94

B

RI(0}, (1), (0)

R1(3), R2(5), R3()

Ri(d), R2(5), R3(5)

RI(0), K2(D), R302)

v R1(2), R2(2), R3(2)

RE(0), R2(0), R3(3)

RI1{10}, R2(4), R3(0)

R1(0), R2(1), R3(3)

Instruction

Please look at the Test Face and then consider the faces from Face Pool. Please select the

best three match faces from the Face Pool, Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.



Face Pool

Test Face 7

95

RI{5), R2(5), R3(3)

RI(1), R2(0), R3(0)

R1(0), R2(0), R3(5)

R1(2), R2(4), R3(0)

R1(3), R2(5), R3(4)

V RI(7), R2(4), R3(4)

R1(0), R2(0), R3(0)

RI(D), R2(1), R3(3)

Instruction

Piease look at the Test Face and then consider the faces from Face Pool, Please select the

best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.
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Test Face 8

Face Pool

R1(9), R2(1), R3(2) | Ri{1), R2(1), R3(1) RI(0), R2(0), R3(3) | RI(0), R2(4), R3(5)

RI(2), R2(4), R3(5) |  R12), R23), R30) | R1(), R2A6), R3(3)

Instruction
Please look at the Test Face and then consider the faces from Face Pool. Please select the
best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.
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Test Face 9

Face Pool

o

R1(2), R2(2), R3(8) | RI(0), R2(0), R3(1) RI(0), (0), R3(0) | RI1(0), R2(d), R3(2)

R1(0), R2(1), R3(2) v RI(14), R2(2), RI(D), R2(0), R3(2) | RI(2), R2(10), R3(2)
R3(2)

Instruction
Please look at the Test Face and then consider the faces from Face Pool. Please select the
best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.



Test Face 10

Face Pool

98

R1(2), R2(7), R3(2)

RI1(2), R2(1), R3(1) | RI(0), R2(0), R3(0) R1(0), R2(0), R3(3)

R1(0), R2(2), R3(2) | R1(12), R2(4), R3(2) ‘JRI(B),R2(5), R3(6)

Instruction

Please look at the Test Face and then consider the faces from Face Pool. Please select the

best three match faces from the Face Pool. Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.



Face Pool

Test Face 11

99

RI{0), R2(1), R3(2)

R1(0), R2(1), R3(0)

R1(3}, R2(3), R3(5)

RIG), 20, @)

R1(3), R2(1), R3(3)

R1(7), R2(4), R3(4)

v RI(3), R2(6),
R3(1)

Instruction

Please look at the Test Face and then consider the faces from Face Pool, Please select the

best three match faces from the Face Pool, Please indicate the rank of the match by the number 1,

2, and 3 under the face in the Face Pool.
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APPENDIX F

PUBPLICATIONS

The following list contains three publications that have resulted from the development of

the Facial Reconstruction from Skull Using Free Form Deformation presented in this dissertation.
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ABSTRACT

The purpose of facial reconstruction is to estimate the facial outiook from skeleton
remains and to aid in human identification. The reconstruction is obtained by deformation
the craniometric landmarks of known skull into unknown skufl. Forcing soft tissue of the
known skuli to the unknown skull with the same deformation gives the desired shape of the
soft tissue for the unknown skull. This research uses 39 craniometric landmarks editing
from five references [1,2,3,4,5]. For the deformation process, the application of Free-from
deformation(FFD) is used. The 3D head model is acquired by using computed tomography
(CT) with 1 mm resolution. This experiment attempts to deform the skull and skin of one
48 years old woman into another 42 years old woman. The preliminary visual resull shows
that it is possible to use this scheme for forensic facial reconstruction. Future development
of this research will ry to collect more reference head models and use the average skin
deformation from various head models.

Keywords: Facial Reconstruction, Free-form Deformation.

1. INTRODUCTION

If the usual methods are impossible to identify the skeleton remains, then the possibility of
facial reconstruction from the skull is considered. It is true that there are many ways in which
soft tissue may cover the same skull leading to different facial outlook. So, the purpose of facial
reconstruction is not to produce an accurate likeness of the person during life but the task is
successful if it provides a positive effect to human identification from skeleton remains, With the
assumption that the underlying skeleton affects directly the overall aspect of facial outlook, we
consider that facinl reconstruction is possible.

