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Abstract. One of the main problems faced by the photometric stereo
method is that several measurements are required, as this method needs
illumination from light sources from different directions. A solution to
this problem is the color photometric stereo method, which conducts
one-shot measurements by simultaneously illuminating lights of different
wavelengths. However, the classic color photometric stereo method only
allows measurements of white objects, while a surface-normal estimation
of a multicolored object using this method is theoretically impossible.
Therefore, it is necessary to convert a multi-colored object to a single-
colored object before applying the photometric stereo. In this study, we
employ the intrinsic image decomposition for conversion. Intrinsic im-
age decomposition can produce the intrinsic image which is not affected
by the reflectance. Since the intrinsic image is the image with white
object, we can obtain the surface normal by applying the conventional
photometric stereo algorithm to the intrinsic image. To demonstrate the
effectiveness of this study, a measurement device that can realize the
multispectral photometric stereo method with seven colors is employed
instead of the classic color photometric stereo method with three colors.

Keywords: photometric stereo - color photometric stereo - multispec-
tral imaging

1 Introduction

Photometric stereo method estimates the normal by the brightness of pictures
by changing the direction of the light source. Therefore, the photometric stereo
method is not suitable for modeling a moving object. To measure the shape of
a moving object, the color photometric stereo method, which employs several
colored light sources, was developed. Such method involves placing light sources
of red, green, and blue colors in three different directions, which simultaneously
illuminate the target object. Common color photometric stereos suffer from the
problem that they cannot be applied to the objects which have multiple kinds
of albedo. This paper employs the intrinsic image decomposition in order to
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overcome this problem. The intrinsic image decomposition decomposes an image
into an illumination image and an albedo image. The decomposition is based on
the Retinex theory, which explains the human perception that the strong edge
is due to the albedo difference. The illumination image is independent to the
albedo. Common color photometric stereos cannot be applied to the objects with
multiple albedos, while our method can, since our method applies the intrinsic
image decomposition beforehand.

2 Related work

The photometric stereo method [35,43] estimates the normal of the surface of
an object by illuminating the object and analyzing the resulting shadings on the
object’s surface. This method requires capturing three pictures with different
light source directions. Therefore, it is impossible to measure a dynamic object.
This problem can be resolved using the color photometric stereo method. In such
method, lights are simultaneously illuminated from red, green, and blue light
sources, and one picture photographed with an RGB color camera is captured.
Such one-shot photograph enables the measurement of a dynamic object.

The color photometric stereo method [8,44,20] (also known as shape-from-
color) was developed in the 1990s. Since then, various studies [5,13,3,10, 1, 21,
4,18,33,32,19,20,6,7,29,41, 40, 14] have been conducted in this regard. How-
ever, many problems are inherent in the color photometric stereo method. Many
researchers in the past have struggled with this method, and even till recently,
it has been an ongoing problem. The principle problem of the color photometric
stereo method is the fact that it can only be used with white objects. This is
an inevitable problem as long as lights are illuminated from three colored light
sources to estimate the surface normal.

Recently, various techniques have been proposed to apply the color pho-
tometric stereo method to multicolored objects. Roubtsova et al. [33] applied
the color photometric stereo method to objects with arbitrary BRDF (bidirec-
tional reflectance distribution function) by incorporating the Helmholtz Stereo
method. However, the principle of this method does not allow for real-time mea-
surement. Therefore, an optical flow is required to measure a dynamic object.
Kim et al. [19] and Gotardo et al. [12] also tracked dynamic objects using optical
flow, and estimated the surface shape of objects by utilizing several images taken
at different times. Fyffe et al. [10] proposed a color photometric stereo method
that employs six band cameras and three white color sources. This method pre-
measures the reflectance of various objects to prepare a database, and calculated
four bases. Using this technique, it is possible to obtain an analytic solution, as
there are six unknowns and six equations. Anderson et al. [1] estimated the ob-
ject color using the normal of multi-view stereo. Their technique incorporates
the framework of region segmentation, where the number of the regions is auto-
matically determined based on the Bayesian information criterion. Chakrabarti
et al. [4] calculated the histogram of the object color candidates, chose only
the limited number of colors that gained most votes, and evaluated the normal
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by postulating that the object is composed of these limited number of colors.
Jiao et al. [18] divided a picture into super pixel regions and estimated the nor-
mal by postulating that the object color inside each region is uniform. Miyazaki
et al. [25] formulated a cost function of multispectral photometric stereo with
several number of constraints, and obtained the surface normal by minimizing
it.

