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SYSTEM AND METHOD FOR ESTIMATING
PHYSICAL PROPERTIES OF OBJECTS AND
ILLUMINANTS IN A SCENE USING
MODULATED LIGHT EMISSION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/280,646, filed Mar. 31, 2001, which is
herein incorporated by reference.

FIELD OF THE INVENTION

This invention relates generally to photography and imag-
ing and to the processing of color images to achieve an
accurate and pleasing color appearance. More particularly, it
relates to a system and method for estimating physical
properties of objects and illuminants in a scene for color
balancing, color correction, and other aspects of image
processing of still and motion photography.

BACKGROUND ART

Images acquired by either film or digital cameras are
enhanced through processing of the image color using a
number of complex algorithms. The goal of these algorithms
is to render an image reproduction that is pleasing and has
the same color appearance as the objects in the original
scene. The performance of all of these algorithms is sub-
stantially improved when the physical properties of objects
and/or illuminants in the scene are known.

For example, color balancing is one important image
processing algorithm. Color balancing refers to the act of
adjusting the image colors to correct for distortions in color
appearance when the image is acquired under one illuminant
but rendered under a second, different illuminant. Say an
image of a scene is captured indoors under a tungsten
ambient illuminant. The unprocessed image will have a
yellowish appearance (color cast) when viewed under natu-
ral outdoor ambient illumination. The performance of color
balancing algorithms can be improved when the ambient
illuminant of the scene is known.

Because of its importance, there has been a great deal of
academic and industrial research on illuminant estimation.
State-of-the-art ambient illuminant estimation algorithms
include gray-world, specular reflections, physical-
realizability, color-by-correlation, and Bayesian color con-
stancy algorithms. All of these algorithms work in a passive
mode: the algorithms estimate the ambient illuminant using
light collected passively by film or a digital image sensor. In
passive mode algorithms, the collected and analyzed light
originates from the ambient illuminant and is already being
collected for imaging purposes. For example, U.S. Pat. No.
6,069,972, issued to Durg et al., discloses a method for white
balancing a digital color image. Using the captured image,
color components of the pixels are analyzed to determine a
global white point and perform color balancing on the entire
image.

The most widely known and implemented of these pas-
sive mode algorithms is the gray-world algorithm, described
in G. Buchsbaum, “A Spatial Processor Model for Object
Color Perception,” J. Franklin Institute, 310, 1-26 (1980);
and R. W. G. Hunt, The Reproduction of Color, 5™ ed,
Fountain Press, England (1996). The gray-world algorithm
assumes that the average surface reflectance of objects in a
scene corresponds to a gray surface. Based on this
assumption, the algorithm uses the average color of an
image as a measure of the ambient illumination.
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Color-by-correlation is a more recent and novel passive
mode illuminant estimation algorithm, described in G. D.
Finlayson, P. M. Hubel, and S. Hordley, “Color by
Correlation,”Proceedings of the IS&T/SID 5% Color Imag-
ing Conference: Color Science, Systems, and Applications,
Scottsdale, Ariz., 6-11 (1997). The method assumes that the
number of possible ambient illuminants encountered is quite
small. The algorithm tests which of the possible illuminants
is the most likely one given the image data. Color-by-
correlation does this test by comparing the chromaticity
gamut of the image with the chromaticity gamut of each
assumed illuminant multiplied by a database of natural
surface reflectance functions. The algorithm simply picks
the ambient illuminant whose gamut most overlaps the
image gamut.

In another interesting algorithm, disclosed in U.S. Pat.
No. 5,548,398, issued to Gaboury, a temporal sensor is
included to detect the flicker frequency of the passive
illumination. Steady illuminants are likely to be from natural
sources, such as the sun, whereas artificial illuminants, such
as fluorescent lights, flicker at known frequencies (typically
60 or 120 Hz).

By detecting this temporal frequency, the system can
make an improved guess at the likely illuminant type and
color.

Passive mode algorithms use image data that depend
simultaneously on the ambient illuminant and the object
surface reflectance functions. In order to derive an estimate
of the ambient illuminant from image data, the algorithms
must make assumptions about the properties of the object
surface reflectance functions. There is no way to verify that
these assumptions are true.