The successful of manual clay sculpting depends on combination of the ability, anatomical and
anthropological knowledge of the artist, while the successful of compuier-aided reconstruction
depends on the number of head database and also the skill of craniometric landmarks localization
of user. The facial reconstruction is obtained by deformation the craniometric landmarks of
kinown skull into unknown skull or target skull. Forcing soft tissue of the known skull to the
unknown skull with the same deformation gives the desired shape of the soft tissue for the
unknown skull.

In this paper we try to develop a novel method for facial reconstruction (hrough the use of
volume deformation. Current volume deformation computer-based facial reconstruction methods
differ mainly by the selection of landmarks points on the skull or craniometric landmarks,
methods used for registration and deformation the model towards a given target skull.

Qur procedure can be summarized as follows. For each head model we manually locate 39
craniometric landmarks taken from five references [1,2,3.4,5] then roughly register using
Frankfort horizontal plane, then fine register using Iterative Closest Point (ICP). Finally we
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deform craniometric landmarks of known skull into target skull nsing Free-Form Deformation
(RFD).

The remainder of this paper is organized as follows. In Section 2 we review theory of Free-
Form Deformation. In Section 3 we describe our facial reconstruction method. Section 4 shows
the resulls of our experiment. The paper conclusion and directions for future research are in

Section 5.
2. FREE-FORM DEFORMATION (FFD)

Free-form deformation introduced by Sederberg and Parry {6, 7, 8] is known to be a powerful
shape modification method that has been applied to geometiic modeling. This technique deforins
an object by embedding it with in a solid defined with a control lattice. A change of the lattice
deforms the solid and hence the object as seen in Figure 1. FFD generally involves with 1D, 2D
and also 3D data. We can compute a new location P’ from an old location P after deforming
control point from Py to Py as follows:

{
1D RRD:; P'=>B'(OF )
i=0
[ m ’ "
2D FRD: P'=%"%"B/(s)B" (1)F; @
=0 f=0
I m n
3D FRD: P = ; 2 kZOBfE(S)Bjm(I)Bkn(u) P;}k (3)
"
Bemstein Polynomials: B"(H)= —(”%)ll!t ‘a-n*' (4)

where point P is a new location at (s}#\%") of an old point P at (s,4u) after deforming
control point Py to Py ,and {, m, # are the nummber of control points minus 1 in X, y, 2 axis.
(0 <siusitn'<1)

Figure 1 Example of FED [9]
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3. METHODOLOGY

Figure 2 shows the main step of our procedure. First step, we manually locate landmarks on
both unknown skull or targel and known skull or reference. Second step, we align two skulls into
common position. This stage contains two processes, rough alignment and fine alignment.
Rough alignment is to make two skulls into the same orientation catled Frankforl horizontal
plane, for supporting the performance of next process. Next process, fine alignment uses ICP
algorithm. Finally, we deform craniometric landmarks of known skull into target skull using
Free-Form Deformation.

Puknown

- Locate landmarks
- Skull alignment

Yy

- Locatelandmarks
. - Skull alignment
Y - Free-Form Deformation

Known Result

Figure 2 Methodology

3.1 Craniometric Landmarks

Figure 3 and Table 1 show the 39 craniometric landmarks used in this paper. There are two
types of landmarks, central landmarks and lateral landmarks. Cenlral landmarks laid on the
central of the skull and lateral landmarks laid on left and right side of the skull

10// 24
1t

Figure 3. Craniometric landmarks
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Table 1 Craniometric Landmarks

# Central Landmarks # Lateral Landmarks

1 | Glabella 12 | Supraoibital

2 | Nagal 13 | Inner orbital

3 | End of nasal 14 | Outer orbital

4 | Nose tip estimation 15 | Suborbital

5 | Mid-phifrum 16 | Zygoma

6 | Upper lip margin 17 | Inferior malar

7 | Incisor 18 | Outer nasal

2 | Lower lip margin 19 | Lower nasal

9 i Chin-lip fold 20 | Supracanine

10 | Mental eminence 21 | Subcanine

11 | Beneath chin 22 | Outer Zygoma
23 | Mid-mandible
24 | Gonion
25 | Occlusion line

3.2 Skull Aligmment

This stage contains two processes, rough alignment and fine alignment. First process is to
make two skulls have the same onientation cafled Frankfort horizontal plane. The position of
Frankfort horizontal Plane is like someone looking straight ahead. The technical explanation of
positioning the skull this way is to have the lowest point on the lower margin of the orbit aligning
horizontally with the top edge of the exteral anditory meatus (the ear hole) [1]. See Figure 4 for
an illustration of this position