In this paper, the problem faced by the color photometric stereo method is
solved using a different approach from those used in previous studies. Most of
color photometric stereo methods used three lights with red, green, and blue
colors and observed the object with an RGB color camera. In our study, seven
lights with different wavelengths are used to illuminate the object, which is then
observed by a seven-band multispectral camera [25]. Conventional color pho-
tometric stereo suffers from multi-colored object, while our method overcomes
this problem using the intrinsic image decomposition. Miyazaki et al. [25] suffers
from the parameter tuning, since the adequate weights of each constraint of the
cost function are required. On the other hand, our method is less affected by
such problem, since the conventional photometric stereo can be applied, which
does not need any parameter tuning, after the intrinsic image decomposition is
applied.

3 Image formulation

Although the fundamental theory is given in several number of literatures [28,
30], we briefly explain the formulation of the problem. Suppose that we lit a single
parallel light source (infinite-far point light source) whose spectral distribution
is represented as delta function, the pixel brightness I. can be represented as
follows.

I.= A max(n-1.,0) . (1)

n is a normal vector and 1. is the light source direction vector of channel c.
Hereinafter, we call A, albedo. Note that the camera sensitivity and light source
brightness are included in A..

As shown in Fig. 1, this study conducts a photoshoot of a multicolored object
using seven channels. Following Eq. (1), the brightness is obtained from this
photoshoot as follows.

IO = AO max(n . 10, 0) 5
I1 :A1 max(n-h,O) 5

Iﬁ = A6 max(n . 16, 0) . (2)

The surface normal n is a 3D vector; however, the degree-of-freedom is two
because it is constrained to be a unit vector (such constraint reduces one degree-
of-freedom). Albedo A. is represented by seven parameters. There are seven
equations, as shown in Eq. (2), and nine unknown parameters (Ao, A1, ...,
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Fig. 1. Conceptual explanation of multispectral color photometric stereo. Target object
is illuminated by multiple light sources whose wavelengths are different. One image is
taken using multispectral camera.

Ag, Nz, Ny, Nz, 8.t n2 + 02 +n2 = 1, namely seven for albedo and two for
surface normal). Therefore, color photometric stereo, without any assumption
or constraint, is an ill-posed problem (Fig. 2).

The most commonly used assumption is to limit the color of the target objects
to white (Ag = A; = ... = Ag). If we set s = A.n and if we ignore the shadow,
the surface normal s (scaled with albedo) can be directly solved.

+

17 Iy
1] I

s | = ) A (3)
14 Is

As is shown above, the color photometric stereo for white objects, or in other
words, the conventional photometric stereo can directly solve the surface nor-
mal, without iterative optimization nor additional constraints such as smooth-
ness constraints. However, this paper analyzes the methods with multi-colored
objects. Therefore, we have to convert the image of multi-colored object to the
image of single-colored object.

4 Multispectral color photometric stereo method

In this section, we describe our proposed method. The subsections are ordered
in the same order as the processing step.
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Fig. 2. Ambiguity problem of color photometric stereo due to the colored light source.

4.1 Channel crosstalk

The 7-channel image captured by the system shown in Section 5.1 is contami-
nated by a so-called channel crosstalk. Therefore, we first remove the channel
crosstalk beforehand, and use the processed image for input image. We skip to
explain the process [25].

4.2 Edge of multiple albedos

The boundary of the regions where the albedo changes has large difference in
observed brightness. We detect the boundary of multiple albedos using edge
detection technique. Since we have to simply detect the brightness difference,
we should use the edge detection algorithm which simply use the brightness
difference without any additional post-processing technique. Therefore, Sobel
filter [11] is one of the best choice for our purpose.

