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Abstract [2, 3] for a few example. Since, there have been success-
ful attempts to recover a more general illumination descrip-
We present a novel approach for estimating lighting tion [4]. Marschner and Greenberg [5] propose a method for
sources from a single image of a scene that is illuminated byestimating directions and radiant intensities of a few light
near point light sources, directional light sources and ambi- sources in a scene by a least-squares method for surface in-
ent light. We propose to employ a pair of reference spherestensity functions. In [6], Yang and Yuille also solve for a
as light probes and introduce theflirence sphere that we small number of light sources by exploiting the constraints
acquire by djferencing the intensities of two image regions by occluding boundary. As an extension, Zhang and Yang
of the reference spheres. Since tjfee by directional light ~ [7] introduce a technique for estimating directions and ra-
sources and ambient light is eliminated byfeliencing, the  diant intensities of multiple light sources. While they ana-
key advantage of considering thefdience sphere is that lyze a single image of a reference sphere with known shape
it enables us to estimate near point light sources including and Lambertian reflectance model, Zhou and Kambhamettu
their radiance, which has beenffitult to achieve in previ-  [8] extract these properties using stereo images of a refer-
ous gforts where only distant directional light sources were ence sphere with specular reflection. They estimate the di-
assumed. We also show that analysis of gray level contourgections by the positions of highlights and radiant intensities
on spherical surfaces facilitates separate identification of from shading. Also, Maki [9] utilizes multiple images of an
multiple combined light sources and is well suited to the dif- object that is in motion for estimating the illuminant direc-
ference sphere. Once we estimate point light sources withtion by observing the brightness variance derived on the ob-
the djference sphere, we update the input image by elim- ject surface. However, none of these approaches have made
inating their influence and then estimate other remaining account for near point light sources that have varyifigat
light sources, that is, directional light sources and ambient depending on the distance. Thus, regarding indoor scenes,
light. We demonstrate thgfectiveness of the entire algo- further accurate characterization of lighting is desired.

rithm with experimental results. Recently, Debevec [10] uses a specular sphere as a light

probe for measuring the incident illumination. Despite the
accuracy of the estimated irradiance, such a sphere might
have strong inter-reflections with other objects especially if
they are close, which brings into question its validity in es-
Acquiring the knowledge of light sources is crucial in .timating near light sources. '.A‘IS.O’ Sato e.t al. [11] explig—
itly measure the 3D lighting distribution using stereo omni-

computer vision as well as in computer graphics especiallyd, tional that tured with a fish | d
with the recent advent of image based rendering techniques, Irectionalimages that are captured with a ish-€ye 'ens, an

Once the parameters of light sources are obtained, the iIIuJ_uOlge _the pqsitions of ”th sources by matching_the high-
mination information can befiectively utilized for manipu- lights in the images. While this complete system is capable

lating shadows, highlights, or shading on eitual object of rep.resenting theffe_cts of poipt light sources, the irradi-
in images. In this paper, we consider the problem of esti- ance is computed by interpolation on the bases of those ac-

mating several co-existing light sources from a single image curate ones at cameras’ projection centers and it is still dif-

using a pair of spheres whose surface has Lambertian prop_f'CUIt to achieve estimation of light sources that are in prox-

erty. In particular, we deal with near point light sources, be- imal scene. Tp_our_ knr?_wledge th? n;]ostbclc;sely rlialateld vlvgrk

sides directional light source and ambient light, so that the 10 OUr proposition in this respect Is that by Powell et al. [12]

reality of manipulated images should be increased. They present a te_chmque.for calibrating the light source ge-
The problem of estimating illuminant directions arises ometry by matching highlights on three spheres. With this

in the context of shape from shading [1] and early work fo- geo_rr_letric ma_tching method, it is possible_ to e_stima?e the
cused on recovering a single distant light source assumin osition of a "ght_ source a_dthough the radiant intensity of
Lambertian surface and uniform albedo of target object. See he light sources is not available.

