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Abstract: In this paper, we propose a new linear photometric sterebaddtom images taken under close light sources.
When an images are taken under close light source, we camotiionly surface normal but also shape
from the images. However, relationship between observiemhgity and object shape is not linear, and then,
we have to use non-linear optimization to estimate objeapeh In order to estimate object shape by just
linear estimation, we focus not only direct observed intérss but also differentials of the intensities in this
paper. By using the set of observed intensity and its difféaés, we can represent relationship between object
shape and intensities linearly. By this linear repres@matinear estimation of object shape achieved even
if obtained images are taken under close light sources. rifRpatal results show our proposed method can
reconstruct object shape by only linear estimation effityeand accurately.

1 INTRODUCTION kind of reflection cannot be observed from most of the
viewpoints.

Object shape reconstruction from camera images is  On the other hand, set up of light source by sec-
one of the most important problem in field of com- ond assumption includes serious problem. If light
puter vision. Especially, shape reconstruction taken source is placed at not infinite point but close to the
under different lighting environment, so called pho- object, light source direction of each point on the sur-
tometric stereo(Woodham, 1980), is useful for apply- face changes drastically. In this case, surface normal
ing to research on Computer Graphics (CG) and Vir- cannot be estimated correctly. Therefore, we have to
tual Reality (VR) since the method can directly recon- maintain large space to utilize photometric stereo. In
struct surface normal which is important for rendering order to avoid this problem, several methods which
image. Therefore, this kind of methods are widely use a close point light source are proposed(lwahori,
studied and practically used(Chen et al., 2011; Bros- 1990; Kim and Burger, 1991; Okabe and Sato, 2006;
tow et al., 2011) recently. Hayakawa, 1994). In these methods, distance be-
In the traditional photometric stereo method, there tween the point light source and the target object is
are two strong assumptions. The first assumption is near, and then, it is not necessary to prepare a large
related to reflection and it assumed that reflection on space. Furthermore, these methods can obtain addi-
the object surface can be described by Lambert (dif- tional information which is lost in images taken under
fuse) reflection model. The second assumption is an infinite point light source. Thatis, these images in-
for light sources and it assumed that a light source clude not only surface normal information, but also
is placed on infinite point in the scene. In order to object shape information. Therefore, object shape
relax these assumptions, many kinds of methods arecan be reconstructed directly by the methods. How-
proposed. However, effect of first assumption relax- €ver, since relationship between observed intensities
ation is limited since most of the object surface can and object shape is non-linear, these methods require
be approximately represented by Lambert model. Of non-linear optimization which requires large compu-
course although specular reflection such as hi-light tational cost.
cannot be represented by this model, effect of them  In order to avoid this problem, linear shape esti-
is in limited case. For example, specular reflection by mation methods are proposed(Fujita et al., 2009; Kato
Phong model can be observed only when a viewpoint et al., 2010). Although these methods can reconstruct
is on specular direction of a light source. That is, this object shape and surface normal by only linear esti-
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. s . . . Figure 2: Relationship among a light source posit®8D
Figure 1: Video display device as a set of light sources. By it » o an object surface and surface normal
using the display, position of light source can be conttblle

easily and quickly.

. _ ]
mation, they used approximated intensity model, and ‘W’
then, accuracy of these methods are not better. There- R R

fore, more accurate linear representation is required

for effective object shape estimation. In this paper,

we propose a new linear shape reconstruction method \ )

using images taken under close light source without \ /

any approximation. For this objective, we focus not S

only observed images, but also differentials of the ob- ) i

. L (b) Ordinary light source

served Im.age_s. In addition, we propose a CompactFigure 3: Light source characteristics: a light source (a)

shape estlmatlon system ba_sed on the proposed .Shapgmit light rays to all direction constantly. Power of light

reconstruction method. In this system, we use a video r5ys from a light source (b) changes by directions of light

display as a set of light sources as shown in Fig.1. By rays.

using the display, position of light source can be con-

trolled easily and quickly. In order to use the system of s. This is traditional surface normal estimation by

we need to describe intensity model including light- a photometric stereo method(Woodham, 1980).