Since a single light source is illuminated for each channel, there is a shadow
in the image. Edge cannot be detected in shadow region from a single channel
image, however, we have 7 channels with different light source direction. Voting
the Sobel edge of all channels makes the edge robust to noise. From the edge
image of each channel e;(x,y), we robustly detect the edge e(z,y) as follows.

6
edge if ei(x, >5
elay) = { e T |Ueilmy) 25 o
] otherwise

Note that an edge image is a binary image. The binary image is obtained
from thresholding the brightness calculated by Sobel filter. The threshold is
automatically calculated using Otsu method [11]. The adequate threshold might
be different for each local area of the image, thus, the threshold is calculated for
each local patch.
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4.3 Intrinsic image decomposition

Intrinsic image decomposition [9,42, 36,23, 37, 46, 22, 2| is known as an approach
which decompose a single image into illumination image and reflectance im-
age (Fig. 3). Ilumination image and reflectance image are called intrinsic im-
ages. [llumination image represents the effect of illumination, shading, reflection,
shadow, and hightlight. Reflectance image represents the albedo, namely, the re-
flectance of diffuse reflection.

Image Intrinsic image Intrinsic image
(reflectance) (illumination)

Fig. 3. Intrinsic image decomposition which decompose an image into two intrisic
images which represent reflectance and illumination.

Unlike the conventional photometric stereo, color photometric stereo is im-
possible to be applied to an object with multiple albedo (reflectance). This is
because that each light source has different color. Most of the existing techniques
apply color photometric stereo to white objects. In order to overcome this prob-
lem, we calculate the illumination image from the captured image using the
intrinsic image decompostion. Since the illumination image is independent to
albedo, the image is suitable to be used for color photometric stereo.

The basic formulation of the intrinsic image decomposition is as follows
(Fig. 4).

5 0 ife(z,y) = edge
Vilow(z,y) = {szm(x,y) oth(erwi)se ’ (5)

Here, V21,4 = 0 is called Laplace equation, and represents the smoothness con-
straint. Also, V2I,u = V21, is called Poisson equation, and represents the iden-
tity constraint which outputs the same image as input image. Eq. (5) smoothly
connects the boundary of different albedos, thus, the output image is seamless
at the edge of different albedos.

Discretization of V2T is as follows.

V21 (z,y) = i W(z,y) — [y —1) — [z — L,y) — Iz + 1,9) — I(z,y + 1)) .
(6)

Eq. (6) is formed between the interest pixel and the four-neighbor pixels,
and all five pixels should be either edge pixels or non-edge pixels. However,
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Fig. 4. Schematic example of intrinsic image decomposition based on Poisson image
editing.

some pixels have both edge pixels and non-edge pixels in four-neighbor pixels.
Suppose that the pixel in interest is p, and one of the neighboring pixel is q.
Equation shown below is the same as Eq. (6), and is obtained from the average
of I, — I, for four-neighbor pixels, ¢1, g2, g3, and g4.

1
V3, =

= Mo mg g e~ T~ T = Iy = L) o

The formulation should be adequately adjusted depending on the relationship
between neighboring pixels. For example, if the pixel (z,y) is the non-edge pixel
and the pixels (x 4+ 1,y) and (z,y — 1) are the edge pixels, the formulation will
be as follows (Fig. 5).

Iouws(2,y) — low(z,y —1) =0

Tou(7,y) — Iows(® — 1,y) = Lin(2,y) — Lin(z — 1,y)
Touws(z,y) = Iows(z +1,) =0

Louws(7,y) — Iout(z,y + 1) = Lin(z,y) — Lin(2,y + 1).

Putting the above formulae all together results in the following.

(4Iout(xay) - Iout(za y— 1) - Iout(x - 17.1/) - Iout(x +1, y) - Iout(zay + 1))

-

= i (2Ln(x,y) — Iin(z — 1,y) — Lin(z,y + 1)) . (8)
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As is done in above example, we formulate adequately for each pixel depending
on the relationship between neighboring pixels.

