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Abstract. In machine vision systems recording the colour of an object is crucial
for applications such as skin detection while it will enhance applications includ-
ing colour based recognition and image retrieval. Unfortunately, almost none of
the existing colour constancy algorithms have been designed to deal with the
high dynamic ranges that can occur in external, naturally illuminated scenes.
One algorithm that can deal with these scenes has been proposed by Finlayson
and Drew. In this paper a method of assessing the performance of this algo-
rithm, and equivalent algorithms, are proposed. The performance of this algo-
rithm is then significantly improved by optimising the spectral response of the
sensors used to obtain the data required by algorithm. Since the resulting per-
formance is comparable to that of the human visual system it appears that this
algorithm is capable of obtaining useful chromaticity information under highly
varying illumination conditions.

Keyword: sensor optimisation, chromaticity constancy.

1 Introduction

The high dynamic range (HDR) of illuminant causes difficulties in capturing a scene
independent of lighting conditions. This large variation in intensity (10° [1]) of an
illuminant makes the performance of the state of the art colour constancy algorithms
to degrade in HDR scenes [2]. Recent research shows that the most advanced algo-
rithms are not able to provide stable chromaticity that can be used in colour based
recognition applications [3]. In HDR scenes the effect of scene illuminant should be
discounted at pixel level and this is difficult with three sensor linear responses.

Foster states that the conventional colour measurement methods concentrate not on
colour constancy but on complementary aspects [4]. This suggests that to achieve
better chromaticity constancy, the imaging sensors should be optimised. Ohta [5]
shows that exact colour reproduction is impossible with currently available dyes. It is
proved by Verhel et al. [6] that four sensors are required for accurate colour reproduc-
tion. Based on the above discussion, four sensor imaging system was chosen for solv-
ing the lighting effect in HDR scenes and optimise the sensitivity of the sensors for
better chromaticity constancy. Finlayson and Drew’s [7] algorithm is investigated for
identification of similar colours and the sensor parameters are optimised for better
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performance. In this work a new method of sensor optimisation for chromaticity
constancy, error metric for optimisation, and a method for comparing the ability of
identifying similar chromaticities and illuminant independent chromaticity space are
proposed.

In this research work, the organic dyes are to be used in implementing the opti-
mised imaging device for achieving chromaticity constancy in HDR scenes. As most
of the organic sensors have a full width at half maximum of 100 nm this work focuses
on the performance of the algorithm at 100 nm width sensors. Finlayson and Drew’s
algorithm is described and its performance is investigated in section 2. Section 3 dis-
cusses the optimisation of sensor parameters and the ability of similar colour separa-
bility of the algorithm. In section 4, the effect of quantisation on the algorithm’s
performance is investigated. Finally, based on the results, conclusions have been
made in section 5.

2 The Algorithm

Based upon a model in which it is assumed that Planck’s blackbody equation models
the illuminant spectrum and that the sensors spectral response can be modeled by the
Dirac delta function Finlayson and Drew have proposed a color constancy algorithm
that only uses information from 4-sensor responses [7]. The responses from each of
these sensors are proportional to the logarithm of the incident photon flux in a differ-
ent spectral range. The first step of the algorithm is to use either one of these loga-
rithmic sensor responses or the geometric mean of all four responses as a normalising
channel to compensate for possible changes in geometry and more importantly the
brightness of the illuminant [7]. When a single logarithmic response is used as the
normalising channel this automatically reduces the dimension of the space of possible
responses by one. Alternatively, when the geometric mean is used as the normalising
channel one of the normalised channels can be discarded. In either case the result is a
three dimensional space of normalised response ratios. The results presented in this
paper are for the first case. In this three dimensional space each colour follows a tra-
jectory as the spectrum of the illuminant varies. To remove this illuminant induced
variation, the 3-dimensional space is projected into a 2-dimensional space in which
the variations due to changing illuminant spectrum are minimised. The resultant 2-
dimensional space is approximately independent of shading, scene geometry and
scene illuminant [7].