ing characteristic of the display since this character-

istics depends on products. By using our proposed2.2 Under Close Light Source

method and this system, we measure the object shape

efficiently and accurately. We next consider the case when a light source is close
to the object surface. In this case, light source direc-
tion sis different from each other on the surface point

2 INTENSITY OBSERVATION X as shown in Fig.2. In addition, we need to con-
sider light source characteristics since power of light

MODEL , PR =

ray from the light source changes by direction in or-
dinary case as shown in Fig.3. Especially, we use a

2.1 Lambert Model video display device as a light source, and then, we
need to consider this characteristics carefully. There-

We first describe intensity observation model on sur- fore, intensity observation model cannot be simply

face of objects. We, in this paper, assume that re- described like Eq.(2). In this paper, we define the in-

flectance property of the surface can be described bytensity model as follows:

Lambert model. Les andn denote light source di-

(a) Ideal light source

rection and surface normal direction, respectively. In e = E ( S—X ) o 1 n"(S-X)
this case, the observed intensitgan be represented IIS=X]|| /" |IS—X]]2 ||S—X]
as follows: nT(S—X)

| = maxEpn"s0 ® = PP X

wherekE is power of the light source arglis albedo of ) - ) )
the surface. When there is no shadow on the surface WhereSis a position of the light source andis a 3D

the Eq.(1) can be rewritten as follows: poi.nt.on the_surface. A functio_'ﬁ represents charac-
. teristics of light. Output of this function is changed
| =Epn's. (2) by light ray directiond = (S—X)/||S— X||. To sim-

The equation indicates that the normal directioran  Plify description, the function&((S —X)/|IS—X]})
be linearly estimated from a set of intensity and a set is Written by Z°.
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In this equation, a denominator of first component, our system, a video display device is used as a set of
i.e. ||S—X][?, indicates attenuation of the light by light sources, and then, the light source can be moved
distance. Although the attenuation can be ignored in flexibly and quickly. Therefore, we can measure dif-
Eq.(2) because distance from a light source is suffi- ferentials of intensity quickly.
ciently far, we need to consider the effect of atten- Note that we cannot measure differential of inten-
uation in our model. In addition, light source char- sity wrt's; in our system since a light sources can be
acteristicE? should be considered by the same rea- moved only on the display plane.
son. Considering of these components, this intensity
model become non-linear, and then, non-linear opti- 3.2 Linear Representation of I ntensity
mization must be used to estimate surface normal and and Differentials
object shape from a set of intensities.

Let us consider differentials of intensities with re-
spect to light source positions theoretically. We first

3 LINEAR SURFACE consider the case when light ray characteristics are
ESTIMATION USING constant, that is£(d) = E. Under this assumption,
INTENSITY DIFFERENTIALS Eq.(3) can be simply rewritten as follows:

| :EpnT(S—X) ®)

3.1 Intensity Differential based on IS—X|®

Observation Differentiating of Eq.(6), differential andl, respect
to s, ands, can be described as follows:

In order to deal with close lighting images more eas-
ghting Imag nel|S— X2 3nT(S— X)(s¢—X)

ily, we focus on not only direct observed intensity by Ik = Ep (7)
K . . g 5

Eq.(3), but also differentials of the observed intensi- 1S—X]|

ties. ny||S—X[|2—3nT(S—X)(s,—Y)
One of the main factor of non-linearity in Eq.(3) ly = Ep~ IS—XI[° > Y (8)

is normalization of lighting directio(S— X) by ||S— N _

X||. In order to avoid this explicit normalization, in-  In addition, we rewritten Eq.(6) as follows:

tensity approximation(Fujita et al., 2009) model is nT(S—X)[|S—X|[]?

proposed. Although this model achieves simplifying | =Ep (9)

of the equations, accuracy of the method is not high 1S=X|I°
because of the approximation. In this paper, we do In these equations, denominators of all equation are
not use any approximation for describing the intensi- the same. Therefore, these equation can be rewritten
ties. For this objective, we focus on differentials of by using homogeneous representation as follows:

intensities with respect to light source positions. By

using the differentials, we can simplify description of Ix (IS —X| ‘; - 3”1(5* X)(Sc—X)

intensity without any approximation. Moy | = nyf[S=X[|*=3n"(S=X)(sy—Y)
Before explanation of our proposed model, we ' n’(S—X)||S—X|?

