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Filter characterization in digital cameras

Martin Solli

The use of spectrophotometers for color measurements on printed substrates is widely spread among
paper producers as well as within the printing industry. Spectrophotometer measurements are precise,
but time-consuming procedures and faster methods are desirable. Previously presented work on color
calibration of flatbed scanners has shown that they can be used for fast color measurements with
acceptable results. Furthermore, the rapid development of digital cameras has made it possible to
transfer the methods to a camera-based system, and in this work a moderately priced consumer digital
camera is used for color measurements.

Earlier presented methods for color calibration have been implemented in the camera-based system and
new modifications that can improve their performance are proposed.  Moreover, if the spectral
sensitivities of the color filters in the camera sensor can be characterized, this can further improve the
performance of the color measurements. Two methods for characterization of the color filters are
presented in this work together with methods that use the camera characteristics for color measurements.

The findings of this work show that a consumer digital camera can be used as a fast and inexpensive
alternative to spectrophotometers for color measurements on printed substrates.

Digital camera, filter characterization, color measurements
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Abstract 
 
The use of spectrophotometers for color measurements on printed substrates is 
widely spread among paper producers as well as within the printing industry. 
Spectrophotometer measurements are precise, but time-consuming procedures and 
faster methods are desirable. Previously presented work on color calibration of 
flatbed scanners has shown that they can be used for fast color measurements with 
acceptable results. Furthermore, the rapid development of digital cameras has made 
it possible to transfer the methods to a camera-based system, and in this work a 
moderately priced consumer digital camera is used for color measurements. 
 
Earlier presented methods for color calibration have been implemented in the 
camera-based system and new modifications that can improve their performance are 
proposed.  Moreover, if the spectral sensitivities of the color filters in the camera 
sensor can be characterized, this can further improve the performance of the color 
measurements. Two methods for characterization of the color filters are presented in 
this work together with methods that use the camera characteristics for color 
measurements. 
 
The findings of this work show that a consumer digital camera can be used as a fast 
and inexpensive alternative to spectrophotometers for color measurements on 
printed substrates.
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1 Introduction 

1.1 Background 
In the printing industry of today, a spectrophotometer is usually used to measure 
color on printed substrates. These measurements are precise, but with the 
disadvantage that the instrument can only deliver point wise measurements. If the 
target image contains many colors, this can be very time consuming. Since a printed 
target image usually contains more than a hundred colored fields, a faster method for 
color measurements by using a scanner has been developed at MoRe Research. 
Thanks to the rapid development of digital cameras it is now possible to transfer the 
method to a camera system. Compared to a scanner, this will give the opportunity to 
control both illumination and measurement geometry. If the color filters covering 
the sensors in the camera could be characterized, it would give an opportunity to 
further improve the method. There are many applications of such a camera system. 
For instance, in the graphical industry, it will provide a fast method to even before 
the printing starts, decide if the desired colors are achievable. This will save both 
time and costs for the printing company, and give satisfied customers. 

1.2 Aim of the study 
The aim of this diploma work is to develop methods for color measurements with a 
digital camera. The same method used with the scanner mentioned in previous 
section will be evaluated for the camera system, but there will also be an attempt to 
characterize the color filters covering the sensors. This will hopefully give another 
suitable approach to color measurements that can be evaluated and compared to the 
previous method. 

1.3 Methods 
By using a test chart containing several colored fields, illuminating the chart with a 
known light source, and then measure each color field with a camera and a 
spectrophotometer, one should be able to characterize the color filters in the camera. 
The diploma work contains following topics: 

• Obtain knowledge about both the camera and the spectrophotometer that 
will be used. 

• Derive methods for controlling and measuring the illumination of the test 
chart. 

• Develop algorithms for image analysis that automatically extracts the color 
information from the photography of the test chart. 

• Develop algorithms to determine the filter characterizations in the camera 
by combining values from the camera image and measurements from the 
spectrophotometer. 

1.4 Outline 
This report begins with an introduction to color where the fundamentals of color 
science are presented along with some common ways to represent colors that will be 
used later in this diploma work. Section 3 will give a description of the technical 
equipment used in this work, the spectrophotometer, the digital camera, and the light 
cabinet. In section 4 the measurement procedure is explained, and also how all target 
values are collected and saved for further treatment. 
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Section 5 contains both an introduction to known methods for turning a camera into 
a color measurement tool, and some new ideas. This part also contains summaries of 
important findings from previous works. The results from the methods introduced in 
section 5 are presented in section 6. Finally in section 7 there is a discussion of the 
results and some ideas about future work in this area of color measurements. 

1.5 Overview of calibration and measurement 
This section will give a very brief overview of the steps involved in calibration and 
measuring. This is an introduction to what will appear later on. For calibration of the 
camera systems the following parts are included. 

• The target image containing several colored squares is placed in a light 
cabinet with controlled illumination. 

• The target is captured both with the camera and with a spectrophotometer. 
• Color values from both camera and spectrophotometer are compared with 

values of the known illumination. This will result in a model that describes 
a transformation from camera values to values from the spectrophotometer. 

 
When the system is calibrated, the camera can be used for color measurements as 
follows: 

• The target is placed in the light cabinet. 
• The camera captures the image. 
• The transformation model from the calibration process is now used with the 

color values from the camera and the known illumination to derive values 
of the colored squares. 
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2 Color science 
This section is an introduction to color. I will discuss what color is, how humans 
perceive colors, and how color calculations and measurements can be carried out. 

2.1 What is color? 
People usually think of colors simply as red, green, blue and so on, and they have 
their own reference of what a specific color looks like. According to Ford and 
Roberts [1], color is the brains reaction to a specific visual stimulus. The brains 
reaction and our own psychological references are difficult to predict, and they vary 
among individuals. In color research, it is more relevant to use a physical approach 
and describe colors in a mathematical way. 
 
A term often used in color science is colorimetry. According to Ohno [2], 
colorimetry is the science and technology used to physically quantify and describe 
the human color perception. The basis for colorimetry was established by CIE 
(Commission Internationale d’ Eclairage) in 1931 based on visual experiments. The 
CIE system is the only internationally agreed metric system for color measurement 
and is often used in color research. 

2.1.1 Spectrum 
To describe color in a physical way, different colors are light with different 
wavelengths. A common way to describe different colors is to plot a spectrum were 
you can see how much of each wavelength that is present. The human eye can 
perceive light with wavelengths between 380 and 720 nm. This interval is called the 
human visual spectrum and is often used for color representation. An example is 
shown in figure 2.1. To simplify: the left end of the spectrum is blue, the middle 
represents green and the right side represents red. The color in figure 2.1 contains a 
lot of blue and red, and will for most people be perceived as mauve (blue and red). 
 

 
Figure 2.1. The spectral distribution of mauve. From left, the wavelengths 

correspond to: 

violet – blue – green – yellow – orange – red. 

 
The following sections will describe how light is emitted from a light source, 
thereafter reflected by an object, and finally perceived by the eye. 
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2.1.2 Illumination 
A light source is required to see any color at all. If no light is emitted, the object will 
appear completely black. The characteristics of the light source are also important. 
To be able to see all visible colors, a light source that contains all visible 
wavelengths is necessary. When measuring colors, a standard illumination is to be 
used in order for different measurements to be compared. Three commonly used 
standard illuminants defined by CIE are D65, D50 and A. D65 represents standard 
daylight for general use and is established within the paper industry. D50 is also a 
daylight approximation, but with a more yellowish light and is a standard within the 
graphic art industry. Illuminant A represent tungsten filament light. The spectral 
distribution for D65, D50 and A are illustrated in figure 2.2. 
 

 
Figure 2.2. Spectral distributions for some of the CIE standard illuminants. 

 

2.1.3 Reflectance 
When the emitted light from a light source strikes a surface, some of the light will be 
reflected and the rest will either be absorbed or transmitted. The reflected light 
contains the wavelengths that will finally reach the eye and contribute to the 
perceived color. The color of an object is strongly depending on its ability to reflect 
light within certain wavelengths. In figure 2.3 the reflectance is shown for blue, 
green and red. 
 

 
Figure 2.3. Spectral reflectances for blue, green and red colors. 
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2.1.4 Perception 
The final piece in the chain from illumination to the human brain is perception. The 
type of color we can see depends on how we perceive light with different 
wavelengths. The light-sensitive receptors in the eye are called rods and cones. The 
rods only operate under low intensity conditions and make no distinction between 
different wavelengths. The cones on the other hand operate under high intensity 
conditions and are divided into three different types. Each of them registers intensity 
in different parts of the spectrum. The combination of these three cones produces a 
signal that we experience as color. 
 
A mathematical way to describe the chain from illumination to perception is 
described in equation 2.1-2.3. I(λ) is the illumination spectra, R(λ) is the object 
reflection spectra, and S(λ) is the sensitivity of each cone. The cones are called S-, 
M- and L-, which represent short, medium and long wavelengths. To get the final 
stimulation for each type of cone, integration is made over the human spectrum. 
 

( )∫=
λ

λλλλ dSRIS S )()(      (2.1) 

( )∫=
λ

λλλλ dSRIM M )()(      (2.2) 

( )∫=
λ

λλλλ dSRIL L )()(      (2.3) 

 
Since the sensitivity of the cones slightly differs between different observers, it is 
rather difficult to define the transformation between the eye and the brain. To enable 
calculations of color values, CIE has defined a standard observer, represented by 
color matching functions, denoted x(λ), y(λ) and z(λ). These are based on the 
average human response to wavelengths of light, and will simulate the sensitivity 
functions of the cones. In 1964, it was found that the size of the viewed color 
samples mattered. Color discrimination becomes more pronounced if the field size is 
increased. In the first test carried out in 1931, the size of the color samples 
corresponded to an observer angle of 2°. Functions from this test are used in this 
work, and they are illustrated in figure 2.4. There are also functions corresponding to 
an observer angle of 10°. [3] [4] 
 

 
Figure 2.4. The CIE 1931 2° color matching functions. 
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2.2 Color spaces 
A color space is defined as a subspace in a coordinate system, in which each color is 
defined by a single point. The subspace is most often three-dimensional, but spaces 
with higher and lower dimensions exist. The axes in the system measure the 
different intensity values that are the basis of each color space. In order to make the 
color space easier to comprehend, they are often represented by various solid shapes 
such as cubes and cones. A color space can either be device dependent or device 
independent. A device dependent color space is where the viewed color depends on 
both chosen point in subspace, and on the equipment used for measuring and 
displaying the color. For example, the same point in a subspace can look different on 
different monitors. A device independent color space is where one point in the 
subspace always has the same predefined appearance. [34] 

2.2.1 RGB 
A simple way to reproduce a wide range of colors is to mix light from three light 
sources of different colors, usually red, green and blue. One example of this is the 
RGB color space. This space is very common and is being used in virtually every 
computer system as well as television, digital cameras, video etcetera. Every single 
color in the RGB space can be defined by its red, green and blue component. Higher 
values correspond to brighter pixels. Therefore, the RGB model is called an additive 
color model. The RGB color space can be represented as a cube, see figure 2.5. 
 

 
Figure 2.5. RGB color space. 

