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DIFFERENTIATION OF ILLUMINATION AND 
REFLECTION BOUNDARIES 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods and appa 
ratus for differentiating illumination boundaries from mate 
rial boundaries in an image. 

BACKGROUND OF THE INVENTION 

[0002] In general, an image of a scene is a tWo-dimen 
sional brightness map, each point of Which represents a 
brightness value that is a product of illumination intensity 
and surface re?ectance associated With a portion of the scene 
imaged to that point. Decomposing this product into illumi 
nation and surface re?ectance components, or in other 
Words, di?ferentiating variations in illumination from those 
in surface re?ectance or surface color, can be useful in a 
variety of applications. If the effects of non-uniform illumi 
nation can be removed from an image, the changes of 
surface re?ection can be attributed to true material changes. 

[0003] For example, EdWin Land demonstrated that 
human color perception is predicated upon estimates of 
re?ectance properties of a vieWed surface in three Wave 
length bands, rather than upon proportions of red, green and 
blue Wavelengths emanating from that surface. More spe 
ci?cally, Land proposed that the eye performs a spatial 
computation to generate three surface re?ectance estimates, 
each corresponding to one of its three color sensitivity 
systems, and that these three estimates, Which he called 
lightness designators, de?ne human color perception. 
Because illumination of a scene may not be uniform, deter 
mining these relative re?ectance estimates generally 
requires removing the e?fects of variations in illumination. 

[0004] A number of techniques are knoWn in the art for 
identifying variations in illumination (recognizing shadoWs) 
in an image of a scene. Some of these techniques are based 
on the assumption that shadoW boundaries are characterized 
by gradients. For example, a number of algorithms, such as 
the Land-McCann algorithm, utilize a spatial thresholding 
approach in Which gradual brightness transitions, i.e., bright 
ness gradients beloW a de?ned threshold, are assumed to be 
due to variations in illumination, While those exhibiting 
gradients above the threshold are identi?ed as material 
boundaries. 

[0005] Such conventional algorithms, hoWever, suffer 
from a number of shortcomings. First, not all illumination 
boundaries are gradients. For example, an image of a White 
cube illuminated With a single spotlight Will have boundaries 
along the edges of the cube that are characterized by 
stepWise (sharp) variations in illumination. Spatial thresh 
olding techniques Would incorrectly classify such illumina 
tion boundaries as material boundaries. De?ning a threshold 
value presents another problem. For example, a boundary 
imaged at a great distance may appear sharp, but may exhibit 
a gradual gradient When imaged at a closer distance. Further, 
some material boundaries may in fact exhibit gradual gra 
dients, for example, a boundary characterized by one color 
blending into another. 

[0006] Hence, there is a need for enhanced methods for 
distinguishing illumination boundaries from material 
(re?ectance) boundaries in an image. There is also a need for 
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such methods that Would correctly di?ferentiate material and 
illumination boundaries even When sharp illumination 
boundaries are present in the image. 

BRIEF SUMMARY OF THE INVENTION 

[0007] Methods and apparatus are disclosed to distinguish 
betWeen incident and ambient light in order to differentiate 
illumination from material (re?ectance) boundaries. In gen 
eral, incident light is shadoW-forming light While ambient 
light is shadoW-?lling light. That is to say, ambient light 
permits one to observe objects that lack direct illumination. 
More speci?cally, it has been discovered that incident and 
ambient illuminations invariably exhibit different spectra, 
even When the ambient illumination is due to re?ection of 
incident illumination from a White surface. Hence, an image 
of a scene illuminated by incident and ambient illumination 
includes spectral cues related to interplay (correlation) 
betWeen tWo or more spectral components (e.g., Wavelength 
bandWidths) of the image, Which can be utilized to distin 
guish illumination boundaries from material (re?ectance) 
boundaries. In particular, substantially identical spectral 
shifts in at least tWo, and preferably in three, Wavelength 
bands can be an indicator of an interplay betWeen incident 
and ambient illumination, and hence can be utilized to 
identify illumination boundaries of the image. 

[0008] For example, in one aspect, the present invention 
provides methods and apparatus for image processing in 
Which brightness boundaries of an image, e.g., an image of 
a naturally illuminated scene, are identi?ed and then ana 
lyzed to distinguish illumination boundaries from re?ec 
tance boundaries by comparing shifts in brightness in at least 
tWo, preferably three or more, spectral bands. A brightness 
boundary can be identi?ed as an illumination boundary if the 
brightness shifts across all of the spectral bands exhibit 
concordance, e.g., the brightness value measured in each 
band increases or decreases along With the values measured 
in the other bands. 

[0009] For example, a boundary can be identi?ed as an 
illumination boundary if at least tWo Wavelength bands of 
the image exhibit a substantially common shift in brightness 
across the boundary. Such a substantially common shift can 
be characterized, for example, by a change in brightness of 
one Wavelength band that differs from a corresponding 
change in brightness of at least another Wavelength band by 
less than a feW percent, e.g., by less than about 20 percent, 
preferably by less than about 10 percent, and more prefer 
ably by less than about 5 percent. 

[0010] Likewise, a brightness boundary can be identi?ed 
as a re?ectance boundary if the brightness shifts across all of 
the spectral bands do not exhibit concordance, e.g., the 
brightness value measured in one or more of the bands does 
not increase or decrease along With the values measured in 
the other bands. 

[0011] Further, a brightness boundary can be identi?ed as 
a concurrent brightness and re?ectance boundary if at least 
tWo Wavelength bands of the image exhibit a decrease in 
brightness from one side of the boundary to another such 
that the degree of decrease of one band is substantially 
different than that of the other band. 

[0012] When identifying a brightness boundary as an 
illumination boundary or a re?ectance boundary, the degree 
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of concordance need not be absolute. That is, the brightness 
values measured in each band need not increase or decrease 
by precisely the same amount. Concordance can be de?ned, 
for example, by a vector analysis in Which changes in 
brightness of each band are represented by separate vectors 
and the “tightness” of the vector cluster determines concor 
dance. 