briefly mention measurement of intensity differentials ] ) ] 5

in our system. Let(Sy) andl (S +AS) denote inten- N this equation, denominatoli$— X||°, light source

sities taken under a light source arrange®aand energyE and reflectancp are eliminated since homo-

Sy +Ax(= [Ax,0,0]7). Differentials of the intensity ~ 9€Neous representation allows scale ambiguity. These
can be described by difference of them, and then, ap-components are included in all equations, and then,
proximated differential,(S) can be computed as fol- they are written by jusk. By this simplification, com-

lows: plicated componentS— X||° can be ignored in this
I(S+Ax)—1(S model.
R e @
As same as this manndiy(S) can be computed as 3.3 Linear Intensity Representation by
follows: Light Projection Matrix
1(S) ~ [(S+A4y)—1(S) 5)
Y Ay We next expand these equations for linear intensity

In fact, these equation indicates that we need to obtainrepresentation. In this expansion, we use constraint
more number of images for estimating differentials. with s, for simplifying the equations. In the previous
However, it is not serious problem in our system. In section, we mentioned that a set of light sources are
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on a display plane. The fact indicates tlsatan be

When); is not 0, the\j can be eliminated by dividing

constant in the intensity representation. In this paper, by itself. Therefore, we can obtain linear constraint

we define that, = 0 and we expand intensity repre-
sentation by using this definition.

We expand Eq.(10) and separate it into two matri-
ces. A first matrix is a & 8 matrixP based on object
shapeX and surface normal. This matrixP is de-
scribed as follows:

0 0 —2ny Ny
P = 0 O Ny —2ny

n Ny —(nTX+2ny)  —(nTX+2ny)
—3ny 3nTX — nyx
—3ny —2ny X+ 3nyy

—2(nyx+nyy)  mXTX+2xnTX

3nyx — 3nky X TX —3xnn T X

3n"X +nyy X TX —3ynTX

nyX X +2yn "X nTXXTX (11)

The next component is an 8-dimensional vedtor
based on light source positiddand it is described
as follows:

L=[$+sS S+s £ § 58 s 5 1]

(12)
By usingP andL, set of intensity[l,Ix,Iy] " can be
represented linearly as follows:

I
A Ik

ly

| =PL (13)

from N images as follows:
LlT[l l]x

PT=0 (16)

Ly [In]
By solving this equations, the light projection matrix
P can be estimated. This solution can be provided by
ordinary least means square method since they are just
linear equations. That is, linear estimation of object
shape is achieved without any approximation.

4 INTENSITY REPRESENTATION
WITH LIGHT SOURCE
CHARACTERISTICS

4.1 Intensity Differential with

Characteristic

In this section, we consider linear intensity represen-
tation with light source characteristics. In this case,
light source energ¥ in all equations are replaced
to light source characteristic®. The characteris-
tic function £¢ depends o8, and then/E¢ changes
by changing ofS. Therefore, we need to reflect this
effect to differentials of intensities.

In fact, this reflection is not so difficult sincg?
is just multiplier. By using observed intensityand

By using this representation, we can describe changespower of lightE in Eq.(6), observed intensitywhich

of intensity depends on position of a light source lin-
early. In this papeiR? andL are called light projection
matrix and light information vector respectively.

3.4 Linear Shape Estimation

We next consider linear estimation of object shape. In

fact, light projection matrices include object shape
and surface normai directly, and then, the compo-

nents can be computed easily when the light projec-
tion matrix can be estimated. Therefore, we explain

estimation method of the matrix
Let L; andl; denote a light information vector
and observed intensities undeh (i=1,--- /N) light

includes characteristicg? can be described as fol-
lows:
n"(S=X)IS=X|* _ 4!
- = £
R £
As same as this manner, differentiglaindl; can be
described byy andly as follows:

| |
dix  gpdl
FETHEE
| |
dly d
Yypgd_ 1
2+ BT (19)

where £¢ and Z{ are differentials of light source
characteristic with respect & ands, respectively.
Therefore, observed set of intensitlésncluding £¢

