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[57] ABSTRACT

An apparatus for dividing light reflected by an 1illumi-
nated surface into constituent parts of illuminating light
and surface spectral reflectance of the surface. The
apparatus includes a receiving device for receiving
signals representing measured spectral power distribu-
tion Im(A) of the light reflected by the illuminated sur-
face. The apparatus generates a weighting coefficient ¢;
for each of M illuminant basis functions EB{A) for de-
scribing the illuminating light. Weighting coefficients
oj for each of N reflectance basis functions Sb{A) are
generated to describe the reflectance of the surface. The
apparatus compares an approximation Ia(A) of the mea-
sured spectral power distribution Im(A), Ia(A) being
defined by the relation: |

' M N
Ia(A) = (_zl €:Eb{N) )(jzl afsbj(h))
1= —

where the set of product pairs Eb{A)SbAA) is linearly
independent.

Different weighting coefficients are regenerated until
said Ia(A) and said Im()A) are generally equal. Signals
representing at least one of the constituent parts of
illuminating light and said surface spectral reflectance
are generated based on the weighting coefficients o -
and oj which make said Ia(A) generally equal to said
Im(A). The apparatus has an output device for output-

ting the signals.

27 Claims, 7 Drawing Sheets
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| INPUT 1. Im) £ - ILLUMINANT BASIS
208~  SAMPLES 30~ LIBRARY  FUNCTIONS STORED
AS M, (A Eby), (A,Eb,)-(A Eby )

FROM SQURCE

RECEIVE AND STORE
<06 uimsameles | 2

RETREIVE FROM ILLUMINANT
42&7 Eﬂ&MSFUMUﬂONIJERM?( E
(€& 1) SAMPLES REPRESENTING LIBRARY

S = REFLECTANCE BASIS

LIBRARY  FUNCTIONS STORED
AS N, (A, Sby),{A,Sba) (. Sbw) |

DAYLIGHT AT NOON

30
2lZ
SOLVE THE FOULOWING EQUATION FOR O | £
EQUATION (1) LIBRARY
L M
L Sby(Ag)(ZeiEb;(Ag)) *
=1 l=1 S
' M N LIBRARY
[LejEbj (Ag) (EUjSDj(XQ))—Im(XQ)]::o
1=1 J=1
FOR k = 1 to N
2/ F

SOLVE THE FOLLOWING EQUATION FOR € : £
EQUATION (2) LIBRARY

L
L Eby(Ag)(LosSb: (A * '
0= K 2 j:lJ j( Q)) S
b)f:I LIBRARY

N
Eclzerbj (Ag))-Im(Xg)]=0
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FROM FIG. 7o

——
26

USING CALCULATED & AND CALCULATED €
CALCULATE THE VALUE OF THE FOLLOWING EQUATION:

L M N

Z= L [{IejEbj(Xg))(ZojSby(xg)) - Im(Arg)1?
=1 1=1 J= .

Q

2l&

NO| ISZATITS |
MINIMUM VALUE?]

YES
c20

GENERATE ILLUMINATING UGHT
APPROXIMATION NUMBER PAIRS

(X ,Ea(\)) FROM THE FOLLOWING EQUATION:

M
Ea(A)= = € ; Ebi(A)

L=

~22Z

GENERATE SPECTRAL REFLECTANCE

APPROXIMATION NUMBER PAIRS
(N, Sa(N\) ) FROM THE FOLLOWING EQUATION:

N
Sa (A = 2, & Sbj(A)
J =l

e

REPRESENT (A,Ea(A)) PAIRS ON SIGNAL WIRES
REPRESENT (A,Sa(A)) PAIRS ON SIGNAL WIRES

FIG. 7b
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/153 \
RECEIVE AND STORE Ry(A) = KNOWN SPECTRAL
- Py VALUES FROM | SENSITIVITY OF Yth SENSOR
EACH OF Y SENSORS STOREDAS (Ry(A),A)
306 302 -
Fby(A) = KNOWN FOURIER
BASIS FUNCTIONS
STORED AS (Fby{(A), A)
304

GIVEN Py, (Ry(A), A} AND (Fby(A),A),

IN THE FOLLOWING EQUATION, FIND
FOURIER COEFFICIENTS <Xy SUCH THAT

THE VALUE Er IS AT ITS MINIMUM

Er= [(QI'PGI )2+ A 902 )24' (93" 903)2+"'(9y-90y)2] '

. y
WHERE Pay = [Ry(N = Fby(A)dA
y=|

308

USE THE CALCULATED FOURIER
COEFFICIENTS IN THE FOLLOWING
EQUATION TO PRODUCE lam(A)

y
Iam(A) =2I X y Fby(A)
y=

3/0

PROVIDE SIGNALS REPRESENTING

(Iam{A) ,A) TO SEPARATION ALGORITHM

3/2

FIG. 8
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METHOD AND APPARATUS FOR DETERMINING

AMBIENT LIGHT AND SURFACE REFLECTANCE

BACKGROUND OF THE INVENTION
Field of the Invention

The invention relates to a method and apparatus for
determining ambient light and surface spectral reflec-
tance from hight reflected by a surface.

When light from an tlluminating light source im-
pinges upon a surface, a reflected beam of light is pro-
duced. The illuminating light has a characteristic spec-
tral power distribution and the surface has a characteris-
tic spectral reflectance. The light reflected by the sur-
face has a spectral content determined by the spectral

power distribution of the illuminating hght and the

spectral reflectance of the surface.

