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Applications of 3D morphable models for faces with expressions
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Abstract

In this paper, we present a framework to represent the
face of any individual, dealing with identity and expres-
sion variation and some applications of this model. A 3D
morphable model (3DMM) is a generative method capable
to reconstruct the 3D shape of human faces from a small
set of coefficients. It is used in many applications such as
identity or expression recognition, 3D scans processing or
face animation. Such a 3D face generative model is used
to build any face with expression as linear combination of
deformations. In order to determine these basis deforma-
tions and with the hypothesis of Gaussian distribution of
the 3D human faces space, a PCA is computed on a reg-
istered dataset. The registration of training 3D faces is
first achieved so that it is robust to expression. To build
the 3DMM with identities variations separated from ex-
pressions variations, two PCA are computed. Using this
morphable model, a new face can be represented as a lin-
ear combination of these principal modes of variations. We
show in this paper that such a morphable model can be
used as shape prior in many applications like denoising or
occlusion recuperation tool.
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1 Introduction

Owning to its numerous applications, modelling human
faces is a popular research topic in the Computer Graphics
community. Various methods have been proposed [1] [2]
[3]. Some of these methods are based on 3D morphable
model (3DMM) techniques [4] [5]. Learned from 3D
scans, a 3DMM can approximate the face of any individual
with a linear combination of deformations. As well as
modelling the identity variations [4], morphable models
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can be extended by adding new modes of variations [6] :
the expression.

There exist different methods to build a morphable
model with expression. The first one, based on two PCA,
has been introduced in [6]. The dataset is separated in two
sets : the first with neutral scans and the second with ex-
pressive scans. A PCA is computed on each set to find the
principal modes of variation of identity and of expression.
In [7], Vlasic et al. introduce a second method based on
tensor where interactions between identity and expression
are taken into account. To estimate theses interactions, a
large and representative ensemble of individuals must be
acquired.

Given the complexity of getting such a database, we use in
this paper the 2PCA method : Two PCA are computed on
a registered training dataset to extract the principal modes
of variation of identity and expression.

We describe in this paper all steps necessary to build this
morphable model, in particular the registration of 3D face
scans, robust to expression and to partial scans. Applied to
the training dataset, registration transforms every scans to
share the same geometrical topology.

As a result, the 3D morphable model is able to gen-
erate any individual face with expression. In this work, we
present applications using the 3DMM as a shape prior to
reconstruct occluded parts.

We start with a description of the 3D scans database.
Then, we present the registration framework, based on a
smoothness energy minimization and the construction of
the 3D morphable model. Finally, some applications using
the 3DMM as shape prior are presented like denoising or
occlusion recuperation.
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2 Data

In order to build an expression and identity morphable
model, a representative training dataset of 3D face scans
with variations in expression and identity is needed. There
exist in the literature several public 3D face datasets with
expressions, e.g., BU-3DFE [8], Bosphorus [9], D3DFacs
[10].

With only 10 individuals, the D3DFacs dataset is too small
to train a statistical model. Bosphorus, however, contains
significant variations of expressions and subjects but their
3D scans contain only cropped facial region. To get an ac-
curate model of human faces, the most complete possible
scans are needed to analyse as many facial deformations as
we can. Due to their cropped scans, Bosphorus is not used
as training dataset.

BU-3DFE provides a significant set of expressive 3D face
scans of 100 subjects with 4 intensity levels. Theses scans,
simultaneously acquired from two viewpoints, are ranging
from one ear to the other. Thus, we use the BU-3DFE
database as training dataset.

In this database, each subject is asked to perform seven uni-
versal expressions (Neutral, Anger, Disgust, Fear, Happy,
Sad, Surprise). For the non-neutral expressions, four stages
of intensity are recorded. In our work, we use the neutral
and the six highest intensity expression scan. Thus, the
training set contains 700 scans.

Figure 1 — Angry, neutral and surprise scans

3 Registration framework

Before performing a statistical analysis, each scan of the
dataset must be brought into full correspondence with oth-
ers by the registration framework presented in this section.
Amberg in [11] proposed a registration method which al-
lows a linear resolution.

3.1 Method

The correspondence between two scans is given by fitting
a template surface, T, to each of the scanned surfaces,
S. To get a good fitting between template and scan, the
distance between each template’s vertex and the surface of
the scan is minimized.

The data error measures the matching quality between the
template and the scan. It is computed as the sum of the
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squared distance between each template’s vertex and the
closest point on the scan surface :

Baata = Y _ dist*(Tv;, 5) M
i=1

where n,, is the number of vertex in the template, 7; is the
transformation applied to the template vertex v; and dist
gives the distance between a vertex and the closest point
of the scanned surface S.