To test this algorithm’s ability to extract data that can be used to distinguish percep-
tually similar colours the algorithm has been implemented in MATLAB. The algo-
rithm was then applied to the simulated responses of sensors whose inputs were
obtained from the reflectance spectra of Munsell colours[8] illuminated by 6 different
CIE standard daylight illuminants (D40, D45, D50, D55, D60 and D65) [9], Both the
reflectance spectra of the Munsell colours and the standard daylights are sampled at
Inm intervals in the range between 400nm and 700nm and the spectral sensitivity of
the sensors was modeled using a Lorentzian function.

Initial investigations of the algorithm were performed with sensors that have a full
width half maximum of 100nm and peak spectral responses at 437.5nm, 512.5nm,
587.5nm and 662.5nm. Figure 1 shows the two dimensional chromaticity space
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formed by the algorithm when the sensor with the lowest peak wavelength response
was used to normalise the other responses. In this figure the colour of each cross
matches the Munsell colour used to generate the corresponding data point. This repre-
sentation means that the results clearly show a smooth variation in chromaticity
across the space with white at its centre. The other noticeable feature of these results
is that dark colours are spread across the space however, a closer inspection of these
results shows that they have the similar reflectance spectra (chromaticity) to their
neighbours but with a low reflectivity.

Fig. 1. The chromaticity space with 1269 munsell colours projected when applying 6-CIE
standard daylight illuminants. Assuming the white point as the centre of the space, colour red is
projected on the positive y-axis, orange is in the second quadrant, yellow is on the negative x-
axis, green is in the third quadrant, blue is projected on the negative y-axis, purple is on the
positive x-axis and brown is in the first quadrant.

A key feature of the algorithm is that it normalises the sensor responses in order to
accommodate variations in the brightness of the illuminant. This also normalises the
brightness component of a colour preserving only the chromaticity. This feature of
the algorithm has been confirmed by scaling the reflectance representing each Mun-
sell colours by different factors to create families of chromaticities, such as the one
shown in Figure 2. As expected each of these families are projected to the same
point in the two dimensional space created by the algorithm, for example the scaled
reflectances in Figure 2 are all mapped to the same point which is circled in Figure 2.

A closer inspection of the space (figure 1) shows that each colour sample creates a
small cluster of six points in the chromaticity space, one for each of the six day light
illuminants. This space therefore has the basic characteristics required to separate
different chromaticities. It is important to use a perceptually relevant scale to quantify
the similarity between neighbouring chromaticities. For this the separability of the
projected areas different colour samples has been tested.
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Fig. 2. Illustrates the chromaticity space, all synthetic reflectances shown in figure are projected
as a single point (shown with in the circle) with some neighbor colours. These synthetic reflec-
tance spectra were obtained by scaling the spectra with different factors.

The CIELab space is one colour space that has been designed so that distances in
the space are proportional to the perceptual differences between colours. Although
the method of calculating a colour co-ordinates in this space have been agreed there
are several slightly different qualitative descriptions of colours separated by different
distances in CIELab space. One example of a set of qualitative descriptions is that due
to Abrardo et al. who describe colours that differ by between 1.0 and 3.0 CIELab
units as a very good colour match to each other, whilst colours separated by distances
between 3.0 and 6.0 units are a good colour match to each other [10].

Since the algorithm is expected to differentiate the chromaticity between different
surfaces the Munsell colours used to test the algorithm were taken for a small range of
L values in CIELab space. After examining a histogram of the L values within the
Munsell colours those colours with L values between 47.8 and 50.2 were chosen to
obtain the largest possible set of colours that differ mainly in their chromaticity. From
these colours two sets of test samples with 100 pairs of colours in each set were cho-
sen in such a way that the Euclidean distance between members of each pair in
CIELab space was either in the range between 1.0 and 4.0 units or between 4.6 and
6.0 CIELab units. These distance ranges were chosen considering the available data.