The human eye and brain have the ability to deter-

mine the colour of the surface merely by viewing the

light reflected from it. In fact, this perceptual ability is

such that the colour of the surface can be determined
under a variety of lighting conditions. The human eye
percelves the surface as the same colour under different
ambient lighting conditions. In the fields of computer
vision, colour television, photography, etc. it is desir-
able to produce this same perceptual ability in non-
human devices.

U.S. Pat. No. 4,648,051 to Wandell et al. discloses a
system which includes a number of sensors and a com-
puter programmed to analyze light reflected by a sur-
face. The computer produces approximations of the
illuminating light and of the surface spectral reflectance
of the surface. Such approximations involve a number

of degrees of freedom or variables to describe the illu-

minating light or surface reflectance. Wandell requires
that there be at least as many sensor classes as there are
degrees of freedom in the ambient light approximation
and requires that there be more classes of sensors than
degrees of freedom in the surface reflectance approxi-
mation. In addition, the Wandell device requires that
the illuminating light be constant everywhere on the
surface, requires viewing a plurality of locations on the
surface and requires that there be a significant variation

of the colour of the surface within a small region

thereon.

The invention disclosed herein views the surface at

only one point to determine an estimate of surface spec-
tral reflectance for that point and to determine an esti-
mate of the illuminating light impinging upon the point.
Thus, the surface spectral reflectance of each point on
the surface can be determined individually and because
each point is viewed individually, the apparatus does
not require that there be a significant variation in the
surface colour within a small region on the surface and
does not require that the illumination of the surface
remain generally constant over areas of the surface.

SUMMARY OF THE INVENTION

According to the invention, an apparatus for dividing
light reflected by an illuminated surface into constituent
parts of illuminating light and surface spectral reflec-
tance of the surface comprises receiving means for re-
celving signals representing measured spectral power
distribution Im(A) of the light reflected by the illumi-

nated surface. The apparatus generates a weighting

coefficient ¢; for each of M illuminant basis functions
Ebi(A) for describing itlluminating light weighting coef-
ficients o for each of N reflectance basis functions
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2

Sbj(A) are generated to describe the reflectance of the
surface The apparatus compares an approximation la(A)
of the measured spectral power distribution Im(A), Ia(A)
being defrned by the relation:

N
)L 2 TSbN )

where the set of product pairs Ebi(A)Sbj)(A) 1s linearly
independent.

Different weighting coefficients are regenerated until
said Ia(A) and said Im(A) are generally equal. Signals
representing at least one of the constituent parts of
illuminating light and said surface spectral reflectance
are generated based on the weighting coefficients €;and
o generated to make said Ia(A) generally equal to said
Im(A). The apparatus has an output device for output-

ting the signals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a simplified block diagram of an apparatus
according to a first embodiment of the invention;

FIG. 2 is a graph of the spectral power distribution of
daylight; |

FIG. 3 is a graph of the surface spectral reflectance of
a river valley with meadows;

FIG. 4 is a graph of the measured spectral power
distribution of the light reflected by said surface;

FIG. 5 1s a graph of measured and approximated
surface spectral reflectance produced by the apparatus
of FIG. 1; |

FIG. 6 1s a simplified block diagram of an apparatus
according to a second embodiment of the invention;

FIG. 7a 1s a simplified flowchart of a separation algo-
rithm according to the first embodiment of the inven-
tion; |

FIG. 76 is a continuation of the flowchart of FIG. 7a:
and

FIG. 8 1s a simplified flowchart of an approximation
algorithm according to the second embodiment of the.

invention.

DESCRIPTION OF THE PREFERRED -
EMBODIMENT

Referring to FIG. 1 a scene 10 has a light source 12
emitting illuminating light 14 onto a surface 16. The
light striking the surface has a spectral power distribu-
tion E(A) which defines the relative intensity of light at
a plurality of wavelengths in the visible spectrum. In
this embodiment, the light source 12 1s daylight having
a spectral power distribution as indicated in FIG. 2.
Alternatively the light source may be a candle, tungsten
light, black body radiator, other artificial or natural
light source, or a combination of any of these.

Referring back to FIG. 1, illuminating light 14 strikes
a point x on the surface 16. The surface, at point x,
reflects the illuminating light to produce reflected light
18. The illuminating light 14 is not necessarily constant
over the entire scene, therefore each point in the scene-
can receive illuminating light having a different spectral
power distribution. The surface 16 is assumed to be
opaque and matt and therefore the reflected light 18 at
point x can be described in terms of a fraction of the
illuminating light impinging upon point x. The surface
does not reflect all wavelengths of light 14 in the same
proportions and therefore individual fractional values

M
Ia(\) = (*z e;Eb{N)

] =
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representing the ratio of illuminating light 14 to re-
flected light 18 must be specified for each wavelength
of light impinging upon the surface. The collection of
all of the individual fractional values specifies the sur-
face spectral reflectance S(A) of the surface at point x.
Each point on the surface may have a different spectral
reflectance.

In this example, the surface 16 is a river valley with
meadows. The spectral reflectance of this surface has
been previously measured and is described by Krinov in
Technical Translation TT439 of the National Research
Council of Canada 1947 incorporated herein by refer-
ence. The spectral reflectance of this surface 1s repeated
here in FI1G. 3.