Active imaging methods (AIMs) differ from passive algo-
rithms: they emit a signal into a scene. An example of an
AIM system is a sonar range finder used for auto-focusing.
The time-of-flight for the signal to leave the camera and
return is measured and used to specify the distance to an
object in the scene. This distance is used to set the camera
focus. For more information on auto-focus algorithms, see
G. Ligthart and F.C.A. Groen, “A Comparison of Different
Autofocus Algorithms,” Proc. of IEEFE Int. Conf on Pattern
Recognition (1982). Range scanning systems emit laser
pulses or other signals into a scene to determine the distance
and shape of three-dimensional objects; for example, see P.
Besl, “Active, Optical Range Imaging Sensors” Machine
Vision and Applications, 1, 127-152 (1988).

Active imaging methods have not been applied to esti-
mating physical properties relating to color. All existing
color balancing methods are passive and therefore require
estimation of physical properties that cannot be confirmed
by measurement, thereby limiting the accuracy of the meth-
ods.

OBJECTS AND ADVANTAGES

Accordingly, it is a primary object of the present invention
to provide an apparatus that emits modulated light into a
region of a scene and captures a sequence of measurements
(active measurements). It is an additional object to use the
measurement sequence to calculate the physical properties
of objects and illuminants in the region. These properties are
stored for use in subsequent analyses.

It is another object of the invention to provide a method
to distinguish between illuminant and object properties
within a region of a scene. Illuminant properties are any
properties that are related to the spectral power distribution
of the illuminant, and object properties are any properties
that are related to the spectral surface reflectance function of
the object.
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It is a specific advantage of the invention to use the active
measurements to guide the color balance of an acquired
digital or film image. In this way, a pleasing reproduction of
the original scene is created with the same color appearance
as that of the objects in the original scene.

SUMMARY

These objects and advantages are attained by an active
imaging method (AIM) and apparatus designed to measure
physical properties of illuminants and objects within a
region of a scene. The AIM system can be used to enhance
the performance of imaging systems that perform color
balancing and other image processing algorithms. Using a
temporally or spatially modulated emitted light, the AIM
system can produce images that depend only on the AIM
emitter despite the presence of a steady ambient illumina-
tion. From these images, it is possible to estimate accurately
important scene properties including object surface reflec-
tance and ambient illumination.

Specifically, the present invention provides a method for
estimating physical properties of a scene that includes a
scene object illuminated by a scene illuminant. The scene is
illuminated with, say, a temporally modulated light from an
emitter; backscattered light from the scene is detected with
a detector in a sequence of temporal measurements; and
output from the detector is analyzed to distinguish between
light originating from the emitter (emitter output) and light
originating from the scene illuminant (illuminant output).
The temporal modulation pattern of the emitter is known and
differs from the ambient scene illuminant. Hence, the signal
caused specifically by the emitter can be extracted from the
measurement sequence by determining the response corre-
sponding to the known temporal modulation.

Based on the emitter output from the detector and a
known spectral power distribution of the emitter, object
properties in the region under emitter illumination are esti-
mated. For example, the spectral surface reflectance function
of a scene object and related properties can be determined.
From the estimated object properties, physical properties of
the scene illuminant, such as its spectral power distribution,
are then determined using the illuminant output. An image
of the scene is produced either from illuminant output of the
detector or from an independent detector. Estimated illumi-
nant information is stored and associated with the image for
use in subsequent color image processing of the image data;
for example, color balancing is performed on the image
using the determined spectral power distribution of the scene
illuminant.

The invention also provides an apparatus for imaging a
scene containing a scene object illuminated by a scene
illuminant. The apparatus contains an emitter, which can be
any light-emitting device such as a laser, light-emitting
diode, or flash, for emitting modulated light such as tem-
porally modulated light; and a detector, which can be any
device that can measure light reflected from a scene or
object, for example, an image sensor or photodetector. The
apparatus also contains processing means for analyzing
output from the detector to distinguish between output from
the illuminant and output from the emitter, and for estimat-
ing object properties of the scene object based on the emitter
output and a known spectral power distribution of the
emitter. Object properties are typically any properties related
to a spectral surface reflectance function of the scene object.
Preferably, the apparatus also includes processing means for
estimating physical properties of the scene illuminant, prop-
erties related to a spectral power distribution of the scene
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illuminant, based on the object properties. The apparatus
also preferably contains processing means for performing
color balancing on an image of the scene using the estimated
scene illuminant properties.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 (prior art) illustrates image capture of a scene
including a scene object illuminated by an ambient scene
illuminant.

