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Abstract

When a scene is lit by a source of light, the radiance of each point in the scene can be viewed as having
two components, namely, direct and global. Recently, an efficient separation method has been proposed that
uses high frequency illumination patterns to measure the direct and global components of a scene. The global
component could arise from not only interreflections but also subsurface scattering within translucent surfaces
and volumetric scattering by participating media. In this paper, we use this method to measure the direct and
global components of a variety of natural and man-made materials. The computed direct and global images
provide interesting insights into the scattering properties of common real-world materials. We have also measured
the two components for a 3D texture as a function of lighting direction. This experiment shows that the global
component of a BTF tends vary smoothly with respect to the lighting direction compared to the direct component
of the BTF. Finally, we apply the separation method to a translucent object for different imaging and illumination
scales (resolutions). The results obtained show how the BSSDRF of the object gradually reduces to a BRDF as
one goes from fine to coarse scale. All the measurement results reported here, as well as several others, can be
viewed as high resolution images at http://www1.cs.columbia.edu/CAVE/projects/separation/separation.php.

Categories and Subject Descriptors (according to ACM CCS): I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism I.4.1 [Image Processing and Computer Vision]: Digitization and Image capture

1. Introduction

When a scene is lit by a source of light, the radiance of
each point in the scene can be viewed as having two com-
ponents, namely, direct and global. The direct component
arises from the direct illumination of the scene point by the
light source. The global component results from the illumi-
nation of the point due to scattering of light from other points
in the scene. The global illumination can result from a vari-
ety of effects, including, interreflections, subsurface scatter-
ing and volumetric scattering. Recently, the authors, in col-
laboration with Michael Grossberg at the City University of
New York and Ramesh Raskar at MERL, have proposed ef-
ficient methods that use high frequency illumination patterns
to separate the direct and global components of a scene lit by
a single light source [NKGR06]. The illumination patterns
include shifted checkerboard patterns, shifted sine patterns,
shadows cast by a translating line occluder and shadows cast
by a rotating mesh occluder.

The goal of this paper is to present separation results for
a variety of real-world materials and objects. For this, we

have used a 1280x720 DLP projector and a 1024x728 color
camera. We have used the shifted checkerboard method
[NKGR06] with checker sizes in the range of 4x4 to 8x8
(in projector pixels). In the remaining of this paper, we will
show our experimental results. In each figure, the details of
the result are discussed in the caption. We conclude with sep-
aration experiments in which the source direction, the reso-
lution of the camera and the resolution of the illumination
pattern are varied. These experiments show the decomposi-
tion of a BTF [DvGNK99] into its direct and global com-
ponents, and the transition of a BSSRDF [JMLH01] to a
BRDF [Nic70] as the scale of observation and illumination
varies from fine to coarse.

The examples shown here illustrate how real-world ob-
jects interact with light as well as optically interact with each
other (hence the term "visual chatter"). Some of these in-
teractions confirm our intuitions on how global illumination
works. Others reveal surprising effects and provide new in-
sights into the scattering properties of commonplace materi-
als.
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Figure 1: Concave and Convex V-Grooves: This scene includes two identical V-grooves, except that the left one is concave
and the right one is convex. The two sides of each groove are made of matte paper (white on left side and pink on the right).
As expected, the convex groove has no global illumination while the concave one has a strong global component due to diffuse
interreflections that increase toward the edge of the groove. The interreflections cause the color of one side to "bleed" into
the other. Several studies have been conducted in psychophysics that show that interreflections play an important role in the
perception of shape and color [Gil79] [BKH99].

Scene Direct GlobalScene Direct Global

Figure 2: Kitchen Sink: This scene includes objects in a sink filled with water. Since the water is clear it serves as a fully
transparent medium and does not influence the scattering effects. It is worth noting that the computed direct image looks like
a synthetic image rendered using a single-bounce rendering package such as OpenGL. All the interreflections between the sink
and the objects are observed in the global image. Notice the strong interreflections at the edges and corners of the sink and the
occluding boundaries of the curved objects.
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Figure 3: Translucent Colored Balls: The balls in this scene exhibit very strong subsurface scattering which causes them to
"glow" under virtually any illumination [JMLH01] [GLL∗04]. We see that all the subsurface scattering is captured in the global
image. Perhaps, due to strong multiple scattering, the global images of the balls have very little shading, causing the balls to
appear like flat discs (particularly, the green ball). On the other hand, the direct component reveals the spherical shapes of the
balls and the roughness of their surfaces.
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Figure 4: Pink Carnation: In the case of this flower, we see that in the direct image the shadows cast by the petals on each other
are strong and the petals themselves appear grayish and somewhat listless. As a result, the direct image looks more like that
of a synthetic flower than a natural one. It is interesting to note that most of the color of the flower arises from global effects.
These include the interreflection of light between the petals as well as the diffusion of light through the petals. Both these effects
cause a "sharpening" of the spectral distribution of the light [FDH91]. As a result, in this example, the color of the light gets
more reddish after each bounce or diffusion.

