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spectroradiometers and spectrophotometers.3 These de-
vices measure radiometric quantities4 or the ratio of
these quantities such as spectral reflectance and trans-
mittance factors4 as a function of wavelength.
Tristimulus values of a color signal can be obtained by
calculating the inner product of the measured spectra
(sampled at discrete intervals) and the CIE two degree
or 10 degree observer color matching functions. A
tristimulus filter colorimeter, on the other hand, pro-
vides only the tristimulus values of a color.4 It can be
implemented with low cost devices such as a scanner5

or a digital camera.6 However, the color spaces of these
devices are normally device dependent. Thus, reliable
and accurate measurement of the tristimulus values of
a color sample is not a trivial task.

Many studies have been conducted to relate the RGB
color space of a device such as a digital camera to the
CIE XYZ color space. Two major approaches have been
introduced in the past, one from the physics perspec-
tive of the device7,8 and the other from a statistical point
of view of the measured data.9–13 Wu et al.1 attempted
both approaches, and found that the statistical approach
yielded better results. The error of the measurements
was colorimetrically lower.

One of the differences between the work of Wu and
that of others is in the material property of the color
samples used for the calibration. The color samples used
by other authors were essentially matte material, which
is specifically made to minimize specular reflection in
the measured color signal. Part of Wu’s samples were
human teeth, which have many undesirable properties
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Introduction
The color of teeth probably constitutes one of the most
important parts of our first impression of someone. In
the past, very little could be done if we did not like the
color of our teeth. However, modern technology enables
us to change how they look. Tooth whitening chemicals
such as carbamide peroxide gel are now available.2 Be-
sides tooth bleaching, tooth restoration is also gaining
popularity in dentistry. Patients expect their teeth to
be restored to good condition with colors consistent with
neighboring teeth. Consequently, the need for an accu-
rate measure of tooth color has become more pressing.

Traditionally, dentists determine the color of a tooth
by comparing it to color standards such as a shade guide
to obtain a visual match. However, this method is not
consistent and does not translate to CIE standard
specifications. So measuring the effectiveness of tooth
whitening products and restoring the color of teeth reli-
ably are difficult. More accurate and consistent mea-
surements can be made with instruments such as
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(from the perspective of colorimetry) such as a smooth
and wet surface which introduces specular reflection,
an irregular pattern of scattering,14 unpredictable size
and structure, and fluorescence.15 All these properties
make calibration even more sensitive to such factors as
the measurement set-up. In general, the calibration
matrix derived from a set of samples used in the cali-
bration process may not work as well for a set of samples
that has a different color range. Thus, for a very specific
application like Wu’s tooth color assessment colorimeter,
it is more appropriate to use samples of human teeth to
find the calibration matrix.

Researchers have studied dental discoloration and
bleaching using photometers and spectroradio-
meters.2,16,17 These devices are expensive, and take only
spot measurements. They only provide the average spec-
tral information or its derivatives over the measurement
aperture. They do not provide the spatial resolution
needed to capture the spatial variation of color of a tooth
which is very important in dental procedures such as
tooth restoration. Wu et al.’s system eliminates this
problem and provides the dentist with an opportunity
to compare the color of the restored tooth with its neigh-
bors by looking at the images calibrated for different
illumination conditions on a monitor. However, their
system is not flexible enough to be used in clinical situ-
ations because the daylight simulator is not suitable for
taking measurements from patients. In addition, the
measurement set-up can be further improved to mini-
mize specular reflections and errors arising from incon-
sistent alignment of the spectroradiometer and camera
during the calibration process. Finally, the tristimulus
values predicted by Wu’s system are only valid under
the illuminants which were chosen during the calibra-
tion process.

Our current research is a continuation of Wu’s work
using the statistical approach. We modify the measure-
ment set-up and make a small change to the original
model to improve accuracy. We also design a system that
can be used in clinical situations. A regression based
model that is capable of recovering the spectral
reflectance from the camera RGB values is also intro-
duced. The color of a tooth can then be predicted under
any arbitrarily chosen illuminant. Imai et al. applied a
similar technique to human skin18 and the Macbeth color
checker.19 Finally, we report for the first time the re-
sults of tooth color measurements made with human
subjects.