FIG. 2 is a flow diagram of a method of the invention for
estimating object properties and illuminant properties of
objects and illuminants in a scene.

FIG. 3 is a graph of two possible temporal modulation
functions of an emitter of the present invention.

FIG. 4 is a graph of spectral power distributions of three
active emitter illuminants.

FIG. § is a block diagram of an image capture apparatus
of the present invention.

FIG. 6 is a block diagram of an emitter of the apparatus
of FIG. 5.

FIG. 7 is a block diagram of a detector of the apparatus
of FIG. 5.

DETAILED DESCRIPTION

Although the following detailed description contains
many specifics for the purposes of illustration, anyone of
ordinary skill in the art will appreciate that many variations
and alterations to the following details are within the scope
of the invention. Accordingly, the following preferred
embodiment of the invention is set forth without any loss of
generality to, and without imposing limitations upon, the
claimed invention.

The present invention provides an active imaging method
(AIM) for measuring physical properties of illuminants and
objects in a scene. Unlike prior art methods that attempt to
estimate illuminant properties from a captured image of the
scene, the present invention actually measures the spectral
surface reflectance function of scene objects and then uses
this function to estimate the spectral power distribution of
the scene illuminant. Any subsequent standard image pro-
cessing performed using the measured illuminant spectral
power distribution is therefore much more accurate than
with prior art methods.

FIG. 1 illustrates image capture of a scene 10 using a prior
art image capture device 12, for example, a digital camera.
An ambient illuminant 14, in this case the sun, illuminates
an object 16, and an image is captured by device 12 of
illuminated object 16. Device 12 typically contains a planar
detector array for acquiring images and processors for
performing demosaicing, image compression, color
balancing, and other processing of acquired images. Device
12 also contains a memory for storing the captured and
processed images and related data. Preferably, the image is
captured as a color, multiple bit per pixel image. For still
cameras, the color format is usually RGB (red, green, blue),
although the present invention is applicable to any color
format.

Scene 10 includes scene illuminant 14 and scene object
16. Scene illuminant 14, also referred to as a passive or
ambient illuminant, is described by a spectral power distri-
bution P(x,A,t), where x is position, A is wavelength, and t
is time. P(x,A\,t) (or some related quantity) represents the
power emitted by the illuminant over a range of wavelengths
and is needed to perform accurate color balancing of the
acquired image. Scene object 16 is described by a spectral



US 6,839,088 B2

5

surface reflectance function S(x,A,). The color signal, C(x,
At )=S(x,M)P(x,A,t), which refers to the spectral power
distribution of ambient light arriving at the human eye or
image sensor in device 12 after reflection at the surface of
object 16, is computed by multiplying the ambient illumi-
nant spectral power distribution by the spectral surface
reflectance of the object. Thus, in principle, if two of these
three quantities are known, the third can be estimated.
The active imaging method (AIM) of the present inven-
tion provides a means for estimating the physical properties
of illuminants and objects within a region of a scene.
Physical properties of illuminants are any properties that are
related to the spectral power distribution of the illuminant,
and physical properties of objects are any properties that are
related to the spectral surface reflectance function of the
object. Any one of a number of standard color formats can
be used to represent the wavelength dependency of the
surface reflectance function and spectral power distribution.
Various formats include:
RGB (red, green, blue), typically used for digital cameras
and displays;
CMYK (cyan, magenta, yellow, black), used for color
printing;
HSB (hue, saturation, and brightness ), also known as
HLS (hue, luminance, and saturation);
YIQ (luminance, in-phase, quadrature), a color space
derived from the NTSC television color standard;
YUV (luminance, blue, red), a color space derived from
the PAL television color standard;
Linear models using basis functions;
Polynomial models; and
Manifold models, which are extensions of linear models.
Any digital color format representation of the surface
reflectance function and spectral power distribution are
referred to herein as properties related to the surface reflec-
tance function or spectral power distribution, respectively. It
is to be understood that any representation of these
quantities, including representations not explicitly
mentioned, is within the scope of the present invention.
FIG. 2 shows a flow diagram of a method 20 of the present
invention for estimating physical properties of objects and
illuminants of a scene. In step 22, modulated light is emitted
into a region of the scene using an emitter, also referred to
as an active illuminant. In a preferred embodiment, the
emitted light is temporally modulated; alternatively, spatial
modulation can be used. The remainder of this description
refers to temporal modulation for illustration purposes.
However, it is to be understood that other types of modu-
lation fall within the scope of the present invention. Tem-
porally modulated light has its amplitude modulated in time
according to a known function. Any modulation function
can be used, such as a square wave or sinusoidal modulation,
but the modulation function should be different from the
modulation function of the scene illuminant. For example,
an indoor illuminant typically flickers at a frequency of 60
or 120 Hz, and so the modulation function should not
contain significant energy at these frequencies. Further
design considerations for the modulation function are dis-
cussed below. FIG. 3 illustrates two possible modulation
functions, a square wave 40 (on-off) and a sinusoidal func-
tion 42. Preferably, the emitter contains multiple active
illuminants, each with a different temporal modulation func-
tion. Both the temporal modulation and the spectral power
distribution of the light emitted by the emitter must be
predetermined, because they are required for subsequent
processing. FIG. 4 illustrates spectral power distributions of
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6