When only data error is used, the system is under-
constrained : As scans are incomplete, some vertices of
the template do not have correspondence. Moreover, we
want to keep vertex labelling : the tip of the nose of the
template must remain the tip of the nose after registration.
For these two reasons, a regularisation term is required.
Some regularisation techniques are based on surface or
volume preservation. They can be used when finding the
deformation of a real object. In our framework, such a
method cannot be used because of the variability between
shapes of different heads of individual. Therefore, a
regularization energy, as proposed by Popovic et al. [12]
(minimization of the variation between two neighbour
transformations) or Amberg [11] (minimization of the
Laplacian of the surface) is used. In our framework, we
used the smoothness energy proposed by Amberg : the
smoothness error is defined as the norm of the Laplacian
of the surface :

E, = / ||V2T ()| | da 0))

s

where T'(x) is the transformation function applied to the
3D coordinates of vertex x of the surface S:

3 3
:{R—HR{ 3)

z— Ax +t

with A the affine part and ¢ the translation part of the
deformation.

Then, the global energy equation is defined as :

E(w) = Es(v) + aFuta(v) )]
2

Es(v) = HD [ nz’v) ] ()

Baata(v) = [|Cv — ¢||? (6)

where v and n(v) are the vertices and the normals of
the facets of the template, c refers to the coordinates
of the points of the surface S in correspondence with
template’s vertex and C' and D are suitable sparse matrices
that only depend on the template initial shape and topology.
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To improve the registration quality, some constraints
are added referring to the data error. First, in order to align
every scans at the neck, vertices of the neck boundary are
projected onto a plane which is computed after a first rigid
registration.

The scans in the dataset are acquired by a frontal device.
Thus, the lack of information in the back of the head leads
to poor deformations of this part of the template. We add
a hard shape prior, with a back shell positioned after rigid
registration, to get a well-deformed template.

Because we work with expressive scans, annotated mouth
boundaries (with a Bezier curve) are used to improve the
expression robustness of the registration process.

For each mouth vertex in the template, the corresponding
point on the Bezier curve in the scan is found on the plane
normal to the template’s mouth boundary.

Figure 2 — Additional constraints

3.2 Pre-processing

To improve the quality of the registration process, we
apply some pre-processings on the dataset. Some of the
scans may contain non-informative parts (like clothes,
hair or interior of the mouth). These parts could lead to
registration errors due to wrong correspondences between
template’s vertex and point on the surface of the scan.
In order to only keep the parts of the scans represented
in the template, we clean the 3D scans by removing the
non-informative parts. Wrong correspondences could also
exist in the area of the mouth. To prevent these errors, we
annotate the mouth boundary on the 3D scan.

At the begining of the registration, a first rigid trans-
formation is computed to align the template and the scan.
Some fiducial points are used to process this initialization.
We manually annotate these points (like the nose tip,
the corner of the mouth and the eye center) during the
pre-processing.
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Figure 3 — Manual annotations

3.3 Minimization

Finally, the global energy function given in equation (4)
is minimized. In this equation, « is weighting coefficient
used to tune the optimization.

In equation (5), template’s normals n(v) are needed
at each iteration. As (4) is a nonlinear equation, Amberg
[11] introduces a new set of variables 7 for the normals
and a new cost which makes 7 and the last iteration
normals n(vf~1) as close as possible.

E(U,ﬁ) = ES('Uvﬁ) + O‘Edata(vaﬁ) + ﬁEnormal(Uvﬁ) @)

2

Eg(v,7) = HD [ ° ] ®)
Eaara(v,7) = ||Cv — ¢|? )
_ _ 112
Enormal(vv n) = Hn - n(vt 1)” (10)
With this approximation, equation (7) is linear. Given

this linearity, we use a Gauss-Newton algorithm to solve
iteratively the system. Hence this optimisation has a single
global optimum and it can be found efficiently.

3.4 Results

Some registration results are shown in the following table.
The first row refers to a neutral scan, the second and the
third to disgust and surprise scans. Error between feature
points on the template and on the scan and error of the dis-
tance between template and scan surface are used as quality
metrics. The distance are given in percentage of inter-eye
distance.

3D input Feature point | Point-Surface
scan error error
Neutral scan 0.017 % 0.061 %
Disgust scan 0.016 % 0.089 %
Surprise scan 0.007 % 0.052 %
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These results show that the surface of the scan is well
approximated by the template during registration. Also,
they show the robustness of our method to expressive
scans. Furthermore, given the linearity of the system, the
computational time is quite low (about 2 minutes per scan
with an Intel Core i5 processor at 2.5GHz).

As in previous work [13], we also judge the quality
of the registration by analysing caricatures of registered
scans. Registration artifacts can occur on caricatures when
registration problems exists (e.g. nose registered to lips or
neck to chin). Drawing a caricature consists of exaggerat-
ing the displacement of the vertex of the registered scan.
Vertices v¢qri Of the caricature are computed as :

Vearic = 'Utemplate + Coeﬁcaric(vregistered - Utemplate)

coeff i =2
Caricature

coeff,i =-1
Anti-face

coeffic=0
Neutral

coeffic=1
Disgust

Figure 4 — Caricatures computed from disgust scans :
Anti-face, neutral, disgust and caricature

4 3D morphable model

The morphable model is based on a training dataset which
is BU-3DFE in this work. Thanks to the registration
step described previously, a principal component analysis
(PCA) can be applied to those registered 3D face scans to
extract the principal modes of variation.