Referring back to FIG. 1, the reflected light 18 from
point X 1s received by a spectrometer 20. The spectrom-
eter performs a bandlimited spectral analysis of the
reflected light 18 to produce a spectral power distribu-
tion Im(A) as shown in FIG. 4. The spectrometer repre-
sents the spectral power distribution Im(A) of reflected
light as a plurality of light intensity samples taken at L
wavelengths. This 1s shown at task 208 in FIG, 7a.
Referring back to FIG. 1, the samples are communi-
cated to a computer 22 by signal wires 24 such as found
in a serial communication link. Task 206 of FIG. 7a
represents the receipt of these communicated samples.

As will become apparent below, the number of light
intensity samples must be at least as many as the sum of
the number of basis functions used to approximate the
illuminating light component plus the number of basis
functions used to approximate the surface spectral re-
flectance component.

The computer 22 in this example 1s a SUN-2 worksta-
tion running a 4.2BSD Unix operating system. An appli-
cations program shown in broken outline at 26, for
performing a separation algorithm 28 is written in the C
programming language and runs in conjunction with
the Unix operating system. The computer 22 acts to
provide first programmable means. The computer 22,
operating system and applications program 26 cooper-
ate to implement the separation algorithm 28. Alterna-
tively, the computer 22 and software may be replaced
by a hardwired electronic circuit or an analog com-
puter.

Referring to FIGS. 1, 7a and 76 the applications
program 26 includes a library 30 of illuminant basis
functions and a library 32 of reflectance basis functions.
The library 30 includes a plurality of illuminant basis
functions Eb;{A) which are used in weighted propor-
tions to represent an approximation to the spectral
power distribution of the illuminating light 14 emitted
by the light source 12. This approximation is repre-
sented as a weighted sum of the illuminant basis func-
tions according to the equation:

M
Ea(A) = 2 € Eb(A)

] =

where: :
Ea(A) i1s an approximation to the spectral power dis-
tribution of the illuminating light
€; 1s a weighting coefficient for the ith basis function,
Ebi{A) 1s the ith basis function for representing illumi-
nating light, |
M is the number of illuminant basis functions used.
The above equation allows the illuminating light to
be characterized by an illumination vector of weights:

3
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e=(€y, €2, €1. . . . €p9)

The illuminant basis functions Eb{A) in this embodi-
ment are given by Judd, Deane B., MacAdam, David L.
and Wyszecki, Gunter in an article entitled “Spectral
Distribution of Typical Daylight as a Function of Cor-
related Colour Temperature’ appearing in the Journal
of the Optical Society America 54(8): 1031-1040, Au-
gust 1964, incorporated herein by reference. Alterna-
tively, the illuminant basis functions Eb{A) may be
Fourier basis functions.

The library 32 of reflectance basis functions includes
a plurality of reflectance basis functions Sbj(A) which
can be used in weighted proportions to represent an
approximation to the surface spectral reflectance of a
point on the surface such as point x. This approximation
is represented as a weighted sum of reflectance basis

functions according to the equation:

N
Sa(\) = I ojSbiN
j:

where:
Sa(A) is an approximation to the surface spectral re-
flectance of a point on the surface,
o] is a weighting coefficient for the jth basis function,
Sb{A) is the jth basis function for representing the
surface spectral reflectance,
N is the number of reflectance basis functions used.
The above equation allows the spectral reflectance to
be characterized by a surface reflectance vector of

weights:

o=(cy1, 0, 03, ... TN)

The reflectance basis functions Sbj(A) in this embod:-
ment are given by Cohen, J., in Dependency of The
Spectral Reflectance Curves of The Munseil Color
Chips, Psychon. Sci. 1:369-370, 1964, incorporated
herein by reference. Alternatively, the spectral reflec-
tance basis functions Sbj(A) may be Fourier basis func-
tions.

The two approximations Ea(A) and Sa(A) are mulu-
plied together to arrive at an approximation Ia(A) to the
spectral power distribution of the reflected hight ac-
cording to the equation:

Ia(A) =Ea(A) Sa(A)

Ia(A)Y = Ea(A)Sa(M)

M

N
B )C:z_l cr.j;S'bj(h))

The equation produces a set of product pairs
Eb{(A)Sb{A} which must be linearly independent.

At task 214 in FIG. 7a, the program 26 acts to gener-
ate a weighting coeffecient ¢; for each of M illuminant
basis functions Eb{A) for describing the illuminating
light 14. The use of M illuminant basis functions re-
quires that the program generate M respective illumi-
nant weighting coefficients.

Thus, the illumination vector of weights e =(¢1, €, €3,

. €y7) has M components. The number M of basis
functions required to describe the illuminating light 14
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depends upon the desired accuracy of the approxima-
tion Ea(A). Statistical analysis of illumination measure-
ments provides as many basis functions as desired. An
adequate approximation Ea(A) is obtained using four or
five illuminant basis functions. The Judd reference
listed above provides up to five (i.e. M=3) tlluminant
basis functions which have been found to provide rea-
sonable approximations to the tlluminating light in most
outdoor scenes.

At task 212, the program 26 also acts to generate a

weighting coefficient o for each of N reflectance basis
functions Sbj(A) for describing the reflectance of a point
on the surface 16. The use of N reflectance basis func-
tions requires that the program generate N respective
surface reflectance weighting coeffecients. Thus, the
surface reflectance vector of weights oo=(x i, o3, 073, .
.. on) has N components. Statistical analysis of surface
reflectance measurements provides as many basis func-
tions as desired. An adequate approximation Sa(A) is
obtained using four to seven reflectance basis functions.
The Cohen reference above provides up to four (N=4)
reflectance basis functions which have been found to
provide reasonable approximations to the surface re-
flectance of many surfaces.