Figure d Frankfort horizontal plane

Second process, fine alignment uses the result from first step as an initial alignment. The
method used in this process is called Iterative Closest Point or ICP, ICP is a straightforward
method to align two free-form surfaces [10, 111 The algoritims of ICP to align surface X and
surface P are as follows:

The Tterative Closest Point Algorithm

- Initial ransformation

- Iterative procedure to converge to local minima
1. ¥p e P find closest pointx € X
2. Transform 7;, — Py, rto minimize distances between each p and x
3, Terminate when change in the error falls below a preset threshold
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3.3 Free-Form Deformation

From Section 2 we mention FFD in the manner called global deformation; in this research we
use FFD in the manner of local deformation. As seen in Figure 5, it demonstrates the use of local
FED; the middle column shows original skull and face; the left column shows the result of
pushing the skull at the upper lip margin point (point 6 from Table 1) inside resulting in
deforming of the shape of face. In the dght column shows the result of push this point outside.

Reach to this step, two skulls have the same orienfation and have the closest distance
between reference skull and target skull. Now it is ready to deform all craniometric landmarks
point by point from reference skull to target skull to reconstruct the face of the target skull. The
reference skull, reference face, target skull, and also result from our facial recomstruction are
shown in Section 4.

Tigure § Demonstration of local FFD, original head (middle column), pushing the
upper lip margin inside (left column) and pushing outside (right column)

4, EXPERIMENTAIL RESULTS

In this experiment, the 3D head model of reference head and target head are acquired by using
computed tomography with | mm resolution. We attempt to deform the skull and face of one 48
years old woman into another 42 years old woman. In Figure 6 show reference skull, reference
face, target skull and also target face derived from our procedure, Reference face and reference
skull are in the left column. The results derived from facial reconstruction are in the middle
column and real faces of target are in the right column, We can sce that the result is still bias to
reference face. The result face looks more like reference face than target face. However, when
observing the result we can see that it is possible to use this procedure to reconstruct a face from

skeleton remains.
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Figure 6 Experimental results, reference head (left column), result from th
approach (middle column) and target head (right column).
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5. CONCLUSION

In this experiment, for each head model we manually locate 39 craniometric landmarks then
do rough registration using Frankfort horizontal plane, after that do fine registration using
Iierative Closest Point, and finally we deform craniometric landmarks of known skull into target
skull using Free-Form Deformation. From the results, we cannot claim that this research
successfully because the results cannot be quite the same as the target face, In this experiment we
have the limitation of number of head database, therefore only a few head models are produced.
Nevertheless, the preliminary visual result shows that it is possible to use this scheme for forensic
facial reconstruction. Future development of this research we will try to collect more reference
head models for facial reconstructions, and we will use the average skin deformation from
various reference head models to reduce the reference bias.
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ABSTRACT
The purpose of facial reconstruction is to estimate the facial outlook from skeleton
remains and to aid in buman identification, The reconstruction is obtained by deforming
the craniometric Jandmarks of known skull into unknown skull, Forcing soft tissue of the
known skull to the unknown skul! with the corresponded deformation gives the desired
shape of the soft tissue for the unknown skull, This work uses 71 craniometric landmarks
edited from five references [1,2,3,4,5]. For the deformation process, the application of
Free Form deformation (FFD) is used. The 3D head models are acquired by computed
tomography (CT) scanner with 1 mm resolution, The questioned head is from 35 years old
man, The reference heads are from 31, 38 and 24 years old men, These reference heads are
chosen from the most three resembling skulls to the questioned skuil, These reference
skulls are deformed into questioned skull and then the reference faces are forced to deform
correspondingly. Finally these deformed faces are averaged to reconstruct the desired
face. The resulting face from this scheme shows promise for forensic facial reconstruction,

Keywords: Facial Reconstruction, Free Form Deformation,

1. INTRODUCTION

If the usual methods are impossible to identify the skeleton remains, then the possibility of
facial reconstruction from the skull is considered, It is true that there are many ways in which
soft tissue may cover the same skull leading to different facial outlook. So, the purpose of facial
reconstruction is not to produce an accurate likeness of the person during life but the task is
successful if it provides a positive effect to human identification from skeleton remains, With the
assumption that the underlying skeleton affects directly the overall aspect of facial outlook, we
consider that facial reconstruction is possible.