1. Introduction

In this paper we propose a novel method for estimating
T Currently at Peripheral Systems Laboratories, Fujitsu Laboratories parameters of light sources, i.e., ambient light, directional
Limited. niinuma.k@jp.fujitsu.com light sources, and in particular near point light sources in-
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Figure 2. Point light source and directional light
Figure 1. Coordinate systems. source.

cluding their radiant intensity. We employ a pair of refer- |ying descriptions we denote the reflectancefiécient of
ence spheres as a light probe and analyze gray level congye reference sphere as

tours on the spherical surfaces so that 3D geometric and o o _
photometric properties of light sources can be character-— Near point light sourceAs shown in Figure 2(a), at point
ized. Our key idea then is introducing the notiondiffer- X, lét p(X, P) be an angle between the surface normal
ence spher¢hat we acquire by dierencing two image re- and the line from the light source. The reflected intensity,
gions of the reference spheres. We show that separate iden»(X; P), is then given by

tification of multiple combined light sources is facilitated 1,(X; P) = nL, max[coszy(X, P),0]/(D(X. P))% (1)
through the analysis of gray level contours on théedénce o ) o
sphere. wherel, denotes radiant intensity of the point light source,

Section 2 we define the lighting and reflectance model. light source anc .
While introducing the notion of dierence sphere in Section _ pirectional light source:As shown in Figure 2(b), let
3, we discuss the characteristics of it in Section 4. Section 5,,(X) be an angle between the surface normal at pxint

provides the description of our algorithm of light source es- and the direction of the light source. With the radiant inten-

timation followed by the experimental results in Section 6. sity of the directional light sourcd,q, the reflected inten-
Finally the paper is summarized in Section 7. sity, 14(X), is given by

2. Model Definitions la(X) = ke maxcoseq(X), 0] 2)

— Ambient light:It provides constant light for a scene. We
Assumptions For our light source estimation we employ consider it as bias in this paper. If the scene were illumi-
a pair of spheres with known size, which we cedfer- nated by ambient light, alone, the reflected intensity of
ence spheresnd assume Lambertian BRDFs. We place the the reference sphere would simply be
spheres in a way that they do not occlude or cast shadows T 3
to each other. We also assume that the camera for captur- a= ka (3)
ing images and the reference spheres are accurately caliReflected Intensity Under the above described light
brated. We then deal with measured image irradiance whichsources the reflected intensity in the scene coordinate sys-
we in this paper refer to as image inten&ityVe consider  tem can be modeled in general as

the mutual reflection between the spheres as minor and ig- s ¢

norable. 1) = RGP+ > IP ) +1a (4
Coordinate systemsAs illustrated in Figure 1 we consider i=1 i=1

thescene coordinate syste, Y, Z) and thesphere coordi-  wheres andt are (unknown) numbers of point light sources
nate systenfx,y, z). Given a reference spherg, we align and directional light sources, respectivelyand j are in-
each axis of the sphere coordinate systemya, andza,  dices of them, andP[i] is the 3D position of the-th point

parallel toX, Y, andZ axis of the scene coordinate sys- light source in the scene coordinate system.
tem, respectively. We also utilizarface coordinate system
(6, ¢) in order to specify angular positions of spherical sur- 3. Difference Sphere
face points.

In order to facilitate separate identification of multiple
Lighting environment As already mentioned, we deal with  combined light sources, in this section, we introduce the no-
three types of light sources, i.e., near point light source, dis-tion of difference spheravhich we acquire by dierencing
tant directional light source, and ambient light. In the fol- two image regions of reference spheres.

1 In other words, we assume that the transformation function from the Reflected intensity of smgle sphereLet us first consider a

reflected intensity to the pixel gray value is spatially uniform and lin-  r€ference sphere with shading in the scersragle spherg
ear with zero bias so that the scale factor is equal to 1.




A, and formulate the reflected intensity on the surface of the
sphere in the sphere coordinate system.

Let xa represent a point on the surface of single sphere
A, andFa(xa) the 3D position of, in the scene coordinate
system. Representing the reflected intensipy), in equa-
tion (4) by Ia(xa), and thus replacing with F(x,), the
constituents of it according to equations (1)-(3) are given
by

|E’|] nAL[A] maX[COSO([Fi)] (TA(XA)’ P[I])’ 0]

, J(D(Fa(xa), PLiD)Z ()
1! naLL)! max[cosa)l (Fa(xa)). 01, (6)
la = 7nala (7)

wheren, is the difuse coficient, L andLL! denote the
radiant intensity of the-th point light source and thgth
directional light source, respectively. Note that both gs
and cosrg accompany an index of light source accordingly.