17

—
Iy =

(18)

[
ly =

source position. In this case, Eq. (13) can be rewritten ¢@n be described as follows:

as follows:
Aili = PL; (14)

where; is a scale ambiguity. For eliminating this

ambiguity, we transform the equation by using skew

symmetric matriXl] as follows:

[1i].1i = Mi[li]«PLi = 0 (15)

626

Zd od z: Ix ;
!/

whereE includes light source characteristics and its
differentials. By using this equations, images taken
under close light source can be described linearly
even if light source characteristic is not constant.
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4.2 Shape Estimation with
Characteristic

We next consider shape reconstruction by Eq.(20). At
glance, light projection matriR can be estimated by
the same way to Eq.(16) which does not inclugle
However, we cannot _Ut'l'ze this meth(_)d because Figure 4: Display characteristics measurement: lights®ur
depends on not only light source positiSnbut also  on the display moved, and changes of intensities on the cube
reconstructed shapé Therefore, we use iterative €s- were measured.

timation method for estimating a projection matix

In this iterative method, we first provide initial
light source directiond = [0,0,1]" for each point.
From the initial directionEg can be computed di-
rectly. WhenEg is obtained from it, we can estimate
P linearly under the characteristics as follows:

L{ [Egtalx

POT -0 (21) (a) measured i ured image (b) synt (b) synthesnzed image

LmEallN]x

From this equation, object shapg based orPg can
be estimated, and then, a directidfican be updated
to d; as follows:

_S—Xo_ (22) (c) measured
| |S - XO| | characteristics

From this updated directiofg can be also updated to Figure 5: Three images for measuring light source char-

A , P . acteristic: (a) is measured image, (b) is synthesized image
Es. Lheref.ore' adproJ?CItllon rTlatrl% fori=thiiteration taken under ideas light source and (c) is estimated E from
can be estimated as follows: (a) and (b)

L1 [E M)«

d; =

: Pl =0
Tre1 5 EXPERIMENTAL RESULTS
L [Ei N

We finally obtain appropriate shapé and surface 51 Measurement of Light Source
normaln based on matrif. Characteristics

Note that, we can obtain not only surface normal
n, but also object shap¢ from the estimated projec-
tion matrix P. However, accuracy of estimatedis
not better since effect of surface nornmalk stronger
than effect oiX in observed intensities. Therefore, we
have to combine these two estimated result for more
accurate estimation. In this combining, surface nor-
mal n is integrated to object shape around estimate
shapeX. By using direct shape estimation resxiltin
this integration, we can reconstruct object shape even
if the object includes discontinuous surface. By us-
ing both two components, our method can reconstruct
object shape accurately and stably.

Let us show some experimental result by our pro-
posed method. We first show measurement result of
display (light source) characteristics for validating our
proposed intensity model by Eq.(3). In this measure-
ment, we set up a display device and a plaster cube
d which had Lambert surface as shown in Fig.4. A light
source on the display was moved and images were
taken under each light source position. An example of
taken image is shown in Fig.5(a). For estimatifg)
distance between the display and the light source was
measured directly, and an image taken under ideal
(constant) light source characteristics was synthesized
as shown in Fig.5(b) by Eq.(6). From these images,
light source characteristics® of each pixel was es-
timated as shown in Fig.5(c). By integration of esti-
matedZ¢ taken under different light source position,
the whole characteristi€® is estimated. The esti-
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(a) Light source characteristic

:‘ ‘ m i‘
)| |-

(b) Differential Zx (c) Differential Zy (i) object (ii) surface normal (i) object shape

(i) object (i) surface normal (i) object shape
(a) Torus

)

)

Figure 6: Measured light source characteristics:(a) shows (b) Two balls

direct characteristi€ and (b),(c) show differential&x and Figure 7: Target objects: (a) Torus and (b) two balls.
Ey respectively.

mated result is shown in Fig.6(a) and differentigls

andZ, is also shown in Fig6(b) and (c). In these fig- '

ures, a direction vectad is parallel projected onto |

xy-plane, i.e.E([dx,dy,d;] ") is represented at a point

(dx,dy). These results indicate that characteristics of

the provided display is not constant obviously. That

fact indicates Eq.(9) is not sufficient to represent ob- (a) Torus

served intensities taken under the display. Therefore,
we need to utilize Eq.(3) to represent intensities and
estimate object shape accurately.