This article is organized as follows: The next three
sections describe the theoretical derivation of the mod-
els, the experimental set-up for the measurements, and
the experimental results. The paper ends with a dis-
cussion and conclusion. The notation used in this ar-
ticle is consistent with that of Wu et al.1

Regression-Based Colorimeters
In this section, we describe the design of our multi-

exposure colorimeters in three separate subsections. In
the first subsection, the regression framework that is
common to both models is described. The first and the
second models differ in the form of the data used in com-
puting the model parameters. In the first model, we use
the camera data and the corresponding tristimulus val-
ues to obtain the model parameters. In the second model,
the tristimulus values are replaced with the coordinates
of teeth along the singular vectors of the spectral
reflectances. Thus, we describe the unique characteris-
tics of each model separately in the second and third
subsections.

Common Regression Framework
A typical color digital camera has three measurement

channels; red (R), green (G), and blue (B). External filters
are used with this camera to increase the number of
measurement channels. The resulting combination is a
multi-exposure system. For each training sample, one
exposure will be taken for every filter. Let Nf be the num-
ber of filters in the system and Nr be the total number of
training samples. Let S be the stack of outputs of the
camera augmented by a column of 1s; that is
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The additional column of 1s converts the model from
the linear homogeneous form introduced in Ref. 1 to an
affine form. In practice, the actual noise level (due to dark
current, stray light in the measurement environment, and
infrared emission when devices get hotter as the mea-
surements progress) of each exposure may be difficult to
determine. Subtracting the estimated average noise level
from each exposure for a sample may still introduce a
small bias in each measurement channel. An affine model
is adopted to account for small intercepts when regres-
sion is performed on the measured data.

Let T and T’ (both are Nr × p matrices, where p de-
notes the total number of columns) be the true and pre-
dicted outputs of the system, i.e., the CIE XYZ values
of a tooth sample for the first model or the coordinates
of the spectral reflectance of a tooth sample for the sec-
ond model, respectively. Suppose that M, a (3Nf + 1) × p
matrix, is a linear mapping that maps S to T’. Then S is
related to T’ through the equation

T’ = SM; (1)

and M can be obtained to minimize the total squared
error between the true and the predicted outputs, i.e.,
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where F denotes the Frobenious norm, and ti and mi

are the ith columns of the matrices M and T, respectively.
The last line above follows from the fact that the opera-
tor M which minimizes the Frobenius norm of the ma-
trix also minimizes the 2-norm of the columns of the
matrix. The least squares solution to the last line of Eq.
(2) is given by
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The matrix (STS)-1STT can be replaced with the Moore-
Penrose pseudoinverse to ensure its existence. Since S
depends on the measurement illumination condition, the
model obtained will only predict correctly under the
same measurement illumination condition. Thus, in
each of our models, the calibration matrix is illuminant-
dependent. However, there is a difference in the nature
of the outputs. The first model, our reference model de-
rived by least squares regression in the CIE XYZ color
space, predicts outputs that can only be matched under
the same illuminant as that used when the CIE XYZ
values of the teeth were measured. The calibration ma-
trix of our second model is obtained in a similar way,
but in the span of the tooth spectral reflectance. Conse-
quently, the output of the second model is the coordi-
nates of the spectral reflectance of the tooth. Thus, the
spectral reflectance can be reconstructed and the color
of the tooth can be estimated under any other
illuminant. From this point onward, we will refer to the
first and second models as the illuminant dependent
(IDC) and illuminant independent colorimeters (IIC),
respectively. We begin each subsection by developing a
framework for the system model which is used to jus-
tify the regression model that is actually used for the
computation in that subsection. Within these frame-
works, the unique characteristics of each system model
are described in detail.

