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Abstract first order of inter-reflection among surfaces. To date, no

In this paper, we discuss the use of computer graphics tecﬁgsearch has bgen published on the structures in the color
niques to model and explain the structures commonly obJlistogram resulting from the more general effects of global
served in color histograms of images. This includes anlllum[natllon, an illumination model 'Fhat mc!udes the |r1d|-
accurate simulation of the physical reflection and transporf€ct lighting from all the surfaces with multiple reflections
behavior of light energy within 3D environments, the pre- In the 3D scene.

cise modeling of an image capturing system, and an in- In this work, we have shown that with well controlled,
teractive visualization module to display color histograms.Physically accurate computer graphic simulations, where
Based on the fundamental rendering equation that describ&¢€ light reflection and transport processes are fully char-
light reflection and transport in the 3D world, we classify acterized with spectral and spatial information, we are able
the color histogram structures of color images, and relatd® not only reproduce the realistic images with the color
them to various physical components in image formation histogram features reported by early researchers, but also
including scene illumination, material reflectance proper-Produce images with more complex features such as the
ties, and the surface geometry of objects. We further show?ff-plane thickening and “banana” shaped structures in the
how these histogram structures can be effected by the artfcolor histograms by incorporating the effects of global il-
facts caused by the limitation of image capturing systems!umination.

Our results demonstrate that the use of accurate simulation

procedures under a precisely controlled computer graphic 2. Color Image Formation

environment can clearly illustrate the causes of the struc-

tures observed, and can provide unique insights and exple2.1. Image Capture

nations of image formation. L .
In a digital image CCD capturing system, the measured

image irradiance value at locatidu, y) of a pixel array

1. Introduction is:

Color histograms have been widely used in many image I(w,y) = T/ I(z,y, \)S(A)dA 1)
processing and computer vision systems. The structures A .
observed in color histograms contain shading and shadowvhereT is the total exposure timé(z, y, ) is the spectral
information of the 3D scene, and are used as importantrradiance entering the camera and falling on the pixel area
cues of physical processes for image analysis and objedat (=, y) in the detector plané, and.S()) is the spectral
recognition[9, 8, 2, 12]. Previous research is mainly basedesponse function of the sensor. The sensor device usually
on a dichromatic reflection model [13], consisting of two has three channels with different spectral response curves,
components, surface reflection (e.g. specular reflectionyielding a triplet measuremertt;, g, b) at each(z, y) posi-
and body reflection (e.g. diffuse reflection) [13, 9, 8]. The tion. This is the input data for our color histogram analysis
dichromatic model has been demonstrated to be successfaystem.
in some computer vision systems to recognize and separate Since we have used a pinhole camera model for the im-
these two reflection components for image segmentatiomge capture system, it is a idealized imaging device with an
purpose [8, 2, 12]. However, commonly used approachednfinitely small aperture, no vignetting effect, and perfect
do not directly account for the indirect illumination from focusing. For a real camera with a lens of finite aperture,
other surfaces, and hence can not describe the color his—; - - o . o
togram structures evident in scenes with indirect Iighting.i Fodr tT_e |IIustrgt|on purpose, the physical dimension of a plxel_ls fII’St_
gnored. Later, this restriction is removed, and the effect of area integra
Bajcsy and Lee [3] extended this model by considering thetion within a pixel is considered.
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ImagePlane  Note thatL, (s, A), the spectral radiance in the scene im-
aged at(z,y) in the focal plane includes the spectral ra-
diance coming not only directly from the emitting light
’I(x,y) sources, but also indirectly from the reflecting surfaces.
42D Equation(4) illustrates a direct correspondence between
(r,g,b) and Ly(ws, ), where the distribution ofr, g, b)
forms a color histogram iRG B space.

Optical Axis

2.2. Rendering Equation and Light Transport

The spectral radiance in the scene can be theoretically cal-
Li % f *)‘ culated by solving the rendering equation: [7, 1]
Figure 1 Image capture process
Lgy(0s,\) = Le(ws,/\)+/ (Wi, @py A) (N-w;) Li(@4, A)dw;
the incident spectral irradiance @t, y) is proportional to Q)

the spectral radiancel{ (s, \)) in the scene [6]: H_ere,Le(ws,/\), is. the illumination entering thg camera
directly from the light source.L;(%;, A) is the incident