5.2 Environment

We next show shape reconstruction result by using (b) Two balls

our proposed method. We describe experimental en- Figure 8: Examples of synthesized images.
vironment at first. In this experiment, we constructed

experimental environment in computers and synthe- 5.3 Results

sized images in this simulation environment. Figure7

shows target objects for shape reconstruction. TheReconstructed results of a torus are shown in Fig.9.
target (b) includes discontinuous surface which can- | this figure, reconstructed surface normal and re-
not be_diﬁergntiated. These_objects are iIIuminatgd constructed shape are compared to a result by an tra-
by a display in the scene. Light source characteris- gitional photometric stereo method. These figure in-
tics measured ib.1 was utilized for characteristics  gjcates that although surface normal can be estimated
of this display. By using the display illumination, in-  py our proposed method, it cannot be reconstructed by
putimages were synthesized under 100 differentlight the traditional method because the method cannot rep-
source positions. Several examples of the images areresent changes of light source direction, light source
shown in Fig.8. From these images, differentials of characteristics, and intensity attenuation by distance
intensity were computed and object shape was recon-gccurately. In shape reconstruction result, although
structed by our proposed method. For comparison, girect estimation result shown in Fig.9(v) is not so ac-
object shape was also reconstruct_ed by an traditionalgyrate, the accuracy can be improved drastically by
photometric stereo method. In this method, surface combining surface normal estimation result and ob-
normal were reconstructed under infinite light source ject shape reconstruction result as shown in Fig.9(vi).
assumption and shape was estimated by integration o#This is because the accuracy of surface normal es-
the surface normal. timation is higher than object shape estimation. On
the other hand, reconstructed shape by the traditional
method is not accurate since surface normal cannot be
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These results indicate that our method can reconstruct
object shape and surface normal accurately. That is,
our linear intensity representation based on intensity
differentials is effective for shape estimation from im-
ages taken under close light sources.

(i) ground truth of (i) surface normal (iii) surface normal
surface normal by proposed by traditional

method method 6 CONCLUSIONS

In this paper, we propose a new linear photometric
stereo method based on differentials of image inten-
sities. In this method, not only direct observed in-
tensity, but also differentials of intensities are used

(iv) ground (v) direct  (vi) estimated (vii) estimated
truth of object estimated shape fromX shape by

shape shapeby  andn by traditional for linear representation of the intensities. By using
proposed  proposed method the linear intensity representation, object shape can
method. method be also linearly estimated. In addition, not only sur-

Figure 9: Reconstructed result of torus: (i), (i) and (i) fac€ normal of the object, but also object shape can
show (i) ground truth of surface normal, (iijestimated re- b€ estimated directly. Furthermore, accurate object
sult by our proposed method and (iii)estimated result by shape can be reconstructed by combining estimated
traditional method. (ivy-(vii) show (iv)ground truth of shape and surface normal even if the target shape in-
object shape, (v)direct estimated shape frénby our cludes discontinuous surface. As a result, we achieve
method, (vi) final reconstructed shape usmgnd X and quick and compact 3D measurement system by us-
(vii)reconstructed shape by traditional method. ing a video display as a set of light sources. In our
proposed 3D measurement system, special devices for
3D measurement are not required and we need to pre-
' ) J pare only an ordinary display and a camera.

» ¥

(i) ground truth of (i) surface normal  (iii) surface

surface normal by proposed normal b% Brostow, G., Hernandez, C., Vogiatzis, G., Stenger, B., and
method traditiona Cipolla, R. (2011). Video normals from colored lights.
e Trans. PAMI, 33(10):2104-2114.
' e s Chen, C., Vauero, D., and Turk, M. (2011). lllumination de-
multiplexing from a single image. IRAroc. ICCV2011,
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