Illuminant Dependent Colorimeter (IDC)
Consider a noise-free camera with spectral sensitiv-

ity q(λ) where λ denotes the wavelength. The camera
response to a color signal I(λ) for a unit exposure time
can be modeled as

s I q d= ∫λ
λ λ λ( ) ( ) . (4)

For a reflective surface, I(λ) = r(λ)L(λ), where r(λ) and
L(λ) are the spectral reflectance of the surface and the
illuminant at wavelength λ, respectively. When the color
signal and the camera sensitivity are sampled at N
equally spaced points with interval ∆λ along the wave-
length axis, the integral in Eq. (4) can be approximated
with a Riemann sum

    
s r i L i q i

i

N
≈

=
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Let r and q be N × 1 vectors with the ith element equal
to r(i∆λ) and ∆λq(i∆λ), respectively; and let L denote an
N × N diagonal matrix with L(i∆λ) as its ith diagonal el-
ement for i = 1, …, N. Then Eq. (5) can be expressed in
matrix notation as

s ≈ rTLq. (6)

When N is sufficiently large, the approximation error
is negligible. For the rest of this paper, we replace the
approximation sign with an equality sign.

Suppose Qc = [qR qG qB] is a matrix with columns qR,
qG, and qB representing the spectral sensitivity func-
tions of the red, green, and blue channels of the camera
with unit gamma. Let fj, j =1, . . . , Nf, denote the trans-
mittance of the jth filter and diag(·) be a diagonal matrix
with the argument as its diagonal. Then the combined
sensitivities of the jth filter and the camera can be writ-
ten as diag(fj)Qc. Let ri, an N × 1 vector, denote the spec-
tral reflectance of the ith sample. When an exposure of

the ith sample with spectral reflectance ri is taken with
this combined system under an illuminant L, the cam-
era output can be written as     r L( f )Qi

T
j j ce diag( )  where ej

is a scaling factor that accounts for factors such as the
exposure time of the system. The term ri

TL represents
the light reflected from the tooth surface with spectral
reflectance ri. The camera output is an inner product
between ri

TL and the camera sensitivity modified by the
filter, ejdiag(fj)Qc. Rearranging the outputs for each ex-
posure with each filter in a row vector yields s′i which is
the ith row of the S matrix with the last entry omitted.
The vector s′i can be related to ri as follows
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where QC
L denotes the combined sensitivities of the cam-

era and the filters under illuminant L.
Let A =   [ ]x y z  where    x ,   y  and   z  are the CIE 1931 2

degree color matching function vectors. The CIE XYZ
tristimulus values of the ith sample can be calculated as
follows:
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The columns of the matrix AL are the sensitivities of
human visual system under illuminant L.

Suppose that the span(AL) is a subspace of the
span(QC

L). Then, AL can be written as:

    A Q ML L= c IDC , (9)

where MIDC is a transformation matrix. From Eqs. (8)
and (9),
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In both the regression models described in this ar-
ticle, QC

L is not known. Therefore, the span(QC
L) may not

contain the span(AL) completely for the IDC model. We
estimate MIDC with Eq. (3). The IDC and IIC differ in
the content of the matrix T. With the IDC, T consists of
the stack of CIE XYZ values of the tooth samples. In
Wu’s regression model,1 the camera data and the spec-
tral reflectance were collected under daylight. Then, the
T matrix was calculated with a known L and Eqs. (8)
and (11). Several different illuminants were used in his
work; and each produced a different T matrix. For each
{S, T} pair, the corresponding MIDC matrix was calcu-
lated using Eq. (3). The MIDC matrix associated with each
{S, T} pair can only be used for prediction provided two
conditions are met. First, the illuminant under which
the RGB data are obtained must match that of matrix
S. Second, the predicted results, namely the XYZ val-
ues, can only be matched under the illuminant that was
used to calculate the T matrix.

In our model, we only consider the case where both
the T and S matrices are obtained under the same
illuminant. We interpret this condition as “calibrate,
measure, and match under the same illuminant”. For
this model, T is defined as
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Illuminant Independent Colorimeter (IIC)
Define R = [r1 … rNr

]. By the thin Singular Value Decom-
position (SVD),20 R can be decomposed as

R = VΛΛΛΛΛU, (12)

where V and U are the left and the right singular vec-
tor matrices. The matrix ΛΛΛΛΛ is a diagonal matrix which
contains the nonzero singular values associated with
each pair of left and right singular vectors. The diago-
nal elements of ΛΛΛΛΛ are arranged in descending order. The
span(R) is the same as the span(V)20; and the columns
of the matrix V form an orthonormal set of basis func-
tions of the span(R). When the number of columns of V
is smaller than the number of elements of ri, the ith col-
umn of R can be represented more compactly by its co-
ordinates along these singular vectors.