In testing the performance of the algorithm 6-CIE standard illuminants (D41, D46,
D51, D56, D61 and D64) and these two test sets (reflectance spectra) are used to
generate the spectra of light incident on the simulated sensors. The algorithm is then
applied to project each reflectance spectrum and illuminant pair into the chromaticity
space. As expected each of the six illuminants meant that each reflectance sample
created a cluster of six points in the chromaticity space. The first step in our method
of determining the seperability of these spectra is to determine the smallest circle that
encloses each of these clusters. If the centre distance between the two circles enclos-
ing the members of each pair is larger than the sum of radii of the two circles then this
pair of spectra is considered to be separable. Using this definition of seperability the
performance of the algorithm was investigated for widths (full width at half maxi-
mum) of the sensor responses from 20 nm to 200 nm. The algorithm was tested with
all four options of normalising the sensor responses and the results for the best choice
of normalizing channel (see section 3) are reported in this paper.
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Figure 3 shows the performance of the algorithm when used to separate perceptu-
ally similar colours with data obtained from sensors with different widths. Since the
algorithm was used upon a mathematical model that assumed a very narrow spectral
response it is not surprising that the algorithms performance decreases as the sensor
width increases. Despite this tendency these results suggest that with this algorithm it
is possible to separate colours that represent a good match to each other.
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Fig. 3. Illustrates the test results of both test sets when applying the unquantised channel re-
sponse to the algorithm. Width of the sensors is varied from 20 nm to 200 nm.

3 Sensor Optimisation

The sensors used to obtain the data for the results in Figure 3 were positioned uni-
formily but there is no reason to believe that this is the best choice of sensors. The
sensor spectral characteristics was therefore optimised using a steepest descend algo-
rithm. In this optimization process the position of the peak spectral responses of each
sensor was allowed to vary while keeping all four widths equal and constant. There is
a possibility that if the parameters are chosen to minimise the average size of the
cluster of points from each colour it would merge the different colours. To overcome
this problem, 100 pairs of training samples were chosen in the same way as the test
sets but with the members of each pairs separated by 6.0 to 7.1 units in the CIELab
space. The success of the algorithm means that the separability of these colours will
not improve significantly. The error measure used in this optimisation was therefore
the ratio between the average of the largest dimension of both clusters of a pair and
the distance between the cluster centres. This ratio is averaged over all 100 pairs of
samples in the training set. This error measure was chosen to measure the spread of a
colour due to variation of illuminant on the chromaticity space relative to the separa-
tion between similar colours and the sensor parameters were chosen to minimise
this ratio. In this optimisation six CIE standard daylight illuminants are applied to
illuminate the training samples. Figure 4 illustrates the chromaticity space formed by
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the optimised sensor response. The optimised sensors (peak positions: 422.1, 452.8,
523.1 and 557.2 nm) were obtained by starting the optimisation process with initial
sensor positions used in section 1 and full width at half maximum of 100 nm.

Fig. 4. Chromaticity space formed by the optimised sensor set. Six different CIE standard
daylight illuminant spectra and 1269 munsell data were applied in generating this space.
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Fig. 5. Illustrates the initial and final performance of the algorithm when testing with both test
sets. The channel responses applied in this test are unquantised sensor responses.

The chromaticity space formed by the optimised sensors (figure 4) shows a smooth
variation of colour across the space and the average cluster spread compared to the
total area of the space is 40 % smaller than in the initial space. This simple measure
suggests that samples should be more easily separated.
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Again the ability to separate different reflectances at different sensor widths has
been tested. The results in figure 5 show that optimisation of the position of the peak
spectral response of each sensor improves the performance of the algorithm in sepa-
rating similar colours. A significant improvement is achieved in separating the most
similar colours (that is those separated by between 1.0 and 4.0 CIELab units). In fact
these results suggest that the algorithm can show a comparable performance to the
human visual system.

