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Abstract
It is possible to achieve improved color accuracy with a color

camera by placing a color filter in front of the camera. Unfor-
tunately, the color filter will block some of the light entering the
camera, which will result in additional noise in the recorded data.
This paper provides an initial investigation into finding an opti-
mal solution to the filter design, in the presence of noise.

Introduction
Over the years, there have been a number of papers dealing

with the problem of designing or creating color filters for cameras
and scanners. In some papers, the focus has been to optimize for
spectral discrimination rather than colorimetry [1, 2, 3, 4, 5].

Early examples of filter design and selection focused on col-
orimetry include [6, 7, 8]. The references [9, 10] considered the
effect of noise in the optimization problem. The later work by
Kuniba [11] looks at the problem of filter design in the presence
of shot noise. Wolski [12] introduced the idea of including a Tay-
lor series approximation of the transformation to CIELAB in the
optimization problem to achieve improved perceptual color per-
formance. Considerations for realizability are made in [13]. The
work by Parmar [14] considers the practical impact of the color
filter array into the problem of filter design. Work by Trussell [15]
investigated the use of a large number of narrow band filters in the
presence of Poisson noise.

The work by Vora and Trussell [16, 17] went into details on
analyzing and quantifying the effect of variations on color filters
as well as coming up with a measure of goodness for a set of filters
[18], which has been termed the Vora value. This measure is a
multi-dimensional generalization of Neugebauer’s q-factor [19].
Sharma [20] pushed the idea of a measure of goodness further by
introducing a Taylor series approximation of the transformation
to CIELAB as well as introducing noise into the measure. Quan
[21] also introduces a measure of goodness when designing filter
responses. Further generalization of figures of merits are made in
[22].

Recently there have been a number of papers that have
looked at the idea of achieving improved color accuracy of an
existing camera by placing a color filter in front of the camera
[23, 24, 25]. This color filter alters the overall spectral sensitiv-
ity of the camera. If the filter is carefully designed, it is possible
to achieve a closer approximation to the subspace spanned by the
CIEXYZ color matching functions. One problem with this ap-
proach is that any filter that blocks light will result in a system
that has a lower signal-to-noise ratio. While one can always as-
sume that they could increase the light level to achieve any desired
SNR, there will always be noise present in the recording process
and it really should be considered in the optimization problem.

Here we take a look at the problem of noise in this filter

optimization process. The approach is to make use of a figure of
merit developed by Sharma, as it already includes considerations
for noise. Comparisons are made to a method that does not take
noise into consideration in the filter design process.

Mathematical notation
If we assume we can mathematically sample the visible spec-

trum at a sufficient number of wavelengths, n, to allow an accurate
representation of the spectral information [26], we can model the
camera color imaging system using a vector notation. The imag-
ing model is given by

ci = HT ri +ni, (1)

where the columns of the nxm matrix H define the m spectral
separation channels for the camera1, the n-element vector ri rep-
resents the variable radiant spectrum at pixel location i, the m-
element vector ni represents the additive noise at location i, and
ci is the m-element vector obtained with the camera at location
i. Note that we have used a single index i for the location for
simplification.

Filter for
improved

colorimetry

Figure 1. Prefilter placed in front of digital camera to improve colorimetry

of camera.

The problem posed is that we wish to place a filter in front
of the camera to achieve improved colorimetry as graphically
shown in Figure 1. Ideally the complete camera response would
be within a linear transformation of the CIEXYZ color matching
functions, which is to say that it would satisfy the Luther condi-
tion [27]. In general, it is difficult to achieve this goal, but given
some recorded data with our camera we wish to obtain an estimate
of the CIEXYZ value of the spectrum ri, which is mathematically
expressed as

ti = AT ri, (2)

1In most cases m = 3.
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where the columns of the matrix A are the sampled CIEXYZ color
matching functions.

