


gration of normal vectors inside finite intervals, and
(4) blending of curved segments.
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Figure 3: A face is illuminated by S3

2.1 Computation of Normal Vectors

The normal vectors at the points on the face are
computed by the photometric stereo method.

In the conventional photometric stereo method,
three light sources are used. To measure the vec-
tors rapidly, only two light sources S1 and S2 are
used and they are switched at high speed (Figures
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1, 2). Two images of the face, one illuminated by
each light source, are obtained using a video cam-
era. From the two images, one of the components
of each normal vector on the face is determined by
solving Lambertian reflectance map. This method
can provide a high density of information about the
facial shape in a short time.

First, the normal vector N(z,y) at the point
(x,y,z) on the face is described as

N(z,y) = (Ne(2.y), Ny(2,9),1). (1)

Two vectors S1 and Sg which point in the di-
rection from (x,y,z) to the light sources S; and S
respectively are described as

SI Z(O,Slv,l),52=(0,52v,l). (2]

Assuming Lambertian reflectance map, the fol-
lowing two equations are given:

S1.Ny +1
Ls, = Is,R T ; (3)
\/S$_+l\/N§+N§+1
S; N, + 1
Ls,=Ta B e s (4)

1/3§v+1‘/N3+N3+1'

where Ig, is the intensity of incident illumination
from Sy, Ls, is the intensity of radiance by Si (k
= 1,2), and R is the reflectance factor. The inten-
sity Lg, is obtained from the pixel values of the two
images taken by the video camera.

From these equations, Ny(z,y) is derived as fol-
lows:

l -«
Ny(2,y) = ———— 5
o) = 5 (5)
where
Ls,Is, /57, +1
o=
Ls,Is, sgv +1

2.2 Depth Measurement by Projecting
Stripes

To obtain the boundary condition of integra-
tion, the proposed method uses the light projection
method; i.e., multiple light stripes are projected onto
the face using the slit pattern projector (the light
source S3 and the slit (Figure 3)) [9, 10]. The algo-
rithm for the measurement is as follows:

1. Multiple light stripes are projected onto the face
from a direction.

2. An image is taken by a video camera from an-
other direction.

3. Bright regions are extracted from the image by
thresholding.

4. The 3D coordinate values of the points on the
extracted bright regions are computed by the
stereo vision algorithm.



Let P; = (z,%:,2) (i = 1,2,3,-+-) be the points
contained in the intersection of the face and the light
plane L;, where L; is defined as the plane contain-
ing the j-th slit and the light source. The coordinate
values (z;,¥i, zi) of P; is computed from the follow-
ing equations :

(Ij,ul'ou IJ'.) E (mis yi;li) = _dj1 (6)
. — z-—? . T 7
& = (7)
y?
f — ER Ziy 8
Y 7 (8)

where f is the focal length of the camera, (f,y!) is
the coordinates of the intersection point of the im-
age plane and the line passing through both the lens
center and P, and (I;,,1.0,1;,) - (z,9,2) = —d; is
the equation of the plane L;.

2.3 Integration of Normal Vectors in-
side Finite Intervals

The surface normals N(z,y) computed by the
photometric stereo method are integrated in each
local domain D; to reconstruct the 3D curved seg-
ment. The domain D; is a 2D finite interval centered
at a point (z;,y;) on the xy-plane where the coor-
dinate values (z;,y;,z;) of P; is computed by the
projecting stripes on the face. The interval is paral-
lel to the y-axis and the length of the interval is L;.
To compute z coordinates at the point (z;,y) in the
domain D;, that is Z;(x;,y), the following equation
is used:

Zi(z,y) =
Zi(=i, yi) — f: Ny(z:, Y)dY  (z

— zi)v
(9)
0 (z # zi).

2.4 Blending of Curved Segments

The integration domains are overlapped in sev-
eral regions. Computed curved segments in the over-
lapped regions of the domains are blended using in-
finitely differentiable functions.

In each domain D;, the blending function h; is
given as follows [11]:

hi(z,y) = { 4 (L—_Eﬂ—[)

(ly = yi| < Li and = = z;)

0 (otherwise) ;
where
0 (t<0)
a(t) =< sore—n  (0<t<1)
1 (1<t)
and
w-{ 4 L5
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Figure 4 shows the shape of the function h;(z,y).
Clearly, the function h;(z,y) is infinitely differen-
tiable. Now, the surface Z(z,y) is computed as fol-
lows:

> hi(z,y) - Zi(z,y)
Het) =~

(10)

where Z;(z,y) is the z coordinates of the curved seg-
ment at (&,y) computed in the domain D; (Figure
5).

The error of the surface Z(z,y) is smaller than
the maximum of the errors of the curved segments
Zi(z,y) (1 =1,2,3,---). This property is proved as
follows:

2 hi(z,y) Zi(z,y)

]Z(%y)—zt(z'yﬂ = Zhi(-’f,y) —Z:(I,y)
= hi(z,y)|Zi(2,y) — Zi(=,y)|
B Ehi(‘r!!y)

2 hi(z,y) max|Z(z,y) = Zi(2,y)|

IA

2 hi(z,y)
m‘_ax|Z.-(z,y] — Zy(z,9)|,

where Z,(z,y) is the true z value at (z,y) of the
facial shape.
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3 Experiments shapes in 10 scenes per second can be measured.
Even if the human face moves and deforms, the de-

Figure 6 shows three images of a subject illumi- tailed 3D facial shapes at a particular instant can be
nated by the light sources S1, 52, and S3 (slit pattern measured accurately. The 3D deformations of the
projector). The three light sources are switched in facial shapes are obtained from the time-sequence
turn at the rate of 10 times per second. The gray of the measured 3D facial shapes. The proposed
scale images of the subject are taken 10 frames per method can be applied to the analysis of the subtle
second using the video camera. Therefore, 3D facial changes in the human facial expressions.
shapes in 10 scenes per second can be measured.

The size of these images is 640 x 480 pixels. Fig- 5 Acknowledgements
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