The successful of mannal clay sculpting depends on combination of the ability, anatomical and
anthropological knowledge of the artist, while the successful of computer-aided reconstruction
depends on the number of head database and also the skill of craniometric landmarks localization
of user. The facial reconstruction is obtained by deformation the craniometric landmarks of
known skull into unknown skull or target skull. Forcing soft tissue of the known skull to the
unknown skull with the same deformation gives the desired shape of the soft tissue for the
unknown skull,

In this paper we try to develop a novel method for facial reconstruction through the use of
volume deformation, Current volume deformation computet-based facial reconstruction methods
differ mainly by the selection of landmarks points on the skull or craniometric landmarks,
methods used for registration and deformation the model towards a given target skull,
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Our procedure can be summarized as follows, For each head model we manually locate 71
craniometric landmarks taken from five references [1,2,3,4,5] then coarsely register using
Frankfort plane, then fine register using Iterative Closest Point algorithm, Finally wo deform
craniometric landmarks of known skull into target skull uging Free Form Deformation,

The remainder of this paper is organized as foflows. In Section 2 we review theory of Free-
Form Deformation, In Section 3 we describe our facial reconstruction method. Section 4 shows
the results of our experiment. The paper conclusion and discussion are in Section 5,

2. FREE FORM DEFORMATION
Free Form Deformation {(FED) was introduced by Sederberg and Parry [6, 7, 8] is known to be
a powerful shape modification method that has been applied to geometric modeling, This
technique deforms an object by embedding it with in a solid defined with a control lattice. A
change of the lattice deforms the solid and hence the object as scen in Figure 1. FFD generally
involves with 1D, 2D and also 3D data, We can compute a new location P’ from an old location
P after deforming control point from Py to Pl as follows:

/
1D FRD; P'=) B/(OF )
=0
L& ! m
2D FFD; P'=Y > B/(s)B,"()F, @
=0 /=0
i =m n
3D FFD:; P= ZZZB;’(S)B_,-M (08, (W)E, &)
1-0 j=0 k0
nl -
Bernstein P ials: B, ()=—-——F(1-)""
ernstein Polynomials: B, (¢) (D1 (-9 C))

where point P’ is & new location at (s,¢}u’) of an old point P at (s5,44) after deforming
control point Py to Pl .and L m, n are the number of control points mipus 1 in x, y, 2 axis,
O<stustu'sl)

Figure 1, Demonstration of FFD [9]
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3. METHODOLOGY

Figure 2 shows the workflow of our proposed method. The questioned skull is compared to
skulls in head database, The similarity is defined by average distance between corresponded
craniomelric landmarks of two skulls, The cranfometric landmarks used in this work are
displayed in Figure 3, The N most resembling skulls aro selected as references. In this work we
try N =1, 2 and 3, Then deform craniometric landmarks of reference skulls into questioned skull
using FFD, Forcing soft tissue of the referemce skulls fo the questioned skull with the
corresponded deformation gives the desired facial shape of the soft tissue for the questioned skull,
Finally these N deformed faces are averaged toreconstruct the desired face.

Questioned Skull

AR
Roferenco Head Databaso

Rank 1
Reconstruction Result
5
Rank 1
H— Rank t-» — RO R —
flank ?
Reconstruction Result
Sk : :
e __ FFD _ Rank 2 Face
SRl{::Ezg Rank 2-#, FFD -+ Averaging
]
|
— Rank M- __Rank N Faco
FID Avotaging
Rank N

Reconstruction Resull

Figure 3, Craniometric landmarks
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3.2 Free Form Deformation for Factal Reconstruction

From Section 2 we mention FFD in the global deformation manner, In this work we use FFD
in the manner of local deformation by applying the local lattice to the cranfometric landmarks.
Figure 5 shows the local FFD demonstration of pushing the incisor inside and outside,

At this step, two skulls have the same orientation and have the closest distance between
reference skull and targst skull, Now it is ready to deform all craniometric landmarks point by
point from reference skull to larget skull to reconstruct the face of the target skull.