[0013] TWo or more Wavelength bands of an image uti 
liZed in the methods of the invention for differentiating 
illumination boundaries from re?ectance boundaries can lie 
in any suitable portion of the electromagnetic spectrum. For 
example, these Wavelength bands can be in the visible, 
infrared, or the ultraviolet portions of the electromagnetic 
spectrum. Further, the Wavelength bands can be partially 
overlapping, or can be disjointed. 

[0014] In other aspects, the invention provides a method 
of distinguishing re?ectance boundaries from illumination 
boundaries in an image by initially identifying one or more 
brightness boundaries of that image. The brightness bound 
aries can be determined by utiliZing any suitable method. 
For example, a variety of edge detection techniques knoWn 
in the art can be employed for this purpose. 

[0015] For each brightness boundary, brightness values of 
tWo or more Wavelength bands on either side of the bound 
ary are determined. Subsequently, a boundary is classi?ed as 
a re?ectance or an illumination boundary based on a com 

parison of a change in the brightness values across that 
boundary for each of the Wavelength bands relative to a 
corresponding change in the other Wavelength bands. For 
example, a boundary can be identi?ed as an illumination 
boundary When the tWo or more Wavelength bands exhibit a 
decrease in brightness from one side of the boundary to the 
other. Alternatively, a boundary can be identi?ed as a 
re?ectance boundary When at least one of the Wavelength 
bands exhibits a decrease in brightness, and at least another 
Wavelength band exhibits an increase in brightness, from 
one side of the boundary to the other. 

[0016] In yet another aspect, the invention provides a 
method of distinguishing re?ectance boundaries from illu 
mination boundaries by identifying one or more brightness 
boundaries in the image, and identifying each brightness 
boundary as a re?ection or an illumination boundary based 
on a comparison of a spectral signature related to brightness 
values associated With at least tWo Wavelength bands of the 
image on one side of the boundary With a corresponding 
spectral signature on the other side of the boundary. The 
spectral signature can be characterized by a difference in 
brightness values associated With the Wavelength bands. For 
example, a brightness boundary can be classi?ed as an 
illumination boundary When the spectral signatures on tWo 
sides of the boundary are both positive or both negative. 
Alternatively, a brightness boundary can be classi?ed as a 
re?ectance boundary When the spectral signatures on the tWo 
sides of the boundary exhibit different signs. 

[0017] In another aspect, in a method according to the 
teachings of the invention for identifying a brightness 
boundary in an image as either an illumination or a re?ec 
tance boundary, at least one brightness boundary of the 
image is identi?ed and brightness values in at least tWo 
Wavelength bands on either side of the boundary are deter 
mined. The brightness boundary can then be identi?ed as a 
re?ectance or an illumination boundary based on correlation 
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of changes of brightness values across the boundary in the 
Wavelength bands. For example, the boundary can be iden 
ti?ed as a re?ectance boundary When at least one of the 
Wavelength bands exhibits a decrease, and others exhibit an 
increase, in brightness from a bright side, i.e., a side having 
a higher brightness, to the other side of the boundary. 
Alternatively, the boundary can be identi?ed as an illumi 
nation boundary When the Wavelength bands exhibit a 
decrease in brightness from a bright side of the boundary to 
the other. 

[0018] In other aspects, the invention provides a method 
of distinguishing illumination boundaries from re?ectance 
boundaries in image of a scene, Which includes identifying 
a plurality of brightness boundaries in the image, Where each 
boundary separates a high brightness side from a loW 
brightness side. For each of tWo or more selected Wave 
length bands of the image and each of the brightness 
boundaries, image brightness on each side of the boundary 
is determined. Further, for each of the Wavelength bands and 
each of the brightness boundaries, a brightness difference 
across the boundary is calculated. Subsequently, for each of 
the brightness boundaries, a three-component vectors is 
generated, in Which each component is formed as a ratio of 
an absolute value of the brightness difference across the 
boundary relative to the brightness value on the bright side 
of the boundary corresponding to one of the Wavelength 
bands. This is folloWed by normaliZing the vectors. A 
brightness boundary is identi?ed as an illumination bound 
ary if a normalized vector corresponding to that boundary 
forms a cluster With one or more vectors corresponding to 
other boundaries. 

[0019] In a related aspect, each of the three-component 
vector (V) as follows: 

Wherein L, M, and S denote said three Wavelength bands, 
DL, DM, and DS denote brightness values in the loW bright 
ness side of the boundary for each of the three Wavelength 
bands, respectively, and B'L, B'M, B'S are de?ned, respec 
tively, as 

B ’L=BL_DL; B ’1\/I=BM_DM; B [3:83-09 

Wherein BL, BM, and BS are brightness values in the high 
brightness of the boundary for each of the Wavelength bands, 
respectively. Further, a normaliZed vector (VN) is de?ned as 
folloWs: 

Wherein denotes the norm of V. 

[0020] In other aspects, the invention provides an imaging 
system that includes an image-capture device capable of 
capturing a multi-spectral image of a scene and a processor 
programmed to detect edges in the image and analyZe the 
changes in brightness values across such boundaries to 
differentiate illumination boundaries from re?ection bound 
anes. 
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[0021] The image-capture device can be any suitable 
imaging device that allows obtaining a multi-spectral image, 
i.e., an image in at least tWo different Wavelength bands, of 
a scene. For example, the image-capture device can be a 
CCD matrix coupled to appropriate ?lters that can be 
selectively activated to obtain an image in at least tWo, and 
more preferably in three or more, Wavelength bands. 

[0022] In other aspects, the imaging system described 
above can be utiliZed, for example, in robotic vision appli 
cations to more readily identify shadoWs and objects. The 
invention is also useful in image processing applications 
Whereby an initial determination of brightness boundaries 
and their categorization as either illumination or true mate 
rial boundaries can be used to identify and remove shadoW 
effects. The determination of such boundaries in an image 
can also be used by image-capture devices to compensate for 
shadoWs, e.g., by modifying the dynamic range of the image 
detector. 