 

2.2.2 CMYK 
CMYK, Cyan-Magenta-Yellow-Key(Black), is an example of a subtractive color 
system. In such a system, colors are produced by filtering the incoming light, and is 
therefore suitable for printing. When cyan ink is printed on white paper, the red part 
of the spectrum is absorbed and the green and blue parts are reflected. To the 
observer, the resulting color appears as cyan. Magenta ink absorbs green light and 
reflects red and blue, yellow ink absorbs blue and reflects red and green. In theory, 
black can be printed by using a combination of these three inks. In reality, the color 
will appear to be brown due to the characteristics of each pigment and their ability to 
act as perfect filter. For this reason, black is used as a fourth color. [4] 
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2.2.3 CIEXYZ 
The CIEXYZ system is the basis of all colorimetry. It is defined such that all visible 
colors can be determined using only positive values, and the Y value is luminance. 
CIEXYZ is a device independent color space and is often used as an interchange 
color space to convert color values from one color space to another. One drawback 
of CIEXYZ color space is that the chromaticity diagram is perceptually non-linear. 
In other words, colors that are close to each other in the color space may seem very 
different to observers, and colors widely separated in the color space may seem very 
similar. [1] 

2.2.4 CIELAB 
This color space is based directly on the CIEXYZ color space and is an attempt to 
linearize the color differences mentioned in the CIEXYZ model. The goal was to 
create a relatively equal perceptual color difference anywhere in the color space. The 
result is not totally linear, but much better than in the CIEXYZ color space. In 
CIELAB color space, the L*-channel contains the brightness, and channels a* and 
b* represent the color information. A visualization of this can be found in figure 2.6. 
 

 
Figure 2.6. CIELAB color space. 

 
CIELAB color space is one of the most common color spaces, widely used in many 
applications. It is also considered to be one of the most developed color systems. 

2.2.5 Transformation between color spaces 
In many applications, you need to convert color data from one color space to 
another. Transformation algorithms exist between many different color spaces. One 
common transformation is from CIEXYZ values to CIELAB, see equations 2.4-2.7, 
[5]. 
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Xn, Yn and Zn are reference values, and are usually the XYZ values from the light 
source. 
 
In this work, part of the goal is to find transformations for conversion from the RGB 
color space of the digital camera to both CIELAB and some spectral color 
representation. More about this will be presented in section 5. 

2.2.6 Similarity between colors 
The difference between two measured colors can be expressed using the CIE 1976 
color difference formula. The color difference is equal to the Euclidean distance 
between the two points in the color space. For CIELAB the color space difference 
can be written as in equation 2.8. 
 

222 baLE ∆+∆+∆=∆      (2.8) 
 
There is a rule of thumb for the practical interpretation of ∆E, measuring the color 
difference between two color patches viewed side by side. The rule can be found in 
table 2.1, [5]. 
 

Table 2.1Rule of thumb for ∆E difference. 

∆E Effect 
<3 Hardly perceptible 

3<6 Perceptible, but acceptable 
>6 Not acceptable 

 

2.3 Color measurements 
Several different measurement instruments, e.g. densitometer, colorimeter, 
telephotometer and spectrophotometer, can be used to get a numerical representation 
of colors. The color is usually registered by diffracting the reflected light into 
different wavelength bands, and the intensity of each band is then registered. The 
resulting spectral reflectance can then be converted to different colorimetric values. 
 
The main physical components of spectrophotometers are a light source, an optical 
system, a calibration material, and a detector. Any light source with sufficient power 
over the visual spectrum can be used in a spectrophotometer. However, when a 
sample contains fluorescence, the spectral properties of the light will affect the 
measurements. The geometrical relationship between the light source and the 
detector that records the reflected light affects the result of a measurement. One 
common geometry is 45 / 0, which means that the sample is illuminated at an angle 
of 45° ± 5° and measured by a detector within 10° from the normal. With this 
geometry, the amount of the surface reflection that reaches the detector will depend 
on the surface characteristics of the object. To be able to compare two color 
measurements, both light source and geometry must be the same. [3] [4] 
 
A more detailed description of the spectrophotometer used in this work can be found 
in the next section.
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3 Equipment 
This section will give a description of the technical equipment used within this 
work, beginning with the spectrophotometer, also known as telephotometer or 
colorimeter. Almost all color measurements today are made with these kinds of 
instruments. Later in this section the camera used for this work will be described. 
The final goal, as mentioned in the beginning of this report, is to develop methods 
enabling the camera to be used as a replacement for the spectrophotometer. 

3.1 Telephotometer/Colorimeter 
The instrument used in this work is a PR-650 SpectraColorimeter from Photo 
Research. It can be used to perform complete photometry, colorimetric, and 
radiometric measurements. 

3.1.1 Measurements 
The PR-650 acquires spectrum of optical radiation from 380 to 780 nm 
simultaneously in parallel under CMOS microcomputer control. This permits 
analysis of color and intensity of both steady-state and repetitively pulsed light 
sources. The incoming light is directed onto a concave holographic diffraction 
grating polychromator. The grating diffracts the radiation into its constituent colors 
from 380 to 780 nm and focuses the diffracted spectrum onto a photodiode array, 
see figure 3.1. This gives the spectral characteristics of the measured target. Beside 
the spectral distribution, the instrument can also produce many measurement 
parameters that correspond to the CIE 1931 2 degrees Observer, such as CIEXYZ. 
 

 
Figure 3.1. The incoming light is diffracted and each wavelength is measured with a 

photodiode array. 

 
Important to notice is that the measuring field for PR-650 is 1°, and the nearest 
measuring distance is 0.36 m. This gives a limit for the minimum size of the target 
to be measured. 

3.1.2 Reflectance Standard 
A Reflectance standard, SRS-3, which has an absolute reflectance of 99 % (± 1 %) 
from 370 to 780 nanometers [6], is used to measure the illumination. These 
illumination values are later used for conversion between measured XYZ values to 
device independent LAB color values. 
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3.1.3 Automatic Adaptive Sensitivity 
This feature automatically determines the optimal dynamic range to maximize the 
signal-to-noise ratio by selecting the integration time based on available signal level. 
For bright targets, the integration time will be shorter than for dark targets. This 
feature eliminates the guesswork in setting exposure time. 

3.1.4 AutoSync 
AutoSync is a feature that allows the instrument to lock to and measure source 
refresh frequency over the range 40 to 250 Hz. This ensures that only full refresh 
cycles are captured. This is important to be aware of when measuring light sources, 
especially for bright targets when the integration time is short. 

3.2 Digital camera 
The camera is a Canon EOS 10D, with a Canon EF 50mm 1:1.8 II lens, see 
Appendix A. 

3.2.1 Consumer camera 
As mentioned in the beginning of this report, one part of the goal was to see if a 
moderately priced consumer digital camera is sufficient as a color measurement 
device. 

3.2.2 Image sensor 
In all digital cameras a sensor is converting incoming light into electrons. There are 
mainly two kinds of sensors, CCD (Charged Coupled Device) and CMOS 
(Complementary Metal-Oxide Semiconductor). The camera in this work uses a 
CMOS sensor [7]. The difference between these two is the way the accumulated 
charge due to light from each photodiode is read, transported and collected for 
further treatment. In a CCD device, the charge is actually transported across the chip 
and read at one corner of the array, where an analogue-to-digital converter turns 
each photodiode value into a digital value. In a CMOS device, there are several 
transistors at each photodiode that amplify and move the charge using more 
traditional wires. Since it is impossible to make each transistor exactly the same 
there will be a certain amount of variation between the efficiency of each converter. 
This can result in more noise compared to a CCD sensor, where all charges have the 
same converter. On the other hand, the advantages of a CMOS sensor compared to a 
CCD sensor is that it is faster, less power consuming, and it is extremely less 
expensive because it can be fabricated on just any standard silicon production line. It 
is difficult to say how large the disadvantage of noise really is. Some authors are 
mentioning this [8], [9], but it is hard to find any values of the actual magnitude of 
the noise. No further investigations on this subject will be made in this work. It will 
simply be assumed that the noise is small enough to avoid causing any major 
problems. 

3.2.3 Image interpolation and format 
Each photodiode is only sensitive to light intensity. To be able to capture colors, a 
small color filter is placed on top of each photodiode. The most common filter 
patterns used are in some way derived from the Bayer pattern, also known as a Color 
Filter Array (CFA) or a mosaic pattern. The pattern is made up of a repeating array 
of red, green and blue filters. The pattern for Canons EOS 10D is illustrated in 
figure 3.2. 
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Figure 3.2. The left image shows a gray scale image of the sensor capturing edges 
on color patches. The image to the right is an explanation of how the color filters 
are distributed on the sensor. 

 
The reason for using the double amount of green filters than red and blue is that the 
luminance of a scene mostly lies in the green information. The final pixel values in 
the output image are then interpolated from filter values. This is a science in itself 
and is not further discussed here. Since the goal of this work is to characterize the 
red, green and blue filter, only the non-interpolated photodiode values for each filter 
type is needed. 
 
For this work, a Canon image format called RAW (the file extension is .crw) is used, 
which stores the non interpolated filter values with a precision of 12 bits. The image 
size is 3152x2068 pixels, which totally will give approximately 6.5 million pixels. 

3.2.4 Camera Response Function 
When a camera is characterized, it is important to know how the photodiodes in the 
sensor react to optical energy. If the response is not linear it will cause problems in 
the conversion to other color representations. To test the response, a set of pictures 
with varying amount of black and white pixels was displayed on a laptop monitor, 
and photos were taken and saved in both RAW and JPG image format. Shutter speed 
and aperture were always the same. In figure 3.3, mean camera values from each 
type of filter are plotted against the laptop monitor coverage. 
 

 
Figure 3.3. The X-axis corresponds to monitor coverage, and the Y-axis corresponds 

to camera RGB values. Different color channels are separated and solid lines 
corresponds to RAW picture format, dashed lines to JPG format. 
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The result shows that the JPG images are not linear to the optical energy. The reason 
for this is that the photodiode values are interpolated and processed inside the 
camera system to produce beautiful pictures. The RAW image instead is almost 
totally linear to optical energy. This gives a good reason to assume that values from 
each photodiode are not manipulated at all before they are saved in the RAW image 
format. When investigating the response extremely carefully, you can see that it is 
not totally linear. But the deviation from linear is so small that it can be assumed to 
lie inside the variance described in next section. Hence, RAW image format is used; 
no linearization method is applied to the camera values. 

3.2.5 Repeatable values 
One problem experienced with Canon EOS 10D is that the histogram for an image 
varies from time to time, even though both shooting and camera settings are exactly 
the same. The variance is illustrated in figure 3.4. Pixel values are separated into 
four channels, one red, one blue and two green channels. The variance problem can 
easiest be seen in the right side of each histogram, representing bright pixel values. 
It looks like the left side is always positioned at the same place, but the right side is 
stretched more or less to the right. This is the same behavior as if the shutter speed 
or aperture is changed. 
 

 
Figure 3.4. Histograms, separated into different channels, from four images taken 

with the same target and illumination. The right part of each histogram is varying a 
lot. 

 
In the beginning there were many ideas for solving this problem. One was that the 
frequency in the power supply for the light source is affecting the result. A test was 
performed with different light sources driven by different power supplies, but the 
result showed that the light source was not affecting the result. Another theory was 
then brought up. This was that the aperture, driven by an electrical motor, may be 
changing from time to time. To test this, photos were taken without any lens system 
mounted on the camera. The result showed that the variance is still present, but 
smaller than with the lens system mounted. The conclusion is that one part of the 
variance lies in the lens system, and the other part lies in the camera house, probably 
the shutter. Further investigation of this problem is beyond the scope of this thesis. 
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A solution was created based on the idea that the variance in each histogram could 
be eliminated by a simple scaling. This was verified by two different methods. The 
first method scales each picture until all pictures have the same mean value. The 
result of this is illustrated in figure 3.5. 
 

 
Figure 3.5. The problem with varying histograms was solved with mean value 

scaling. 

 
As illustrated in the figure above, the right side of the histogram is now much more 
like one single line, which exactly corresponds to the desired result. Another scaling 
method is to count all pixels from black to white, and at 1 and 99 percent of the total 
amount of pixels, the current pixel is given the position 0.05 respectively 0.95 in the 
histogram. The result of this method is illustrated in figure 3.6. 
 

