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Abstract

Digital cameras sense colour different than the human visual system (HVS). Digital cameras
sense colour using imaging sensor, whereas the HVS senses colour using the cone pho-
toreceptors in our retina. Each digital camera model has its own device specific spectral
sensitivity function. It is therefore necessary to convert the device specific colour responses
of an imaging sensor to values that are related to the HVS. This process is typically referred
to as colour correction, and it is common to the image processing pipeline across all cameras.

In this thesis, we explore the topic of colour correction for digital cameras. Colour
correction algorithms establish the mapping between device specific responses of the camera
with HVS related colour responses. Colour correction algorithms typically need to be trained
with datasets. During the training process, we adjust the parameters of the colour correction
algorithm, in order to minimise the fitting error between the device specific responses and
the corresponding HVS responses.

In this thesis, we first show that the choice of the training dataset affects the performance
of the colour correction algorithm. Then, we propose to circumvent this problem by con-
sidering a reflectance dataset as a set of samples of a much larger reflectance space. We
approximate the convex closure of the reflectance dataset in the reflectance space using a
hypercube. Finally we integrate over this hypercube in order to calculate a matrix for linear
colour correction. By computing the linear colour correction matrix this way, we are able to
fill in the gap within a reflectance dataset.

We then expand upon the idea of reflectance space further, by allowing all possible
reflectances. We explore an alternative formulation of Maximum Ignorance with Positivity
(MIP) colour correction. Our alternative formulation allows us to develop a polynomial
variant of the concept. Polynomial MIP colour correction is far more complex thant MIP
colour correction in terms of formulation. Our contribution is theoretically interesting,
however practically, it delivers poorer performance.
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2 Introduction

Fig. 1.1 The top-left and top-right shows respectively raw and colour corrected image. SRGB
gamma have been applied to both images). Prior to applying the gamma correction, the raw
values were mapped into RGB values using a linear 3×3 matrix. This matrix is chosen to
best fit the data.

The difference in algorithms is influenced by various trade-offs, e.g. insisting that white
is exactly corrected at the cost of a higher colour error overall, ensuring that a correction
transform works for different exposures and etc. Typically a colour correction algorithm
is trained before a digital camera leaves the factory. We say “trained” because a typical
colour correction algorithm is data-driven optimisation. The data which feed the optimisation
depend on the spectral sensitivities of the camera in question. Not only cameras of different
models have different spectral sensitivities, cameras of the same model will have slightly
different sensitivities if they were manufactured in a different batch.

The training process for a typical colour correction algorithm is carried out using training
targets. The quality of training target affects the performance of the algorithm. During
training, we map camera measurements to corresponding HVS coordinates while minimising
some fitting error by adjust the parameters of the algorithm. The trained algorithm is
guaranteed to be optimal for the training dataset but may be sub-optimal for other reflectance
samples that the camera may encounter in real-world usage.

In this thesis, we explore the topic of colour correction algorithms. We evaluate both the
performance of the colour correction algorithms as well as the reflectance training datasets.
In particular, we attempt to address two questions in this thesis – “what reflectance dataset
to use” and “how many samples are required”. These two questions are important, because
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when comparing colour correction algorithms, their performances are affected by the choices
of the reflectance datasets. This thesis is therefore useful for colour scientists who develop
and evaluate colour correction algorithms and engineers who seek to improve the colour
performance of the camera.

This thesis is organised as the following:
In Chapter 2, we set the scene by giving an overview of how colour responses are formed.

We do this for both cameras and the HVS. An emphasis is placed on explaining how linear
algebra can be used to describe image formation (this helps in later chapters). We also
provide a review of the camera processing pipeline.

In Chapter 3, we move on to a discussion of correction algorithms. We review in
detail several approaches and empirically evaluate their performance. We also discuss their
strengths and weakness from a physical point of view (e.g. whether they work across
exposures). In companion to this section we have made a toolbox of algorithms which is
available to the community.

In Chapter 4, we provide a discussion of reflectance datasets that have been used in
colour correction research. The question of "which dataset should I use" is often asked
by researchers. Moreover, the datasets are surprisingly diverse. In this chapter we review
existing measures for comparing reflectance datasets, then we introduce a new measure. We
then compare reflectance datasets using the measures we described. We show that the choice
of reflectance dataset has impact on the performance of colour correction algorithms.

In Chapter 5, we look at the question of reflectance dataset similarity in great depth. We
make three important contributions. First, we argue that the surfaces in a reflectance dataset is
a subsample of a much larger class of surfaces. Formally, the convex closure of a reflectance
dataset is possible, as at micro level, the colours we see are the averages of many distinct
surfaces. In our second contribution we show how the convex closure of a reflectance dataset
can be represented, and how this in turn can be approximated by its enclosing hypercube. We
use the latter for computational necessity, as dealing with high dimensional convex shapes
is computationally hard. In our third contribution, we show how we can integrate over our
hypercube representation to calculate linear colour correction transforms.

Our experiments also show that the hypercube enclosure of reflectance sets are much
more similar than the sampled reflectance dataset themselves. We effectively answer the
question of "What data set should I use?" with the answer "It doesn’t matter too much
so long as we represent reflectances by their enclosing hypercube." Significantly, colour
correction driven by the hypercubes delivers colour correction that is almost as good as using
the sampled data itself.



4 Introduction

In Chapter 6 we consider relaxing the limiting case of the bounding hypercube idea
of Chapter 5 by allowing all possible reflectances – any function which is larger than 0%
reflectance and less than 100% throughout the visible spectrum. We refer to the resulting
maximally large bounding hypercube as Maximum Ignorance with Positivity (MIP). Within
the relaxed limiting case, we implement second order polynomial colour correction colour
correction algorithms which are more complex than linear regression. This is a theoretical
contribution as the resulting transform in practice delivers poor colour correction.

In Chapter 7, we provide a conclusion to this thesis.

































20 Background

Step 1: Preparation of data to calculate a′,C′ and h′:

L′ = L∗ (2.19)

a′ = (1+G)a∗ (2.20)

b′ = b∗ (2.21)

C′
ab =

√
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)
(2.23)
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and C∗
ab is the arithmetic mean of C∗

ab values for a pair of samples.
Step 2: Calculate ∆L′,∆C′ and ∆H ′

∆L′ = L′
2 −L′

1 (2.25)
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where
∆h′ab = h′ab,2 −h′ab,1 (2.28)

Step 3: Calculate CIEDE2000 ∆E00
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2.4 Conclusion 29

creating a digital image. The process that convert the raw colour response from a digital
imaging system and the HVS-linked mathematical representation is colour correction.

There are two factors which affects the results of colour correction. The process of colour
correction can be affected by the algorithm used, as well as the dataset which is used to train
the colour correction algorithm. In the next chapter, Chapter 3, we will have a review of
common colour correction algorithms. In Chapter 4, we will look at the reflectance datasets
which are used to train and evaluate colour correction algorithms.