[0023] More generally, the present invention permits one 
to calculate and/or display more accurately the colors of an 
object Within an image of a scene by computation of a 
shadoWless matrix for each Wavelength band. (The term 
“retinex” is used herein to describe each Wavelength band.) 
In essence, each region of the same re?ectance is assigned 
the same color designator despite illumination changes. In 
one embodiment, bright values can be simply extended into 
shadoW areas. Alternatively, shadoW values can be extended 
into bright areas. In some applications, a more precise color 
compensation can be achieved by averaging these tWo 
techniques. 

[0024] In another aspect of the invention of the invention, 
the breadth of cone response stabiliZes designators in com 
putation of shadoWless matrices. For example, visible light 
(e. g., from about 400 to about 700 nanometers) is of primary 
interest in calculating most images and it is usually desirable 
to employ three spectral bands in such applications. In one 
embodiment, each band preferably spans a portion of the 
visible spectrum of at least about 50 nanometers, more 
preferably at least about 100 or 150 nanometers. An overlap 
betWeen at least tWo of the spectral bands can also be 
desirable. 

[0025] In another aspect, the present invention can be used 
to enhance computer graphics. For example, the present 
invention permits more realistic depictions of animated 
scenes and objects by providing more realistic determina 
tions of incident and ambient illuminations. 

[0026] Further understanding of the invention can be 
obtained by reference to the folloWing detailed description 
in conjunction With the associated draWings, Which are 
described brie?y beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] FIG. 1 is a ?oW chart depicting various steps in one 
embodiment of a method of the invention for distinguishing 
illumination boundaries from re?ectance boundaries in an 
image of a scene; 

[0028] FIG. 2A is a graph schematically depicting varia 
tions of brightness in three Wavelength bands across an 
exemplary shadoW boundary generated by a single illumi 
nant; 
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[0029] FIG. 2B is a graph schematically depicting varia 
tions of brightness in three Wavelength bands across an 
exemplary “real life” shadoW boundary; 

[0030] FIG. 2C is a graph schematically depicting varia 
tions of brightness in three Wavelength bands across an 
exemplary re?ectance (material) boundary; 

[0031] FIG. 3 schematically depicts endpoints of three 
component vectors, generated in accordance With one 
embodiment of the methods of the invention, in a respective 
three-dimensional space in Which vectors forming a cluster 
correspond to illumination boundaries; 

[0032] FIG. 4 schematically depicts a cubicle apparatus 
for testing the e?icacy of the methods of the invention for 
differentiating illumination boundaries, particularly sharp 
illumination boundaries, from re?ectance boundaries; 

[0033] FIG. 4A illustrates a “diamond” vieWing object for 
use in the apparatus of FIG. 4; 

[0034] FIG. 4B illustrates a “Wing” shaped object for use 
in the apparatus of FIG. 4; 

[0035] FIG. 5A is a photograph of objects suspended in 
the cubicle of FIG. 4 illuminated by incident light only; 

[0036] FIG. 5B is a photograph of objects suspended in 
the cubicle of FIG. 4 illuminated by ambient light only; 

[0037] FIG. 5C is a photograph of objects suspended in 
the cubicle of FIG. 4 illuminated by incident and ambient 
lights; 
[0038] FIG. 6A schematically depicts an imaging system 
in accordance With one embodiment of the invention; 

[0039] FIG. 6B schematically illustrates a CCD matrix 
capable of selective coupling to spectral ?lters, Which can be 
utiliZed as an image-capture device in the imaging system of 
FIG. 6A, and 

[0040] FIG. 7 depicts an image of a cube casting a shadoW 
to Which the methods of the invention can be applied to 
identify the shadoW boundary. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0041] The present invention provides methods and appa 
ratus for differentiating brightness values in an image of a 
scene, e.g., a scene illuminated With natural light, into 
separate components corresponding to illumination and sur 
face re?ectance. As described in more detail beloW, the 
invention achieves such differentiation by comparing spec 
tral signatures associated With at least tWo, and preferably 
three distinct Wavelength bands, on tWo sides of brightness 
boundaries in the image. 

[0042] In general, an image of a scene represents a tWo 
dimensional map of brightness values received from various 
portions of the scene. For example, a digital image of a scene 
provides a tWo-dimensional matrix of pixels each having a 
brightness value that is a product of illumination intensity 
corresponding to a portion of the scene imaged onto that 
pixel and the surface re?ectance of that portion. When a 
scene is illuminated uniformly, the brightness values in an 
image of the scene are directly proportional to surface 
re?ectance values With the illumination intensity providing 
the proportionality constant. HoWever, illumination of a 
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natural scene is typically not uniform, for example, as a 
result of angle of illumination. Such illumination non 
uniformity can result in regions in Which illumination is 
direct and regions in Which illumination is indirect, also 
referred to herein as regions of ambient illumination. Hence, 
in such cases, the brightness values observed in an image of 
a scene are not simply proportional to surface re?ectance 
values, but are rather represented by a product of illumina 
tion intensity and surface re?ectance. 

[0043] It has been discovered that shadoWs, i.e., regions of 
indirect illumination, reveal an important aspect of the 
illumination environment: the illuminating spectra of inci 
dent light is rarely, if ever, identical to that of the ambient 
illuminant. As discussed in more detail beloW, this feature 
can be utiliZed as a multi-spectral cue for determining 
illumination ?ux, Which is the ?rst step in estimating re?ec 
tance. More particularly, it has been discovered that the 
interplay of the tWo illuminating spectra, namely, the inci 
dent light that creates shadoWs and the ambient light that ?lls 
shadoWs, can be employed to detect shadoW transitions as a 
common spectral shift upon various colored surfaces in a 
scene. For example, if a shadoW crosses a green object as 
Well as a blue object, measurements of the bright and the 
dark sides of both objects can reveal an identical shift in 
spectra, i.e., the difference betWeen the incident and ambient 
illuminants, but in different absolute Wavelengths. Such a 
common spectral shift constituted of different Wavelengths 
is highly likely to result from variation of illumination ?ux 
rather than changes in surface re?ectance. 

