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Face Image Recognition by Three-Dimensional Modeling of Appearance
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1. Introduction

There have been numerous studies in face recognition, and some are being put into practical use in
applications such as user authentication systems. However, the applications have been limited to the scenes
where the subject gives their cooperation and where it is possible to set environmental conditions thus limiting
variations in the pose of the face and the illumination conditions. This is because the appearance of the same face
is changed drastically when such variations become wide and it occasionally becomes quite difficult to identify
the subject. Conventional methods are unable to cope with such variations.

Nowadays, there are growing demands for the applications of face recognition, including video surveillance
and autonomous robot vision. In these applications, the target image is taken in various environments without
his/her cooperation, and large variations in pose and illumination conditions are inevitable. It is mandatory to

ensure the robustness of the recognition system against these variations.

2. Face Recognition under Variable Pose and Illumination Condition

One problem of the conventional methods (employing pattern recognition techniques) is that they require an
enormous number of enrolled images to be able to cope with wide variations in pose and illumination conditions.
Such a system is impractical, because most general users are unable to take such a large number of images under
various environments. A few studies have proposed acquiring these images easily by using measurements of 3-D
shapes and computer graphics. However 3-D measurements of human face were also impractical because the
conventional 3-D measurements with high accuracies required an unacceptably long measurement time for
humans to keep still. Another problem is that the conventional methods take impractically large costs in
calculating and storing the templates to cope with wide variations of pose ranging from frontal to profiles. The
view-based description, which is used in the conventional methods, requires the templates in many poses which

densely sample the whole range of possible poses, and the number of templates becomes impractically large



when the range of pose variations is large. Finally, there were not enough experimental evaluations in the
conventional studies to verify the performance. The number of subjects enrolled in the database was small, and
the range of pose and illumination variation was quite limited.

The aim of this thesis is to solve these problems by developing a new framework, 2D-3D face recognition
system that employs three-dimensional modeling of appearance for recognition of 2-D images taken in variable
environments (Figure 1). The goal is to achieve the following four targets: first, measure 3-D shape of human
face with high density and accuracy within an acceptably short time; second, describe appearances in any pose
and illumination conditions by a compact model; third, accurately and efficiently estimate the face pose; and four,
verify the performances of the proposed methods by experiments using an extensive database with images of a

large number of subjects taken in a variety of poses and illumination conditions.
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Figure 1: Outline of proposed approach: 2D-3D face recognition system.

3. 3-D Measurement of Human Face

The conventional methods could not achieve accurate and dense 3-D measurements within an acceptably
short time for most people to keep still. Although the conventional phase shift method can achieve high-density
3-D measurements within a short time, its applications were limited to measurements of planar targets. This is
because the conventional methods lack a solution to the absolute phase determination and the phase un-wrapping
for measurements of a non-smooth surface such as a face.

New methods are proposed to solve these problems by using multiple cameras and projectors. In the first
proposed method, geometrical constraints between multiple views are utilized to determine the absolute phase in
wide-range measurements. The second proposed method uses the constraints to stabilize the phase un-wrapping
in measurements of a non-smooth surface. These methods make it feasible to use the phase shift method in
human face measurements (Figure 2).

The proposed methods achieved the 3-D measurement with a degree of high accuracy, 0.14 mm, for every
pixel within 0.5 seconds. Using standard-speed 30fps cameras and projectors was enough to achieve a
measurement in such a short period of time, thus using high-speed devices enables measurement within a shorter
time. Consequently, employing the accurate and dense 3-D measurements in a face recognition system has

become feasible.



Figure 2: 3-D scanner employing proposed methods (left) and 3-D measurements of human face (right).

4, Accurate 3-D Measurement Using Un-Calibrated Pattern Prejection

The assumption underlying conventional methods using pattern projection is that the projected pattern is
exactly the same as that which is designed in the theory. However, the pattern actually projected is inevitably
distorted from the designed waveform, because of nonlinear characteristics of the actual devices. This distortion
induces systematic errors in the relationship between the measured phase and the corresponding position on the
projector image, and these errors directly affect the accuracy of the 3-D measurements. To compensate for the
errors, the conventional methods require an impractically large amount of calibration data.

New methods are proposed to ensure high levels of measurement accuracy in implementations of the 3-D
measurements using pattern projection. The proposed methods make use of actual phase measurements of a
plane to obtain 3-D measurements without being affected by the systematic errors. The invariance of the
cross-ratio under perspective projections means that the cross-ratio of the depths between the calibrated/target
points is equal to that of the distances between camera image points at which the same phases are measured
when the plane is measured (Figure 3 (lefi)). To determine the points on the measurement of the plane the
proposed method uses measured phase as a label, and then the distance is calculated on the basis of the
invariance of the cross-ratio.

The proposed method achieved measurements that were 10% more accurate than conventional methods and
removed the systematic noises, which cause inaccurate shading in computer graphics rendering (Figure 3 (center
and right)). Since the measurement of the plane is already included in the conventional calibration process, no

additional cost is required for the proposed methods.
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Figure 3: Geometries of depth measurement by proposed method (leff), 3-D measurements by conventional

method (center, resulting in stripe-like noises) and proposed method (right).