If the span(QC
L ) contains the span(R), then s′i is a com-

plete representation of ri in the span(QC
L). In other

words, ri can be completely recovered from s′i. In addi-
tion, each basis function of the span(R) can be expressed
as a linear combination of the basis functions of the
span(QC

L ). This means that V can be written as

V = QC
L MIIC , (13)

for a matrix MIIC. Given the fact that these vectors can
be expressed as a linear combination of the basis func-
tions of the span(QC

L ), the coordinates of the ith sample
reflectance are also related to s’i through the same lin-
ear mapping. Since ri ∈ span(V), ri = Vci

T  for a row vec-
tor ci. It can be shown that
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From Eqs. (7), (13), and (14),
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So these coordinates can be recovered from the camera
RGB values if the linear mapping MIIC is known. As
mentioned in the previous subsection, QC

L  is not known,
and the span(QC

L) may not contain the span(R) com-
pletely. We attempt to locally map these two subspaces
in the regions where the samples are distributed. We
estimate MIIC using linear multiple regression. As it was
for the IDC, the solution is given by Eq. (3).

The T matrix for this model consists of the stack of
the coordinates of the teeth in the span of the tooth
reflectances:
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where Nv is the number of principal singular vectors
selected, and ci

j denotes the coordinates of the ith sample
along the jth principal axis. The first Nv left singular vec-
tors associated with the Nv largest singular values are
selected. The parameter Nv is picked so that this num-
ber of singular vectors produces a good reconstruction
of all the ri ’s.

Let Vtr  = [v1 v2 ... vNv
] be the truncated version of the

V matrix that contains the Nv most significant left sin-
gular vectors. Then

ci
j = ri

T
 vj .  (17)

The ith reflectance is reconstructed as
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Conventional Principal Component Analysis (PCA)
can also be used by performing spectral decomposition
of the covariance matrix of R.21 We chose SVD instead
because the mean of the data set is not required. Geo-
metrically, it is also more intuitive to use SVD since the
span(R) and the span(V) are the same.

In this model, we calibrate and measure under the
same illuminant, but match under any arbitrarily cho-
sen illuminant. Figure 1 summarizes both models de-
scribed in this section.

Experiment
A Kodak DCS460c color digital camera with a Nikon AF
MicroNikkor lens, 105 mm f/2.8, equipped with Wratten
filter sets WR11+WR85N6 and WR38A+WR80B, was
used as in the Wu et al. setup. Two exposures, one for
each filter set, were taken for each sample with the lens
aperture fixed at f/5.6. This produces 6 different chan-
nels of measurements for each sample. We chose 6 chan-
nels because 6 singular vectors are sufficient to
represent the whole set of sample teeth with maximum
representation error of about 0.3 ∆Ea*b* under an equal
energy illuminant. Conventional PCA also revealed that
six eigenvectors were sufficient to account for more than
99% of the variance of the tooth samples. A Photo Re-
search PR705 spectroradiometer (Photo Research, Inc.,
Chatsworth, CA), was used to measure the radiance of
the samples. Individually, we used three different light
sources in the experiment: a Macbeth daylight simulator
(Macbeth SpectraLight II, GretagMacbeth, New
Windsor, NY), two Vivitar 285 camera flash units (AC
flash units, Vivitar Corporation, Santa Monica, CA), and
a PL900B DC regulated Halogen lamp with a bifurcated
fiber optic light guide (Dolan-Jenner Industries Inc.,
Laurence, MA ). The measurement set-ups for the flash-
based and halogen-based systems are shown in Fig. 2.