[0044] An image on Which the methods of the invention 
can be practiced is: generally a multi-spectral image 
obtained, for example, in at least tWo, and more preferably 
three Wavelength bands. The image can be, for example, a 
color image formed on a photographic emulsion ?lm. Alter 
natively, the image can be in digital form obtained, for 
example, by a matrix of CCD elements or a video camera. 
By Way of example, a matrix of CCD elements, in conjunc 
tion With three ?lters, can be utiliZed to obtain a multi 
spectral image of a scene in three Wavelength bands, that is, 
an image encoding a map of brightness in each of the three 
bands. In preferred embodiments, an image of a scene of 
interest is obtained in at least tWo Wavelength bands having 
different center Wavelengths. More preferably, in some 
applications, three Wavelength bands can be utiliZed. These 
three bands are herein referred to as short, medium, and long 
Wavelength bands to indicate an ascending progression of 
their respective center Wavelengths. By Way of example, the 
three Wavelength bands can correspond to the spectral 
sensitivity of the 3 human cone receptors of the retina. The 
selection of the Wavelength bands is not limited to the visible 
portion of the electromagnetic spectrum. For example, the 
Wavelength bands can lie in the infrared, ultraviolet, or any 
other suitable portion of the spectrum. In some embodiments 
in Which a spectraradiometer is utiliZed, the Wavelength 
bands can be de?ned post hoc. The Wavelength bands can be 
disjointed, or alternatively they can be partially overlapping. 
Although three Wavelength bands are employed in many 
embodiments of the invention, the methods of the invention 
can also be utiliZed With tWo Wavelength bands, or With 
more than three Wavelength bands. 

[0045] With reference to ?oW chart 10 of FIG. 1, in one 
exemplary method of the invention for differentiating illu 
mination boundaries from re?ectance boundaries in an 
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image of a scene, in an initial step 12, one or more brightness 
boundaries of the image are identi?ed. A brightness bound 
ary separates at least tWo regions of the image exhibiting 
different brightness values. That is, a region on one side of 
the boundary, herein also referred to as the bright side, 
exhibits a brightness that is higher than a corresponding 
brightness in a region on the other side of the boundary, 
herein also referred to as the dark side. Any knoWn tech 
nique can be utiliZed for identifying such brightness bound 
aries in the image. For example, a variety of edge detection 
techniques knoWn in the art can be employed for this 
purpose. 

[0046] In a subsequent step 14, brightness values are 
determined on both sides of each identi?ed brightness 
boundary or transition, i.e., on the “bright” side and the 
“dark” side, for each of the three Wavelength bands. The 
brightness values can be determined by any suitable tech 
nique. For example, the output of CCD elements, coupled to 
an appropriate ?lter, that record the image Within a Wave 
length band commensurate With the ?lter’s characteristics 
can be employed to determine brightness intensity in that 
Wavelength band. In the folloWing discussion of various 
embodiments of the invention, the brightness values corre 
sponding to the “bright” side of the boundary for long, 
medium, and short Wavelength bands are represented, 
respectively, as BL, BM, and BS, and the brightness values 
corresponding to the “dark” side of the boundary are rep 
resented as DL, DM, and DS, Wherein the subscripts L, M, 
and S refer, respectively, to long, medium and short Wave 
length bands. 

[0047] In step 16a, each brightness boundary in Which the 
brightness values for all three Wavelength bands in the bright 
side of the boundary are greater that brightness values in the 
dark side is identi?ed as an illumination (shadoW) boundary. 
In other Words, such a brightness boundary is due to 
variation of illuminant ?ux rather than a change in surface 
re?ective properties across the boundary. This criterion for 
identifying a brightness boundary as an illumination 
(shadoW boundary) can also be mathematically represented 
as folloWs: 

Where parameters BL, DL, BM, DM, BS, and DS are de?ned 
as above. 

[0048] Further, in step 16b, brightness boundaries that fail 
to satisfy these relations (i.e., brightness boundaries in 
Which the brightness value in at least one Wavelength band 
in the dark side exceeds that in the bright side) are classi?ed 
as re?ectance (or material) boundaries. In other Words, such 
boundaries are due a change in surface re?ectance rather 
than a variation of illuminant ?ux. Such re?ectance changes 
can occur, for example, as a result of color changes and/or 
change of the type of material on the tWo sides of the 
boundary. 

[0049] As a schematic example of variation of brightness 
values in three Wavelength bands across illumination and 
re?ectance boundaries, FIG. 2A, 2B, and 2C present, 
respectively, a shadoW boundary generated by a single 
illuminating source, a typical real life shadoW boundary, and 
a re?ectance boundary generated as a result of variation of 
surface re?ectance (e.g., different materials on the tWo sides 
of the boundary), a “material boundary.” In general, a 
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brightness boundary can be sharp, or can be characterized by 
a region in which brightness varies gradually from the bright 
side to the dark side. In these illustrative ?gures, each 
brightness boundary separates a “bright side” from a “dark 
side,” via a transition region in which the brightness values 
exhibit a gradual gradient. 

[0050] The brightness values of the three wavelength 
bands (designed as L, M, S for long, medium and short 
wavelength bands) depicted in FIG. 2A show a common 
degree of decrease across the boundary. On the other hand, 
the brightness values of the medium wavelength band 
depicted in FIG. 2B shows a much less decrease between 
the bright and the dark side than those exhibited by the other 
two wavelength bands. Notwithstanding these differences, 
both these ?gures depict illumination (shadow) boundaries 
because, for each wavelength band, the brightness values in 
the “dark side” decrease relative to those in the “bright side.” 
Conversely, FIG. 2C shows a re?ectance boundary that 
exhibits an increase in the brightness value of the medium 
wavelength band from the “bright side” to the “dark side,” 
while exhibiting a decrease in the brightness values of the 
other two bands from the “bright side” to the “dark side.” An 
exemplary implementation of the methods of the invention 
is described below. It should, however, be understood that 
the methods of the invention can be implemented differently. 