Scene Direct GlobalScene Direct Global

Figure 5: Hybrid Tea Rose Leaf: Although the leaf is thin, it exhibits a noticeable global component over its entire area.
This is because the entire leaf has a spongy mesophyll layer, beneath the upper epidermis and palisade mesophyll layers, that
exhibits subsurface scattering. In particular, the global component is strong for the veins of the leaf. This is probably because
the veins are translucent as they are made of vascular tissues that carry water, minerals and sap. See [PSOH03] for details on
the anatomy of the leaf.

Scene Direct GlobalScene Direct Global

Figure 6: Plastic Cup with Milky Water and Coin: In this example, the global image includes the volumetric scattering [Cha50]
[Ish78] of light by the milky water (referred to as "airlight" in atmospheric optics [Mid52] [McC76]) in the cup as well as the
secondary illumination of the copper coin by the milky water [SRNN05]. The direct component includes the specular highlights
on the copper coin due to direct illumination of the coin by the source. This component is attenuated (referred to as "direct
transmission" in atmospheric optics [Mid52] [McC76]) by the milky water as it makes its way to the camera. The wax candle
on the right has a strong subsurface scattering component. As a result, all of its color is captured in the global image and the
direct image only includes the surface reflection (highlights) from the candle.
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Figure 7: Blonde Hair: In this example, we see how blonde hair decomposes into its direct and global components. It is
interesting to note that the direct component makes the blonde hair look like dark tan hair. Furthermore, the direct component
reveals the complex BRDF of individual hair fibers, which is due to the nested-cone structure of each fiber [SGF77] [BS91]
[LKK00] [MJC∗03]. One can observe the complex structures of the specular highlights as well as rainbow scattering effects
that are known to occur in hair fibers. In contrast, the global component has the appearance of a flat texture such as that of
finished wood [MWAM05]. The global component arises from multiple reflections of light between the hair fibers [MJC∗03]
and is seen to account for the color of the hair.

Scene Direct GlobalScene Direct Global

Figure 8: Hand: Here, we show separation results for the hand of an Asian Indian male. Notice how the direct component
mainly includes the surface reflection due to oils and lipids on the skin. It also reveals the details of the micro-geometry of
the skin surface [UKM∗96] [HEG01] [KP03] [CDMR04]. Most of the color of the skin comes from subsurface scattering, as
seen in the global image [HK93] [DHT∗00] [JMLH01] [TOS∗03] [WMP∗05]. In contrast to the direct component, the global
component does not reveal the roughness of the skin’s surface and only includes albedo variations. The details of the geometry
and optics of skin can be found in [INN05].
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Figure 9: Hands of Different Races: The separation results for three more hands of people of different nationalities: African
America female (left), Chinese male (middle) and Spanish male (right). In these specific hands, the micro-geometry of the skin
is quite different, as seen from the direct component. Once again, the colors of the skin come from the global component and
depend on the melanin and hemoglobin levels within the skin [TOS∗03] [INN05].
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Figure 10: Direct and Global BTF of Pebbles: For this sample of pebbles taken from the CURET database [DvGNK99]
we varied the source direction in a plane between -30 and 30 degrees in steps of 10 degrees (where 0 degrees corresponds
to the viewing direction), and performed the separation for each source direction. The end result is a decomposition of the
BTF [DvGNK99] into its direct and global components. Notice how the direct images look like real images of dark pebbles.
The global images capture the subsurface scattering within individual pebbles as well as the complex interreflections between
neighboring pebbles. As the source direction varies, the direct images vary significantly within local regions as the shadows
shift and the shading changes. However, the global image varies more smoothly with respect to the lighting direction. This
confirms our intuition that the variation in global illumination tends to be smooth with respect to lighting direction.

Scene Direct Global

R
e
so

lu
ti

o
n

 (
S

ca
le

)

1

1

4

1

6

1

2

Scene Direct Global

R
e
so

lu
ti

o
n

 (
S

ca
le

)

1

1

4

1

4

1

6

1

6

1

2

1

2

Figure 11: BSSRDF and BRDF of Marble as a Function of Scale: In this example, we show separation results for a marble tile
for different resolutions of imaging and illumination. For scale = 1, the resolution of the camera was set at the native resolution
of 1024x768 and the separation was done with a checkerboard pattern with checkers of 4x4 projector pixels. For lower scales
of 1/n, the resolution of the camera was reduced by aggregating nxn pixels and the checker size of the illumination pattern was
increased to 4n x 4n. At scale = 1, we see a slight direct component and a dominant global component [JMLH01] [GLL∗04]. In
contrast, at scale = 1/6, we see that the global component is nearly zero everywhere and the direct component is almost equal
to the original image. This example shows how the BSSRDF of a translucent object dominates at fine scales, but reduces to a
BRDF as one goes to coarser scales.
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