There are a number of ways to obtain such an estimate. To
simplify things, and focus instead on the filter optimization prob-
lem, we will use a linear estimator and in particular the linear
minimum mean square error estimator since we can readily com-
pute this matrix analytically. This matrix, Blmmse is the solution
to the optimization problem

Blmmse = argmin
B

E
{
||t−Bc||2

}
(3)

and the estimated CIEXYZ tristimulus value is given by

t̂i = Blmmseci. (4)

The solution to Equation 3 is given by

Blmmse = AT KrH(HT KrH+Kn)
−1 (5)

where

Kr = E
{

rrT
}

(6)

is the correlation matrix of the radiant spectra seen by the camera
and

Kn = E
{

nnT
}

(7)

is the noise covariance matrix, assuming the noise is zero mean.
Mathematically, the insertion of the filter into the optical path

can be modeled as

ci = HT Fri +ni, (8)

where F is an nxn diagonal matrix whose diagonal elements repre-
sent the spectral transmittance of the filter. We will denote the fil-
ter transmittance also as the n-element vector f where diag(f) = F.

Figures of merit
The problem of finding the optimal filter can be approached a

number of ways. One method is to consider figures of merits that
provide a measure of how well the spectral sensitivity of the entire
system can cover the subspace defined by the spectral sensitivity
of the standard human observer. One such measure is the Vora
value [18] given by

ν(A,FH) =
Trace

[
A(AT A)−1AT FH((FH)T FH)−1(FH)T ]

3
,

(9)

which is the trace of the product of the orthogonal projection op-
erator onto the subspace defined by the CIEXYZ color matching
functions and the orthogonal projection operator onto the sub-
space defined by our camera’s spectral sensitivity, divided by
three. The measure is bounded between zero and one, with zero
meaning that the subspace spanned by the camera spectral sensi-
tivity FH is in the null space of matrix A and one meaning that the
spectral sensitivities cover the subspace spanned by the matrix A.
If we have a measure of one, then it is possible to obtain CIEXYZ

values using the filter set FH. The optimization problem would
thus be to find a diagonal matrix F that will maximize ν(A,FH).

A downside of this approach is that it takes in no consid-
eration of the impact of the noise term in Equation 8. One of the
figure of merits developed by Sharma [20] that factors in the noise
term is expressed as

q(A,FH,Kr,Kn) =
τ(A,FH,Kr,Kn)

Trace [PAKr]
(10)

where

τ(A,FH,Kr,Kn)=Trace
[

PAKrFH
(

HT FKrFH+Kn

)−1
HT FKr

]
,

(11)

and the term PA is given by

PA = A(AT A)−1AT (12)

which is the orthogonal projection operator onto the subspace de-
fined by the CIEXYZ color matching functions.

Similar to the Vora value, the measure q(A,FH,Kr,Kn) has
a minimum of zero and a maximum value of one. Note that in
his work, Sharma defines a number of measures including those
that provide a first order Taylor series approximation to the map-
ping to CIELAB from CIEXYZ. Here though we are interested in
focusing only upon the effects of noise in our filter selection.

Correlation, Noise and SNR
The radiant spectra correlation matrix Kr can be derived

from a collection of radiant spectra such as that provided by
Wueller [28]. This data set consists of over 2000 samples of var-
ious object spectra recorded in-situ with a spectroradiometer. If
the data of the Wueller spectra are contained in the columns of the
matrix G where

G = [r1, . . . ,rs] (13)

then an estimated covariance matrix would be given by

Kdata =
1
s

GGT . (14)

where s is the number of samples in the data set.
Alternatively, to avoid the use of the exact statistics of which

we are going to assess performance (and focus only on signal-to-
noise ratio), we can assume a correlation matrix that uses a fixed
correlation ρ between adjacent samples in the spectrum, and a
power level (or variance) at each wavelength that is the same as
the matrix Kdata. If the correlation between adjacent wavelengths
is given by ρ , such a matrix would be expressed as

Kmodel = [diag(Kdata)]
1/2 M [diag(Kdata)]

1/2 (15)

where diag(X) is a diagonal matrix with the same diagonal ele-
ments as X and

M =


1 ρ ρ2 ρ3 . . . ρn−1

ρ 1 ρ ρ2 . . . ρn−2

. . . . . . . .

. . . . . . . .

. . . . . . . .

ρn−1 ρn−2 . . . . . 1

 . (16)
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If we assume the noise is zero-mean white Gaussian noise
then we can express the noise covariance matrix as

Kn = σ
2
n I (17)

where the noise variance is given by σ2
n . It should be noted that a

Poisson signal-dependent noise model is likely more appropriate
as described in [29], but at this time we will focus on the signal-
independent Gaussian case.