[0051] In some preferred embodiments for each wave 
length band, differences in the brightness values between the 
“bright” side and the “dark” side of each brightness bound 
ary are calculated. For a given brightness boundary, such a 
difference for the long wavelength band can be represented 
as follows: 

wherein BL and DL denote the brightness values on the 
“bright” side and the “dark” side of the boundary, respec 
tively, and B'L denotes a difference between these values. 

[0052] The corresponding differences for the other wave 
length bands can also be represented in a similar manner. For 
an illumination (shadow) boundary, the “bright” side is 
illuminated with both direct and ambient illuminant ?ux 
while the “dark” side is illuminated only with ambient 
illuminant ?ux. For example, for such a boundary in the long 
wavelength band, the brightness values on the two sides of 
the boundary, i.e., BL and DL, can be represented as follows: 

wherein ILa and IL“1 denote, respectively, ambient and direct 
illumination ?ux, and RL denotes surface re?ectance, which 
is the same on both sides of an illumination boundary. 

[0053] Hence, in such a case, the difference between the 
brightness values across the boundary (B'L) can be charac 
terized as follows: 

[0054] This, in turn, results in the following equation for 
the ratio of the difference in brightness across the boundary 
relative to the brightness on the “dark” side of the boundary: 

Aug. 10, 2006 

[0055] In other words, for an illumination (shadow) 
boundary, this ratio provides a ratio of direct illumination 
?ux relative to ambient illumination ?ux irrespective of the 
surface re?ectance values. 

[0056] In many preferred embodiments, for each identi?ed 
brightness boundary and for each wavelength band, a ratio 
of the brightness value on the “dark” side of the boundary 
relative to a difference in brightness values across the 
boundary is calculated. These ratios, for the three wave 
length bands, can be represented as the following three 
component vector (V): 

iDDD V[LMS] 

wherein L, M, and S denote said three wavelength bands, 
DL, DM, and DS denote brightness values in the low bright 
ness side of the boundary for each of the three wavelength 
bands, respectively, and B'L, B'M, B'S are de?ned, respec 
tively, as 

wherein BL, BM, and BS are brightness values in the high 
brightness side of the boundary for each of the wavelength 
bands, respectively. Subsequently, each vector V corre 
sponding to one of the brightness boundaries is normalized, 
that is, it is divided by its length, to generate a normalized 
vector (VN), de?ned as follows: 

wherein denotes the norm of V. 

[0057] Those of the above normalized vectors (VN) that 
correspond to illumination (shadow) boundaries tend to 
cluster around a single point in a three-dimensional coordi 
nate space in which each coordinate corresponds to one of 
the vector components. In contrast, the vectors that corre 
spond to re?ectance boundaries tend to scatter in such a 
coordinate space. For example, FIG. 3 schematically illus 
trates such a three-dimensional coordinate space in which 
the end points of a plurality of normalized vectors(shown as 
red dots on the surface of the sphere), corresponding to 
brightness boundaries in an exemplary image, are plotted. 
While a set of these vectors are clustered in a region closest 
to the north pole of the sphere, the remainder set fails to form 
a cluster. 

[0058] The methods of the invention utilize this clustering 
property of vectors corresponding to illumination bound 
aries to differentiate them from those that correspond to 
re?ectance boundaries. For example, the clustered vectors 
can be identi?ed as corresponding to illumination bound 
aries, and the scattered ones as corresponding to re?ectance 
boundaries. In this illustrative exemplary embodiment, the 
vectors associated with all brightness boundaries are plotted 
in a three-dimensional coordinate system, and the plot is 
inspected to identify those vectors that form a cluster with 
one or more others. 
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[0059] To illustrate the e?icacy of methods of the inven 
tion, as described above, in differentiating illumination 
boundaries from re?ectance boundaries, Applicant per 
formed a series of experiments under different illumination 
conditions (including simulating sunlight and skylight). 
These experiments shoWed that the methods of the invention 
can successfully distinguish material (re?ectance) bound 
aries from illumination boundaries even in situations in 
Which other methods, such as Land-McCann algorithm or 
other conventional derivative methods, Would incorrectly 
identify all boundaries as material boundaries, and hence 
fail. 

[0060] By Way of example, in one such example, a cubicle 
apparatus 22, schematically depicted in FIG. 4, Was 
designed and utiliZed to shoW that sharp illumination bound 
aries that Would foil the Land-McCann algorithm, and others 
based on spatial thresholding, can be correctly identi?ed by 
application of the methods of the invention. The cubicle 22, 
Which is essentially a 3-dimensional Mondrian, is con 
structed of only material (i.e., re?ectance) and step illumi 
nation boundaries, and is hence “gradient free.” TWenty four 
elements/objects (shoWn as diamond-shaped elements) are 
suspended in front of a black velvet curtain 26, and their 
surfaces are pasted With colored “Munsell” paper to provide 
desired colors. The Mondrian 22 further includes a source of 
incident light 28, and a ?lter 30 that removes unWanted 
Wavelength components of this light source to provide 
?ltered light for illuminating the elements 24. A vieWing port 
32 alloWs observation of the elements, and their imaging. 
For example, a spectroradiometer can be pointed through 
this port to make measurements of the scene. There is also 
another light sourceia ring lightisurrounding the vieWing 
port on the inside of the apparatus, Which is unseen through 
the vieWing port. The ring light source, and an accompany 
ing ?lter for controlling spectral composition of the light, 
provide shadoWless ambient illumination of the scene. 