The boresight of the spectroradiometer and the cam-
era, the light source, and the sample were all in the same
plane so that the set-up could easily be adapted to clini-
cal use. When measurements were performed with the
daylight simulator, the tooth samples were placed in the
viewing booth. The incident angle of the diffuse light with
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the front tooth surface was approximately 45 degrees.
The viewing angle was normal to the surface of the speci-
men and the spectroradiometer was aligned with the cam-
era. We first took measurements with the camera. Then
we removed the camera from the tripod, so that it would
not block the field of view of the spectroradiometer. Fi-
nally, the spectrum was measured with the spectrora-
diometer. This spectrum was then divided pointwise by
the illuminant spectrum to obtain the spectral
reflectance of the sample. The spectrum of the
illuminant was measured by replacing the sample with
a Lapshere 99% diffuser (Model SRS99010, Labsphere,
North Sutton, NH). Since the surface of a tooth is smooth
and irregular, the specular reflection cannot be eliminated
for every tooth in the sample set with a fixed set-up. To
reduce measurement error due to the specular reflection

seen by both the camera and the spectroradiometer, the
fields of view of both devices were aligned. In Wu’s ex-
periments,1 the camera and spectroradiometer were not
aligned, and the measurements were performed under
the viewing booth daylight, which is not appropriate for
a clinical situation.

In an attempt to eliminate the specular reflections,
we first designed a lighting box that was lined with white
paper. A hollow cylinder made of white paper was placed
inside this box. It was entirely enclosed except for ports
for the two fiber optic heads and the camera/spectro-
radiometer boresight. The tooth specimen was mounted
in the center of the box. Two baffles were placed such
that there was no direct illumination on the tooth speci-
men. The set-up was intended to emulate an integrat-
ing sphere as in Ref. 22. While it did eliminate specular

Figure 1. Summary of illuminant dependent and illuminant independent colorimeters.
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reflections, light was able to enter and exit the tooth
from all angles, resulting in an overall reddish caste
due to the color of the interior of the tooth. This light-
ing condition does not correspond to that of viewing teeth
in vivo; consequently, the tooth color did not appear
natural.

To remedy this shortcoming, we replaced the cylinder
in the box with a hollow sphere which was also made of
the same material. Three ports were made. Two of them
were aligned on a straight line that ran through the
center of the sphere. One was for the boresight of the
camera/spectroradiometer. The tooth specimen was
placed outside the box in front of the other port. The
third port was located 90 degrees away from the other
two ports. It was large enough to fit a flash unit or the
fiber optic heads. Baffles were used to ensure that no
direct illumination fell on the tooth specimen. This light-
ing condition was designed specifically to emulate that
of viewing teeth in vivo with the front surfaces illumi-
nated with diffuse light. However, rather than the rela-
tively strong and very localized specular components
observed in the direct illumination condition, we saw a
weaker and more spread out specular reflection. With
direct illumination, the specular reflections were highly
localized and could be eliminated from the measurement
region. With the illumination provided by this source,
it was no longer possible to do this. So we chose to use
only direct illumination in our experiments.

When either the daylight simulator or the halogen
light was used, they were turned on throughout the
measurement period. When measurements were per-
formed with the flash units, a fixed gray patch was
placed next to the tooth specimen. Each time the flash
units were triggered, the intensity of the flash light
fluctuated between five to ten percent. For the camera
images, this variability was reduced with relative ease.
One of the teeth was designated as the reference spec-
imen. The RGB values of the gray patch for other speci-
mens were corrected to those of the gray patch for this
tooth by a scale factor for each of the R, G, and B chan-

nels. These scale factors were then applied to the RGB
values of the tooth for the same exposure.

To address the same problem for the PR705, more
work was necessary. The camera was positioned next
to the PR705, so that it did not block the view field of
the PR705 and was able to take a picture of the gray
patch during the spectral measurements. Then the
apertures of PR705 and the camera were opened
simultaneously and long enough so that the flash could
be manually triggered. The RGB values of the gray
patch were used in the same way to correct the PR705
measurements. Before measurements were performed
on each specimen, two lamps were placed in front of
the flash units with the same illumination angle as that
of the flash units before measuring the spectra. This
was to make sure that the measurement aperture of
the PR705 did not cover regions with specular
reflections. If necessary, the PR705 was adjusted
slightly to avoid regions of the tooth with specular
reflections. The lamps were removed prior to the ac-
tual measurements.