The program 26 generates the illumination vector of
weights € and the surface reflectance vector of weights
o according to equations (1) and (2) below, the equa-
tions being derived using the calculus of vaniations:

).

M
|: Pl , e Eb{AD
{=

EQUATION (1)

j—- Im(Ap) :|——- 0

EQUATION (2)

)— Im{A)) ]

Referring to FIGS. 7z and 76 to begin solving the
equations for € and o, task 210 of the program 26 gener-

L M
[ zl Sbi{Ap) ( 2 €EbAD
= _ {—

N
](}__Z_ : o i SbAA)

fork = 1to N

L N
!EI Ebi{\p (/21 oJ3b{A))

).
M

. 2 l €;Eb{AD)

0

N
(/_21 aSOAA D

fork=1toM

6

fines the resultant surface reflectance vector of point x

on the surface 16.

The effect of the above two equations is to employ
the least squares method to derive an appropriate illumi-
nation vector and an appropriate surface reflectance
vector such that the approximation Ia(A) 1s fitted closely
to within acceptable limits of the measured Im(A). In
effect, the illumination vector and the surface reflec-

. tance vector are selected such that the following mathe-
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ates a first illumination vector of weights assuming the -

illluminating light is of a standard type such as daylight
at noon. At task 212, this first illumination vector of
weights 1s then used in equation [ to solve for a first
surface reflectance vector of weights. This can be ac-
complished by standard methods since equation 1 is

linear in o). Upon obtaining values for the first surface

reflectance vector of weights, at task 214, these values
are then used in equation 2 to obtain a second illumina-
tion vector of weights. This second illumination vector
is then used in equation 1 to produce a second surface
reflectance vector. This second surface reflectance vec-
tor is then used in equation 2 to produce a third illumi-
nation vector and so on. The alternate solving of equa-
tions 1 and 2 is an iterative process which is carried out
until the generated illumination vectors converge and
the generated surface reflectance vectors also converge.
The value to which the i1llumination vector converges

defines the resultant illumination vector and the value

to which the surface reflectance vector converges de-

50

35
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65

matical relation is a minimum:

: N
J(/El o :Sb{A)

5

. L M
) I:( 2 € Eb(A))
[=1 i=1

or

)-— Im(A))

L
2, [Ea(ApSa(h) — Im(AD]?

or

L

(2, Uahy) — Im(A)]3

As exemplified in tasks 216 and 218, the illumination
vector and the surface reflectance vector are iteratively
recalculated until the approximation Ia(A) 1s such that
the above expression is a minimum. The illumination
vector components and the reflectance vector compo-
nents. which make the above equation take on 1ts mini-
mum value are the illumination and surface reflectance
vectors which best define the illuminating light 14 and
the surface reflectance of the point x on the surface 16.

Upon generating the resultant illumination vector ¢
and the resultant surface reflectance vector o, the ap-
proximation to the illuminating light Ea(A) and the
approximation to the surface spectral reflectance Sa(A)
are produced with task 220 and 222 according to the

equations:

M
Ea(\) = 2 €Eb{N)

] =

where:

Ea(A) is an approximation to the spectral power dis-
tribution of the illuminating light

€; 1s a weighting coefficient for the ith basis function,
the weighting coefficient being from the generated
illumination vector of weights,

EbA) is the ith basis function for representing illumi-

nating light. |
M is the number of illuminant basis functions used.

N
Sa(A) = 2 jSbA)
f=

where:

Sa(A) is an approximation to the surface spectral re-
flectance of a point on the surface,

o] 1s a weighting coefficient for the jth basis function,
the weighting coefficient being from the generated
illumination vector of weights,

Sbj(A) 1s the jth basis function for representing the
surface spectral reflectance,

N is the number of reflectance basis functions used.

The program represents the illuminating light ap-

proximation Ea(A) as a plurality of light intensity sam-
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ples taken at a plurality of wavelengths. Similarly, the
program represents the surface reflectance approxima-
tion as a plurality of reflectance samples taken at a plu-
rality of wavelengths. The samples are represented as
electrical signals on wires 42 and 44 as exemplified by
task 224. The signals are supplied to an interface 34 for

a video display terminal 36 as shown in FIG. 1. Alterna- .

tively the electrical signals may be supplied to an inter-

4,992,963

face (not shown) for transmission over a communica-

tions channel, or for providing a general connection
point to wires 42 and 44.

Alternatively,-the signals may be used in further pro-
cessing steps performed by the computer. For instance,
the reflectance samples for the scene may be processed
by the computer using conventional techniques of color
science to compute Committee Internationale d’Eclair-
age (CIE) color tri-stimulus coordinates. These coordi-
nates may be used to provide signals for accurately
displaying the scene on a wide variety of color display
media, printing devices or systems. |

The apparatus may also be used to develop signals for
implementing a color filter. In this application, the il-
lumination constituent i1s found at a few selected points
in the scene and interpolation methods are used to find
the illumination constituent at points therebetween.
Consequently, the illumination constituent need not
necessarily be calculated at each point in the scene and
therefore computation time can be reduced. Using this
approach, the illumination constituent need only be
repeatedly used in the first iterative process equation to
find the surface reflectance vector and hence the sur-
face relectance at each point in the scene. Upon deter-
mimng the surface reflectance constituent at each point.
correction signals for implementing the color filter may
be produced using conventional techniques.