[0061] The objects 24 fall into tWo categories, one of 
Which includes tWo types of objects. The objects in one 
category, as shoWn in FIG. 4A, and herein referred to as 
“diamonds,” are constructed from tWo triangles brought 
together in the same plane that is tilted at 45 degrees from 
the vertical direction. The objects in the second category, as 
shoWn in FIG. 4B, and herein referred to as “Wings” due to 
their shapes, include a top triangle that faces the top light 28 
(i.e., tilted at 45 degrees from the vertical similar to the 
diamonds), and bottom triangle that is bent doWnWard at 45 
degrees from the vertical. The top triangle re?ects both the 
incident and ambient light; the bottom triangle is in the 
shadoW With respect to the incident (top) light While still 
re?ecting the ambient light coming from the ring light 
surrounding the vieWing port. The Wings, therefore, contain 
an illumination boundary, namely, a boundary betWeen 
incident+ambient light on the top triangle and the ambient 
light alone on the bottom triangle. 

[0062] There is one type of diamond, but tWo types of 
Wings. The diamonds are made of tWo colors, one corre 
sponding to the bottom and the other to the top surface. On 
the other hand, While some of the Wings have the same color 
on the top and the bottom surfaces, the others have different 
colors. 

[0063] FIG. 5A-5C illustrate three photographs taken 
through the vieWing port 32 for different illuminations of the 
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diamonds and the Wings. In particular, FIG. 5A Was taken 
When the diamonds and the tWo kinds of Wings Were 
illuminated by the incident light alone, and FIG. 5B Was 
taken When these objects Were illuminated by the ambient 
light alone. Further, FIG. 5C Was taken When both the 
incident and the ambient lights Were utiliZed for illumina 
tion. The incident light Was ?ltered to resemble sunlight, and 
hence it has a yelloWish cast; the ambient light Was ?ltered 
to resemble bluish skylight. 

[0064] The aforementioned three types of elements can be 
seen in FIGS. 5A-5C: Wing “A,” colored the same on top 
and bottom, Wing “B” colored di?‘erently at top and bottom 
(the bottom color is chosen to look like a shadoWed version 
of the top), and diamond “C” colored di?‘erently at top and 
bottom. 

[0065] The top and bottom triangles of Wing “A” are seen 
as identical in FIG. 5B as both are illuminated by ambient 
light. HoWever, they are seen as different in FIG. 5A 
because the incident light (the only source of illumination in 
this case) illuminates only the top part of the Wing. This 
di?‘erence is diminished in FIG. SC in Which illumination is 
provided by both the incident and ambient light. For Wing 
“B,” the boundary betWeen the light top and the dark bottom 
is both a material (re?ectance) as Well as an illumination 
boundary, as evident by a comparison of FIG. 5A With FIG. 
5B. On the other hand, diamond “C” represents an object 
having a simple material (re?ectance) boundary. 

[0066] Measurements Were made by pointing a spectro 
radiometer (Pritchard 1980) through the vieWing port 32 
toWard the top and bottom of each diamond and Wing, and 
measuring radianace at every tWo nanometers of the visible 
spectrum (370-725 nm). A standard method of integrating 
radiance over the knoWn absorption curves for long, 
medium, and short cones Was utiliZed to model human cone 
responses. Application of the methods of the invention to 
these long, medium, and short measurements resulted in 
correct di?‘erentiation of illumination boundaries from 
re?ectance boundaries. 

[0067] HoWever, conventional methods, especially those 
based on spatial gradients, fail to distinguish betWeen single 
colored Wings, tWo-colored Wings, and diamonds. In other 
Words, such methods fail to differentiate material boundaries 
from illumination boundaries in the above apparatus, as 
these boundaries do not exhibit gradients (i.e., they are sharp 
boundaries). 
[0068] In contrast, the methods of the invention, Which are 
generally based on the interplay of different spectra of the 
incident and ambient illuminants, correctly di?‘erentiate 
illumination boundaries from re?ectance boundaries. In 
particular, the methods of the invention recogniZe illumina 
tion boundaries as having identical spectral shifts against 
different background colors because the same shift involving 
different sets of Wavelengths is typically caused by the 
interplay betWeen the incident and ambient illumination, and 
not by other factors, such as different re?ectances. 

[0069] Thus, the methods of the invention alloW di?‘eren 
tiating pure illumination boundaries from re?ectance (mate 
rial) boundaries, or from concurrent material and illumina 
tion boundaries. Such reliable differentiation of illumination 
boundaries from material boundaries is useful in many 
imaging applications, such as civil and military image 
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analysis, computer vision, computer graphics, digital pho 
tography, and image compression. 

[0070] For example, satellite images obtained at different 
times of a day, or during different seasons, can include 
changes of shadoWs across an imaged scene, Which present 
a source of noise in acquired images, and render identi?ca 
tion of actual movements of obj ects di?icult. The methods of 
the invention can be applied to such images to alleviate, and 
preferably remove, illumination variations, and hence gen 
erate a re?ectance image, Which could be more readily 
analyZed. In particular, removing shadoWs reveal invariant 
surface re?ectances. This alloWs identifying differences 
betWeen non-contemporaneous images as representing 
genuine material changes on the ground. In this manner, a 
large volume of images can be processed to remove differ 
ences due to ever-changing illumination conditions to alloW 
automatic screening of the images for signi?cant material 
di?ferences. 

[0071] As another example, the methods of the invention 
can be incorporated in computer vision systems to differen 
tiate shadoWs from object boundaries, thereby alloWing 
recognition of objects irrespective of their illumination. 
Conventional computer vision systems operate in an incho 
ate brightness or radiance World that is categorically differ 
ent than the stabiliZed re?ectance-based World of human 
vision. Hence, conventional computer vision systems are 
largely con?ned to production-line environments and other 
applications in Which scene illumination is constant and/or 
carefully controlled. In contrast, the methods of the inven 
tion can process brightness values into illumination and 
re?ectance components, thereby enabling reliable separation 
of ?gure and ground irrespective of illuminating conditions, 
as Well as recognition of objects based on their shapes 
Without the confounding in?uence of shadoWs, and recog 
nition of objects based on their color irrespective of the 
illumination. 

[0072] Further, the methods of the invention can be 
employed in computer graphics applications to develop 
realistic models of light and surface interactions by priori 
tiZing perceptually important scene features. 