 
Figure 3.6. The problem with varying histograms was solved with interval scaling. 
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With this method, the repeatability problem can be solved. In the camera 
measurements, every image will have the same color patch at the same position in 
the light cabinet, functioning as a reference for scaling methods. 

3.2.6 Software Development Kit 
In a research application, it can be useful to be able to control the camera from a 
computer. For this reason, Canon provides RC-SDK (Remote API Camera Software 
Development Kit). The RC-SDK is a library that can be used to access image data 
captured by Canon EOS digital cameras, or it can allow you to collect image data 
from a camera and transfer it to a computer for display or storage. It can also be used 
to develop RAW format image data and convert it to commonly used formats, and 
also to control the camera from a computer and capture images. By using the RC-
SDK when creating own software, one can integrate Canon EOS digital camera 
functions into that software. 

3.3 Light cabinet 
For illumination of color targets a light cabinet called Minispectra from Largo AB 
was used. It has a built-in selection of four different light sources, daylight (D65), 
light bulb (A), three band fluorescent lamp (X), and ultraviolet light (UV). The 
spectral distribution for each light source is illustrated in figure 3.7. In this work, 
only light sources D65 and A will be used. Notice that illumination D65 has a 
completely other spectral distribution compared to the one defined by CIE in figure 
2.2. Later on it will be shown that the sharp peaks in the D65 illumination from 
Largo cause problems in the calculation process. 
 

 
Figure 3.7. The spectral distribution from different light sources inside the light 

cabinet. 
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3.3.1 Warm-up time 
Many light sources need time to get warm to produce the intended light intensity. 
This is important to consider before measuring. To study the warm-up time a 
reflectance standard was placed in the middle of the cabinet, and every second 
minute, the intensity was measured with the spectrophotometer, starting from the 
same time the light source was switched on. Figure 3.8 shows that light source A 
have no warm-up time at all, and the warm up time for light source D65 is about 15 
minutes. 
 

 
Figure 3.8. Time in minutes (x-axis) compared to illumination intensity (y-axis). 
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4 Measurements 
This section describes how measurement values are collected and treated. 

4.1 Measurement geometry 
All measurements are done in the light cabinet mentioned in the previous section. 
This cabinet is placed in a darkroom to avoid influence of other light sources. The 
illumination angle and measurement angle is 10° and 55° respectively. According to 
ISO14524, the illumination/measurement angle should be 45/0 degrees [10]. In this 
work this was not possible. With 45 degrees of illumination it would in this cabinet 
give a significantly non-uniform illumination, and 0 degrees for measurements 
would be affected too much by gloss. The settlement in figure 4.1 shows how the 
equipment was settled to avoid gloss and non-uniform illumination as much as 
possible. 
 

 
Figure 4.1. Light cabinet and camera/spectrophotometer settlement. 

4.2 Target images 
Both custom-made printed target images and substrates with color patches from 
NCS [11] were used in this work. 

4.2.1 Printed test targets 
Substrates with 25 colored squares were printed on HP Photo-matte paper, with a 
HP 10PS inkjet printer, at Digital Printing Centre (DPC) in Örnsköldsvik, Sweden. 
The size and number of squares was adjusted to fit the measurements. Especially the 
instrument from Photo Research would not be able to measure smaller squares. Four 
target images were produced, two of them with randomly selected colors to be used 
in evaluation and two images with carefully selected colors, which will be used in 
calibration. One of the calibration images has a set of pure hues, with more or less 
saturation. For example, there are four blue patches with different saturation, four 
red patches with different saturation, and so on. An example of such a target image 
can be found in figure 4.2. This exact image was not used in the final work, but the 
idea is the same. 
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Figure 4.2. Target image. 

 
Another set of calibration colors is proposed by Hardeberg [5]. These are presented 
in the next section. 

4.2.1.1 Calibration colors proposed by Hardeberg 
For spectral sensitivity characterization of a system, Hardeberg [5] proposes a 
method to select optimal colors for the characterization process. The background is 
that using a very large number of target patches is a severe limitation in practical 
applications, in which one would seek to have, for example, 20 patches rather than 
1000. To solve this problem, Hardeberg proposes the following method for the 
selection of these reflectance samples rS1, r S2, r S3,… which are most significant in 
the estimation of the spectral sensitivity of the camera. Starting from the full set of 
all available spectral reflectance functions rp, p = 1…P, we first select that rS1 which 
is of maximum RMS value: 
 

PS rr ≥1  for p=1…P      (4.1) 
 
Next, we select rS2 which minimizes the condition number of [rS1 rS2], the ratio of the 
largest to the smallest singular value. Denoting wmin(X) and wmax(X) as the 
minimum and maximum singular values of a matrix X, this minimization may be 
expressed by the following expression: 
 

])([
])([

])([
])([

1min

1max

21min

21max

PS

PS

SS

SS

rrw
rrw

rrw
rrw

≤  for p = 1…P, p ≠  S1  (4.2) 

 
Further sample spectra are added according to the same rule: 
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By this procedure, a set of the most significant reflectance samples for the spectral 
sensitivity estimation process is obtained. The goal is, for each iteration step, to 
choose a reflectance spectrum that is as different as possible from the other target 
spectra. With this method Hardeberg chooses 20 calibration colors from a Munsell 
atlas, which are shown in table 4.1. 
 

Table 4.1. Munsell colors proposed by Hardeberg. 

7.5 RP 10 R 10 B 7.5 PB 
5 R 7.5 RP 10 Y 10 Y 
7.5 Y 2.5 B 7.5 YR 10 PB 
2.5 G 10 P 10 RP 10 YR 
5 P 7.5 R 10 R 7.5 YR 

 
For this work, the Munsell notations were translated (as accurate as possible) to 
CIELAB values and then printed on target images to be used in the calibration 
process. Hardeberg evaluated these colors, obtained from optimally chosen step by 
step target samples, by comparing them with those obtained from a heuristically 
chosen set of samples. The heuristically chosen set was obtained by selecting the 
patches of highest chroma from each of the 20 hue angle pages of the Munsell atlas. 
Hardeberg shows that the results obtained from the optimal set of target patches 
present, much better fit to the camera’s spectral sensitivities than the results obtained 
from the heuristically chosen set. 
 
Since this thesis work for practical reasons, also has a limited number of calibration 
patches, the method presented above will be used. There will be no further 
investigation to see if the presented method for choosing colors is the best one. This 
will be left for future work. 

4.2.2 NCS colors 
The procedure using own printed target images and measuring them with the 
camera, and especially the spectrophotometer, showed to be time-consuming. To be 
able to evaluate the result with more color patches, the NCS color system was used 
[27]. Eight pages from Color Atlas 96, selected according to figure 4.3, were 
utilized. This would give 365 color patches in total. 
 

 
Figure 4.3. Selection of NCS pages. 

 



Linköping University  Filter characterization in digital cameras 
Department of Science and Technology 

   
Martin Solli 
martin.solli@medietekniker.se   

20

The advantage of this was that measurements with the spectrophotometer were not 
needed. Instead, color values provided by NCS were used. Important to notice is that 
the spectrum for each color provided by NCS not exactly corresponds to the 
spectrum measured with the spectrophotometer. This is due to the measurement 
geometry. The NCS colors are measured with a MacBeth ColorEye 7000 
spectrophotometer, measurement geometry d/8°, which means diffuse illumination, 
and a capturing angle of 8°. It is difficult to tell which of the measurements that is 
more correct than the other. The only important thing is to be careful when different 
colors are used, and to not combine own measurements with values from NCS in the 
same process. An example of a page with NCS colors is shown in figure 4.4. 
 

 
Figure 4.4. An example of NCS target image. Notice the white reference patch in the 

lower right corner. 

 

4.2.3 Reference patches 
For solving the problem with repeatability, described in section 3.2.5, each target 
image contains a color patch from the NCS color system. In this work, NCS S 0500-
N, a very light gray color, was used. The same patch was used in the same place in 
all target images. This will give the opportunity to exactly scale all pixel values until 
they correspond to the reference image. The reference patch can be seen in figure 
4.4. 

4.3 Canon 

4.3.1 Capturing program 
For controlling the camera, acquiring images and transferring them to a computer, a 
program was written in C++. The program can capture both single shots and series 
of pictures, and the user can specify some parameters, such as the name of the 
output file and saving directory. In order to control the camera and to capture 
photos, the Canon RC-SDK is used, see section 3.2.6. After transferring the image to 
the computer, another part of the program will decompress the file. This means that 
the header created by Canon is removed, and all camera sensor values are decoded 
and saved with a precision of 16 bit. This will make it easy to other programs to read 
the file and collect sensor values. The program code for the decompressing part is 
mainly written by Dave Coffin [12]. The code is slightly modified to fit with the rest 
of the program. Each decompressed file is finally saved in Canon RAW-format, 
along with a text file containing the camera settings and user specified parameters. 
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4.3.2 Distribution of pixel values 
The sensor values delivered from the camera lies between 118 and 4001. The 
smallest number, 118 corresponds to black pixels, and 4001 corresponds to white 
pixels. To make upcoming calculations easier, the values are normalized to lie 
between 0 and 1. Exposure time and aperture value for each illumination is found. 
For illumination D65 the exposure time (seconds)/aperture is 1.3/22, and for 
illumination A it is 1.0/22. The aperture always has the largest possible value, 
corresponding to a small opening in the lens system, which will give long exposure 
times. This was desirable since it will decrease the capturing noise due to 
illumination fluctuations. For each illumination, and with above settings for 
exposure time and aperture, figure 4.5 and figure 4.6 show the range of the sensor 
values. 
 

 
Figure 4.5. Pixel value range for illumination D65. 

 

 
Figure 4.6. Pixel value range for illumination A. 
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4.4 PR-650 SpectraColorimeter 
The colorimeter from Photo Research is remotely controlled from the computer by a 
Matlab program. To avoid noise, the program is averaging the final values from five 
measurements in a row. Output values from each measurement are the spectral 
distribution and XYZ values. The illumination is measured with the Reflectance 
Standard described in section 3.1.2. 

4.5 Processing of camera values 
A program was written in Matlab for handling images delivered by the C++ program 
and to prepare color values for mathematical treatment. The program can work with 
single images as well as series of images, in the last case delivering the mean value 
of all photos. First, each image is normalized and a black border, which appears on 
every image, is removed. This border corresponds to non used pixels in the sensor. 
Then, photometric correction, vignetting and shading, is done to reduce the negative 
influence of optics and non-uniform illumination. Finally, color target values are 
found and saved in a Matlab struct. These steps are described in the following 
sections. 

4.5.1 Vignetting 
A photograph or drawing whose edges gradually fade into the surrounding paper is 
called a vignette. The word vignetting can also be used to indicate an unintended 
darkening of the corners in a photographic image. There are three different types of 
vignetting. Optical and natural vignetting is due to lens design, and mechanical 
vignetting is due to improper attachments to the lens. [13] 

4.5.1.1 Optical vignetting 
Most photographic lenses exhibit more or less optical vignetting. It is also known as 
artificial or physical vignetting. The effect is strongest when the aperture is used 
wide open, and will disappear when the aperture is reduced a few steps. If the 
aperture is fully open, the entrance pupil will be partly shielded by the lens barrel, se 
figure 4.7. Also, incident light is confronted with a smaller lens opening than light 
approaching the lens head-on. The consequence of these two is reduced brightness 
towards the image corners. 
 

 
Figure 4.7. Optical vignetting. If the aperture is fully open the entrance pupil is 

partly shielded by the lens barrel. 