Reflected intensity of diference sphereWe virtually gen-
erate a dierence sphere A'— B”, from a pair of reference
spheresA andB, that has the following properties.

— Geometry:The location and the radius of thefldirence
sphere is inherited from those of single sphare

— PhotometryLet 1o(6, ¢) andlg(8, ¢) denote the reflected
intensities of single spheres,andB, respectively. The re-
flected intensity of dference spheré — B, is®

(8)

From equations (4) - (7) and (8) the reflected intensity,
Ia_s(Xa_B), at pointxa_g on the surface of dierence sphere
A — Bis defined as follows:

IA—B(Q’ ¢) = IA(H’ ¢) - IB(G’ ¢)

la-B(Xa-8) = la(Xa) — Is(X8)
= D A PLD = ) 15(Fa(xe); P (9)
i=1 i=1

where surface coordinates ¥f_g, Xa, andxg on their cor-
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Figure 3. Single spheres and difference sphere.
The gray-level of (b) shows the intensity of
the difference sphere; the bright/dark area re-
flects positive/negative values. The intensities
are emphasized for display reason.

intensities for estimating point light sources, negative inten-
sities can be treated just equally as positive intensities with-
out a loss of generality. Moreover, it turns out that we only
need to analyze either positive intensities or negative ones
for estimating the point light sources since the influence of
the light sources basically appear in both of them. However,
note that the acquired lighting parameters in case of analyz-
ing negative intensities should be interpreted in the coordi-
nate system whose origin is at the center of single sphere
B, instead of spher@. Although it does not really matter
which one to choose in the example of Figure 3, itis in gen-
eral sensible to choose the intensities that represent larger
amount of radiant energy.

4. Characteristics of Single and Dfference
Spheres

Let us investigate the characteristics of the sphere sur-
face while separating it into three categotie®pending
on the types of illuminating light sources (see Fig-
ure 4). They are,

Ssurface The surface illuminated by a single light source

responding spheres are all equivalent. Equation (9) is due(@nd the ambient light). In particular, we c&surface that

to the fact that the dierencing operation in equation (8)
eliminates lighting &ects caused by all the directional light
sources and ambient light. That is, the illumination on a dif-
ference sphere is caused only by point light sources.
Further, since the éierencing operation generally gives

is illuminated by a single point light sour&-surfaceand
that by a single directional light sour&-surface
M-surface The surface illuminated by multiple point
andor directional light sources.

A-surface The surface illuminated by ambient light alone.

rise to negative intensities as well as positive ones, we could

interpret the surface intensities of dfdrence sphere as if
they were independently generateddmsitiveandnegative
point light sources. Thus, aftitrence sphere is virtually il-
luminated bypositiveandnegativepoint light sources, each
of which introduces positive and negative intensities.
Figure 3 illustrates a flierence sphere that is generated

Now, we put our focus on the characteristicSefurface
in order to estimate parameters of light sources. We will see
that theS-surface has such features as described below.

Feature 1: A set of points ors-surface with identical inten-
sities form an arc on a plane in 3D scene. We call the plane
feature plane

by a pair of single spheres, and show the positive and the

negative intensities. In the subsequent analysis of surfac

2 We use the ternsingle spherginterchangeably witheference sphere
to explicitly distinguish it fromdifference sphere

Note that in the shading analysis that is described lateg(0, )
becomes undefined for thosg ¢) where the corresponding surface
points on single sphergsor B cannot be observed by a camera.

3

d-eature 2: The surface normal of the feature plane denotes

the direction of the poindirectional light source which il-
luminates theS-surface.

Feature 3: An intensity ratioof a group of feature planes in

4  Completely dark surface due to shadow is set aside.
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Figure 4. Surface classification. A reference
sphere under light sources (left) and divided
surfaces (right).
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Figure 5. Relationship between a single point
light source and a reference sphere.

an identicalS-surface characterizes the radiant intensity of
the light source.