[0073] As noted above, photography is another ?eld in 
Which the methods of the invention can ?nd important 
applications. For example, a perennial problem in photog 
raphy is the difference betWeen dynamic range of photo 
graphic print (e.g., 150:1) relative to the dynamic range 
associated With brightness values received from an imaged 
scene (e.g., 10,000zl). As a result, photographers are faced 
With the problem of compressing the real World dynamic 
range to the signi?cantly smaller dynamic range of the 
photographic print, for example, by utiliZing compensatory 
lighting. The methods of the invention can solve this prob 
lem by removing illumination variations from an image, 
thereby generating a re?ectance image that exhibits a more 
manageable dynamic range. For example, the methods of the 
invention can be employed to factor image brightness values 
into separate illumination and surface re?ectance compo 
nents, thereby permitting discretionary re-introduction (With 
or Without modi?cation) of shadoWs to a perfectly exposed, 
if shadoWless, re?ectance image, thus diminishing the pho 
tographic “exposure” problem. 

[0074] Similarly, the methods of the invention can ?nd 
applications in digital videography. By Way of example, the 
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methods of the invention can be employed to provide more 
e?icient compression of digital video. For example, the 
illumination variations can be compressed separately from 
re?ectance variations. 

[0075] Other applications of the methods of the invention 
Will be apparent to those having ordinary skill in the art. In 
fact, the methods of the invention can be useful in any 
imaging device, e.g., any digital device having a lens. 

[0076] By Way of example, FIG. 6A illustrates an imaging 
device 34 in accordance With one embodiment of the inven 
tion having a lens 36 that projects an image of at least a 
portion of a scene onto an image-capturing device 38. The 
image capture-device 38 can be a video camera, a charge 
coupled display (CCD) device, or any other device suitable 
for imaging a scene. For example, as shoWn in FIG. 6B, in 
some embodiments, the image-capture device includes a 
CCD matrix 40 that can be selectively coupled to tWo or 
more ?lters 42 to acquire a multi-spectral image of a scene, 
e.g., an image in tWo or more Wavelength bands. 

[0077] The imaging device 34 further includes an image 
processing module 44 that receives an image acquired by the 
image-capture device 38 via a communications link 46. The 
image can be stored in a storage 48, for example, a RAM or 
DRAM memory module. A processor 50 programmed to 
implement the methods of the invention can operate on the 
stored image to generate data indicative of the brightness 
boundaries in the image, as Well as classi?cation of their 
classi?cation into illumination and re?ectance boundaries. 
More speci?cally, in this exemplary embodiment, the pro 
cessor 50 includes a module 5011 that operates on the image 
data to identify one or more brightness boundaries, if any, of 
the image. Further, another module 50b employs the image 
data and the boundary information supplied by the module 
5011 to identify the brightness boundaries as illumination or 
re?ectance boundaries by utiliZing the methods of the inven 
tion. The information regarding the boundaries can be 
stored, if desired, in a permanent storage module 52, such as 
a hard disk. Although tWo separate processing modules are 
depicted here, those having ordinary skill in the art Will 
appreciate, that the processor 50 can implement the methods 
of the invention by executing a single program that includes 
instructions for both ?nding brightness boundaries and clas 
sifying them as illumination and re?ectance boundaries. 
Alternatively, a modular processing architecture, such as 
that shoWn herein, can be employed. Programs for imple 
menting the methods of the invention can be Written in any 
suitable programming language, such as, C, Java, or Fortran. 
Alternatively, the instructions for implementing the image 
processing methods of the invention can be provided in 
hardWare. 

[0078] The imaging device 34 can be utiliZed in a variety 
of applications. For example, it can be incorporated in a 
robotic system for recogniZing object boundaries Without 
confusing the objects real outlines With their shadoWs. A 
robot having such an object-recognition capability can func 
tion not only in environments characterized by carefully 
controlled uniform illumination but also in “real World” 
environments in Which illumination can be non-uniform. For 
example, automated vacuum cleaning robots equipped With 
such an imaging system can navigate around objects Without 
confusing their actual boundaries With their shadoWs. In 
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another application, the imaging system can be utilized in a 
car to help a driver avoid or navigate around obstacles, or 
prevent collision. 

[0079] This capability of the imaging device, i.e., correctly 
distinguishing real object boundaries from their shadoWs, 
can be better understood by reference to FIG. 7, Which 
represents an image of a cube 42 casting a shadoW. The 
imaging system 34 can identify the shadoW boundary 44, 
thereby alloWing a robotic system to correctly recogniZe the 
actual boundary of the cube. The legends “a,”“b,” and “c” on 
FIG. 7 may be ignored. 

[0080] In another application, the imaging device 34 can 
be incorporated in a camera, such as a satellite imaging 
camera or a surveillance camera, to identify illumination and 
material boundaries. This information can be employed to 
remove the effects of shadoWs so as to generate a re?ectance 
image, i.e., an image in Which brightness variations are 
proportional to surface re?ectance values. Alternatively, the 
effects of shadoWs can be re-introduced into a re?ectance 
image to obtain the original image. 

[0081] Those having ordinary skill in the art Will appre 
ciate that various modi?cations can be made to the above 
embodiments Without departing from the scope of the inven 
tion. 

What is claimed is: 
1. A method of differentiating an illumination boundary 

from a re?ectance boundary in an image, comprising: 

identifying a brightness boundary in the image, and 

identifying the boundary as an illumination boundary if at 
least tWo Wavelength bands of said image exhibit a 
substantially common shift in brightness across said 
boundary. 

2. The method of claim 1, further comprising identifying 
the brightness boundary as a re?ectance boundary if at least 
tWo Wavelength bands of said image exhibit an increase and 
a decrease, respectively, in brightness from one side of said 
boundary to another. 

3. The method of claim 1, further comprising identifying 
said brightness boundary as a concurrent brightness and 
re?ectance boundary if at least tWo Wavelength bands of the 
image exhibit a decrease in brightness from one side of the 
boundary to another such that the degree of decrease of one 
band is substantially different than that of the other band. 