T Dy 4 spectral radiance on a surface of interésts the normal
I(w,y,A) = 4 ( f) cosa - Ly(&s, A) (2) direction of the surfacey; andw, are the directions of the
Here, as shown in Figure @, is the direction of a lightray ~ incident and reflected light respectively. Notice thgtis
entering the aperture of the camera and landingray), the same direction as,., but measured in the coordinate
D and f are the aperture diameter and image distance off the cameraf}; is the integration domain ab;, andp is
the camera respectively, andis the angle between the the bidirectional reflectance distribution function (BRDF).
directions of the incoming light ray and the optical axis of The BRDF specifies the reflectance property of the surface

the camera. The triplet measurement is then: material of an object and is a function of, w, andA.
Based on the theory of global illumination, the incident

illumination on each surface can be represented as:

A D

r(z,y) (R(N), I(z,y,)))
g(z,y) | =1 (G, L(z,y,2) @) o= ) + LM (2)
i\Wiy — Ly (%) +Ll wi,/\ +Ll wi,/\ +---
bla.y) (B, (.. M) ©o) = B @A) LG A B A
whereR(X), G(A), andB(A) are the three basis functions where,LEO) (Wi, A) is the direct illumination term from the
which represent the combined effects of : light source in the directiot;; All the other termsL!*)

1. The optical spectral transfer function of the camera are the result of indirect illumination from all the other sur-

and the spatial off-axis attenuation due to lens vi- faces after the light hasbounces. -
gnetting. There are two net effects on the light after it is reflected

o from a surface: its intensity is attenuated, and its spectrum
2. The spectral responses and quantum efficiency otomposition is changed. Both of these two are attributed to
CCD sensors. the BRDF of the surface from which it is reflected. Hence,

3. The combined conversion factor from photon num-the indirgct Iight.ing.has a different spect_rum than the di-
bers to electron numbers, electron numbers to volt-ect lighting, which is due to the modulathn by the Spec-
age readouts, and finally from voltage readouts tc)tral gomponent of th.e BRDF. The gttenuatlon factqr of in-
pixel values. tensity is a geometric term, which is usually in an integral

form that depends on the spatial component of the BRDF

4. The integration over time for the duration of the ex- and the orientation of the surface.
posure. In the dichromatic model [13], the BRDF consists of

two componentsp,, the specular component correspond-

Combining the above two equations, we get . : .
g g g ing to the surface layer reflections, ang the diffuse com-

T (R(N), Ls(ws, \)) ponent corresponding to the reflections at sub-surface lay-
T Dy 4 - . . .
g | = 1(7) cos'a | (G(A), Ls(ws, A)) (4)  ers. In many materials such as plastics, the index of re-
b (B(A), Ls(@s, N)) fraction changes very little over the visible spectrum, so
2Here, we us®irac’s bracket notation to express the inner product in ps can be approximated Wlth ,a flat speptrgm an.d does !’10t
the L, space. e.g. For any real functigi\) and f()), (g(\), f(A\)) =  change the spectral composition of the incident light, while

f0°° g\ f(X)dX . in general, does.[8] Here, we adopt a more generic form

188



The Fifth Color Imaging Conference: Color Science, The Fifth Color Imaging Conference: Color Scien Copyright 1997, IS& T

@ Light Source Here C is used to represenii?, G, B)!', andI is the
triplet (r, g, b)”. We then get

I

L+ LD +S)

L(D + S)D + L(D + S)S

L(D + §))DD + L(D + S)DS

L(D +8)SD+ L(D +S)SS +---  (7)

+ 4+ +

In this notation, each appendétlor S may be considered
as diffuse reflection or specular reflection operators acting
on the string (resulting spectral radiance of light) to the left
of it. This shows that the final colors in an image consist
of components produced at all levels of reflection.plf
has a flat spectral composition, the specular reflection light
path only changes the magnitude of the illumination color,
while all diffuse reflection light paths in general modify
both the magnitude and the direction of the light color. The
total amount of the color change is a cumulative effect of
all the reflections on the light path before the light enters
the camera.

Detector
Figure 2 Light path under multiple reflections

of a physically based BRDF, wheyg may include a di- 3 = Apalysis of structures in color histograms
rectional diffuse component in additional to the Lamber-

tian homogeneous component [4], and may have spatiag 1 Features from physical reflection process

variations. However, both components are assumed to be

separable in spatial and spectral terms. In order to clarBased on the LSD notation from the last section, we now
ify how light changes its spectral composition at each re-present an analytic understanding of the structures in color
flecting surface, we ignore the geometric terms, and intro-histograms:

duce the following LSD symbolic notatiohto represent We first examine the color histogram structures under
the color of the light along its possible light propagation the direct illumination condition. This occurs when the in-
paths: (Figure 2) cident radiance on any surface in the scene comes only di-
rectly from light sources. (1) When the BRDF of a surface
o L = (C,L®): directly from the light source. only consists of a diffuse componem, the reflected light