 
Optical vignetting tends to be stronger in wide angle lenses and large aperture 
lenses, but the effect can be noticed with most photographic lenses. Zoom lenses are 
often affected by a large amount of optical vignetting. [13] 
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4.5.1.2 Natural vignetting 
The illumination fall-off due to natural vignetting is inherent to each lens design and 
becomes more troublesome when wide angle lenses are used. It is associated with 
the cos4 law of illumination falloff. The argument for this law is measured in image 
space, at the rear end of the lens, as the angle at which the light strikes the sensor. 
Also, here the effect is less illumination in the corners of the image. This is for three 
reasons. First, there is a cos2 factor due to the inverse square law: the light has a 
longer way to travel to the image corner. Second, the pupil seen by the off-axis point 
on the sensor is not circular but elliptical and has a smaller area than the circular 
one. This yields another cosine factor. Third, while the light hits the image center at 
normal incidence, it strikes the image corner at a specific angle. This yields another 
cosine factor. The combined effect of all cosine factors is a cos4 illumination fall-off 
towards the image corners. 
 
According to van Walree [13], the best agreement between theory and practice is 
actually found by taking one cosine in object space and three cosines in image 
space. The single cosine in object space then accounts for the amount of light 
collected by the lens. The resulting cos4 law then reads cos(a)*cos(b)3, where a 
denotes the angle in object space, and b denotes the angle in image space. 

4.5.1.3 Mechanical vignetting 
When mechanical extensions to a lens overhang into the field of view, the image 
corners receive less light and vignetting occurs. The extension can for example be a 
too long lens hood. [13] 

4.5.1.4 Vignetting implementation 
Equation 4.4 is the equation for natural vignetting, derived in earlier sections. 
 
Natural vignetting = cos(a) cos(b)3     (4.4) 
 
For the total amount of vignetting, Nanda and Cutler [14] give the following 
formula, shown in equation 4.5. 
 
Image radiance E = L п/4 (d/h)2 cos(b)4    (4.5) 
 
where L is the scene radiance, h is the focal length of the image lens, d is the 
diameter of its aperture (focal length/aperture value), and b is the angle subtended by 
the principal ray from the optical axis. Combining this with equation 4.4 gives a new 
formula for the total vignetting, see equation 4.6 below. 
 
E = L п/4 (d/h)2 cos(a) cos(b)3     (4.6) 
 
Figure 4.8 shows some of the basic definitions earlier mentioned in this section. 
 

 
Figure 4.8. Some of the basic concepts mentioned in vignetting implementation. 
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Values for parameter d, h, a and b depend on the camera body construction and 
chosen lens system, in this case a Canon EF 50mm 1:1.8 II lens. For these values 
Canon was contacted, but they did not know or were not interested in telling. 
Instead, the handbook for Canon EOS 10D [7], Canon Glossary [15] and 
measurements on the lens and the camera body were used to try to figure out these 
values. One example of a collected value is 27.3 mm for the diagonal of the image 
sensor. Another is 44 mm for the "Flange back", the distance from cameras lens 
mount reference surface to the focal plane (sensor). Combining these values with 
some practical measurements and some estimating gives us equation 4.7 for the 
vignetting at each image corner. 
 
E = L pi/4 (50/22 / 50)2 cos(23) cos(14)3    (4.7) 
 
As mentioned, values were partly found by some estimating; hence they are 
probably not totally correct, but hopefully good enough for this work. By using the 
same formula throughout the entire work the error probably can be neglected. 
Finally it is important to notice that parameter values in this section can be 
completely different for other camera settings, or with another lens system. 

4.5.1.5 Evaluation of vignetting implementation 
The theoretical part of vignetting was verified by Sidney [16]. For the mathematical 
part, it was difficult to find any equations describing vignetting. To evaluate the 
equations from previous section an experiment was arranged using only the camera, 
the light cabinet and a white NCS-sample. Photos were taken with the camera 
pointing to 11 different locations on the paper, shown in figure 4.9, and RGB values 
from the center of each image were collected. 
 

 
Figure 4.9. The pointing direction for 11 different photos. 

 
This procedure will give an estimation of RGB values, functioning as a kind of 
reference values, for these 11 points if no vignetting was involved. Then the 
vignetting formula, equation 4.6, was applied to the photo pointing to location 6. 
Finally, values from these 11 places, from the photo with vignetting compensation, 
were compared to values retrieved by pointing the camera in different directions. 
Before compensation the corners of the image were about 7 % darker than the 
reference values, and after vignetting compensation the difference was about 1 
percent. The resulting difference in these 11 locations is described in table 4.2. A 
negative value means that the compensated image is brighter than the reference 
value. 
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Table 4.2. Vignetting evaluation. Difference between measured and calculated RGB 
values. 

0.0202  0.0056  0.0128 
-0.0084 0.0036 -0.0055 -0.0214 -0.0097 
-0.0236  -0.0130  -0.0068 

 
 
The difference varies quite a lot, and it is difficult to tell if the equation or something 
else is wrong. One part of the error probably depends on misplacing between the 11 
locations in the vignetting compensated image, and the placement of each reference 
value. The only conclusion is that the equation in section 4.5.1.4 reduces the 
vignetting problem significantly, but not entirely. More research about this needs to 
be done, but this is left for future work. For now the equation will be used without 
change. Figure 4.10 shows the visual difference between the original image, and the 
one with vignetting compensation. 
 

  
Figure 4.10. The difference between original image to the left, and image 
compensated for vignetting to the right. The difference is easier noticed in larger 
images. 

 

4.5.2 Shading 
Shading might be caused by non-uniform illumination, non-uniform camera 
sensitivity, or even by dust and dirt on the lens surfaces. In this work, shading is not 
used in the camera calibration process, because both camera and spectrophotometer 
need to read the same values and there is no shading algorithm for 
spectrophotometer measurements. Shading may be used for the camera in the final 
test measurements to compensate for non-uniform lighting in the light cabinet. In 
this case, the best way to remove shading effects is to record two images, one black 
and one white. The black image is generated by covering the lens. The white image 
is usually generated by taking a photo of a white paper in the light cabinet, usually 
the same paper later used for the color targets. These images are then used in 
equation 4.8. [17] 
 

[ ] [ ] [ ]( )
[ ] [ ]( )nmBLACKnmWHITE

nmBLACKnmcconstnma
,,

,,,
−

−
⋅=   (4.8) 

 
where c[m,n] is the input image, BLACK[m,n] is the image taken with the lens 
covered, WHITE[m,n] is the image of the unprinted paper, and a[m,n] is the 
corrected image. The constant term, const, is chosen to produce the desired dynamic 
range. The final result will be that the brightest part of the image will remain the 
same, and darker parts due to non-uniform lightning will be leveled up to the same 
level as the brightest part. 



Linköping University  Filter characterization in digital cameras 
Department of Science and Technology 

   
Martin Solli 
martin.solli@medietekniker.se   

26

4.5.3 Finding RGB-values 
An image analysis routine was developed in Matlab to automatically extract colored 
squares from custom-made target images. A short explanation of how this works is 
that the corners of the black border surrounding the colored squares are to be found, 
and then by perspective compensation and some other calculations the centre of each 
square is derived. From each center, a square of 64x64 pixels is created and inside 
the square the mean of the red, green and blue channel is calculated. This square size 
gives 2048 green, 1024 red and 1024 blue pixels. To avoid severe noise and other 
measurement errors, like dirt on the lens system, pixel values diverging more then 5 
percent from the mean value are removed. In figure 4.11, an interpolated gray scale 
image showing the size and location for two measurement squares is shown, and a 
dot marks the center of each color square. 
 

 
Figure 4.11. Automatic detection of color patches. 

 
A slightly different approach is used for the NCS pages. Due to different amount 
and location of patches on different pages, colored squares are not automatically 
found. Therefore, a Matlab program is written which displays the image, and the 
user locates each square with a mouse click. The colored squares are smaller than 
the self-made squares and RGB values will be made up from 512 green, and 256 red 
and blue pixels. Again, pixel values diverging more than five percent from the mean 
value are removed, and a new mean is calculated. An example of a NCS page, 
without dots indicating each square like in figure 4.11, is shown in section 4.2.2, 
figure 4.4. 

4.5.4 Saving data in a structured way 
The final thing to do with all measurement values before the mathematical part of 
this diploma work takes over is to save them in the same location, and in a well 
organized way. This is solved with the struct command in Matlab. A structure is 
created containing all camera settings, user specified parameters, RGB-values and 
measurement values from the colorimeter. The structure has the same name as the 
original files with sensor values and camera settings. An example of a structure is 
illustrated in table 4.3. Each field can easily be addressed in Matlab to retrieve 
desired values. 
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Table 4.3. Camera settings, RGB values and spectrophotometer measurements are 
saved in a Matlab-struct. 

                 CaptureProgram: 
'CanonEOSGetPicAndDecompressConsole.exe' 
                        Quality: 'RAW' 
                      ImageSize: '3152x2068 (RAW)' 
                      DriveMode: 'Single Frame Shooting' 
                   ShootingMode: 'Manual' 
                   WhiteBalance: 'Manual' 
                       Aperture: '80 (22)' 
                   ShutterSpeed: '56 (1''0)' 
                          Light: 'A' 
                     LightAngle: '10' 
                 ShootingTarget: 'optimalRGB' 
                  ShootingAngle: '55' 
                       FilePath: 'Pictures/' 
                       FileName: 'optimalRGB_A_' 
                           Date: '7 okt 2004' 
                    Photografer: 'Martin Solli' 
           CameraValuesFunction: 'getTargetValuesWithCamera.m' 
                     PrintedRGB: '' 
                  CameraMeanRGB: [25x3 double] 
                   CameraStdRGB: [25x3 double] 
                        HistMax: 0.8981 
      SpectraScanValuesFunction: 
'getTargetValuesWithSpectraScan.m' 
     SpectraScanIlluminationXYZ: [9x3 double] 
    SpectraScanIlluminationWave: [9x101 double] 
    SpectraScanIlluminationSpec: [9x101 double] 
                 SpectraScanXYZ: [25x3 double] 
                SpectraScanWave: [25x101 double] 
                SpectraScanSpec: [25x101 double] 
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5 Camera as a colorimeter 
This section contains a theoretical overview of methods used by others in previous 
works, and some new ideas, with the aim to use a camera as a colorimeter. 

5.1 RGB to CIELAB 
One way to use a camera as a colorimeter is to find a model that directly transforms 
the device dependent RGB values from the camera to device-independent CIELAB 
values. 

5.1.1 Calculations 
Many authors of previous works, e.g. Orava et. al. [18], Hong et. al. [19], Wu et. al. 
[20], MacDonald & Ji [21], and Brydges et. al. [22], agree that some kind of 
regression is the best way to directly transform from RGB to LAB values. 
Regression analyzes the relationship between variables, trying to find the line that 
best predicts one variable from the other. 

5.1.1.1 First, second and third order polynomial regression 
A method based on the findings of Hardeberg [5] has been developed at MoRe 
Research. This method executes this transformation for a scanner system. In this 
work, the same method proposed by Hardeberg will be used for a digital camera 
system. The core of the method is the linear regression step, but first Hardeberg does 
a pre-processing to the RGB values shown in equation 5.1. 
 