4, EXPERIMENTAL RESULTS

In this experiment, the 3D head database containing six heads are soquired by using CT
scanner. The heads with craniometric landmarks are displayed in Figure 6. The label M indicated
male gender and number indicated age at scanned date, All skulls in head database are paired up
and then the distance between paired skulls arc calculated as seen in Table 1. The similarily rank
for each skull is displayed in Teble 2. For the experiment, M35 is picked out from the reference
database to be assumed as questioned skuli or so called target skull, From Table 2, we can see
that the most three resembling to target skull are M31, M38 and M24 accordingly, From Figure 7,
the R1 result is reconstructed from M31 only, the R2 resull is reconstructed from M31 and M38,
the R3 result is constructed from M31, M38 and M24, From visual evaluation, R3 result shows
promise for forensic facial reconstruction,

Table 1, Distance between skulls (mm.) Table 2, Similarity rank

Head | M24 | M29 | M31 | M35 | M38 | M55 Head Rank

M24 | X | 549 ] 452 ] 470 | 580 | 5.69 1 2 3 4 5

M29 | 549 | X | 494 | 562 | 491 | 3,77 M24 | M31 | M35 | M29 | M55 | M38

M3 | 452|494 | X | 405|501 ] 479 M29 | M55 | M3§ | M3t | M24 | M35

M35 | 470 [ 562 | 405 | X | 48] 536 M31 | M35 | M24 | M55 | M2O | M38

M3B | 580 | 491 | 501 | 418 ] X 505 M35 | M3 | M38 | M24 | M55 | M29

M55 | 5691 377 | 479 1 536 1 505 | X M358 | M35 | M29 § M3 | M55 | M4
M55 | M20 | M31 | M38 | M35 | M24

M38 Mss

R3

Figure 6, Head database with landmarks Figure 7. Reconstruction resulis
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5, CONCLUSION AND DISCUSSION

Manua! facial reconstruction has a long tradition both in forensic and archacological fields,
but, as long as progressive studies and medical imaging technology leads to the development of
alternative computer-based facial reconstruction methods, We have to remark that there is no way
to exactly reproduce the face of discovered skull. In stead of using small set of facial soft tissue
thickness data and then interpolate the large remaining area, we can use whole facial soft tissue
thickness data from 3D head models derived from CT scanner and then approximate questioned
face from reference face in face database. The approach presents possibility fo use this scheme as
a support tool for forensic facial reconstruction.

In this paper, the skull similarity is considered in a whole. In the future, we will try to
consider the dissections of skull instead and do the reconstruction from most resembling section,
In addition, we will try to consider other factors apart from only skull shape such as age and
nutrition condition.
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FACIAL RECONSTRUCTION FROM SKULL USING FREE FORM
DEFORMATION

Axiya NAMVONG, Rungrete NILTHONG
School of Science, Mae Fah Luang University, Chiang Rai, Thailand

Abstract

The purpose of facial reconstruction is to estimate the factal outlook from a discovered skull with the
intention fo provide a positive effect for deceased identification. In this paper, we Iried io develop a
novel method for facial reconstruction through the tise of Free Form Deformation. The farge! fave was
abtained by deforming the craniometric landmarks of known skull into wiknown skull. Forcing soft
tissie on the known skull to the wnknown skull with correspondent deformation gives the desired shape
of the soft tissue for the unknown skull. Modified from Rhine's landmarks, the 33 craniomelric
Tandmarks were used in this work. For the deformation process, the application of Free Form
Deformation was employed. The resulting face from this scheme shows promising forensic facial

reconsirtiction,

Keywords: Factal Reconstruction; Free Form Deformation

Infroduction

One of the most complicated tasks for
criminal investigation is dealing with
vnidentified skeleton remains. There are
several reasons why identiffcafion is
essential. For every wnidentified deceased
person, lhere might be someone who cared
aboul, Family members should have
known what happened to their lover. Most
of the time, an unidentified body is found,
crime remains unsolved and the murderer
may be still walking sround. I usuaf
protocols are impossible fo identity the
skeleton remains, then possibility of faciat
reconstruction  from  skall  shall  be
considered. ¥ is frue that thers are many
ways in which soft tissue may cover such
the same skull leading to different facial
outlook.  So, the purpose of facial
reconstruction is unot to produce an
accurate likeness of the person during life
but the task is considered successful if it is
able lo provide a positive effect on
deceased  idemtification.  With  an
assumption that the underlying skefeton
directly affects the overall aspeets of facial

nttpffwrww gjei.ea

outlock, we considered that facial
reconsiruction from skull is possible.