The signal-to-noise ratio (SNR) can be defined as

SNR(dB) = 10log10

(
Trace

[
HT FK̃rFH

]
σ2

n

)
. (18)

where the estimated covariance matrix K̃r is Kdata or Kmodel .

Filter Model
To be realizable, the filter transmittance should be bounded

between zero and one at each wavelength. In addition, we would
like the filter to be a smooth function of wavelength. To enforce
the smoothness constraint, it is simple to model the filter transmit-
tance as a weighted sum of piece-wise cubic Hermite interpolating
polynomials. This is similar to an approach in [16], which used a
weighted sum of Gaussian forms.

Using the Hermite interpolating polynomials, the filter trans-
mittance is given by

f = Bw (19)

where the columns of the matrix B contain the sampled polyno-
mials and a simple bounding constraint of zero to one on the el-
ements of w provides us with a smooth bounded filter represen-
tation. Figure 2 shows an example curve with its weighted basis
functions.
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Figure 2. Smoothness constraint for filter enforced through use of interpo-

lating basis.

Optimization formulations
Constrained optimization problems to maximize the figure

of merit measures ν(A,FH) and q(A,FH,Kr,Kn) can be readily

coded using the fmincon function in MATLAB. Mathematically,
the problem can be expressed as

fν = arg(max
w

[ν(A,FH)]) (20)

or

fq = arg(max
w

[q(A,FH,Kr,Kn)]) (21)

where the elements of w are bounded between zero and one,

F = diag(Bw), (22)

and diag(x) creates a diagonal matrix from the vector x. Opti-
mization using fmincon in MATLAB is achieved by negating the
above cost functions. Note that the solution fq will depend upon
the matrices Kr and Kn and hence the SNR.

Results
Let us model our filter using eight weighted basis functions,

similar to what is shown in Figure 2. Consider now if we have
a camera with spectral sensitivities as shown in Figure 3, which
were measured from a Nikon D90 camera. Given this set of fil-
ters, we solve Equation 20 to find the optimal insertion filter that
will maximize the Vora value. The initial filter response selected
in the optimization process is a filter with a transmittance of 0.5
at all wavelengths. Similarly, optimal filters were found using
Equation 21 for unfiltered SNRs of 40dB, 50dB and 60dB. For
each SNR, optimal filters were found using an estimate for Kr
based upon Equation 14 (Kdata) for the data set given in [28] as
well as Equation 15 (Kmodel) with ρ = 0.9952, which was de-
termined in a least squares fit to Kdata. The results are shown
in Figures 4-10. Looking at the differences in the optimal filters
for the different noise levels, it makes sense that the optimal filter
starts to approach an all pass filter as the SNR decreases, indicat-
ing the importance of letting in additional signal at the cost of not
approximating the CIEXYZ color matching functions as well.

Using each of the these filters, the data given in [28] was
mathematically measured with the camera response and the fil-
ter with 1000 noise realizations for every sample. The average
CIELAB ∆E as well as the mean squared error in the orthogonal-
ized subspace defined by the CIEXYZ color matching functions
were computed. The results are shown in Tables 1 and 2. The
lmmse estimator (similar to Equation 5) was used to transform
the simulated recorded data to orthogonalized CIE values, which
were then transformed to CIELAB. Besides being used for the
optimization of Equation 21, matrix Kr in Equation 5 was either
Kmodel or Kdata as denoted in Tables 1 and 2. The noise variance
was kept the same regardless of the insertion filter. This has the
effect of causing a lower SNR in the system due to the insertion
filter blocking more of the signal energy. The true resulting SNR
that occurs due to the insertion of the filter is given in Table 3.