RGB = [RGB]1/3       (5.1) 
 
This non-linear correction originates from the transformation from CIEXYZ to 
CIELAB, which involves cubic root functions, see equations 2.4-2.7. Then the linear 
regression is carried out, as a vectorial transformation from 3ℜ  to 3ℜ , which is 
equivalent to three independent linear regressions on a scalar transformation from 

3ℜ  to ℜ  corresponding to each of its components. A simple general 
transformation is 
 
y = g(x)        (5.2) 
 
where x 3ℜ∈  (RGB space) and y ℜ∈  (one of the components of CIELAB space). 
The function g(.) can be approximated by the following expression, 
 
g*(x) = vta       (5.3) 
 
where, 
 
v = [h0(x), h1(x),…, hM-1(x)] t     (5.4) 
a = [a0, a1,…, aM] t      (5.5) 
 
The entries of the vector v are M functions hi(x) of the input values (RGB), and a is 
a vector of coefficients to be optimized. Given a set of input data x, their 
corresponding vectors v, and the observed output data y, then the coefficient vector a 
which minimize the RMS difference between observed and predicted data is given 
by 
 
a = V- y        (5.6) 
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where V = [v1 v2 … vN]t, y = [y1 y2 … yN]t, and V- is the Moore-Penrose pseudo-
inverse of V. By multiplying a with measured RGB values, the corresponding LAB 
values can be predicted. Hardeberg points out that an important factor concerning 
the success of the regression is choosing the right parameters in the vector v. For a 
regression with a first-order polynomial, v becomes 
 
v = [1 R G B]t       (5.7) 
 
For a second- and third-order polynomial, v becomes 
 
v = [1 R G B R2 RG RB G2 GB B2]t     (5.8) 
 
and 
 
v = [1 R G B R2 RG RB G2 GB B2 R3 R2G R2B RG2 RGB RB2 G3 G2B GB2 B3]t 
 

(5.9) 
 
If one chooses m too low in an mth order polynomial regression, g*(x) will not have 
enough degrees of freedom to follow. If m is chosen too large, g*(x) tend to 
oscillate, and be less suitable for values outside the range of the calibration values. 
Hardeberg found the third-order polynomial regression from pre-processed RGB 
values to CIELAB values to give the best result. 
 
The regression in theory is almost the same between different authors. The altering 
part is the choice of parameters in vector v. 

5.1.1.2 Combined order polynomial regression 
Orava et. al. [18] and Hong et. al. [19] found that the best result was produced with 
the vector 
 
v = [R G B R2 G2 B2 RG RB GB RGB 1]    (5.10) 
 
Hong et. al. also points out that the black “1” and white “RGB” term seem to be 
very important, and that between 40 and 60 color patches is optimal for calibration. 
More than 60 patches will not give any significant improvement. 

5.1.1.3 Multiple regression 
Orava et. al. [18] use a very simple regression, which they call multiple regression, 
by letting v become 
 
v = [R G B]       (5.11) 

5.1.1.4 Signal dependent regression 
In this work another vector v was developed. The idea behind the vector was that 
different light sources have different energy in different wavelengths, and by using 
the wavelengths with high energy more than those with low energy the result may be 
improved. The base of the vector is the third-order polynomial from equation 5.9. 
Then some terms from fourth-order are added, but only for the signals with the 
highest energy. The RGB values for a white color square are compared. The channel 
with the highest channel value will be given number I1, and the lowest number I3. 
For instance if the RGB values are (40, 80, 70), then I1 is the green channel, I2 is the 
blue channel, and I3 is the red channel. The resulting vector v can be seen in 
equation 3.12. 
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v = [1 R G B R2 RG RB G2 GB B2 R3 R2G R2B RG2 
RGB RB2 G3 G2B GB2 B3  I13I2  I13I3  I23I1  I23I3]t  (5.12) 

 
The two signals with the highest energy will have more influence than the weakest 
signal. The result of these different regression methods mentioned above, along with 
an evaluation of some new pre-processing values, can be found in section 6.1. 

5.1.2 Illumination 
For the choice of illumination there are no significant differences between different 
works. Often mentioned is to avoid fluorescent light with sharp peaks, and also to 
warm up the light source in time before measuring to avoid unstable lighting. 
Another important matter is that a new calibration needs to be done for every new 
illuminant. 

5.1.3 Colors and substrate 
In other works it has been found that some colors are more difficult to reproduce 
than others. For example, dark colors are more difficult to predict because the 
energy contained in the signals is too small. Wu et. al. are also mentioning dark 
colors as problem colors, along with highly saturated colors, and colors with neutral 
hues. Bright colors were easiest to predict. Wu also points out that calibration and 
measurement should be made on the same substrate [20]. This was also one of the 
conclusions made by Åsa Hägglund in her diploma work [3] at MoRe Research, 
when using the scanner calibration method mentioned earlier. 

5.1.4 Measurements 
In several earlier works, the values for the regression calibration have been chosen 
as the mean values from series of measurements to avoid noise and unstable 
lightning. This method will also be used in this work, but only in the calibration 
procedure. The final measurements will be made from only one camera image and 
then the image will be scaled to fit the calibration data, which will save a lot of time. 

5.2 RGB to Spectrum via color filter 
characteristics 

In previous sections, we derived the CIELAB values directly from the camera RGB 
values. Another approach is to derive the spectral distribution of each color from the 
given camera RGB values. From this you can then convert the distribution to many 
different color spaces, like CIELAB. The spectral distribution will also give more 
freedom for later treatment of the measurements, for instance simulating the color 
values under influence from different illuminations. In this section only theory and 
the equations will be explained. The result will be presented in section 6. 

5.2.1 Finding color filter characteristics 
One of the most common ways to find characteristics for each color filter is to use a 
tunable monochromatic light source, and present the camera sensor to different 
wavelengths of light and record the response. Interesting examples of this approach 
can be found in articles by Wu et. al. [20] and MacDonald & Ji [21]. However, this 
work will use another common approach which involves color patches. Images of 
targets containing several colored squares will be acquired with the camera, and the 
recorded camera RGB values will be combined with color values measured with a 
spectrophotometer to find the characteristics of each color filter. The reason for 
choosing the second method was simply that no tunable monochromatic light source 
was available for this work. 
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5.2.1.1 Pseudo-Inverse 
An estimation of W, a matrix containing the spectral sensitivity of each color filter, 
can be written as follows 
 
W = (R)- C       (5.13) 
 
where (R)- is the Moore-Penrose pseudo inverse of R, which is a matrix containing 
the spectral reflectance for each color patch, and C is a matrix containing the 
corresponding RGB values from the camera. Hardeberg [5] points out that without 
noise, this solution is exact up to the working precision. However, under real-world 
conditions where noise is presence, this system inversion is not straightforward. 
Without further improvements, the result is more or less useless. 

5.2.1.2 Singular Value Decomposition 
One way to improve the inverse problem is to use a method called Singular Value 
Decomposition. Hardeberg [5] among other authors has proved that this method 
reduces the noise sensitivity a lot when only components whose singular values are 
greater than a threshold value are used. Sometimes this solution is also referred to as 
principal eigenvector solution. The method can be described as follows. A Singular 
Value Decomposition (SVD) is applied to the matrix R, containing the spectral 
reflectance of the observed patches. For any (N x P) matrix R of rank R, there exists 
an (N x R) unitary matrix U and (P x R) unitary matrix V for which 
 
R = UWVt       (5.14) 
 
where W is a (R x R) diagonal matrix containing the singular values wi, i = 1…R, of 
R. The columns of U are composed of the eigenvectors ui, i = 1…R, of the 
symmetric matrix RRt. Since U and V are unitary matrices, it can be verified that if 
R = UWVt, then R- = VW-Ut, where W- = diag(wi 

-1). Hardeberg [5] explains that if 
any of the singular values are small, the error will be large. He also refers to several 
studies, where it has been found that the reflectance spectra can be described 
accurately by a quite small number of parameters, and by consequence that the 
singular values are strongly decreasing. It has thus been proposed to only take into 
account the first r singular values in the inversion, where r < R. The spectral 
sensitivity of each color filter may then be estimated by 
 
W = VW(r)-Ut C       (5.15) 
 
where W(r)- = diag(wi

(r)-), and     (5.16) 
 
wi

(r)-  =  wi 
-1    for i <= r      (5.17) 

         =  0       for i > r.      (5.18) 
 
Hardeberg suggested that the number of eigenvectors, r, should be adjusted to the 
noise level. If the amount of noise increases, fewer eigenvectors should be used for 
the spectral sensitivity estimation. Depending on the noise level, Hardeberg uses 
either 10 or 20 eigenvectors. 

5.2.1.3 Fourier basis 
To further improve the spectral sensitivity estimation of each color filter, we can use 
a method first proposed by Finlayson et. al. [23], and then adopted and slightly 
modified by Barnard and Funt [24]. The goal is to ensure smoothness by restricting 
the filter spectral sensitivities to being linear combinations of Fourier basis 
functions. That is, we represent the spectral sensitivities as a linear combination of 
sine and cosine functions: 
 
W = σ1B1 + σ2B2 + σ3B3 + …     (5.18) 
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The first basis functions are: 
 
B1 = k, B2 = sin(x), B3 = cos(x), B4 = sin(2x), B5 = cos(2x), …  (5.19) 
 
where k is a constant and x = (λ – 400) п/c, where c is the cycle length. Now the 
equation for σ becomes 
 
σ = B- W       (5.20) 
 
where B- is the Pseudo-Inverse of B, and is now a matrix of weighting functions for 
the basis. The final spectral sensitivities can be expressed as follows 
 
W = B σ       (5.21) 
 
The only thing left is to find the optimal cycle length value, and to derive a suitable 
number of basis functions. 

5.2.1.4 Positivity 
Finlayson et. al. [23] also uses positivity. Since a device cannot have a negative 
response to a stimulus, the sensor curves describing the spectral sensitivities should 
be positive everywhere. The constraint can be written as: 
 
W(λk) ≥ 0       (5.22) 
 
where k is every used wavelength. 

5.2.1.5 Modality 
Finlayson et. al. [23] continues with modality, which refers to the number of peaks 
in a sensor curve. For example a single peak corresponds to uni-modalilty. If a curve 
has its largest peak at the mth sample point, uni-modality can be expressed as 
 
Wi(λk+1) ≥ Wi(λk),   k = 1,…,m-1     (5.23) 
Wi(λk+1) ≤ Wi(λk),   k = m,…,number of wavelengths   (5.24) 
 
where i=1,2,3 corresponds to each color filter. Not all sensor curves will be uni-
modal, but it is a good guess to start with. If the result turns out to be poor one 
should start thinking of letting the sensor curve to be bi-modal. The modality result 
is described in section 6, and it shows that the camera used in this work probably has 
color filters described by uni-modal curves. 

5.2.1.6 Other methods 
This section contains a brief overview of other methods finding color filter 
characteristics. Due to lack of time, these methods will only be presented here and 
not evaluated in section 6. 
 
As mentioned in the beginning of section 5.2.1, one of the most common ways to 
find characteristics for each color filter is to use a tunable monochromatic light 
source. Then one should present the camera sensor to different wavelengths of light 
and record the response. Interesting examples of this approach can be found in 
articles by Wu et. al. [20] and MacDonald and Ji [21]. One conclusion from Wu et. 
al. is that this method produces results of comparable accuracy to the more common 
polynomial fitting technique, with the added advantage that by determining the 
spectral sensitivity distribution, the camera response could be reproduced under any 
illuminant with known spectral distribution. 
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Another method is Neural Networks. Ramanath et. al. [25] describes it as a method 
that has been known to “learn” certain properties of data presented to it and is able 
to perform well with “unseen” data. Neural Networks require a significant amount 
of time for learning the structure of the data, but once trained, the network performs 
with a speed comparable to that of other methods. 
 
Projections Onto Convex Sets (POCS) is another common method for finding the 
spectral characteristics of camera curves. POCS belongs to a family of set-theoretic 
estimation methods that specifically addresses the problem of determining an 
element in the intersection of a number of constraint sets. According to Sharma [26], 
the most powerful and useful set-theoretic estimation algorithms are variants of the 
POCS method, which determines as element lying in the intersection of a number of 
closed-convex sets by starting with an arbitrary point, and successively projecting 
onto the sets till convergence is achieved. 
 