Directional light source

Feature plane

Figure 6. Relationship between a single direc-
tional light source and a reference sphere.

other. Furthermore, a group of feature planes witffied
ent intensities characterizes the radiance of the point light
source illuminating th&,-surface. Since the intensity of the
group of feature planes varies accordingsggx, |), we de-
scribe the intensity witfg,(x, |) instead ofwp(7 (), P).

The reflected intensity(x), atx on a feature plane is

1() = nLp cosap(F (X), P)/(D(F (X), P))? + nLa, (11)

where cosrp(7(X), P) and D(7(x), P) can be formulated
as

Dp? — R — (D(F (), P))?

cosap(F(x), P) 2RO (¥, P) , (12
D(F(x).P) = [De?+R? - 2RDpcosBp(x. ).
(13)

Notice Dp denotes the distance betwe®rand P. By sub-

In t_he remainder of the section, we exp_lain the above feaﬁstituting the above equations into equation (11), we have
tures in detail. Preceded by the analyses in the cases of a sin-

gle point light source and a single directional light source
which show the mechanisms of our light source estimation,
we derive how the dierence sphere simplifies the proce-
dure of light source estimation. Note that we additionally
define the following notations.

O = (Ox, Oy, Oz): The center of a reference sphere.

P = (Px, Py, Pz): The light source position.

I = (Ix, ly, z): The direction of the light source.

R: The radius of a reference sphere.

4.1. Characteristics ofS;,-surface

The bold line in Figure 5 illustrates a set of surface points
whose intensities are equal it(x). As is obvious from the
figure, such points form an arc on the feature pldrea¢
ture 1). In Figure 5, we can easily prove that the surface
normal of the feature plane coincides with the direction of
the point light source. Then, the feature plane is defined by

Ix(X = (Ox — IxRcosBp(x, 1))
Iv(Y = (Oy — IyRcosBy(x, 1)))
12(Z - (Oz - 1zRcosBp(x, 1)))

where (x, IY» |z) = (Ox— Px, Oy— Py, Oz— Pz), andﬂp(x, |)
denotes the angle betwekand the line connectin® and
x (Feature 2). Note that equation (10) tells that all feature
planes that is defined in &&-surface are parallel to each

+

+ =0, (10)

DpcosBp(x, 1) - R
(Dp? + R2 — 2RDp cOSBp(X, 1)) 2

Equation (14) indicates that the reflected intensity depends
on unknownLp, L,, and Dp. However, the ambient light
term can be eliminated by subtracting the intensities at
points on any two feature planes. Besides, the lighting ef-
fect of the point light source due tg, can also be canceled
by selecting yet another point on any other feature plane and
computing the intensity ratio,

1(x1) = 1(x2) _ I"(x1) = I"(x2)
1(x2) = 1(x3)  1"(X1) = I"(Xa)

1(x) =nLp

+7Lla. (14)

(15)

where
Dp cosBp(x, 1) - R
(DP2 + R2 — ZRDP COSﬁp(Xa I))% .

Solving equation (15), we can theoretically obt&ig,
and thereby ; andL, from equation (14)Keature 3. Nev-
ertheless, the solution p is not indeed straightforward,
which indicates the diiculty in estimating the point light
sources solely by a single sphere.

I"(x) =

4.2. Characteristics ofSi-surface

In Figure 6 we can provEeature landFeature 2of &-
surface in the same way as in the case \@tsurface. The



feature plane can be described as step 2 Update the input image by eliminating the lighting ef-
fects that is due to the estimated point light sources.
Ix(X = (Ox — IxRcosB4(x)))

step 2-1 Estimate parameters of directional light sources
+ Iy(Y - Oy - IyRcosBa(x))) P P J

+ IyZ - (Og - ;RCOSBa(X)) = O. and ambient light. |
(Feature?). In each sub-step (1-1, 2-1), we estimate the parameters of
light sources by an iterative operation. That is, we eliminate
The reflected intensity(x), atx on anS-surface isthen  the dfects of light source candidates one after another from
the input image, and verify them by analyzing the residual