4 Quantisation

One aspect of a real camera that has not been included in the model used to obtain the
results in Figure 5 is the quantization of the sensor responses by the analogue-to-
digital converter (adc). To study the effect of quantisation on the performance of the
algorithm, the algorithm was optimised with different quantisers. The first stage in
representing the quantiser is to determine the maximum sensor response. The CIE
standard daylight illuminant (D65) was used to determine the maximum response and
since the optimisation process changes the effective position of the sensor, the maxi-
mum sensor response was found by shifting the sensor’s peak response from 400nm
to 700 nm in 1 nm steps. The maximum response was calculated for each of the sen-
sor widths of interest and the maximum response for each width was divided by 2", n
is the number of bits in the quantiser which was varied between 6 and 16. Each sensor
response was then equated to the nearest of these quantized values.
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Fig. 6. [llustrates the initial and final seperability of colours as a function of quantisation depth.
Full width at half maximum of all four sensors was kept at 100 nm.

Figure 6 shows the separability of similar colours with varying numbers of bits
used to represent the sensor responses for two sets of data and two sets of sensors
peak positions. These results show that in all four cases the performance of the algo-
rithm increases rapidly when the number of quantisation bits increases from 6 to 10.
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This suggests that the least significant bit of a 10 bits quantiser is small enough to
capture the information required to separate perceptually similar colours. These re-
sults also show that optimizing the sensor positions can result in a significant increase
the in separability of similar colours, especially when more than 10 bits are used to
represent the output from each sensor.
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Fig. 7. Shows the test results of both test sets with initial and optimised sensor sets. The chan-
nel responses are quantised with a 10-bits quantiser.

Although the results in Figure 6 suggest that there might be some advantage from
using a 12 bit adc to represent the response of sensors most cameras are currently
supplied with either an 8 bit or a 10 bit adc. The final aspect of the impact of quanti-
zation that has been investigated is to confirm colour seperability despite the high
dynamic range of illuminants. For this investigation a 6-decade intensity range of the
illuminant was represented by dividing the daylight illuminant spectra by 10°. The
seperability of colours for the highest and lowest illuminant intensities are shown in
Figure 7. This figure shows the results obtained with data quantised to 10-bits when
separating pairs of colours that differ by between 4.6 and 6.0 CIELab units. The first
significant feature of these results is that the performance of the algorithm drops at
larger width. This is because as the sensor width increases the correlation between the
sensor responses to the two members in each pair will increase and eventually the
difference between the two responses will be smaller than the difference represented
by the quantized sensor responses. When this occurs the quantized data will not con-
tain the information needed to separate the member of each pair. These results suggest
that any sensors used to obtain the data for this algorithm should have a full width
half maximum of 100nm or less.

Another important conclusion that can be drawn from results such as those in
Figure 7 is that the results obtained are almost identical for the two simulated illumi-
nation intensities. Since these differ by a factor of 10° these results suggest that this
combination of sensors and algorithm is capable of dealing with HDR scenes. Fur-
thermore, these results show that using the data for sensors with a full-width half
maximum of less than 100nm it is possible to separate almost all the colours that
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would be described as representing either a good [10] or acceptable [11] match to
each other. This suggests that using data from sensors with optimised spectral
responses, the performance of the algorithm in separating similar chromaticities is
comparable to the human visual system.

5 Conclusion

An existing algorithm has been investigated for chromaticity constancy. The algo-
rithm uses the ratios of the outputs from four sensors to accommodate potentially
large variations in the amount of reflected light falling on a sensor. This normalization
process results in three normalized sensor responses that are independent of the illu-
minant intensity but dependant upon the illuminant spectrum. This illuminant depend-
ence is then removed by extracting a two dimensional illuminant independent chro-
maticity descriptor from these three normalized responses. A method of assessing the
resulting space has been proposed based upon the ability to easily separate perceptu-
ally similar colours. Using this method of assessment it has been shown that colours
are more easily separated if the spectral response of the sensors used to gather the
image are optimized. Furthermore, this is particularly important when the effects of
quantization to represent the effect of an analogue to digital converter in the camera
are taken into account. However, using a 10 bit adc and sensors with optimized peak
spectral responses it is possible to separate colours that are good matches to each
other even when the illuminant brightness changes by 10°.
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