Sharma and Trussel [27] write that since the sets are closed and convex, the iterative 
process is guaranteed to converge to a point in the intersection, provided the 
intersection is non-empty. If the sets have been defined properly, the fact that the 
measurements arise from a physical experiment implies that to a high degree of 
probability, the intersection of the constraint sets is non-empty and hence the 
algorithm will converge. In short, POCS is a powerful estimation technique that 
combines a priori information with the measurements to obtain the estimates. The 
strength is the exploitation of a priori knowledge, and one conclusion is that POCS 
outperforms other methods, like Singular Value Decomposition, when greater a 
priori information is available. 
 
In addition Sharma [26] also found that POCS and its variants are powerful 
algorithms for solving set theoretic estimation problems. The disadvantage of this 
method is that it is strongly depending on a priori knowledge. Without a good a 
priori knowledge the result can be poor. 

5.2.2 Spectrum from color filters 
The spectral characteristics for each color filter derived in the previous section can 
be used for estimating the camera response for a given input spectrum. But the 
opposite is often desired, one wants to use the filter characteristics to reproduce the 
input spectrum from measured camera values. The following sections describe 
different approaches to reproduce the spectrum for color patches. One interesting 
thing to notice is that if only a limited number of process colors are used for 
printing, like CMYK, it should be possible to reproduce the spectrum for each 
process color. But in this work, the evaluation process is always performed with 
NCS colors, and these are created with a larger amount of different pigments. In 
addition, different color patches are made of different pigments; it will therefore be 
very difficult, probably impossible, to reproduce the spectrum for each pigments. 
 
A general comment is, that after each method is calculated, an interval constraint is 
performed to slightly improve the result. The constraint is that all spectrum values 
must lie between zero and one. The camera response, C, for a given input spectrum 
can be written as 
 
C = R W       (5.25) 
 
where W is the matrix containing the spectral sensitivity of each color filter, and R 
is the matrix containing the spectral reflectance for each color patch. 

5.2.2.1 Pseudo-Inverse 
The simplest way to reconstruct color spectrums from camera values is to use a 
Pseudo-Inverse approach, derived from equation 5.25. If R contains all calculated 
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spectrums, C is a matrix with camera RGB values, and W- is the Pseudo-Inverse of 
W, containing the spectral characteristics for each color filter, then the equation 
becomes 
 
R = C W-       (5.26) 
 
This method of reconstruction would be perfect, if we assume noiseless recordings, 
but in practice, there are no noise-free recordings. 

5.2.2.2 Fourier basis 
One way to improve the result is to use Fourier basis. The idea and the equations 
used for this method are exactly the same as in section 5.2.1.3. Many authors have 
shown that a limited basis of smooth functions is enough for high accuracy 
representation of reflectance spectrums. Farrell et. al. [29] shows that 10 basis 
functions are enough to represent the reflectance functions for a collection of 189 
pigments. Romero et. al. [30] write that most of the relevant information in spectral 
color signals is contained within frequencies below 0.016 c/nm, which in this work 

corresponds to approximately λ60
1c . Drew & Funt [31] use only three frequency-

limited Fourier functions of wavelength as a basis set for modeling spectra. 
 
F1(λ) = 1        (5.27) 
F2(λ) = sin[2п(λ - λmin)/(λmax – λmin)]    (5.28) 
F3(λ) = cos[2п(λ - λmin)/(λmax – λmin)]    (5.29) 
 
They point out that weighted sums of this set of functions can be expected to 
generate many physical chromaticities, but it is unclear whether such spectra 
correspond to natural color signals or camera metamers. 

5.2.2.3 Spectrum basis 
Hardeberg [5] describes another way to use pre-defined basis. One can take 
advantage of a priori knowledge of the spectral reflectances that are to be 
constructed. The spectral reflectance of typical colors are usually smooth, and we 
can present this by assuming that the reflectance in each pixel is a linear 
combination of a set of smooth basis function, in this case a set of measured spectral 
reflectances. Denoting the basis functions as B = [b1 b2 … bp], and for any observed 
reflectance r, a vector of coefficients a exists such that any reflectance r may be 
expressed as 
 
r = B a        (5.30) 
 
Then the equation for reconstruction of color spectrums from camera values 
becomes 
 
R = [B (W-)t B] Ct      (5.31) 
 
where R is the calculated spectrums, B is the basis functions, W- is the Pseudo-
Inverse of the spectral characteristics for each color filter, and C is the matrix with 
RGB values from the camera. 
 
The choice of the spectral reflectances in R should be well representative of the 
spectral reflectances encountered in the application. The basis Hardeberg used was a 
set of 64 spectral reflectances of pure pigments. In this work we started with 365 
colored squares from the NCS system, and then Hardeberg´s method was used to 
select 25 colors with the most varying spectral distribution. These became our basis 
functions. Then the final step is to apply Fourier basis. 
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5.2.2.4 Singular Value Decomposition on spectrum basis 
Drew & Funt [31] developed a basis set from a statistical analysis of color signals 
instead of their illumination and reflectance components. By forming a large number 
of synthetic color signals, as products of typical illumination spectra with natural 
spectra, a large data set was created to examine. They then performed a Karhunen-
Loève analysis on these spectra and derived a set of basis vectors. 
 
A similar idea is used in this work. Initial 50 colors with the most varying spectral 
distributions were selected from 365 NCS colors with Hardeberg´s method. Then a 
Singular Value Decomposition is performed with these 50 colors to extract only the 
most significant values. The resulting spectrums are used as basis functions, B, in 
equation 5.30. And once more, the final step is to apply Fourier basis. 

5.2.3 MultiSensor 
One method developed in this work that improves the result of reconstruction of 
spectrums from camera values, is to use combinations of existing color filters. The 
method has been given the name MultiSensor. The goal is to resemble multispectral 
digital cameras where more then three color filters are used, but it is done with a 
camera with only three filters. A matrix with RGB values was earlier described as in 
equation 5.13. 
 
C = [R  G  B]       (5.32) 
 
Now the sum of each pair is created, and the following matrix is produced 
 
C = [R  G  B  R+G  R+B  G+B]     (5.33) 
 
This has no real correlation to the actual filters inside the camera, but the method has 
shown to improve the result a lot, mainly in the maximum error. One important 
thing to notice is that different smoothing methods are used for the original 
functions, and another set of smoothing methods for the sum of functions. For 
example the cycle length in the Fourier basis can differ between single functions, 
like R, and multi functions, like R+G. Another improvement is to let the original 
functions, [R G B], have more influence on the result than additional ones, [R+G  
R+B  G+B]. This is shown in equation 5.34. R1 corresponds to the spectrums 
calculated with the original functions, and R2 corresponds to the spectrums 
calculated with the new multi functions. 
 
R = (2 R1 + R2) / 3      (5.34) 
 
where R is the resulting spectrum. 

5.2.4 Illumination 
The choice of illumination for both calibration and evaluation is important to 
consider. Many authors, e.g. Romero et. al. [30] and Hardeberg et. al. [32], show 
that the spectral estimation becomes more difficult if a fluorescent illumination is 
involved, especially if it has large spikes in the spectral radiance. According to Imai 
& Berns [33], a multi-illuminant approach will give a better result than using only 
one illumination. 

5.3 RGB to spectrum via Color Matching 
Functions 

The method, developed within this thesis work, is another approach for 
reconstruction of color spectrums from camera values, with the aim to develop 
something different from the filter functions method. Because of the similarity in 
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functionality, the expression Color Matching Functions is borrowed from the CIE 
Color Matching Functions, which translates to CIEXYZ from color spectrums. 

5.3.1 Finding Color Matching Functions 
The idea is that for each color filter and each wavelength, there exists a function that 
directly translates from camera values to color spectrum. Then for each wavelength, 
the final spectrum is created as the sum of the three color filter functions. 

5.3.1.1 Pseudo-Inverse 
First every pixel value from each picture is scaled to make the white reference patch 
have the value 0.95 for all color channels. This will make it possible to use different 
illuminations in the same calibration or measuring session. The Color Matching 
Functions, M, consisting of one vector for each color filter, can be expressed as 
 
M = C- R       (5.35) 
 
where C- is the Pseudo-Inverse of C, a matrix with RGB values from the camera, 
and R is a matrix with the spectral distribution for each color. In this method the 
illumination is removed from the spectral distribution before the calculations are 
performed. 

5.3.1.2 Fourier basis 
Once again Fourier basis can be used to improve the result by smoothening of the 
Color Matching Functions. 

5.3.1.3 Mean value of neighboring values?? 
Another attempt to improve the result was to use a combination of several spectrum 
values from neighboring wavelengths. The Color Matching Functions, M, for each 
wavelength i are now described as 
 
Mi = Ci

- mRi i = all wavelengths    (5.36) 
 
where Ci

- can be recognized from previous section, a matrix with the Pseudo-Inverse 
of RGB values for each wavelength i, and mRi is the mean value from five 
spectrums around the wavelength i. 
 
mRi = [Ri-2 + Ri-1 + Ri + Ri+1 + Ri+2] / 5; i = all wavelengths (5.37) 
 
It was found that the mean value method produces almost the same result as when 
Fourier basis where used, therefore the evaluation of this method is less extensive. 
But the method is probably more suitable for less reliable spectrum measurements or 
fluorescent lights, and should therefore be considered in future works. 

5.3.2 Spectrum from Color Matching Functions 
The Color Matching Function for each color filter derived in previous sections can 
be used for estimating the camera response for a given input spectrum. But the 
opposite is often desired, one want to use the functions to reproduce the input 
spectrum from measured camera values. Following sections describe different 
approaches to reproduce the spectrum. A general comment is that after each method 
is used, an interval constraint is performed to slightly improve the result, that is all 
spectrum values must lay between zero and one. 

5.3.2.1 Basic conversion 
The main method for calculating the spectral distribution is a simple multiplication. 
A matrix, R, containing all the calculated spectrums can be written as 
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R = C M       (5.38) 
 
where C is a matrix with camera RGB values, and M is the Color Matching 
Functions derived in previous sections. 

5.3.2.2 Fourier basis 
There are several ways to improve the result. One of them is to use Fourier basis to 
build the final spectrums. 

5.3.2.3 Spectrum basis 
Instead of using Fourier basis to build spectrums, one can use measured color 
spectrums. The idea, the equations, and the choice of colors are exactly the same as 
in the earlier presented method. 

5.3.2.4 Singular Value Decomposition on spectrum basis 
The last method presented here to improve the result is to use a larger set of basis 
functions, and then use Singular Value Decomposition to extract the most significant 
values to be used in the calculation. 
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6 Results 
The results of all methods presented in section 5 will be given in this section. All 
calculations have been carried out in Matlab. 

6.1 RGB to CIELAB 
Two different categories of results for transformation between RGB and LAB values 
will be presented in this section. First, both calibration and evaluation are performed 
with custom made colored squares. Second, the category consists of calibrations and 
evaluations where only colored squares from NCS are used. 

6.1.1 Calibration and evaluation with custom-made colors 
Calibration is done using 25 or 50 color patches. If only 25 are used, the colored 
squares are the ones with different hues with varying brightness. If 50 calibration 
colors are used, the squares are both the previous mentioned targets, and the optimal 
calibration colors proposed by Hardeberg. For evaluation of each method, 50 
randomly selected colors are used. The result is presented in ∆E as the difference 
between calculated LAB values and LAB values measured with the 
spectrophotometer. 