5. Construction of Extensive Database for Experimental Evaluation

To obtain practical evaluations of the performances of the algorithms, an extensive database was constructed.
The database is comprised of images that were taken in a wide range of environments, as well as 3-D models,
and annotated data. Experimental evaluations in conventional studies have been insufficient because the
databases used did not have a large number of subjects and the environmental variations of the test images were
slight. Our database is far more extensive than those used in the conventional studies. The number of enrolled
subjects 1s 200, and it covers wider variations in pose from the frontal to profiles as well as wider variations in
illumination conditions, including the presence of strong shadows and backlighting (Figure 4). The additional

data was annotated to conduct a detailed analysis of the performances relating to pose errors.
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Figure 4: Seventy conditions of test images of one person. Images of 200 persons (14,000 images in total) and

3-D face models were collected to test performances of algorithms.

6. Modeling Appearance in Variable Poses and [lumination Conditions

The conventional methods employ the view-based approach to cope with variations in the pose. This
approach prepares the templates to describe illumination variations for each of a large number of pre-determined
poses. The number of templates grows in proportional to the range of pose variations, thus the data storage and
computational costs become impractically large. Moreover, as shown in our experiment, even a small difference
between the target pose and the pre-determined one severely degrades the recognition performance.

In this chapter, the 3-D appearance model is proposed to efficiently describe appearance in any pose and
illumination condition. The proposed model consists of 3-D shape data and geodesic illumination bases (GIB),
which are the templates used to describe radiances of 3-D surface facets under various illuminations (Figure 5
(left)). In Lambertian reflectance model, the radiances are constant for any view. Therefore, illumination
variations of an image in any pose can be described with GIBs. GIBs are projected onto the image in any pose on
demand, and then the projected bases are equivalent to the illumination bases used by conventional view-based
methods. The model can be used to reproduce the unknown illumination condition of a given target image.

The experimental results show that the 3-D appearance model reproduced the images under any illumination
condition in various poses with a level of accuracy of more than 99% (Figure 5 (right)). It is achieved using only
ten GIBs and 3-D data. The amount of the data is almost the same as that required by conventional methods for

only one pose, and the proposed model is quite efficient to cope with wide range of poses.
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Figure 5: Flow of construction of 3-D appearance model from 3-D measurements (left), and accuracies of image

reproduction by 3-D appearance model for images under any illumination condition in various poses (right).

7. Pose Estimation Using 3-D Appearance Model
A new method is proposed to estimate poses including a large rotation in depth, with robustness against wide

variations in the illumination condition. Although the conventional view-based methods cannot cope with such a
wide range of poses, the proposed method uses the 3-D appearance model and thus obtains templates in any
variable pose. The pose is estimated by minimizing the error between the target image and an image reproduced
by the 3-D appearance model (Figure 6 (left)). By taking a rough initial estimate, the pose is iteratively updated
so that the error is decreased by the steepest descent.

Since numeric differentiation requires repeating costly 3-D rendering and illumination reproduction, the cost
of calculating the gradients of the error with respect to the current pose is high. The proposed method offers an
efficient way: ‘Ideal optical flow’ is determined by using template matching between the sub-blocks of the image
reproduced with the current pose and the target image. The optimal pose update is determined so as to produce
the flow.

The performances of our proposed method were evaluated with test images that include variations in pose
from frontal to profiles and under wide variations of illuminations. The estimation error was less than 2.3 degrees
even when the initial error was as large as 10 degrees (Figure 6 (right)). It was also shown that the proposed

method is efficient enough to implement a real-time face tracking system.
150

= model (GIB an

i
o= 1~ F s min Ley=7 LT0nG

Average estimation error [deg]

0.0 : ‘ ' I
00 25 50 75 100 125 150

Initial error [deg]

fedead optical low

Figure 6: Flow of pose estimation by aligning 3-D appearance model to target image (left), and pose estimation
accuracies with respect to errors in initial estimates (right).



8. Evaluation of 2D-3D Face Recognition System

The performance of the proposed 2D-3D face recognition system was evaluated using the extensive
database. In the experiment, 14,000 test images (including 70 wide variations in pose and illuminations per
subject, shown in Figure 4) were matched to 200 enrolled subjects (Figure 7 (left)). The conventional standard
methods failed to identify most of the test images even those in the frontal pose. In contrast, the proposed
methods achieved a highly accurate matching rate of 93.8% for all the test images. The efficiency of the 3-D
appearance model was also verified. Although the conventional view-based methods require impractically large
amount of data to cope with the pose variations in the test images, the proposed methods successfully worked

even though they used only ten GIBs and 3-D shape data (Figure 7(right)).
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Figure 7: Outline of recognition by matching target image to database of 3-D appearance models (left), and

recognition performances for test images (shown in Figure 4) achieved by using various numbers of GIBs (right).

9. Conclusions

The proposed methods achieved face recognition with robustness against wide variations of pose and
illumination condition in which the target image is taken. The proposed 3-D measurement methods offer accurate
and dense 3-D measurements with a sufficiently short time measurement. The 3-D appearance model reproduces
appearance in any pose and illumination conditions with a compact data. The proposed pose estimation method
aligns the 3-D appearance model with the target image to reproduce the matching templates in the same
environment. The performances were verified by the experiments using the extensive database that consists of
images taken under large varations in pose and illumination conditions. The robustness against these variations
is the key to realize autonomous recognition, which is required in the new applications such as video surveillance,
presence managements, and vision of service robots. Moreover, the proposed 3-D measurement methods are
hopeful to extend the applications of 3-D models of human body to medics, clothing industries, and graphics arts,
and so on. The proposed pose estimation method is also expected to enlarge the applications of face tracking in
the areas of the human-computer interfaces. The method is prominent in great robustness against the variations of

the environments and applicability to a large range of pose variation.
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