All the measurements were performed in a fully dark-
ened room. In the first experiment, 85 extracted teeth
were measured. Each of them was placed in a holder
when the measurement was performed. All the teeth
were prepared as described by Papakosta.23 In the sec-
ond experiment, the holder was replaced with a chin
rest. A total of 21 subjects were recruited. Two expo-
sures of the top incisors of each subject were taken, fol-
lowed by the spectroradiometer measurements. Each
subject put on a disposable cheek retractor during the
experiment. Figure 3 shows the set-up with a subject
for the second experiment. The intersection of the cen-
ter line (vertical bisector of mouth) and the bite line of
each subject coincided with the boresight of both mea-
surement devices. The center line of each subject was
also aligned with the vertical line on the gray patch in
front of the chin rest. These steps were taken to ensure
consistent illumination conditions for all the subjects
and repeatability of the experiment.

Figure 2. Geometry of measurement set-up for both illuminant dependent and illuminant independent colorimeters.
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Results
Experiment 1

In Experiment 1, 70 extracted teeth were randomly
selected as a training set to derive the model parameters,
i.e., the calibration matrix. The remaining 15 teeth were
used to test the performance of the system. Since certain
choices of training and test sets outperformed others, we
ran 10,000 such random selections to provide a more ac-
curate estimate of performance. The average ∆Ea*b* for
the test set in each selection was computed and recorded.
The statistics of this average for 10,000 random selec-
tions for the IDC are shown in Table I. The measure-
ments were taken under each of the three light sources
mentioned in the previous section.

For the IIC, the calibration matrix was computed as
shown in Fig. 4, with the halogen light; and the perfor-
mance test was conducted according to the procedure
shown in Fig. 5. The spectral reflectance of each test

tooth was computed. The average ∆Ea*b* of the recon-
structed spectral reflectances under each of the three
light sources was then calculated. For comparison pur-
poses, the ∆Ea*b* for the IDC for the same test set was
also calculated and included in Table II.

Experiment 2
In Experiment 2 conducted with the subjects’ teeth, the
measurements were made under the halogen light. Fig-
ure 6 shows the CIE xy chromaticities of the extracted
teeth and subjects’ teeth. Our data indicates that the
subjects’ teeth are redder than the extracted teeth. In
fact, the two sets of points are completely separated.
Since the teeth are translucent, the presence of blood
in the live teeth may have contributed to the color shift.
The performance degraded significantly when the cali-
bration matrix obtained with the extracted teeth was
applied to the subjects’ teeth as shown in Table III.

Figure 3. Measurement set-up for Experiment 2 with a
subject.

TABLE I. Experiment 1 (IDC): Extracted Teeth Measured with
Three Different Light Sources

∆Eavg

Illuminant Mean StdDev Max % < 1.5*

D65 1.101 0.169 1.885 98.5
Flash 0.965 0.198 1.775 99.4

Halogen 0.843 0.115 1.362 100

*percentage of random selections with average ∆Ea*b* < 1.5.

TABLE II. Experiment 1 (IIC): Extracted Teeth Measured Only
with Halogen Light

   ∆Eavg

Illuminant Mean StdDev Max % < 1.5*

D65 (IIC) 0.833 0.109 1.354 100
Flash (IIC) 0.841 0.110 1.364 100

Halogen (IIC) 0.843 0.115 1.366 100
Halogen(IDC) 0.843 0.115 1.362 100

* percentage of random selections with average ∆Ea*b* < 1.5. The IDC re-
sults are included for cross reference. The training and test samples in
each random selection for Halogen (IDC), Halogen (IIC), D65 (IIC), and
Flash (IIC) were the same.

Figure 4. Training phase of illuminant independent colorimeter.
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Figure 5. Test phase of illuminant independent colorimeter.

Figure 6. CIE xy chromaticities of extracted teeth and sub-
jects’ teeth viewed under halogen light.

TABLE III. Prediction of Subjects’ Teeth Using Calibration
Matrix Trained With Extracted Teeth

∆Eavg

Illuminant Mean StdDev Max % < 1.5*

Halogen (IIC) 1.887 0.860 4.391 33.3
Halogen(IDC) 1.857 0.894 4.391 38.1

* percentage of random selections with average ∆Ea*b* < 1.5. All 85 ex-
tracted teeth were used to find the calibration matrix for both the IIC and
IDC. The test set comprised all 42 subjects’ teeth

TABLE IV. Experiment 2 (IIC and IDC): Subjects’ Teeth Mea-
sured Only with Halogen Light