has only the.D component which contains the shading in-
e LD = (C, paL(?): after being reflected once from formation, and generates a linear clustefiG B space((a)
a diffuse surface in Figure 3). (2) When the BRDF of a surface consists of
both a diffuse componemt; and a specular componen,
e LS = (C,p;L?): after being reflected once from the reflected light now has the color contribution from both
a specular surface LS and LD, samples of which span a planar subspace in
] ) the RGB space.* For smooth surface;; may change
e LDD = <C,pdde(f’)>: after being consecutively ey fast near the specular peak directionugf, leading
reflected from two diffuse surfaces to the situation where the majority of the color values lie
mainly on theL D vector, with only a small portion hav-
ing a significant specular component, and veering sharply
towards theLS direction, forming a L-shaped structure.
When the specular region is more extended, a P-shaped
structure may result instead. ( (b) in Figure 3). (3) When
multiple luminaires with different spectra are presentin the
scene, the total spectral radiance in the scene is the super-
position of the spectral radiances from each single lumi-

e LSS = (C,pspsL(®): after being consecutively
reflected from two specular surfaces

e LSD = (C, papsL(©): after being reflected from a
specular surface and then a diffuse surface.

e LDS = (C, pspaL(9): after being reflected from a
diffuse surface and then a specular surface.

4In the case ops has flat spectrum, .S is in the same direction ds
in RG B space since th& operation does not change the direction of the
3This notation is based on an article by Heckbert [5] illumination color, the plane is actually defined by the vectoasid . D.
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naire, leading to a superposition of the cluster structures inthe detector device. This yields clipping features in color
the color histogram. space, where at least one of the three valueérog, b)

The properties of color histogram structures changereaches its maximal value, and remains at this value while
when global illumination is considered. In the situation other components keep changing. Lastly, noise in the im-
where there is only one light source present in the sceneage capture process has many sources. The dark current
and each surface has only a diffuse BRDF component, théDC) and any constant level bias will only cause a shift of
color values resulting from global illumination have con- the histogram structures in théG B space. However, uni-
tributions from all levels of diffuse reflectiohD;, LD;D; formly distributed quantization noise, Gaussian distributed
LD;D;Dy, etc--- . The cumulative effect of all these re- readout noise, and Poisson distributed shot noise can cause
flection colors in general yields a much more complicatedthickening of the histogram structures. Most of these ef-
volume structure. One interesting consequence is that evefiects are illustrated in Figure 4.
if all the surfaces are made of the same material with the
same reflectance properties, as long as the diffuse reflec-
tion does not have a flat spectrum, each reflection changes
the spectral composition of the incident light, and modi-
fies the direction of the resulting color in tHeG B space

4. Experiments and Results

We have used a Monte Carlo based bidirectional path trac-

by rotating (r,g,b) through a small anglé. In most situ- N9 rendering system to produce physically accurate syn-
ations, the reflected light energy drops very quickly aﬁerthetm images in a controlled lighting environment[10]. Our

the first few bounces on the surfaces, and one observesscimu'ation S)/Stem Support§ the reflt_ectance mod(_al for sim-
thickening effect in many histogram features. ( (c) in Fig- ple Lambertian surfaces, dichromatic surfaces with Phong

ure 3). Sometimes, fork-like structures may also be formed'dnting model, as well as realistic BRDF models based on
due to the fact that more than one other reflecting surPhysical measurements [4, 11]. We have built an interac-
face dominates the indirect lighting. Furthermore, whentlVe |mage_segment§\t|or_1 and r-ecognltlon system t_o sele(_:t a
the specular component of BRDF is also included with theCOlOr consistent region in the image plane, and display its
global illumination, the resulting color values have contri- 3D color h|st9gram in thdiG'B space. The system qlso
butions from all levels of diffuse and specular reflections &!0WS s to identify and measure the shape and orienta-
LD;, LSz, LDiDj, LSZ'D]', LDiSj, LSiSj, etc---, and

tion of a selected color cluster in the color space. Based on
the L-shaped or P-shaped features are also thickened 6|Pis information, we can make further inferences about the
“corrupted” by the indirect illumination. The cumulative

reflectance of objects as well as measure the illumination
effect of the successive rotations at all levels generates aolors in the image.