6.1.1.1 Fixed pre-processing 
Table 6.1 and table 6.2 show the result of all methods presented in section 5.1, 
derived by the colors presented in previous section. Both tables show the same 
result, but arranged in different ways. The RGB pre-processing value for all 
regression methods is 1/3. 

Table 6.1. Results from calibration and evaluation with custom-made colors, fixed 
pre-processing. Best results are marked with bold. 

Method Illumination Calibration 
colors 

∆Emax ∆Emean 

D65 25 12.00 6.67 
 50 13.72 5.06 
A 25 6.52 3.24 

First-order polynomial 
regression 

 50 6.44 3.09 
 

D65 25 6.68 2.12 
 50 4.09 1.58 
A 25 4.14 1.84 

Second-order polynomial 
regression 

 50 2.78 1.12 
 

D65 25 5.91 2.51 
 50 4.34 1.39 
A 25 2.95 1.38 

Third-order polynomial 
regression 

 50 3.08 0.97 
 

D65 25 18.57 7.03 
 50 2.52 1.40 
A 25 11.34 4.49 

Signal dependent regression 

 50 2.55 1.01 
 

D65 25 13.62 7.39 
 50 15.49 6.90 
A 25 10.32 5.94 

Multiple regression 

 50 10.05 5.63 
 

D65 25 7.94 2.55 
 50 4.56 1.63 
A 25 3.77 1.68 

Combined order polynomial 
regression 

 50 2.82 1.09 
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Table 6.2. Results from methods calibration and evaluation with custom-made 
colors, fixed pre-processing. Best results are marked with bold. 
Illumination Calibration 

colors 
Method ∆Emax ∆Emean 

First-order polynomial regression 6.52 3.24 
Second-order polynomial 
regression 

4.14 1.84 

Third-order polynomial 
regression 

2.95 1.38 

Signal dependent regression 11.34 4.49 
Multiple regression 10.32 5.94 

25 

Combined order polynomial 
regression 

3.77 1.68 

    
First-order polynomial regression 6.44 3.09 
Second-order polynomial 
regression 

2.78 1.12 

Third-order polynomial regression 3.08 0.97 
Signal dependent regression 2.55 1.01 
Multiple regression 10.05 5.63 

A 

50 

Combined order polynomial 
regression 

2.82 1.09 

     
First-order polynomial regression 12.00 6.67 
Second-order polynomial 
regression 

6.68 2.12 

Third-order polynomial 
regression 

5.91 2.51 

Signal dependent regression 18.57 7.03 
Multiple regression 13.62 7.39 

25 

Combined order polynomial 
regression 

7.94 2.55 

    
First-order polynomial regression 13.72 5.06 
Second-order polynomial 
regression 

4.09 1.58 

Third-order polynomial regression 4.34 1.39 
Signal dependent regression 2.52 1.40 
Multiple regression 15.49 6.90 

D65 

50 

Combined order polynomial 
regression 

4.56 1.63 

 

6.1.1.2 Optimized pre-processing 
In this section the optimal pre-processing value for each regression method is found. 
The difference from pre-processing in equation 5.1 is that the integer 3, in RGB = 
[RGB]1/3, is changed to a variable n, 
 
RGB = [RGB]1/n,       (6.1) 
 
and the assignment is to find a numerical value for n that minimizes ∆E. The result 
is described in table 6.3 and table 6.4. Again, both tables show the same result, but 
arranged in different ways. 
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Table 6.3. Results from calibration and evaluation with custom-made colors, 
optimized pre-processing. Best results are marked with bold. 
Method Illumination Calibration 

colors 
Pre-processing 
RGB^(1/n) 

∆Emax ∆Emean 

D65 25 3.3 11.69 6.75 
 50 3.1 13.70 5.07 
A 25 3.1 6.49 3.26 

First-order polynomial 
regression 

 50 2.7 6.24 3.15 
 

D65 25 4.9 6.60 1.88 
 50 3.1 4.10 1.58 
A 25 13 3.30 1.52 

Second-order polynomial 
regression 

 50 3.5 2.79 1.08 
 

D65 25 1.9 5.38 2.42 
 50 4.6 3.73 1.30 
A 25 2.5 2.81 1.43 

Third-order polynomial 
regression 

 50 1.7 2.71 1.05 
 

D65 25 1.3 14.43 6.56 
 50 3.5 2.46 1.38 
A 25 1.2 7.04 4.37 

Signal dependent regression 

 50 25.1 2.42 0.94 
 

D65 25 2.3 13.15 5.65 
 50 2.3 15.42 5.35 
A 25 2.3 8.59 4.37 

Multiple regression 

 50 2.4 7.72 4.39 
 

D65 25 10.2 7.44 2.20 
 50 4 4.53 1.57 
A 25 6.9 3.50 1.51 

Combined order polynomial 
regression 

 50 2.6 2.78 1.11 
 

Table 6.4. Results from calibration and evaluation with custom-made colors, 
optimized pre-processing. Best results are marked with bold. 
Illumination Calibration 

colors 
Method Pre-

process. 
RGB^(1/n
) 

∆Emax ∆Emean 

First-order polynomial regression 3.1 6.49 3.26 
Second-order polynomial regression 13 3.30 1.52 
Third-order polynomial regression 2.5 2.81 1.43 
Signal dependent regression 1.2 7.04 4.37 
Multiple regression 2.3 8.59 4.37 

25 

Combined order polynomial regression 6.9 3.50 1.51 
     

First-order polynomial regression 2.7 6.24 3.15 
Second-order polynomial regression 3.5 2.79 1.08 
Third-order polynomial regression 1.7 2.71 1.05 
Signal dependent regression 25.1 2.42 0.94 
Multiple regression 2.4 7.72 4.39 

A 

50 

Combined order polynomial regression 2.6 2.78 1.11 
      

First-order polynomial regression 3.3 11.69 6.75 
Second-order polynomial regression 4.9 6.60 1.88 
Third-order polynomial regression 1.9 5.38 2.42 
Signal dependent regression 1.3 14.43 6.56 
Multiple regression 2.3 13.15 5.65 

25 

Combined order polynomial regression 10.2 7.44 2.20 
     

First-order polynomial regression 3.1 13.70 5.07 
Second-order polynomial regression 3.1 4.10 1.58 
Third-order polynomial regression 4.6 3.73 1.30 
Signal dependent regression 3.5 2.46 1.38 
Multiple regression 2.3 15.42 5.35 

D65 

50 

Combined order polynomial regression 4 4.53 1.57 
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6.1.1.3 Summary of results using custom-made colors 
The best result was achieved with the method Signal Dependent Regression, 
developed in this work. The choice of illumination A, and 50 calibration colors 
always gives the best result. For a fixed pre-processing value of 1/3 there is a mean 
difference of 1.01 ∆E, and a maximum difference of 2.56 ∆E. For an optimal pre-
processing value, in this case 1/25.1, the mean difference is 0.95 ∆E, and the 
maximum difference is 2.42 ∆E. But, there is a problem with the result from this 
calibration and evaluation. The number of color patches is quite low. More colors, 
especially for evaluation, will probably give a more reliable result. Using a large set 
of NCS colors will most likely give a more trustworthy result. 

6.1.2 Calibration and evaluation with NCS colors 
In this section, NCS pages are used for both calibration and evaluation. Every 
second color is used in the calibration process, in total 181 color patches. The 
remaining 184 patches are used for evaluation. The result is presented in ∆E as the 
difference between calculated LAB values and LAB values measured with the 
spectrophotometer. 

6.1.2.1 Fixed pre-processing 
Table 6.5 and table 6.6 show the result of all methods presented in section 5.1, 
derived by the colors presented in previous section. Both tables show the same 
result, but arranged in different ways. The RGB pre-processing value for all 
regression methods is 1/3. 
 

Table 6.5. Results from calibration and evaluation with NCS colors, fixed pre-
processing. Best results are marked with bold. 
Method Illumination Calibration 

colors 
∆Emax ∆Emean 

D65 181 11.18 3.17 First-order polynomial 
regression A 181 9.75 2.24 
 

D65 181 5.89 1.66 Second-order polynomial 
regression A 181 6.64 1.48 
 

D65 181 4.31 1.46 Third-order polynomial 
regression A 181 4.56 1.32 
 

D65 181 5.09 1.37 Signal dependent regression 
A 181 4.44 1.27 

 
D65 181 11.48 4.34 Multiple regression 
A 181 9.65 3.84 

 
D65 181 6.00 1.66 Combined order polynomial 

regression A 181 6.63 1.47 
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Table 6.6. Results calibration and evaluation with NCS colors, fixed pre-processing. 
Best results are marked with bold. 
Illumination Calibration 

colors 
Method ∆Emax ∆Emean 

First-order polynomial regression 9.75 2.24 
Second-order polynomial 
regression 

6.64 1.48 

Third-order polynomial regression 4.56 1.32 
Signal dependent regression 4.44 1.27 
Multiple regression 9.65 3.84 

A 181 

Combined order polynomial 
regression 

6.63 1.47 

 
First-order polynomial regression 11.18 3.17 
Second-order polynomial 
regression 

5.89 1.66 

Third-order polynomial 
regression 

4.31 1.46 

Signal dependent regression 5.09 1.37 
Multiple regression 11.48 4.34 

D65 181 

Combined order polynomial 
regression 

6.00 1.66 

 

6.1.2.2 Optimized pre-processing 
In this section, the optimal pre-processing value for each regression method is 
found. The difference from the pre-processing in equation 5.1 is that the integer 3 is 
changed to a variable n, 
 
RGB = [RGB]1/n,       (6.2) 
 
and the aim is to find a numerical value for n that minimizes ∆E. The result is 
described in table 6.7 and table 6.8. Again, both tables show the same result, but 
arranged in different ways. 
 

Table 6.7. Results from calibration and evaluation with NCS colors, optimized pre-
processing. Best results are marked with bold. 
Method Illumination Calibration 

colors 
Pre-processing 
RGB^(1/n) 

∆Emax ∆Emean 

D65 181 2.4 10.53 2.98 First-order polynomial 
regression A 181 2.8 9.79 2.17 
 

D65 181 8.5 4.88 1.70 Second-order polynomial 
regression A 181 7.6 6.02 1.46 
 

D65 181 2 4.17 1.48 Third-order polynomial 
regression A 181 2.3 4.53 1.33 
 

D65 181 296 (!!) 4.62 1.40 Signal dependent regression 
A 181 2.3 4.28 1.29 

 
D65 181 2.4 10.44 3.03 Multiple regression 
A 181 2.5 10.13 2.48 

 
D65 181 8 4.95 1.68 Combined order polynomial 

regression A 181 7.5 6.02 1.45 
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Table 6.8. Results from calibration and evaluation with NCS colors, optimized pre-
processing. Best results are marked with bold. 
Illumination Calibration 

colors 
Method Pre-

processing 
RGB^(1/n) 

∆Emax ∆Emean 

First order polynomial regression 2.8 9.79 2.17 
Second order polynomial regression 7.6 6.02 1.46 
Third order polynomial regression 2.3 4.53 1.33 
Signal dependent regression 2.3 4.28 1.29 
Multiple regression 2.5 10.13 2.48 

A 181 

Combined order polynomial 
regression 

7.5 6.02 1.45 

 
First order polynomial regression 2.4 10.53 2.98 
Second order polynomial regression 8.5 4.88 1.70 
Third order polynomial regression 2 4.17 1.48 
Signal dependent regression 296 (!!) 4.62 1.40 
Multiple regression 2.4 10.44 3.03 

D65 181 

Combined order polynomial 
regression 

8 4.95 1.68 

 

6.1.2.3 Summary of results using NCS color samples 
Once again, Signal Dependent Regression is the best performing method, and the 
best result is always achieved with illumination A. The result from 184 colors is 
probably more reliable than when only 50 patches were used for evaluation. Below 
is a more detailed presentation of the results from Signal Dependent Regression, 
illumination A, and a pre-processing value of 1/3. 
 