∆Eavg

Illuminant Mean StdDev Max % < 1.5*

D65 (IIC) 1.080 0.118 2.030 98.2
Flash (IIC) 1.051 0.176 1.966 98.8

Halogen (IIC) 1.048 0.177 1.972 98.7
Halogen (IDC) 1.049 0.177 1.980 98.7

* percentage of random selections with average ∆Ea*b* < 1.5.
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Therefore, it is more appropriate to use the subjects’
teeth to calibrate our system for clinical applications.
To evaluate the system performance, 34 out of 42 of the
subjects’ teeth were selected randomly as a training set
and the remaining 8 comprised the test set. As before,
10,000 such selections were performed. The results ob-
tained using both the IDC and the IIC are tabulated in
Table IV.

Figures 7 and 8 show the best and the worst cases out
of 15 reconstructions for the extracted teeth in a ran-
dom selection. Figures 9 and 10 show the best and the
worst cases out of 8 reconstructions for the subjects’
teeth in a random selection. The ∆Ea*b* values were cal-
culated for halogen light in all four figures. For the IDC
applied to the subjects’ teeth, the distribution of the pre-

diction errors in the a* - b*, L* - a* and L* - b* planes
are shown in Figs. 11, 12, and 13, respectively. All the
subjects’ teeth were used to train and test in this case.
The errors were computed under the assumption that
the teeth would be viewed under the halogen light. Fig-
ures 14 and 15 show, respectively, the basis functions of
the training set of the extracted teeth and that of the
live teeth for a random selection.

Discussion
The results for the illuminant dependent colorimeter
under 3 light sources are displayed in Table I. The per-
formance under all three light sources was fairly simi-
lar. In addition to its somewhat inferior performance,
the physical design of the daylight simulator is not suit-

Figure 7. Spectra for extracted teeth with IIC: The best among
15 reconstructions in a random selection. The ∆Ea*b* values
were computed for the halogen light.

Figure 8. Spectra for extracted teeth with IIC: The worst
among 15 reconstructions in the same random selection used
for Fig. 7. The ∆Ea*b* values were computed for the halogen
light.

Figure 9. Spectra for subjects’ teeth with IIC: The best among
8 reconstructions in a random selection. The ∆Ea*b* values were
computed for the halogen light.

Figure 10. Spectra for subjects’ teeth with IIC: The worst
among 8 reconstructions in the same random selection as used
for Fig. 9. The ∆Ea*b* values were computed for the halogen
light.
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able for clinical use. On the other hand, the flash lights
are small, highly portable, and relatively cheap com-
pared to the daylight simulator. With output character-
istics similar to that of daylight in the visible spectrum,
flash units offer more flexibility in the experiment set-
up design. Thus, the flash-based system seems to be a
natural choice for clinical applications. However, the
flash units have large temporal fluctuations in inten-
sity. As discussed earlier, meticulous work is needed to
correct for the intensity fluctuation during the exper-
iment. Moreover, it is difficult to estimate the position
of the specular reflection before taking measurements
with the spectroradiometer. This leads to increased mea-
surement time which is undesirable when human sub-
jects are involved.

In addition, as shown in Fig. 16, both the flash and
the daylight illuminants have significantly higher out-
put in the short wavelength region compared to the halo-
gen light, which amplifies the fluorescence in teeth.
Consequently, the halogen-based system was chosen for
the clinical test. Figure 17 shows the fluorescence ef-
fect of an extracted tooth. It is interesting to note that
the fluorescence in this extracted tooth has a broadband
emission, gradually decreasing from approximately
440nm to 600nm. In fact, the level of such emission and
the size of the emission bandwidth can vary from one
tooth to another and also spatially on the surface of the
same tooth. Bosch et al. reported that colorimetric er-
rors due to fluorescence in extracted teeth under D65
illuminant can be as high one ∆Ea*b* unit.15

Figure 11. The distribution of errors (arrows in the figure) in
the a* - b* plane for the IDC applied to the subjects’ teeth. The
errors were computed for the halogen light. All the samples
were used to train and test.

Figure 12. The distribution of errors (arrows in the figure) in
L* - a* plane for the IDC applied to the subjects’ teeth. The
errors were computed for the halogen light. All the samples
were used to train and test.