Being still in use and constantly evolving,
an old technique is a manual clay facial
reconstmuction also known as sculptural
technique (Wilkinson, 2004). This method
utilizes average skin thickness data derived
from the craniometric landmarks. From
tissue thickness of the landmarks, the
remaining open spaces are interpolated to
form the features of the face. This process
is done according to the discretion of the
artist resulting in a very subjective and not
reproducible face (Faylor, 2001), There are
no exact rules for the manual clay facial
reconstruction which makes computeriza-
tion of the process more challenging.

This paper introduces 2 novel approach to
compulerize facial reconstruction through
the use of Free Form Deformation method,
This approach  differs  from  other
researches that try to interpolfate all face
features from small set of tissue thickness
data, Stephen et al (2008) stated that the
refationships between connective fissue
and skull are not completely known at this
moment, The assumption behind this novel

195
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approach is the changing in the faeial sofl
lissue responding to the changing in the
skull. The reconstruction is obtained by
deforming the craniometric landmarks of
known skull into unknown skull. Forcing
soft tissue on the known skull 1o the
unknown  skull  with the associated
deformation offers a desired shape of the
soft tissue for the unknown skull,

The remainders of this paper are organized
as follow. Materals and related theories o
the method arc mentioned in the next
section. After that, the methodology
workflow is presented. Then, the resulf and

discussion of this approach are mentioned.
The paper conclusion is summarized in the
last section.

Muterials and Method

Intage Acquisition

The 313 data of skull and face used in this
paper arc acquired from CT scanner (Tig.
1). The Cartesian coordinate is used o
represent 310 data in the form of (x, y, 2)
also known as point clond. Meshing,
shading and shadowing are used for the
visualization purposs.

Tig. 1. 3D head data acquisition from CT scanner.

Craniometric Landimarks

Craniometric landmarks are anatomical
landmarks on the skull. For manual clay
seulpturing method, average skin Lhickness
data table is applied. From tissue thickness
at the londmarks, the remaining open
spaces are interpolated to form the features

of the face. In this work, the reconsiruclion
is obtained by deforming the craniometric
landmarks of known skufl into unknown
skull giving a desired shape of the soft
tissue for the unknown skull, The
craniometric landmarks used in this work
are modified from Rhine’s landmarks (Fig.
2).

Fig. 2. Craniometric landmarks used in this work.

Frankfort Plane

All heads in the database have to be
aligned to the same orentation and
position. The favorite standard orientation

of skull used in forensic facial
reconstruction is called Frankfort plane.
The position of Frankforf plane is like
semeone looking straighi ahead. The
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technical explanation of positioning the
skull this way is to have the lowest point
on {he lower margin of the orbit aligning
horizontally with the fop edge of the ear
hole (Gibson, 2008).

fterative Closest Point

Tterative Closest Point {ICP) is a straight
forward method to align two free form
surfaces (Besl & Mckay, 1992). In this
paper, this method is used to align
reference skull to questioned skull before
doing the facial reconstruetion. The
algorithms of ICP to align surface X and
surface P are as follows:

The Iterative Closest Point Algorithm

- Initial transformation

- lterative procedure 1o minimize the
distance

1. ¥p e P findclosest pointx ¢ X

1D FFD:; P'=
2D FFD: FP'=
3D FFD: P =

Bemstein Polynomials:

where peint P’ is a new leeation at (°4,1)
of an old point P at {s..,x) after deforming
control poinl Py to Py ,and 4, i, » are the

2. Transform ' Py —Py to reduce the
average distances

3, ‘Tenminate when next fransfonmation
step does not reduce the average
distance

Frree Form Deformation

Frez Form Deformation (FFD) was
introduced by Sederberg and  Pamry
(Sederberg & Parry, 1986) is known as a
powerful shape meodification method that
has been applied to geometric modeling.
This technique deforms an ohject by
embedding it with in a solid defined with a
conrol lattice. A change of the lattice
deforms the solid and heice the object
(Fig. 3). FFD generally involves with 1D,
2D and also 3D data, We can compule a
new location P from an ofd location P
after deforming control point from Py to
Py as follows;

i
i
2B OF )
=0
i m /
2 2B/ ©B(OF @
i=0 =0
I m n ; . n
ZZZB; (S)BJ (DB (n) ;_;} 3
1=0 j=0 k=0
R "! i LE
B ()=————t (-1 4
(0= et 0-0 “
number of control points minus 1inx, v, 2
axis,

(0 <shusitu’ 1)

Fig. 3. Demonsteation of global FFD (Barzel, 2003).
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In this work, we use FED in the manner of 4 shows the deformation of tace according
local deformation by applying the local {o the deformation of incisor.
lattice to the craniometric landimarks. Fig.