Referring to FIG. §, a plurality of reflectance samples
are displayed in graphical form. The actual surface
reflectance of the surface is indicated by the solid line
38. The approximation to the surface reflectance ob-
tained through the use of the iterative process described
earlier 1s indicated by the broken line 40.

Referring to FIG. 6, a second embodiment of the
invention is shown. In general, the second embodiment
replaces the spectrometer of the first embodiment with
a plurality of Y sensors for receiving light reflected by
the illuminated surface and includes an illumination
approximation algorithm 133 incorporated into an ap-
plications program 126. The scene and elements of the
second embodiment are similar to corresponding items
of the first embodiment. Items of the second embodi-
ment which correspond to items of the first embodiment
are indicated by the addition of 100 to numerical refer-
ences of the first embodiment.

The reflected light 118 from point x 1s received by
sensors, in this case by first, second and third sensors
119, 121 and 123 respectively. Each sensor has a respec-
tive spectral sensitivity and produces a respective sen-
sor signal py responstve to the intensity and the spectral
content of the light received at the sensor. The spectral
sensitivity of any individual sensor is specified by the
relation:

py= fRy(?L) I(A) dA

where:
Ry(A) 1s the spectral sensitivity of the yth sensor as a
function of A; and
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I(M\) is the intensity of the light reflected by the illumi-

nated surface as a function of A.

In this embodiment the spectral sensitivity, Ry(A), for
each sensor is illustrated as item 302 in FIG. 8. In this
example, the sensors have respective broadband spec-
tral sensitivities corresponding generally to the colours
red, green and blue. The sensors provide f{irst, second
and third electrical sensor signals 125, 127, 129 repre-
senting scalar numerical values corresponding to the
intensity of the colours red, green and blue respectively
in the reflected light 118.

The first, second and third electrical sensor signals
125, 127 and 129 are suppilied to a computer 122 pro-
grammed with the applications program 126 as illus-

trated by 306 in FIG. 8. The applications program 1is
stmilar to program 26 described in the first embodiment

except that in addition to a separation algorithm 128 and
basis function libraries 130 and 132, the program in-
cludes an illumination approximation algorithm 133.
Under the illumination approximation algorithm the
program 126 processes the sensor signals 125, 127, 129
to produce data signals on wires 124, the signals repre-
senting a measured spectral power distribution Im(A) of
the reflected light 118.

The program acts to generate a Fourier weighting
coefficient a, for each of Y Fourier basis functions
Fby(A) 304 for describing an approximation lam(A) to
the measured spectral power distribution Im(A) of the
reflected light 118 according to the relation:

Y
fam(\) = 21 auFbh(A)
y:

The Fourier coefficients are generated by using the
above relation to generate approximations to the nu-
merical values produced by each of the sensors, the
approximations being generated by the relation:

pay= [Ry{A) lam(x) dA

Pay = Il Ry(M)fam(A)dA

Y
= [ RyN) X a,FbyNd)
y:

Task 308 illustrates that each sensor approximation
Pay 1s then compared to the actual values produced by
the sensors, and the squares of the differences between
each approximation and actual sensor values are
summed to produce an error value according to the

relation:

E""—"[(Pl_Pal)2+(ﬁ2—Pa2)z+(P3“Pa3) s ..
(.Py_Pay)Z]

Numerical methods are used to choose Fourier coef-
ficients such that the error in the above relation is set to
a mintmum. In task 310, the Fourier coefficients which
satisty these criteria are then used in conjunction with
the Fourier basis functions Fby(A) according to the
relation: |

Iﬂfﬂ(:\) —

1 4
2 b A
JE | aFbM
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The data signals 124 represent Iam(A) as a plurality of
light intensity samples taken at L wavelengths. At task
312, the signals are passed to the separation algorithm
128 and are interpreted as Im(A) samples such as sup-

plied by the spectrometer described 1n the first embodi-
ment. The Iam(\) samples are then used by the separa-

tion algorithm to determine the illumination signals and
the reflectance signals as described in connection with
the first embodiment. These signals appear on wires 142
and 144 respectively. The signals may then be used with
an interface 134 and a video display terminal 136 as
described in connection with the first embodiment.

While specific embodiments of the invention have
been described, such embodiments should be consid-
ered tllustrative of the invention only and not as limiting
the scope of the invention as construed in accordance
with the accompanying claims.

What i1s claimed is:

1. An apparatus for dividing light reflected by an
illuminated surface into constituent parts of illuminating
light and surface spectral reflectance of the surface, the
apparatus comprising:

(a) means for receiving spectral power distribution
signals produced by performing a band-limited
spectral analysis of light reflected by said illumi-
nated surface, said spectral power distribution sig-
nals representing measured spectral power distri-
bution Im(A) of the light reflected by the illumi-
nated surface:

(b) data processing means for:
generating a weighting coefficient ¢; for each of M

illuminant basis functions Eb{A) describing the

illuminating light,
said processing means generating a weighting coef-
ficient oj for each of N reflectance basis func-
tions Sb{A) describing the reflectance of the
surface,
said processing means comparing an approximation
Ia(A) of the measured power distribution Im(A), to the
measured spectral power distribution Im(A), Ia(A) being

defined by the relation:
i
](/'E l F}Sbﬁ))

the set of product pairs Eb{A)Sb{A) being form-
ing a linearly independent set,

sald processing means regenerating different
weighting coefficients until said Ia(A) is gener-
ally equal to said Im(A);

saild processing means generating output spectral
power distribution signals representing at least

M
la(\) = (_zl &;Eb{N)
J =

and said surface spectral reflectance based on
said weighting coefficients €;and o; generated to
make said Ia(A) generally equal to Im(A),

sald processing means generating said output spec-
tral power distribution signals representing illu-
minating light according to the equation:

M
Ea(A) = 2 €Eb(A);

I-

and said processing means generating said output
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spectral power distribution signals representing

10
surface spectral reflectance according to the
equation:
N
Sa(\) = 'El o ShAA)

J

where €; and o are coefficients for which the
approximation la(A) 1s generally equal to said
Im(A).

