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Abstract. Generating a user-specific 3D face model is useful for a variety of
applications, such as facial animation, games or movie industries. Recently,
there have been spectacular developments in 3D sensors, however, accurately
recovering the 3D shape model from a single image is a major challenge of
computer vision and graphics. In this paper, we present a method that can not
only acquire a 3D shape from only a single face image but also reconstruct facial
expression. To accomplish this, a 3D face database with a variety of identities
and facial expressions was restructured as a data array which was decomposed
for the acquisition of bilinear models. With this model, we represent facial
variances as two kinds of elements: expressions and identities. Then, target face
image is fitted to 3D model while estimating its expression and shape param-
eters. As application example, we transferred expressions to reconstructed 3D
models and naturally applied new facial expressions to show the efficiency of
the proposed method.
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1 Introduction

The acquisition of 3D face geometry is an important topic in the field of computer
graphics and computer vision. Especially, user-specific 3D faces are valuable in
industries such as gaming, animation, and film. There are two categories of obtaining
3D facial shapes. The first is to use a 3D scanner, and the second is to use several
photographs to model a 3D face. A 3D scanner is the most accurate way to capture a
3D face, and a great deal of low-cost equipment has recently been introduced,
increasing its usefulness; however, it is still costly, and the actual modeling target has
the burden of travelling to a place where the equipment is located. Therefore, an
image-based modeling method is useful in terms of accessibility (Fig. 1).

In this regard, existing image-based modeling methods use multiple photographs to
perform 3D modeling, and these methods are still often used in VFX studios. However,
there are still many situations in which 3D face reconstruction from only a single
photograph is needed. The most outstanding method for 3D face modeling using a
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single photo is 3DMM [1]. Through statistical techniques based on 3D face scan data
from 200 people, this method enables personalized face modeling that mimics the input
image. More recently, many excellent researches have introduced to generate a 3D face
based on a single photograph. However, there are still limitations for reconstructions of
faces showing expressions.

Facial expressions are shown in most actual individual profile photographs,
including those of celebrities, who are a major target for 3D modeling. As such, there is
a great need for a method that can quickly and accurately reconstruct a 3D face from a
single photograph with a facial expression.

To accomplish this, our paper introduces a method that can not only reconstruct a
3D shape from a single face image but also reconstruct various facial expressions from
the image. This is achieved through bilinear models, and to acquire models, we used
3D face scans with unique shape and identity structures featuring a variety of
expressions and individuals. These models are structured in a data array and HOSVD
(Higher Order Singular Vector Decomposition) is applied to construct bilinear models
and we used these models to depict facial changes in the 3D faces as expressions and
shapes. To show the efficiency of this reconstruction method, we used application
example wherein a variety of expressions were transferred to different 3D faces.

2 Contributions

This paper introduces a method for acquiring user-specific 3D face models from face
scan data, and its contributions are as follows:

• A practical level of speed (less than 2 s) was achieved to reconstruct 3D face from a
single photo, this is accomplished while reducing the position errors between the
landmarks on 3D model and the 2D image. An optimized method was used for
computational efficiency.

• Through the properties of the bilinear models, the identity of the reconstructed 3D
model and expression elements can be controllable and changed into a new
appearance. Therefore, the user-specific blendshapes needed to create a person’s
expression animations can be captured from a single face photograph without 3D
scanner equipment.

Fig. 1. (A, C) 2D input face images. (B, D) 3D faces reconstructed with the proposed method
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3 Related Work

3.1 3D Face Reconstruction

Research on acquiring 3D geometry from images has been performed by many excellent
researchers. The method that can definitely be considered the best is the 3D Morphable
Model [1]. This research used 3D face scan data from 200 people to represent a face as a
linear combination of the principal components of shapes and textures, and the results
were very realistic. Despite its excellent results, the original 3DMM method is unfor-
tunately not practical. Its computation takes a long time because to reconstruct the face
shape, the texture parameters, such as intensity and ambient light, of the input pho-
tograph must be calculated in addition to many unknown parameters such as camera
information. To resolve these drawbacks, the landmark-based 3DMM method have
introduced. This method reduces the position errors of several facial landmarks located
on the face photograph and the 3D reference model. As mentioned earlier, recon-
struction of the photograph textures is accompanied by complex computations, so the
landmark-based method is used for the face shape, and the input texture is directly
projected the result 3D face [2–5]. Recently, the novel methods for reconstructing facial
shapes from shading information have introduced [6, 7].

However, these studies mostly reconstruct photographs without expressions. To
resolve this problem, we present a method that not just reconstructs 3D facial geometry
but also facial expressions through bilinear models.

3.2 Bilinear Models

Bilinear models were first introduced by Tenenbaum et al. [8] to separate two factors
that are mixed. To separate a combination of various elements, research has been
performed on the use of HOSVD (proposed by Tucker [9] and Kroonenberg et al. [10])
to show how these elements influence each other [11]. In our research, we represent our
3D face with bilinear models hence we assume that a facial shape is composed of
expression and shape (identity) properties.