>

lin(6,y) T Ln(x — lvy)T

Lin O, y) = Lin(x,y + 1)

Fig. 5. Example of the equation holding at the boundary between edge region and
non-edge region.

If we concatenate the formula for all pixels, we have a linear system shown
below.

1 fd e —1ja1 =14 =1 | 1wy | = e | o)

where i(z,y) depends on the condition of each pixel.

The structure of Eq. (9) is the same as Ax = b, and thus, we can obtain
the closed-form solution x = A~!b from the inverse of the matrix using sparse
matrix library. We used Eigen library for sparse matrix library, and used LU
decomposition for calculating the inverse of a matrix.

Our formulation use the natural boundary condition (Neumann condition)
for the boundary condition of Poisson equation. The constraint condition is
formulated for relative values between neighboring pixels. Therefore, the solution
obtained has an ambigutiy with a certain constant offset. We solve the ambigutiy
by calculating the offset value such that the output brightness will be as close
as possible to the input brightness.

offset = median {U (Iin(x, ) — Iows(, y))} . (10)
In order to avoid the influcence of outlier, we calculated the offset using median
of the difference between the input brightness I, and the output brightness Ioy.
After that, the obtained constant value is added to all pixels.

fout (1'7 y) = ~out(x, y) + offset . (11)
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4.4 Photometric linearization

The illumination image obtained in Section 4.3 has no albedo, and has solely the
reflections. Conventional photometric stereo drastically degrades the estimation
precision of surface normal if there is shadow and specular reflection in the image.
The illumination image obtained by intrinsic image decomposition also includes
shadow and specular reflection. An approach called photometric linearization [27,
39, 34,45,16, 26,24, 38] can remove the specular reflection. We skip to explain
the detailed algorithm of photometric linearization.

4.5 Surface normal estimation

Since the albedo is canceled (Section 4.3), the severe problem of color photo-
metric stereo, that it cannot be applied to multi-albedo objects, has been extin-
guished. Same as the most of the existing color photometric stereos which treat
with white objects solely, we now have the intrinsic image of multi-colored object
which looks like a single-colored object. As a result, the conventional photometric
stereo can produce a closed-form solution of surface normal (Eq. (3)).

4.6 Calculating height from surface normal

Surface normal is a differentiation of a shape. Such partial differentiation equa-
tion can be represented by Poisson equation. Integrating the Poisson equation,
we obtain the height from the surface normal. We skip to explain the detail [15,
17,31].

5 Experiment

5.1 Experimental setup

The camera used for this experiment is an FD-1665 3CCD multi-spectral camera
by FluxData, Inc., USA, as shown in Fig. 6. Figure 7 shows the spectral sensi-
tivity of the camera. The light source directions were determined prior to the
experiment by photographing a mirrored ball. The locations of the light sources
and the camera were then left unchanged. The experiment was conducted in a
darkroom. Fig. 8 shows the experimental environment.

5.2 Experimental result

First, we applied our method to simulationally-generated sphere. Input image is
a single image with 7 channels, though we instead show 7 monochromatic images
in Fig. 9 (a). The sphere is consisted of several colored materials, and each light
has different colors. Therefore, each material appears in different brightness for
each channel, which is the fundamental problem of color photometric stereo.
Using the edge image (Fig. 9 (b)), intrinsic image can be calculated, which has
no albedo difference (Fig. 9 (c)). As a result, we can obtain the surface normal
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Fig. 6. Multispectral camera “FluxData FD-1665 (USA).”

Light#6 Light#5 Light#4 Light#3 Light#2 Light#1 Light #0

[onyea aanea1]
Ananisuas [enoodg

Wavelength [nm]

Fig. 7. Spectral sensitivity of multispectral camera and peak wavelength of each light

sources.
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Fig. 8. Experimental setup with 7 light sources with different wavelengths and a single
7-band multispectral camera.
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(Fig. 9 (d)) easily using the basic algorithm of photometric stereo. Surface normal
in Fig. 9 (d) is represented in pseudo-color, where z, y, and z components are
converted to red, green, and blue. Fig. 9 (e) shows the integrated height.