2. An apparatus as claimed in claim 1 wherein the
processing means includes a programmable data proces-
sor programmed to generate the illuminant basis func-
tion weighting coefticients ¢; and the retlectance basis
function weighting coefficients o in an 1iterative pro-
cess, initial values of the illuminant basis function
weighing coefficients being pre-determined, said itera-
tive process solving for the reflectance basis function
weighting coefficients o;by employing following equa-
tion (1):

EQUATION (1)

L M

2 Sor(Ap 2 €Eb(AD |*

1= i=1
M N ]

[_21 €;Eb{A) )(}_21 a:S0AA) j— Im(Ap) |= 0
= = _
fork =110 N
and

solving for the illuminant basis function weighting
coefficients ¢;, by employing following second
equation (2):

EQUATION (2)

L N
E EbiN) (} 3 oSbin) )
M N
[‘Zl € Eb{N\}) )(}21 o Sh{Ap )— Im(A)) :’-—* 0
= p—

fork = ltoM

where L.=the number of spectral power distribu-
tion samples received by the receiving means.

3. An apparatus as claimed 1n claim 1 further includ-
ing a video display terminal for displaying at least one
representation of said surface spectral reflectance and
said illuminating light.

4. An apparatus as claimed in claim 1 further includ-
ing means for producing spectral power distribution
signals representing the measured spectral power distri-
bution of light reflected by the surface, the measured
spectral power distribution Im(A) being represented as a
plurality of spectral power distribution samples Im at a
corresponding plurality of wavelengths A and the
means for producing providing said spectral power
distribution signals to said means for receiving spectral
power distribution signals.

5. An apparatus as claimed in claim 4 wherein the
means for producing spectral power distribution signals
includes a spectrometer.

6. An apparatus as claimed in claim 4 wherein the
means for producing signals includes a plurality of sen-
sors including a number Y of sensors for receiving light
reflected by the illuminated surface.
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7. An apparatus as claimed in claim 6 wherein each
sensor produces a respective sensor signal p, responsive
to the intensity and spectral content of reflected light
according to the relation:

pr= [ RAMNIA)(A)

Where:

R,(A) is the spectral sensitivity of the yth sensor as a

function of (A); and

I(A) 1s the intensity of the light reflected by the illumi-

nated surface as a function of (A).

8. An apparatus as claimed in claim 7 wherein the
producing means includes illumination approximation
means for receiving the sensor signals p, and for pro-
ducing spectral power distribution signals representing
an approximation Iam(A) to the measured spectral
power distribution Im(A) of light reflected by the illumi-
nated surface. |

9. An apparatus as claimed in claim 8 wherein the
llumination approximation means has a plurality of
basis functions Fby(A) stored therein and generates a
weighting coefficient a, for each of Y basis functions
Fby(A) for describing the approximation Iam(A) to the
measured spectral power distribution.

10. An apparatus as claimed in claim 9 wherein the
basis functions Fby(A) are Fourier basis functions and
the weighting coefficients a, are Fourier coefficients.

11. An apparatus as claimed in claim 9 wherein the
approximation Iam(A) to the measured spectral power
distribution Im(A) 1s described according to the relation:

Y
lam(h) = 2 ayFby).
y_—._

12. A method of dividing light reflected by an illumi-
nated surface into constituent parts of the illuminating
light and surface spectral reflectance of the surface, the
method comprising the steps of:

(1) receiving spectral power distribution signals pro-
duced by performing a band-limited spectral analy-
sis of light reflected by said illuminated surface,
sald spectral power distribution signals represent-
ing measured spectral power distribution Im(A) of
the light reflected by the illuminated surface;

(11) generating a weighting coefficient ¢;for each of M
illuminant basis functions Ebi{A) describing the
tlluminating light;

(1) generating a weighting coefficient o for each of
N reflectance basis functions Sb{A) describing the
reflectance of the surface;

(1v) comparing an approximation Ia(A) of the mea-
sured spectral power distribution Im(A), to the
measured spectral power distribution Im(A), Ia(A)
being defined by the relation:

M N
Ia(\) = (_}:l &/ Ebi(M) )(jzl a-,-sz;,m)
f— | —

the set of product pairs Eb{A)Sb{A) forming a
linearly independent set,
(v) re-generating different weighting coefficients
~until said Ia(A) 1s generally equal to said Im(A); and
(vi) generating output spectral power distribution
representing at least one of said constituent parts of
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tance based on said weighting coefficients ¢;and o
when said approximation Ia(A) and said spectral
power distribution Im(A) are generally equal, said
processing means generating said output spectral
power distribution signals representing illuminat-
ing light according to the equation:

M
Ea(A) = 'E] €;Eb{NY;
] =

and said processing means generating said output
spectral power distribution signals representing
surface spectral reflectance according to the equa-
fion:

N
Sa() = = St
j=

where ¢; and o are coefficients for which the ap-
proximation Ia is generally equal to Im(A).