Each 3D face shape is represented by S;. =
(Xl, Yl, Zl, XQ, vy anen, vaert) : 3nvert x 1, where
e refers to the expression (0 for neutral and 1-6 for
expression) and 7 in 1...n;q is the identity index. First, each
face is centred by removing the mean shape S. Separating
the dataset in two sets (one for neutral faces and the second
for expressive scans), two PCA are computed (one on each
set).

The first one, computed on neutral scans S;o , gives
an identity morphable model. New neutral faces can
be generated by varying the identity coefficients vector
Qidentity - (Mig — 1) x 1:

S =8+ Aigeriq (11)

The second PCA models the deformations due to expres-
sions. A PCA is thus performed on the offsets between
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expressive scans and neutral scans : AS; . = S; . — Sio
for e = 1...6. Face deformations due to expression can
hence be generated by varying the expression coefficients
VECtOr Qtegpression : (6Mig — 1) x 1:

(12)

ASeacpression = Aewpaea:p

Combining equation (11) and equation (12), we can gener-
ate any face with identity and expression variations :

S = g + Aidaid + Aeacpae:cp (13)
identity expression
S=8+[ Ais Acap ] [ o ] (14)
exp

A;q and A.,, are truncated to keep only the most signifi-
cant expression and identity vectors. Keeping the first 40
identity vectors and the first 40 expression vectors of the
3DMM allow a compact and accurate representation of the
face space. In the following, we use this truncated model.

Identity

Expression

Figure 5 — Faces generated by the 3DMM with identity and
expression variations.

S Applications of 3D morphable
model

The morphable model presented in the previous section
can be used as a generator of realistic faces. Because we
have expression coefficients, it can also be used to animate
synthetic faces by changing expression [14].

3D model acquisition technologies often produce noisy or
occluded data. The registration process and the 3DMM
can be used to denoise or reconstruct scans.

5.1 Denoising

3D scans can be obtain with different technologies, which
often produce noisy data. In the most of 3D mesh analysis,
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denoising is the first preprocessing step.

During the registration, the deformation energy, based on
the Laplacian of the surface, is minimized to get a smooth
registered scan. When applied to a noisy scan, registration
can work as a denoising filter. An example of noisy mesh
registration is shown on Figure 6 .

Figure 6 — Scan denoising

Given the noisy frontal 3D face on the left, the registration
process gives a smooth registered scans presented in the
right. The use of registration as denoising tool is a example
of the current framework’s application.

5.2 Reconstruction of occluded parts

During 3D acquisition, some occlusions due to hair, hand
or eyeglasses can occur. To reconstruct the occluded parts
of the scan, the morphable model can be used as shape
prior. We use scans from the Bosphorus database [9]
which some occlusions.

To reconstruct the occluded parts of the scan, we ap-
ply some preprocessing. First, the non-informative parts
(hair, clothes, ...) of the scans are removed and the
registration specific preprocessing (feature points and
mouth boundary annotations) are carried out.

Figure 7 — Occluded scan pre-processing
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After pre-processing, we applied the registration process,
described in previous section, to the cleaned scan. In
addition to give a registered scan, the registration process
gives the list, Veorresp, Of templates’s vertices in corre-
spondence. Thus, we know which part of the template
refers to an occluded part of the scan. Using this infor-
mation, the 3DMM is fitted to the registered scan using
only the vertices in correspondence during the registration :

Coefficients ;g and ez of the morphable model
Qg }
aexp

are determined to minimize the distance between the tem-
plate and the scan, defined by :

>

VE€Vcorresp

S=S+[ Aia Acap | {

dist(v, S)

where dist gives the distance between the vertex v of the
template and the closest point on the surface of the scan.

Figure 8 — Registered scan and 3DMM fitting

6 Conclusion

In this paper, a complete framework is presented to
build a 3D morphable model able to generate 3D faces
with identity and expression variations. To build the
training database, we use a registration process robust
to expression. Then, two PCA are computed on neutral
and expressive scans. As a result, the morphable model
is able to generate any individual face with expres-
sion. Finally, denoising and occlusion reconstruction
are presented. The first one shows that the registration
process, giving smooth meshes, can also be used as a
denoising tool. The second one, an example of using the
morphable model as shape prior, deals with reconstruction
of 3D scans with occlusions. With a larger dataset,
the morphable model can also be used as a compression
method where faces are represented by a set of coefficients.

This process is only based on manual annotations.
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Given the lack of facial markup, our morphable model
framework can be extended to also deal with texture maps.
The robustness of our model, specially in the expression
area, can be improved by using a new template’s meshing
as proposed in [15] but with an higher registration com-
puting time.

The accuracy of the morphable can also be improved
by using a larger 3D faces databases. Currently, training
dataset contains only expressions limited to the prototypic
expressions space of 100 individuals. Furthermore, in the
dataset used in this paper, scans cover only a partial view
of the full 3D face. Despite the back-shell used during
the registration, a better morphable model can be obtained
with full 3D scans.
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