Figure 13. The distribution of errors (arrows in the figure) in
L* - b* plane for the IDC applied to the subjects’ teeth. The
errors were computed for the halogen light. All the samples
were used to train and test.

Figure 14. The basis functions of the 70 extracted teeth in the
training set chosen at random from the complete set of 85 ex-
tracted teeth.
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The results in Experiment 2 were slightly worse. This
is probably due to subjects’ movement during the mea-
surement. It is very difficult for a subject to not move at
all during the measurements. Since the color of a tooth
is not uniform throughout the surface,24 any movement
of the subject will  cause the camera and the
spectradiometer to measure slightly different regions
of the tooth surface in subsequent readings. Such move-
ment can also change the incident angle of the illumi-
nation on the tooth which leads to changes in the
spectral reflectance.25

The reconstructed spectral reflectance curves indicate
that the subjects’ teeth reflect more light at the longer
wavelengths than do the extracted teeth, and hence ap-
pear more reddish, as indicated by comparing the xy
chromaticities of the two sets of teeth. The general shape
of the reflectance curves for the extracted teeth that we
measured is consistent with that of extracted teeth re-
ported by Bosch, et al.15

The prediction errors for the subjects’ teeth in the
a* –  b*, L* –  a* and L* – b* planes show no discernable
trend, appearing instead quite random. Tables II and
IV suggest that the IDC and IIC are colorimetrically
equivalent. The difference in the average ∆Ea*b* was less
than 0.1. In fact, the difference in the ∆Ea*b* value be-
tween the illuminant dependent and illuminant inde-
pendent systems is less than 0.1 for all  the
reconstructions in all selections. The errors for the IIC
and the IDC under the halogen light source are highly
correlated because the same camera outputs were used
to recover the CIE XYZ values and the coordinates of
the spectral reflectance. The system was meant to take
measurements only with the halogen light source. The
portion of the fundamental component of the teeth cap-
tured by the camera under this light source is fixed. In
principle, if the 6 basis functions of the training set
represent the spectral reflectances of the teeth in the
test set with no error, and if the camera operation is
perfectly linear, the IIC and the IDC errors should be
the same. In practice, usually neither of these assump-
tions holds. For the IIC, the basis functions of the train-
ing set represent the spectra of the test set with small
representation errors. Since the camera operation is
not, in practice, perfectly linear, the camera data may

Figure 15. The basis functions of the 34 live teeth in the train-
ing set chosen at random from the complete set of 42 live teeth.

Figure 16. Spectra of the three light sources used in the
experiments.

Figure 17. Spectra of an extracted tooth measured with the
ultraviolet light source of the MacBeth daylight viewing booth.

map better to the coordinates of the basis functions
than to the corresponding tristimulus values for some
choices of training sets and test sets. This resulted in
the close performance we observed in our experiments.
When the second factor becomes more dominant and
the representation error is small, the performance of
the IIC can be close to or slightly better than that of
the IDC. If the camera operation is perfectly linear,
the performance of the IIC will not be as good as that
of the IDC when the spectra cannot be completely rep-
resented with the basis functions. If the spectra in the
test set are poorly represented and the mapping fa-
vors the tristimulus values, then the IDC will perform
significantly better than the IIC.

Conclusion
Both the illuminant dependent and illuminant indepen-
dent colorimeters worked equally well under the same
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illumination condition. However, colors predicted by the
illuminant dependent colorimeter can only be matched
visually under illuminants for which the calibration ma-
trix was designed, which in this study is assumed to be
the same as the illuminant under which the measure-
ment was made. The illuminant independent colorim-
eter eliminates this constraint. The results of our clinical
test show that this system also works in clinical situa-
tions. Being non-contact in nature, both colorimeters
eliminate hygiene concerns and problems such as edge
losses due to sideward scattering of light in a tooth when
a contact measurement device is used.15 Nevertheless,
to ensure good prediction, a set of training samples must
be carefully picked that adequately represents the
gamut of the teeth that are expected to be measured.
The success of the IIC in recovering the spectral
reflectances of tooth specimens also offers the possibil-
ity to account for fluorescence in human teeth. This is a
topic for future research.    
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