13. A method as claimed in claim 12 wherein the
illuminant basis function weighting coefficients ¢; and
the reflectance basis function weighting coefficients o;
are generated in an iterative process, initial values of the
illuminant basis function weighting coefficients being
predetermined, said iterative process solving for the
reflectance basis function weighting coetficients o by
employing equation (1) as follows:

].

M
[—

EQUATION (1)
L M
!21 Shr(Ap | 2 €EbAA)
e =

N _
)(} 2 aSbiND )- Im(\)) :] .t

fork =1to NV

~and

solving for the illuminant basis function weighting
coefficients ¢;, by employing equation (2) as fol-

lows:

M
[ ' 2 | EfEb;(h.f)
J =

. n EQUATION (2)
{21 Ebi(A)) (jzl o SbA))

)-——- Im(Ap ]: 0.

14. A method as claimed in claim 12 further including
the step of outputting one of the illuminating light sig-
nals and the surface spectral reflectance signals to a
video display terminal.

15. A method as claimed in claim 12 further including
producing spectral power distribution signals represent-
ing the measured spectral power distribution of light
reflected by the surface, the measured spectral power
distribution Im(A) being represented as a plurality of
spectral power distribution samples Im at a correspond-
ing plurality of wavelengths (A).

16. A method as claimed in claim 15 wherein the
signals representing the measured spectral power distri- -

N
)(ji. l TSbAAY

fork=1toM
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bution of light reflected by the surface are produced by
a spectrometer.

17. A method as claimed in claim 1§ wherein the step
of producing signals includes using a plurality of sen-
sors, said plurality including a number Y of sensors for
receiving light reflected by the illuminated surface.

18. A method as ciaimed in claim 17 wherein each

sensor produces a respective sensor signal p, responsive-

to the intensity and spectral content of reflected light
according to the relation:

py= [ Ry{MIA)GA

Where:

R,(M) is the spectral sensitivity of the yth sensor as a

function of A; and

I(A) 1s the intensity of the light reflected by the illumi-

nated surface as a function of A.

19. A method as claimed 1n claim 18 further including
the steps of recetving the sensor signals py and produc-
ing data signals representing an approximation Iam(A)
to the measured spectral power distribution Im(A) of
light reflected by the illuminated surface.

20. A method as claimed in claim 19 further including
the step of determining a weighting coefficient a, for
each of Y basis functions Fby(A) for describing the ap-
proximation Iam to the measured spectral power distri-

bution.
21. A method as claimed in claim 20 wherein the basis

functions Fby(A) are Fourier basis functions and the
weighting coefficients a, are Fourier coefficients.

22. A method as claimed in claim 20 wherein the
approximation Iam(A) to the measured spectral power
distribution Im(A) is described according to the relation:

Y
Iam(A) = 2 l aplby(A).
y:

23. A method as claimed in claim 20 wherein said data
signals are produced by finding coefficients a, such that
the first following equation (1) is at its minimum and
using said coefficients ay in the second following equa-
tion (2) to represents Iam(A), said Iam(A) being repre-
sented as a plurality of spectral power distribution sam-
ples Im at a corresponding plurality of wavelengths (A):

Er=[(p1—pa1)® +(p2—pa2)® +(p3—pa3) - .

(Py—Pay)’] (1)

Where:

Y (2)
lam(\) = EI apFhy A).

24. An apparatus for dividing light reflected by an
tlluminated surface into constituent parts of the illumi-
nating light and surface spectral reflectance of the sur-
face, the apparatus comprising;:

(a) data processing means for:

(1) receiving spectral power distribution signals
representing measured spectral power distribu-
tion Im(A) of the light reflected by the illumi-
nated surface;
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(i1) generating a weighting coefficient ¢; for each of
M illuminant basis functions Eb{A) describing
the illuminating light;

(iii) generating a weighting coefficient o for each
of N reflectance basis functions Sb{A) describing
the reflectance of the surface; |

(iv) comparing an approximation la(A) of the mea-
sured spectral power distribution Im(A), to the
measured spectral power distribution Im(A),
Ia(A) being defined by the relation:

N |
)(J—_F:l a i SOAA) )

the set of product pairs Eb{A)Sb{A) forming a
linearly independent set,

(v) re-generating different weighting coefficients
until said Ia(A) is generally equal to said Im(A);
and

(vi) generating output spectral power distribution
signals representing at least one of said constitu-
ent parts of illuminating light and said surface
spectral reflectance based on said weighting
coefficients €; and o; when said approximation
Ia(A) and said spectral power distribution Im(A)
are generally equal, said processing means gener-
ating said output spectral power distribution
signals to the equation:

M
la(\) = (_21 e;Ebi(M)
] ==

M
Ea(A) = 2 €;Eb(A);

[ ==
said processing means generating said output spectral
power distribution signals representing surface spectral
reflectance

N
2
j:

Sa(\) = : 0 iSHAA)

where ¢; and o are coefficients for which the
approximation Ia is generally equal to said Im (A)

(b) a video display terminal for displaying at least one

representation of said surface spectral reflectance

and said illuminating light.

25. An apparatus for dividing light reflected by an
illuminated surface into constituent parts of the illumi-
nating light and surface spectral reflectance of the sur-
face, the apparatus comprising:

(a) a programmed data processor programmed for: .