1(X) = nLq cosag(X) + La. (16) " in the image (Figure 7). The procedure is:

We rewrite this equation withg(X) to i. Convert each image region of the sphere to contour
representation (see Section 5.1).
1(X) = nLq cOsBa(X) + nla, (17) ; . . .
ii. Estimate parameters of light source candidates (see
whereBqy(x) = aq(X). Selecting points on any three inde- Section 5.2).
pendent feature planes, we have the intensity ratio 1° Divide the contour lines into contour segments
I(x1) = 1(x2) _ 1"(x1) = I"(x2) 2° Extract candidates @&-surfaces.

(18) 3° Analyze each candidate 8fsurface and estimate

a corresponding light source candidate.
Verify each of the light source candidates (see Section

I(x2) = 1(xa) ~ 1"(x1) = I"(xa)

wherel’(X) = cosBq(X). -
To summarize the analysis @surface, if the intensity Il

ratio is given by equation (18), we can deduce that$he 5.3).

surface is argy-surface and thus can obtdig andL, from 1° Generate an image by eliminating thi€eet of a
equation (17). Otherwise tt@surface is arg,-surface, and light source candidate from the input image.
we need to go through equations (15) and then (14) in order 2° Analyze the residual intensity.

to obtain the lighting parameters, which is a hard problem

. . . . — If the surface has a uniform value, we regard
as we just saw in the previous section.

the light source candidates that have been
employed for the generation of the input im-
age as correct and terminate the procedure.

— If there exists a surface with negative val-

4.3. Characteristics of Diference Sphere

S-surface of a dtference sphere has similar characteris- . ¢ he liah
tics as doe§y-surface of a single sphere, except that the fac- ues iegative surfacg the light source can-

tor of ambient light is precluded. That is, intensifx) at x didate i.s judged to be ipcorr?ct. .
on a diference sphere is — Otherwise, update the inputimage to the im-

age that is generated lii—1° and go tai.

o 2
1(x) = nLp cosap(¥ (). P)/(D(F(x). P))". (19) We now describe the details of the processes in sub-steps

whereL;, denotes the radiant intensity of a positive or neg- toiiii.

ative point light source. Thus the intensity ratio is given by ) ) ) )
5.1. Region Representation with Contour Lines

[(x1) 1"(xq) (20)
I(x2)  1"(x2) The contour representation can be described as a ge-
where ographic map where the intensity levels of pixels are re-
garded as height at corresponding locations [13]. After ob-
(%) = Dp cosBp(x, 1) - R taining the contour representation, we use it for extracting
(Dp? + R2 — 2RDp cOSBp(x, 1)) ’ S-surfaces in the input image. Since the contour representa-

_ . _ tion reflects geometric characteristics of shading of objects
Solving equation (20) analogously, we can obtBip,  while being robust against local noise, we consider that it is
and thenL}, from equation (19). It can be seen that a more more suitable for extraction and analysisSsurfaces than

practical solution is allowed in the case withffdrence an ordinary image representation by an array of pixel val-
sphere and it is much simpler than the case of solving equa-es.

tion (15) with single sphere.
5.2. Estimation of Light Source Candidates’ Pa-

5. Algorithm of Light Source Estimation rameters
Based on the above discussions we propose a twofold al-  As the surface of a sphere is illuminated by multiple light
gorithm for light source estimation as following: sources, the contour naturally consists of multiple segments,
step 0 Capture an image. rather than looking like a simple arc. Thus, we first divide

every single contour line into contour segments in such a
_ e way that each segment represents an arc. The contour seg-
step 1-1 Estimate parameters of point light sources mentation is an important process because it is the very clue

step 1 Generate an image of affirence sphere



S-surfaces are £and G, and the others afd-surfaces. Al-
though it is not possible to identif§-surfaces among the
candidates only by the iso-intensity contours, we can iden-
tify an M-surface by analyzing the residual that is gen-
erated by eliminating thefkects of the light source can-
didates. That is, we can identify thag @G an M-surface
since thenegative surfacappears in the third figure from
the left in the first verification, which is generated by elim-
inating the &ect of the light source candidate froms;.C
Continuing the procedure iteratively with the updated im-
ages, we find that three paths give the correct estimations.
As these paths allow estimations of identical parame-
ters of the same light sources, the lighting environment is
correctly estimated.