(a)InPUt - .n...a.
(b) K

Edge
image

(c) Intrinsic image D n n “ u u E

e

(d) Surface normal (e) Shape

Fig. 9. The result of simulationally-generated sphere: (a) Input image, (b) edge image,
(c) intrinsic image, (d) surface normal, and (e) shape.

The error of this result (Fig. 9) is shown in Fig. 10. Since this is a simulationally-
generated data, we know the ground truth, and we can evaluate the estimation
error. The error is represented as the angle between the surface normal of the
ground truth and the surface normal of the proposed method. Fig. 10 (a) shows
the error of conventional photometric stereo, which can only estimate white
objects, and Fig. 10 (b) shows the proposed method, which can be applied to
multi-colored object. The average error of the conventional color phtometric
stereo was 0.0638 [rad], while that of our method was 0.0501 [rad]. This proves
that our approach is adequate for color photometric stereo problem.

Next, we applied our method to real objects. First of all, a spherical object
(Fig. 11 (a)) is measured. Afther the edge detection (Fig. 11 (b)), intrinsic im-
age is calculated (Fig. 11 (c)). The estimated shape is shown in Fig. 11 (e).
The estimated surface normal (Fig. 11 (d) and Fig. 12 (c)) is closer to the true
surface normal (Fig. 12 (a)) than to the surface normal calculated by conven-
tional photometric stereo (Fig. 12 (b)). The result shows that the conventional
color photometric stereo suffers from the albedo difference while our method
successfully connects the difference of albedo thanks to the intrinsic image de-
composition.

The bird object shown in Fig. 13 (a) only has diffuse reflection, while the doll
object shown in Fig. 14 (a) has strong specular reflection. The edge image, the
intrinsic image, the surface normal, and the shape are shown in Fig. 13 (b) and
Fig. 14 (b), Fig. 13 (c) and Fig. 14 (c), Fig. 13 (d) and Fig. 14 (d), and Fig. 13
(e) and Fig. 14 (e), respectively. The shape in most part is successfully esti-
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.1.57

Error
[rad]

i

(a) Photometric stereo (b) Our method

Fig. 10. Error of the sphere result: (a) The error of conventional color photometric
stereo, and (b) the error of proposed method.

v v v v v v v

(a) Input image

image “

Edge

c) Intrinsic image

(d) Surface normal (e) Shape

Fig. 11. The result of real sphere: (a) Input image, (b) edge image, (¢) intrinsic image,
(d) surface normal, and (e) shape.

(a) Ground truth  (b) Photometric stereo  (c) Our method

Fig. 12. The surface normal result of real sphere: (a) Ground truth, (b) conventional
color photometric stereo, and (c) proposed method.
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mated, which empirically proves the usefulness of our method. However, some
part which has strong specular reflection resulted in erroneous shape. Photo-
metric linearization (Section 4.4) usually requires tens of hundreds of images,
while our method has only 7 images. Assembling a hardware with more than 7
colored lights and with multispectral camera with more than 7 channels will be
the future work of our hardware appratus.

v v ' v v v v
g |'ﬁ
Ak AR

(a) Input image

(b)
Edge
image

>

(c) Intrinsic image

(d) Surface normal (e) Shape

Fig. 13. The result of paper-made object: (a) Input image, (b) edge image, (c) intrinsic
image, (d) surface normal, and (e) shape.

6 Conclusion

In this study, surface normal estimation of multicolored objects was conducted
by the multi-spectral color photometric stereo method using intrinsic image de-
composition. Note that the conventional color photometric stereo method is an
ill-posed problem for multicolored objects. Intrinsic image decomposition solved
this problem. We employed the measurement hardware that illuminates the ob-
ject with seven different spectra and captured the image by a seven-band mul-
tispectral camera.

The disadvantage of our method is that the algorithm is divided in several
steps. The error of the previous step affects the succeeding processes. The future
work will be to construct a unified framework which is not consisted of multiple
processes.
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