curved structure corresponding to the “banana” feature fre-  FOr this paper, we have used a test environment com-

quently observed in color histograms. ( (d) in Figure 3). Posed of a box with a ceiling, a floor and three walls,
containing a cylinder and a sphere. There is an illumi-

nation source on the ceiling. In order to fully understand
and explain the structures in the color histogram space, we
Artifacts caused by the limitation of the imaging system have adopted a multi-step procedure in the image forma-
also explain features observed in color histograms: (1) Dudion and analysis process. We first synthesize images with
to the finite size of a pixel, thér, g, b) value recorded at only a Lambertian reflectance model under direct lighting,
pixel location(z, y) is actually an integrated triplet quan- and examine the structures in the color space. Then we
tity over the area of this pixel. Thus a pixel may have aprogressively add more components into the image forma-
color value which is averaged among several objects thation process by assigning different reflectance spectra to
it covers. This introduces some interpolated structures bethe objects in the scene, adding specular reflection into the
tween existing color clusters. (2) Many image capturing BRDF, changing the spectral composition of the luminaire,
systems record a non-linear response to the incoming lighlfaving more than one spectrally distinct luminaires in the
energy to compensate for the human perception systengcene, and having global illumination in the image synthe-
This response is usually characterized by a power functiongis. All of the images are computed with a full spectral
I' = kI7, whereas the exponeftis commonly known as range before the final projection to thieG B space. By
the gamma factor. This non-linear mapping causes distorexamining and comparing the new features with the old
tion in the histogram structures, although the linear clus-structures in the color histogram, we are able to correlate
ters are preserved under such a mapping. (3) Pixel valueie structures in the color histogram with the physical com-
can also be saturated due to the limited dynamic range oponents in the lighting reflection process in image forma-
5This is a form of von Kries transformation [14] rather than arota'[io_n,tlon.'l_0 understand how the color histogram structures are
but the change to the chromaticity is effectively the same as a rotation,
and we no longer distinguish them. effected by the limitations of an imaging system, the partial

3.2. Artifacts from image capture process
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(c) (d)

Figure 3 Simulations of Color histogram. From left to right are: (a) Diffusely reflecting surfaces under direct illumination, (b) Dichro-
matically reflecting surfaces under direct illumination, (c) Diffusely reflecting surfaces under global illumination, (d) Dichromatically
reflecting surfaces under global illumination.

(c)

Figure 4 Histograms of images with direct illumination. From left to right are: (a) Original image. (b) With supersampling in the area
of a pixel. (c) With a different gamma factor. (d) With clipping effect by over exposure.
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pixel effect is simulated by super-sampling the pixels with
multiple rays. Further more, the effects of limited dynamic
range, gamma correction, and random noise in the detector4]
are also modeled.

5. Summary and Future Work [5]

We have presented comprehensive analyses and expland®]
tions of the structures commonly observed in color his-
tograms of color images based on the physics of light in-

color image segmentatiorinternational Journal of Com-
puter Vision 17(3):241-272, 1996.

X.D. He, K.E. Torrance, F.X. Sillion, and D.P. Greenberg.
A comprehensive physical model for light reflection. In
Computer Graphicspages 175-186, July 1991.

P. S. Heckbert. Adptive radiosity textures for bidirectional
ray tracing. InComputer Graphicspages 145-154, 1990.

B. K. P. Horn and R. W. Sjoberg. Calculating the reflectance
map. In B. K. P. Horn and M. J. Brooks, editoShape
from Shadingpages 215-244. The MIT Press, Cambridge,
Massachusetts, 1989.

teractions with the surfaces in three dimensional environ- 1 5 Kajiya. The rendering equation. Gomputer Graphics

ment. By using physically accurate, precisely controlled
computer graphic simulation environment, we have been 8]
able to isolate and explain the formation of these struc-
tures. In order to elucidate the correspondence between th%g]
physical components of image formation, and the struc-
tures in the color histogram, we have adopted a progres-
sive approach in the process of image formation and COloflo]
histogram analysis. Using a dichromatic reflection model

in our synthetic image generation system, we have suc-
cessfully reproduced images with predicted features (lin{11]
ear clusters, T-shaped clusters, P-shaped clusters) in the
color histogram under direct illumination. These clusters
are caused by the superposition of the two components of
the reflection from objects’ surfaces, and have been ob
served in previous research [9, 2]. Furthermore, we have
also produced more complex new features such as off-pla 3]
thickening and “banana” shaped structures in the color his-
togram by incorporating the global illumination model in
our image synthesis. Future work needs to consider morélﬂ']
complex BRDF's. Although our experiments have been
conducted in an accurate computer graphic simulation en-
vironment, physical measurements are needed to validate
our model and support our results.
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