Fig. 4. Demonsteation of local FFD. Middle coluna: original head,
Lef Column: moving incisor inside. Right column: moving incisor outside.

them with a specified rate, Fig. 5 shows the

Cylindrical Projection eylindrical projection of skull and face,

) Fig. 6 shows the absolute errors of
In this paper, fo compare skull and face, eylindrical projection surfaces of skulf and
we {ransform head 3D models onto plane face.

using a evlindrical projection and resample

..m

— bt O

O e b o b D

Fig. 6. Absolute errors of eylindrical projection surfaces. Errors are measured in mm.
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Nose Profile Estimation

In order to compare the two cylindrical
projection surfaces of skull at the nasal
part, we have to estimate the nasal profiles
due o there are less information from nasal
aperture. Fig. 7 shows the nose profile
estimation  method  modified  from
Prokobec and Ubelaker (2002), Line A
dissects the nasion and prosthion, Line B is
parallel 1o line A and intersects the
foremost point on the nasal bone. For each
point of nasal aperture, the distance from

Cuastiensd

Relerence Head

line B 1o the 1lasal aperture are calenlated
and mirrored to form the nasal profile
estimation.

Fig. 7. The nose profile estimation method.

Dalabase

Reconstiicted

F—Oitat part—r

Select the best [—Nasal pat—
—+ match for each
part —Dental part—s

| Zygemalc& |
Randbular part

Delorm tha selacted
parts pocording fo
the questioned skutt

Fig. 8. Facial reconstruction workflow

Methodolagy

There are 11 three dimensional head
models in the head database. Each of them
is picked out as questioned skull and the
remaining heads are used as reference
heads. Fig.8 shows the workflow of the
proposed method, First of all, the
questioned skull is compared to all skulls
in head database each parl separately. In
this work, the skull is sectioned into 4 parts
consisting of orbital part, nasal part, denial
part and zygomatic & mandibular part.
This work is developed from our previous
research which considering zygomatic part
and mandibular part separately. In this
work, we consider zygomatic part and
mandibular parl together because these two

hitpheww.ijeicu

bones are linked by masseter muscle. It is
one of the major muscles responsible for
facial appearance. It is a very farge and
thick muscle originates at zygomatie bone
and terminates at ntandibular bone {Fig. 9).
The best match for cach pari is selected as
reference part, Then all of the reference
parts are deformed according to the
questioned skull, Finally, the deformed
parts are combined to reconstruct the new
face.
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Fig. 9. Masscter nusele

Result and discussion

Fig. 10 and 11 present the facial
reconstruction of subjects 1 — 1. TFirst

column and second column demonsirate
the tarpet faces and reconstructed faces
accordingly. These two columns are
displayed for visual cvaluation. Tlird
columm and fourth column present the
eylindrical projection of farget faces and
reconstructed faces accordingly. Then the
absolute crrors arc compuled and displayed
in fifth column. Although the result shows
that we cannot produce exactly the same
face as the targel face, it still shows a
promising forensic facial reconstruction.

Fig. 10. Pacial reconstruction of subjects | - 5. First column: larget faces. Second column:
reconstructed faces. Third columm: oylindrical projection of target faces. Fourth column:

eylindrical projection of reconsiructed faces. Fifth column: absolute reconstruction errors.

Errors are meastired in mn.
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Fig. 11. Facial reconstruction of subjects 6 - 11. First column: target faces. Second column:
reconstructed fages, Third column: cylindrical projection of target faces, Fourth columsy:
eylindrical projection of reconstructed faces, Fifth column: absolute reconstiuetion errors.

Frrors are measured in mm,
Conclusions

A iraditional manual facial reconstruction
has been used for a long time in both
forensic and  archaeological  fields.
However, the progressive studies and
medical imaging technology leads to the
development of alfernptive computer-hased
facial reconstruction methods. We have to
remark that there is no way to reproduce
exactly the same face for discovered skull,
Instead of using small set of facial soft

hitp:/www.ijcicu

tissue thickness data and then interpolate
the large remaining areq, we can use whole
facial soft tissue thickness data from 3D
hiead models derived from CT scanner and
then the approximate questioned face from
reference faces in face dalabase. The
approach presents possibility to use this
scheme as a support 1oo] for forensic facial
reconsiruction.

201
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