For general lighting setting, as long as at least one correct
Ssurface exists, we can estimate the corresponding light
source and continue the procedure by eliminatingfiisog
from the input image accordingly.

Candidates of
S-surface

Input image Contour
L, Representation

1st estimation

Ist verification

2nd estimation

D completely eliminated surface | negative surface

_ o 6. Experimental Results
Figure 7. An example of an estimation flow. ‘L
denotes the light sources, and ‘C’ denotes S
surface candidates. (O and X signify correct and
incorrect estimations, respectively, and A anin-
termediate estimation.

We demonstrate theffectiveness of our algorithm with
a CG image and a real image. The CG image is rendered
with OpenGL while Gaussian noise with a variance of 6.55
is added to it.

. . _ _ _ 6.1. Results: CG Image
with physical meanings for extracting &surface as a unit

which we analyze for estimating the corresponding lighting  Figure 8 exemplifies some results including the contour
source. By adapting the feature of contour segment repre-analysis on dference sphere. The input spheres are set to
sentation ofS-surface, we rewrit€-eature 1to Feature 1. be illuminated by a point light source, two directional light

Namely,

sources, and ambient light. Each figure shows:

Feature 1': A contour segment on &ésurface forms an arc
on a plane in 3D scene. We call the pldaature plane

We then estimate the light source parameters as following:

1° We divide the contour lines into contour segments
based oreature 1'.

2° By grouping the contour segments which indicate fea-
ture planes whose surface normals are in identical di-

(a) Input image.

(b) Difference sphere generated from (a).

(c) Grouped contour segments and contour lines
of the region that has positive values.

(d) Grouped contour segments and contour lines
of the region that has negative values.

(e) Intermediate image — generated by eliminat-
ing the lighting dfect by the estimated point

light source from the input image.

(f) Grouped contour segments and contour lines
of (e).

(9) Result of elimination of lighting féects.

rections, we extrack-surface(s).

3° We estimate the parameters of the light sources accord-
ing to Feature 2while calculating the intensity ratio to

determine the radiant intensity Bgature 3
The intermediate image (e) shows the situation where the
lighting effect by the point light source is eliminated and the
remaining &ect by directional light sources and ambient
light is present. We then consider the image as a new input

We verify the estimated light source candidates by ana-and estimate the parameters of light sources with the refer-
lyzing images that are generated by eliminating their pos- €nce spheres which we regard as two reference spheres. (f)
sible dfects from the input image. That is, if the residual Shows that each single sphere reflects one directional light
has negative valuéswe can determine that the estimation source, respectively, whereas (g) is a result of eliminating
is not correct. the dfect by the light sources.

Suppose a reference sphere that is illuminated by Table 1 shows the estimated parameters as the result.
three directional light sources (Figure 7). While there are LS1 is best estimated whereas the accuracy tends to rela-
four candidates oSsurface in the input image, correct tively decline as the estimation proceeds due to accumula-
tion of errors. However, it can be seen that the overall per-
formance is quite reasonable as the first trial of estimating
both the positions and the intensities of light sources.

5.3. Verification of Estimated Light Source Candi-
dates

5 Instep 1 the residual should be zero. $tep 2 the residual can also
take a uniform value, which is regarded as tffe& of ambient light.



parameter true estimated
LS1 type point point
intensity 127.5 120.4
position (0.0,-2.0,-1.0) | (-0.006-1.99,-1.01) J
LS2 type directional directional - .
intensity 76.5 77.67 ;
direction (459, 14.0) (472, 146) (a) Input image
LS3 type directional directional
intensity 76.5 93.77
direction (73.3,0.0) (70.6,-8.9)
Amb. | intensity 76.0 68.16

Table 1. Estimated parameters of lighting en- (b) Difference sphere

vironment in CG image. The estimation is for
light source 1-3 and ambient light source (LS1-
LS3 and Amb.). The direction of directional light
source is represented in (6, ¢).