three sample emitter illuminants, red, green, and blue light-
emitting diodes.

In step 24, a detector acquires a sequence of temporal
measurements of light backscattered from the scene object,
which is illuminated by both the emitter (active illuminant)
and the scene illuminant, also known as a passive illuminant.
The detector is typically an array of photodetectors capable
of detecting color according to a particular color format.
Each photodetector in the array produces output related to
the number of photons detected. The output of the detector
represents photons backscattered from the scene object and
originating from both the emitter and the scene illuminant.
Emitter output is output representing light originating only
from the emitter, while illuminant output is output repre-
senting light originating only from the passive illuminant.
Note that steps 22 and 24 occur simultaneously; reflected
light is detected while the emitter is emitting modulated
light.

In step 26, the temporal measurements of each detector
pixel are analyzed to separate emitter output from illuminant
output, as discussed below. The outputs can be separated
because the temporal modulation of the emitter light, and
therefore the emitter output, is different from the temporal
modulation of the scene illuminant. The scene illuminant is
either steady or modulated at a known frequency, e.g., 60 or
120 Hz, while the emitter is modulated according to the
predetermined modulation function. Step 26 is performed
using standard demodulation and filtering techniques known
in the art. Suitable demodulation techniques are described in
H. Taub and D. L. Schilling, Principles of Communication
Systems (2" ed.), New York: McGraw-Hill (1986); and R.
E. Ziemer and W. H. Tranter, Principles of Communications:
Systems, Modulation and Noise (37 ed.), Boston: Houghton
Mifflin (1990); both of which are herein incorporated by
reference. The emitter output and properties computed from
it are referred to as the active measurements. The illuminant
output and images obtained from it are referred to as the
passive measurements.

In step 28, the emitter output and the known spectral
power distribution of the emitter are used to estimate the
surface reflectance function of the region illuminated by the
emitter. There are many standard techniques for estimating
the surface reflectance function based on an image sensor
response and illuminant properties; for example, see B. K. P.
Horn, “Exact reproduction of colored images,” Computer
Vision, Graphics and Image Processing, 26, 135-167
(1984); and B. A. Wandell, “The synthesis and analysis of
color images,” IEEF PAMI, PAMI-9, 2-13 (1987); both of
which are herein incorporated by reference.

The estimated spectral surface reflectance function is used
in step 30, along with the illuminant output extracted in step
26, to estimate the spectral power distribution of the scene
illuminant in the region under emitter illumination. Step 30
is similar to step 28 and uses the same standard techniques.
However, in this case, the spectral surface reflectance func-
tion is known, while the spectral power distribution is being
estimated. The estimated illuminant spectral power distri-
bution is stored and associated with an image obtained under
scene illuminant only (a passive measurement) for subse-
quent processing. For example, standard color balancing
algorithms require an estimation of the spectral power
distribution of the illuminant. The illuminant spectral power
distribution obtained using the present invention can be
incorporated into any such standard algorithm.

Akey feature enabling the present invention is the ability
to separate the photons returned from the steady ambient
illuminant (passive or scene illuminant) from the photons