4. The method of claim 1, Wherein said substantially 
common shift comprises a decrease in brightness of one 
Wavelength band that differs from a corresponding decrease 
in brightness of at least another Wavelength band by less 
than a feW percent.] 

5. A method for distinguishing re?ectance boundaries 
from illumination boundaries in an image, comprising 

identifying one or more brightness boundaries in the 
image, 

for each of said boundaries, determining brightness values 
of tWo or more Wavelength bands on either side of the 
boundary, and 

identifying a boundary as a re?ectance or an illumination 
boundary based on a comparison of a change in said 
brightness values across that boundary for each of said 
Wavelength bands relative to a corresponding change in 
the other Wavelength bands. 
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6. The method of claim 5, further comprising identifying 
a boundary as an illumination boundary When said tWo or 
more Wavelength bands exhibit a decrease in brightness 
from one side of the boundary to the other. 

7. The method of claim 5, further comprising identifying 
a boundary as a re?ectance boundary When at least one of 
said Wavelength bands exhibits a decrease in brightness 
from one side of the boundary to the other and at least one 
of the other Wavelength bands exhibits an increase in 
brightness from said one side of the boundary to the other. 

8. The method of claim 5, Wherein the step of identifying 
brightness boundaries applying an edge detection technique 
to the image. 

9. The method of claim 5, Wherein the image is an image 
of a naturally illuminated scene. 

10. The method of claim 5, Wherein said Wavelength 
bands include long, medium, and short Wavelength bands, 
respectively. 

11. The method of claim 5, Wherein at least tWo of said 
Wavelength bands are partially overlapping. 

12. A method of distinguishing re?ectance boundaries 
from illumination boundaries in an image of a scene, com 
prising 

identifying one or more brightness boundaries in the 
image, and 

identifying each brightness boundary as a re?ection or an 
illumination boundary based on a comparison of a 
spectral signature related to brightness values associ 
ated With at least tWo Wavelength bands of the image on 
one side of the boundary With a corresponding spectral 
signature on the other side of the boundary. 

13. The method of claim 12, Wherein said spectral sig 
nature is characterized by a difference in brightness values 
associated With said at least tWo Wavelength bands. 

14. The method of claim 13, further comprising identi 
fying a brightness boundary as an illumination boundary 
When said spectral signatures on tWo sides of the boundary 
are both positive or both negative. 

15. The method of claim 13, further comprising identi 
fying a brightness boundary as a re?ectance boundary When 
said spectral signatures on tWo sides of the boundary exhibit 
different signs. 

16. A method of identifying a brightness boundary in an 
image as either an illumination boundary or a re?ectance 
boundary, comprising 

identifying a brightness boundary in the image, 

determining brightness values in at least tWo Wavelength 
bands on either side of the boundary, and 

identifying the boundary as a re?ectance or an illumina 
tion boundary based on correlation of changes of 
brightness values across the boundary in said Wave 
length bands. 

17. The method of claim 16, further comprising identi 
fying a brightness boundary as a re?ectance boundary When 
at least one of the Wavelength bands exhibits a decrease, and 
the other Wavelength band exhibits an increase, in brightness 
values from a bright side of the boundary to the other. 

18. The method of claim 17, further comprising identi 
fying a brightness boundary as an illumination boundary 
When said Wavelength bands exhibit a decrease in brightness 
values from a bright side of the boundary to the other. 
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19. A method of distinguishing illumination boundaries 
from re?ectance boundaries in an image of a scene, com 
prising: 

identifying a plurality of brightness boundaries in the 
image, each brightness boundary separating a high 
brightness side from a loW brightness side, 

for each of three selected Wavelength bands of the image 
and each of the brightness boundaries, determining 
image brightness on each side of the boundary, 

for each of said Wavelength bands and each of the 
brightness boundaries, determining a brightness differ 
ence across the boundary, 

for each of said brightness boundaries, generating a 
three-component vector Wherein each component is 
formed as a ratio of an absolute value of brightness 
difference across the boundary relative to brightness on 
the bright side of the boundary corresponding to one of 
the Wavelength bands, 

normalizing said vectors, 

identifying a boundary as an illumination boundary if a 
normaliZed vector corresponding to said boundary 
forms a cluster With one or more vectors corresponding 
to other boundaries. 

20. The method of claim 19, further characterizing each of 
said three-component vectors (V) as folloWs: 

a [0L DM D3] 
_ BEETS 

Wherein L, M, and S denote said three Wavelength bands, 
DL, DM, and DS denote brightness values in the loW bright 
ness side of the boundary for each of the three Wavelength 
bands, respectively, and B'L, B'M, B'S are de?ned, respec 
tively, as 

B ’L=BL_DL; B ’1\/I=BM_DM; B [3:83-09 

Wherein BL, BM, and BS are brightness values in the high 
brightness of the boundary for each of the Wavelength 
bands, respectively. 
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21. The method of claim 20, further comprising normal 
iZing said vector V to obtain a normaliZed vector (VN) 
de?ned as folloWs: 

Wherein denotes the norm of V. 

22. The method of claim 20, Wherein said Wavelength 
bands include long, medium, and short Wavelength bands, 
respectively. 

23. An imaging system, comprising 

an image-capture device for generating a multi-spectral 
image of a scene, and 

an image processing module operating on image to iden 
tify one or more brightness boundaries therein, and to 
differentiate said brightness boundaries into illumina 
tion and re?ectance boundaries. 

24. The imaging system of claim 23, Wherein said image 
processing module comprises a storage for storing an image 
data received from the image-capture device. 

25. The imaging system of claim 24, Wherein said image 
processing module comprises a processor programmed to 
operate on said image data to identify said brightness 
boundaries and to classify them into illumination and re?ec 
tance boundaries. 

26. The imaging system of claim 2531, Wherein said 
processor comprises a module for operating on said image to 
determine brightness boundaries therein. 

27. The imaging system of claim 26, Wherein said pro 
cessor further comprises another module for utiliZing infor 
mation regarding said brightness boundaries and said image 
data to classify said boundaries into illumination and re?ec 
tance boundaries. 