The data in Tables 1 and 2 is organized in rows for each filter
case, with testing done without the use of a filter (No filter), with
the filter found by optimizing the Vora value (Vora filter), and the
filters that were designed with specific noise variance levels (40dB
filter, 50dB filter, and 60dB filter). The columns are organized to
separate the different Kr and SNR cases. In Table 1, the lowest
mean squared error for each SNR is denoted in bold red text. Note
that regardless of the Kr matrix that is used, the filters that were
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designed for that particular SNR resulted in the lowest error. Table
2 provides the average CIELAB ∆E difference across the data set
with the 1000 noise realizations. Due to the nonlinear relationship
of the mapping between CIEXYZ and CIELAB, the minimum
errors are not always obtained with the noise optimized filters.
However, for SNR levels at 50dB and below, the noise optimized
filters do better than the Vora filter, which did not account for
noise. At the lower SNRs the use of no filter provided the best
results.

The data in Table 3 indicates that the Vora filter results in
approximately a 5dB loss in SNR, the 40dB filter is approximately
a 0.5dB loss, the 50dB filter is approximately a 2dB loss and the
60dB filter is approximately a 6dB loss. It is interesting to note
that by 60dB SNR we are allowing an even greater loss in SNR
compared to the Vora filter, but achieving a better mean squared
error. In this case, the noise filter is taking advantage of how the
SNR is distributed spectrally to ensure an even better capture of
data compared to the Vora filter, which is essentially assuming a
spectral covariance matrix that is equal to the identity matrix and
a noise covariance matrix that is the zero matrix.

It is worthwhile to compare the 60dB SNR results here with
the results in [23], which made use of the Vora value, a num-
ber of digital cameras and a linear transformation that was a
least squares mapping to transform the camera response to the
CIEXYZ color matching functions. Finlayson used a different
spectral data set to assess performance, but the results are of a
similar magnitude with the results here. For the work here, Table
2 shows an improvement from 1.50 ∆E with no filter to a value
of 1.04 ∆E with the Vora filter. Finlayson’s average improvement
over all his cameras went from about 1.3 to 1.0 ∆E. 2

The author would like to thank Dietmar Wüller for providing
access to his data base of spectral radiant measurements.
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Figure 3. Camera spectral sensitivities

2The actual values are not provided in [23], but a plot is shown.
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Figure 4. Optimal filter maximizing the Vora value (Equation 20)
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Figure 5. Optimal filter solving Equation 21 at 60dB SNR and Kr = Kdata
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Figure 6. Optimal filter solving Equation 21 at 50dB SNR and Kr = Kdata
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Figure 7. Optimal filter solving Equation 21 at 40dB SNR and Kr = Kdata
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Figure 8. Optimal filter solving Equation 21 at 60dB SNR and Kr = Kmodel
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Figure 9. Optimal filter solving Equation 21 at 50dB SNR and Kr = Kmodel

400 450 500 550 600 650 700
nm

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

tra
ns

m
itt

an
ce

Figure 10. Optimal filter solving Equation 21 at 40dB SNR and Kr = Kmodel

Table 1: Mean square error results (scaled by 1000)

Kr = Kdata Kr = Kmodel
40dB 50dB 60dB 40dB 50dB 60dB

No filter 2.02 1.20 1.04 2.23 1.45 1.31
Vora filter 2.80 1.16 0.79 2.89 1.33 1.01
40dB filter 1.99 1.12 0.96 2.11 1.19 1.02
50dB filter 2.08 0.93 0.71 2.39 1.11 0.86
60dB filter 3.23 1.18 0.65 3.4 1.33 0.79

Table 2: CIELAB ∆E differences

Kr = Kdata Kr = Kmodel
40dB 50dB 60dB 40dB 50dB 60dB

No filter 4.48 1.92 1.25 4.60 2.12 1.50
Vora filter 6.79 2.35 0.94 6.9 2.42 1.04
40dB filter 4.54 1.86 1.13 4.82 1.95 1.19
50dB filter 5.00 1.83 0.93 5.71 2.07 1.04
60dB filter 7.54 2.59 1.01 8.20 2.81 1.06

Table 3: Effective SNR

Kr = Kdata Kr = Kmodel
40dB 50dB 60dB 40dB 50dB 60dB

No filter 40 50 60 40 50 60
Vora filter 35.3 45.3 55.3 35.3 45.3 55.4
40dB filter 39.6 49.6 59.6 38.9 48.9 58.9
50dB filter 38.1 48.1 58.1 36.8 46.8 56.8
60dB filter 34.3 44.3 54.3 33.8 43.8 53.8
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