(c) Grouped contour (d) Grouped contour
segments and contour lines  segments and contour lines
6.2. Results: Real Image of the positive light source  the negative light source

Figure 9 shows results of lighting environment estima-
tion for a real scene. Figure 9(a) shows an input image of a « \
real scene which includes a point light source and two di- d / -
rectional light sources, one roughly from the upper-right of (e) Intermediate image
the viewing direction and the other from the opposite side. ;

Two reference spheres are placed on mounts whereas the
point light source is located in between them and hidden by
the frontal sphere. Images in Figure 9(b), (c), and (d) are : -
generated by illuminating a CG teapot by each of the esti- (f) Grouped contour segments
mated light source, respectively, whereas (e) is with all the and contour lines

three light sources. Figure 9(f) shows a synthesized image
by adding the virtual object and the shadows in (e) into the
real scene. The point light source is now visible since the
spheres have been removed while two little real dolls are
placed for comparison. As the point light source is not com- (g) Result of elimination of lighting fects
pletely isotropic and illuminates only the upper hemisphere

from a certain height, it may appear odd that the floor re- ) _ _
mains dark. Apart from that it illustrates that a CG objectis ~ Figure 8. The procedures of light source esti-
added naturally with the real lighting environment. mation.

Furthermore, Figure 9(g) shows virtual spheres in the es
timated lighting environment, and (h) shows thé&eatience
between (a) and (). Itillustrates that in the estimated light- image for analyzing shading of a pair of reference spheres
ing environment the virtual spheres are illuminated almost and characterize 3D geometric and photometric properties
equivalently as in the input lighting environment. The er- of the light source. In particular we have proposed tlkedi
rors that appear around the larger sphere due to calibratiorence sphere which enables us to estimate parameters of the
errors. point light sources by eliminating the lightingfects of am-

Finally, we show the estimated light source positions and bient light and directional light sources. In order to show the
the intensities of the real scene (Table 2) under the follow- theoretical availability, we have demonstrated tieaive-

ing scene coordinate system: ness by applying our method to CG images generated with
Origin : center of the bottom of the virtual teapot, a point light source, two directional light sources, and am-
X—axis. towards the right of the horizontal direction of bient light.

the image, As a future work, first we would like to examine our
Y-axis: along the depth direction of the plane, method in a further complex lighting environment since the
Z-axis: orthogonal to the XY-plane. current algorithm has naturally limitations even though we

have described our algorithm as a general framework. For
7. Discussions instance, notwithstanding the verification $surfaces, it

will be difficult to deal with the cases with a very large

We have presented a novel technique for lighting envi- number of light sources which make the identification of
ronment estimation which allows us to estimate parametersS-surface(s) complicated. In order to properly handle the
of point light sources as well as directional light sources and situation, however, it should be useful to consider critical
ambient light. We employ a contour representation of an points for region segmentation, as discussed in [14]. An-



parameter estimated
LS1 | type point
intensity 143.0
position (1.16,-259,2.35)
LS2 | type directional
intensity 143.3
direction (61.31,12240)
LS3 | type directional
intensity 103.0 . o
direction (65.80, -54.47) (a) Input image (b) Point light source

Table 2. Estimated parameters of lighting en-
vironment in real scene. The estimation is for
light source 1-3 (LS1-LS3). The direction of di-
rectional light source is represented in @, ).

(c) Directional light source 1 (d) Directional light source 2

other aspect that we wish to investigate is the availabil-
ity of Lambertian reflectance model for estimation of com-
plex lighting environment. Since the Lambertian reflectance
model performs low-pass filtering of the lighting environ-
ment [15, 16, 17], the problem may be ill-posed or numer-
ically ill-conditioned. For the problem to be alleviated, we
need to consider the configuration of reference spheres for
effectively generating the fierence sphere although our
algorithm should work once th&-surfaces are identified,
even if the lighting environment is rather complex. Also,
the other direction of extensions will be to model other light
sources that have size and range, for estimating natural illu-
mination.

®'®

(e) Estimated light sources (f) Synthesized image
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(9) Virtual spheres in the (h) Difference between
estimated lighting environment  (a) and (g)
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