4 Overview

This section provides an overall description of how we used the bilinear model to
acquire 3D face geometry from a single input photograph. We used a 3D face database
of scan data from 150 people with 47 kinds of facial expressions to build our bilinear
model. The fitting process reduces the differences between the 3D models and the 2D
input images. The final section demonstrates the proposed method’s efficiency by
showing the example wherein a variety of facial expressions were applied to the
resulting 3D faces (Fig. 2).
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5 Building Bilinear Models

The input photographs included a variety of face shapes and expressions. For this, we
used the FaceWarehouse Database [12], which was constructed with 3D face scan
models and includes 150 various people and 47 kinds of facial expression models per
individual, each made with 11,500 vertices. We divided these models into identity and
expression, and we structured a 3D array with T. Figure 3 describes the appearance of T.
We then decomposed our array T with SVD to obtain the bilinear models. We wanted to
create just a whole facial shape, so we excluded the vertex mode decomposition.

T can be written again as the following equation.

T = Crx2Uidx3Uexp ð1Þ

Cr is called the core tensor, and it is in charge of the mutual interaction concerning how
the identity and expression affect each other. Uid and Uexp are the orthonormal trans-
formation matrixes, which represent the left singular vectors of the identity space and
expression space, respectively. We call Cr a bilinear model, which can be used to
express any expression on any face. This is shown in Eq. (2).

Fig. 2. Overall image of the presented method. (A) The process of building the bilinear models.
(B) The process of fitting the input image on the 3D model.

Fig. 3. Appearance of array T composed of expression, identity, and vertex
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V = Crx2wT
idx3w

T
id ð2Þ

where wid is the column vector, which refers to the weight of the identity, and wexp is
the column vector, which refers to the weight of the expression. V is the 3D face
model, which uses these two weights and core tensor. Figure 4 shows the face model
(V) and the core tensor, expression, and identity weights that compose it.

6 3D Face Reconstruction

As mentioned earlier, our bilinear models can be used to turn a person with any kind of
expression into a 3D face. Therefore, we are able to use it to make the 3D model such
that it is similar to a given image. To accomplish this, a process is carried out that
estimates not only the identity and expression weights of the input photograph but also
the camera information.

We initialize the reference 3D model V such that it has average identity and
expression. We assume that the camera projection is weak perspective. The 3D model
reference point vk is projected onto the image space point pk. This is shown in the
following equation.

pk = sRvk + t ð3Þ

where s is a scaling information, R is a global rotation matrix, and t is a translation
information in the image space. Translation about the Z-axis was ignored due to
weak-perspective projection. The following equation shows the process for recon-
structing the 3D face while minimizing the error between face landmarks in the 2D
image and feature points on the 3D face.

Errork¼ 1
2

sR(Crx2w
T
idx3w

T
expÞðkÞ + t� sðkÞ

�
�
�

�
�
�

2
ð4Þ

where s kð Þ is the facial features on the 2D image, and k is the kth feature point. We use
76 facial landmarks. The unknown values that we want to find are the pose information
of the face (size, rotation, movement) and model parameter (identity and expression)

Fig. 4. 3D face V and elements in bilinear format
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information. To solve these parameters quickly and simultaneously, we used the
L-BFGS [13] algorithm for optimization.

7 Results

In Fig. 5, (A) is the input face images, and (B) is the 3D face that results from the
proposed method. As shown in Fig. 5(B), faces with a variety of expressions were
properly reconstructed into 3D faces.

Figure 6(C) shows the results of various expressions transferred to the 3D model. It
can be seen in particular that the expression was changed very naturally. Through this

Fig. 5. (A) Input images. (B) 3D model results. The expressions in the input photos are
reconstructed in 3D.
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method, it becomes easy to obtain the personalized blendshapes needed for making
face animations from a single 3D face. Normally, to make facial animation, a set of
several or several dozen expressions are made beforehand, from which a wider variety
of expressions can be produced; creating such an expression set is an important task.
The following formula was used to create the personalized blendshapes from a single
photograph.

Bi = Crx2widx3ðUexpaiÞ; 0� i� 47 ð5Þ

where Uexp is the expression transformation matrix introduced in Sect. 4. For ai, the
expression element needed as the expression vector is set as 1, and all other vector
elements are set as 0.

8 Conclusion

In this paper, we have presented a process for reconstructing a 3D face from a single
photograph of a face with an expression. Because normal image-based 3D face
reconstruction methods use faces without expressions as their targets, the creation of
faces with expressions is difficult. To represent a facial appearance comprising identity
and expression elements, we decomposed an array of these two elements and obtained
a bilinear model. Using this model, we deduced the camera matrix, expression, and
identity information of the input photo and turned it into a 3D face. During this process,
we improved our optimization process to solve many unknown values at once so that
we could enhance the efficiency of the process in terms of speed.

We also created example of various changes to expressions in reconstructed 3D
models to demonstrate the possibility of obtaining personalized blendshapes from a
single photograph and using them to create natural expressions for virtual reality and
gaming avatars.

Fig. 6. (A) Input image. (B) 3D model results. (C) Expression transfer model results
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