(i) receiving spectral power distribution signals .
representing measured spectral power distribu-
tion Im(A) of the light reflected by the illumi-
nated surface; |

(i1) generating a weighting coefficient ¢; for each of
M illuminant basis functions Ebg{A) describing
the illuminating light;

(ii1) generating a weighting coefficient o tor each
of N reflectance basis functions Sb{A) describing
the reflectance of the surface;

(iv) comparing an approximation Ia(A) of the mea-
sured spectral power distribution . Im(A), to the
measured spectral power distribution Im(A),
Ia(A) being defined by the relation:
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' 2 E;‘Eb;{)’b)

N
o= (£, aemon ) &, esmon

the set of product pairs Eb{A)Sb{A) forming a
linearly independent set;

(v) re-generating different weighting coefficients

until said Ia(A) 1s generally equal to said Im(A);
and

(vi) generating output spectral power distribution
signals representing at least one of said constitu-
ent parts of illuminating light and said surface
spectral reflectance based on said weighting
coefficients ¢; and o; when said approximation
[a(A) and said spectral power distribution Im(A)
are generally equal, said processing means gener-
ating said output spectral power distribution
signals to the equation:

M
Ea(\) = 3 €Eb(M).

i=

said processing means generating said output spectral
power distribution signals representing surface spectral
reflectance according to the equation:

N
Sa(A) = 'El T iSOAA)
j:

where ¢; and o7 are coefficients for which the
approximation Ia i1s generally equal to Im(A)

(b) a video display terminal for displaying at least one
representation of said surface spectral reflectance
and said illuminating light.

26. A method of operating a computer for dividing
light reflected by an illuminated surface into constituent
parts of the illuminating light and surface spectral re-
flectance of the surface, the method comprising the
steps of:

(1) receiving spectral power distribution signals pro-
duced by performing a band-limited spectral analy-
sis of light reflected by said illuminated surface,
sald spectral power distribution signals represent-

ing measured spectral power distribution Im(A) of

the light reflected by the illuminated surface;

(11) generating a weighting coefficient ¢;for each of M
illuminant basis functions Ebf{A) describing the
illuminating light;

(111) generating a weighting coefficient o for each of

N reflectance basis functions Sbj{A) describing the
reflectance of the surface:

(1v) comparing an approximation Ia(A) of the mea-
sured spectral power distribution Im(A), to the
measured spectral power distribution Im(A), Ia(A)
being defined by the relation:

N
R

the set of product pairs Eb{A)Sb{A) forming a
linearly independent set,

(v) re-generating different weighting coetficients
until said Ia(A) is generally equal to said Im(A\); and

(vi) generating output spectral power distribution
signals representing at least one of said constituent
parts of 1lluminating light and said surface spectral
reflectance based on said weighting coefficients e;

M
la(\) = ( 3 €Eb{A)
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and o when said approximation la(A) and said
spectral power distribution Im(A) are generally
equal, said processing means generating said output
spectral power distribution signals representing
illuminating light according to the equation:

M
Ea(\) = I eiEb(M)

| =
said processing means generating said output spectral
power distribution signals representing surface spectral

reflectance according to the equation:

Sa(A) = jgl SbAN)
Where ¢; and «; are coefficients for which the
approximation Ia is generally equal to Im(\).
27. An apparatus for dividing light reflected by an .
illuminated surface into constituent parts of itlluminating
light and surface spectral reflectance of the surface, the
apparatus comprising:
(a) means for receiving spectral power distribution
signals produced by performing a band limited
spectral analysis of light reflected by said illumi-
nated surface, said spectral power distribution sig-
nals representing measured spectral power distri-
bution Im(A) of the light reflected by the illumi-
nated surface;
(b) data processing means for:
generating a weighting coefficient ¢; for each of M
illuminant basis functions Eb{A) describing the
illuminating light, by solving for ¢;1n the follow-
Ing equation:

L M
121 Sop(Ar)y | 2 €EDLA))

I =

)

M
[ I GEbAN)

i=1

)— Im(hp) |=0

N
)(}E | TS0 A )

for k= 1to NV

said processing means generating a weighting
coefficient oj for each of N reflectance basis
functions Sb;(A) describing the reflectance of the
surface, by solving for o in the following equa-
tion:

).

M
[ * 2 € Eb(Ap

[ =

L N
2 EbKN) (J 2 oShiM)

N —
j(/zl o i SHAAY) )—-— Im(Ap 1= 0

for kA = | to M

said processing means comparing an approxima-
tion Ia(A) of the measured spectral power distri-
bution Im(A) to the measured spectral power
distribution Im(A), Ia(A) being defined by the

relation:
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M N
Ja(\) = (_zl'e,-gb,(h) )(,'21 a-,-Sb,(mj
{ = =

the set of product pairs Eb{A)Sb{A) forming a
linearly independent set,

said processing means regenerating different
weighting coefficients until said Ia(A) 1s gener-
ally equal to said Im(A); and

said processing means generating output spectral

power distribution signals representing at least

one of said constituent parts of illuminating light
and said surface spectral reflectance based on
said weighting coefficients ¢;and oj generated to
make said Ia(A) generally equal to Im(A),

sald processing means generating said output spec-
tral power distribution signals representing tllu-
minating light according to the equation;
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M
Ea(A) = 2 €Eb(A)

f.—-

and said illuminating light signals including a
plurality of spectral power distribution sampies
Ea at a corresponding plurality of wavelengths
(A); and

said processing means generating said output spec-
tral power distribution signais representing sur-
face spectral reflectance according to the equa-

tion:

N
Sa(\) = _zl oSb(N)
j:

sald surface spectral reflectance signals including
a plurality of spectral reflectance distribution
samples Sa at a corresponding plurality of wave-
lengths (A).

x * % * K
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