For all color patches, the difference in ∆E is described in table 6.9. 
 

Table 6.9. ∆E difference for all NCS color patches. 

∆E mean 1.27 
 max 4.44 

 
In table 6.10, ∆E is separated into different intervals, and the amount of patches in 
each interval is presented. It is shown that almost 95 % of all color patches can be 
estimated with a difference less than 3 ∆E. 
 

Table 6.10. ∆E intervals for all NCS color patches. 

∆E %  
0-1 41.8 
1-2 44.6 
2-3 8.4 

 
94.6 

3-4 4.3  
4-5 1.1  

 
In figure 6.1, the result is separated into different pages in the NCS color system. 
For each page used in the evaluation process the mean and maximum ∆E have been 
calculated. It is shown that colors containing red give the best reproduction and 
green and yellow colors are more difficult to reproduce. 
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Figure 6.1. ∆E difference separated into different NCS pages. The inner region 

represents mean values, the outer maximum values. 

 
Figure 6.2 shows all the color patches used in the evaluation process. The patches in 
the top row show the easiest colors to reproduce, and further down the reproduction 
error increases. The colors you see when you are reading this is probably not the 
same as the original, due to the fact that they are most likely printed on a printer or 
viewed on a monitor that is not calibrated to the original substrate. But the image 
can be used to see if an obvious difference in color values between small and large 
reproduction errors exists. 
 

 
Figure 6.2. Colors in the top row have lowest reproduction errors. For each row 

below the reproduction error increases. 
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6.2 RGB to Spectrum via color filter 
characteristics 

In this section, the result for color spectrum reproduction using camera filter 
characteristics is presented. The calibration procedure has been performed with 22 
colored patches. 20 of those are the ones Hardeberg proposed for color calibration. 
The remaining two are a light-gray, and a white NCS patch, used as a reference 
color. Evaluations have been made with 365 colored patches from the NCS system. 
Illumination A was used for both calibration and evaluation. 

6.2.1 Color filter characteristics 
This section gives an overview of results from methods presented in section 5.2. 
First, the simple Pseudo-Inverse is evaluated, followed by Singular Value 
Decomposition. Then some constraints, like frequency constraints, positivity and 
modality, are added to improve the result. 

6.2.1.1 Pseudo-Inverse 
The result of using the Pseudo-Inverse of spectral distributions multiplied by 
corresponding RGB values is illustrated in figure 6.3. 
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Figure 6.3. Color filter functions from Pseudo-Inverse. 

 
As the figure shows, the result is extremely varying over different wavelengths. The 
probability for the camera to have color filter functions like that is almost zero. The 
bad result is due to noise. 

6.2.1.2 Singular Value Decomposition 
Using Singular Value Decomposition gives a much better result than the Pseudo-
Inverse method. Figure 6.4 shows the result of using Singular Value Decomposition 
on spectral distributions, multiplied by RGB values. 
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Figure 6.4. Color filter functions from Singular Value Decomposition. 

 
As shown in figure 6.4, the result improves significantly when only the most 
essential values are encountered in the calculations. 

6.2.1.3 Fourier basis, positivity and modality 
The last step is to use the Singular Value Decomposition method from the previous 
section followed by three natural constraints. The first is frequency limitation; the 
resulting functions are built from Fourier basis. The second constraint is that 
negative values are removed. And finally each filter function is allowed to have only 
one peak. The result is illustrated in figure 6.5. 
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Figure 6.5. Color filter functions from Singular Value Decomposition and 

constraints. 

 
The result can be optimized by choosing the right number of basis in the Singular 
Value Decomposition method, and a suitable number of Fourier basis with a proper 
cycle length. It is noticeable that the red filter seems to exclude more light than the 
blue and green filters. 
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6.2.1.4 Evaluation of filter characteristics 
It is always important to evaluate the result to see if the calculated filter functions 
correspond to filters inside the camera. The easiest way to evaluate this is to 
multiply the spectral distribution from each color by the filter characteristics, and 
then compare the result with RGB values provided by the camera. Table 6.11 shows 
the difference between calculated RGB values and measured camera values. 
 

Table 6.11. Differences between calculated and measured RGB values, calculated 
with filter characteristics. 

 R G B mean 
mean 0.012 0.014 0.005 0.010 

max 0.055 0.052 0.030 0.046 
 
In this case, the maximum RGB value is 1, and the minimum value is 0. With this in 
mind, the table shows that the average reproduction error is around 1%, and the 
maximum error is approximately 5%. The result is not perfect, but it shows that the 
filter functions can be predicted quite accurate. 

6.2.2 Spectrum from color filters 
In the following sections, methods using color filter functions for reproduction of 
color spectrums will be evaluated. 

6.2.2.1 Pseudo-Inverse 
Once again, the main method involves a Pseudo-Inverse. In this case, the spectral 
distribution for each color is derived by multiplying RGB values with the Pseudo-
Inverse of the color filter functions, and then divided by the illumination spectrum. 
The results for 25 randomly selected colors are illustrated in figure 6.6. 
 

 
Figure 6.6. Spectrum reproduction with Pseudo-Inverse. Solid lines are the original 

spectrums, dashed lines are reproduced. 
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The solid lines represent the original spectral distributions, measured with a 
spectrophotometer, and the dashed lines represent the calculated spectrums. For an 
easier evaluation, CIE Color Matching Functions were used to convert each 
spectrum to CIEXYZ values. Then XYZ values were converted to CIELAB values. 
∆E, the difference in CIELAB color space, was calculated between measured and 
reproduced colors. The overall result for 365 color patches is shown in table 6.12. 
The reproduction is very large, especially the maximum error. 
 

Table 6.12. ∆E difference for all color patches, after Pseudo-Inverse reproduction. 

∆E mean 5.88 
 max 24.05 

 

6.2.2.2 Fourier basis 
The first improvement is to use Fourier basis for creation of the final spectrums 
derived from the previous section. The spectral result for the same 25 colors as in 
previous section is illustrated in figure 6.7. 
 

 
Figure 6.7. Spectrum reproduction with Fourier basis. Solid lines are the original 

spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
CIELAB color space, was calculated between measured and reproduced colors, and 
the result for 365 color patches can be seen in table 6.13. Both mean and maximum 
reproduction error is decreasing, but not to a large extent. 
 

Table 6.13. ∆E difference for all color patches, after Fourier basis reproduction. 

∆E mean 5.54 
 max 22.73 
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6.2.2.3 Spectrum basis 
In this method a basis of 25 varying spectrums from measured colors is applied 
before the Fourier basis. Figure 6.8 shows the result for the same 25 colors as 
earlier. 
 

 
Figure 6.8. Spectrum reproduction with spectrum basis. Solid lines are the original 

spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
LAB color space, was calculated between measured and reproduced colors, and the 
result for 365 color patches can be seen in table 6.14. This time, both mean and 
maximum reproduction errors have decreased a lot. But still, the maximum error is 
too large to be acceptable. 
 

Table 6.14. ∆E difference for all color patches, after spectrum basis reproduction. 

∆E mean 2.90 
 max 12.94 

 

6.2.2.4 Singular Value Decomposition on spectrum basis 
A basis of 50 varying color spectrums is created, and Singular Value Decomposition 
is used to extract only the most significant values. Once again, Fourier basis are 
applied, and the result for 25 colors are illustrated in figure 6.9. 
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Figure 6.9. Spectrum reproduction with Singular Value Decomposition on spectrum 

basis. Solid lines are the original spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
LAB color space, was calculated between measured and reproduced colors, and the 
result for 365 color patches can be seen in table 6.15. This method slightly decreases 
both maximum and mean error. 
 

Table 6.15. ∆E difference for all color patches, after SVD on spectrum basis. 

∆E mean 2.84 
 max 12.30 

 

6.2.3 MultiSensor 
This section will evaluate the MultiSensor method. 

6.2.3.1 Color filter characteristics 
The color filter characteristics are calculated with the best performing method for 
filter characterization. The results from previous sections show that a Singular Value 
Decomposition followed by Fourier basis, positivity and modality, produces the best 
outcome. The same method, except modality, is used for the sum of each pair of 
RGB values, and the resulting filter functions are illustrated in figure 6.10. The 
black and dashed lines represent the sum of each RGB pair. 
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Figure 6.10. Color filter functions from MultiSensor method. 

 

6.2.3.2 Evaluation of filter characteristics 
The evaluation method is the same as earlier. The spectral distribution from each 
color is multiplied by the filter characteristics, and then the result is compared to 
RGB values provided by the camera. Table 6.16 shows the difference between 
calculated RGB values and measured camera values. 
 

Table 6.16. Differences between measured and calculated RGB values, calculated 
with MultiSensor filter characteristics. 

 R G B mean 
mean 0.014 0.016 0.006 0.010 

max 0.056 0.060 0.037 0.051 
 
The maximum RGB value is 1, and the minimum value is 0. The table shows that 
the average prediction error is around 1%, and the maximum error is approximately 
5%, almost the same result as without MultiSensor. That is good, but the goal was to 
improve the reproduction of spectral distributions, not to predict RGB values. 

6.2.3.3 Spectrum from MultiSensor color filters 
The method used for color spectrum reproduction is the best performing method 
among the ones presented in previous sections. In short, first a Pseudo-Inverse, then 
basis is applied, created with Singular Value Decomposition from 50 colors, and 
finally Fourier basis. The resulting spectral distribution for 25 colors is shown in 
figure 6.11. 
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Figure 6.11. Spectrum reproduction with MultiSensor. Solid lines are the original 

spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
LAB color space, was calculated between measured and reproduced colors, and the 
result for 365 color patches can be seen in table 6.17. 
 

Table 6.17. ∆E difference for all color patches. 

∆E mean 2.84 
 max 9.81 

 
The table shows that the mean reproduction error is almost unchanged, but the 
maximum reproduction error is reduced significantly, from 12 ∆E to less than 10 
∆E. 

6.2.4 Changing the locations of the color patches 
It is important to investigate if the location of color patches influences the size of the 
reproduction error. Measurements can for example be disturbed by light variations 
inside the light cabinet, or varying light reflections depending on location and angle 
to the camera. In the worst case, one place in the light cabinet always produces the 
largest reproduction error. 
 
A test was performed with a NCS page full of colors. The page was rotated and 
moved around in the light cabinet, and the camera was measuring color patches for 
each new location. The result showed variations in the reproduction error for 
different locations. But fortunately, the worst colors always were worst, independent 
of location. The small variation was probably due to noise or a slight dislocation of 
the reference patch. 

6.2.5 Summary of results using filter characteristics 
The best performing method is the one where filter functions are created with 
MultiSensor using Singular Value Decomposition followed by Fourier basis, and 
then a positivity constraint. The color spectrum reconstruction is calculated with a 
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Pseudo-Inverse, then applying basis created with Singular Value Decomposition 
from 50 colors, and finally Fourier basis. The overall result calculated with 365 
colored squares from the NCS system is described in table 6.18. 
 

Table 6.18. ∆E difference for all color patches. 

∆E mean 2.84 
 max 9.81 

 
In table 6.19, the reproduction error is separated into different ∆E intervals. For each 
interval, the amount of patches having an error inside the interval is displayed. 
 

Table 6.19. ∆E intervals. 

∆E %   
0-1 14.8 
1-2 26.3 
2-3 20.8 

 
61.9 

3-4 13.7  
4-5 10.7  
5-6 6.0  

 
 
 
92.3 

6-7 3.8   
7-8 1.6   
8-9 1.4   
9-10 0.8   

 
The table shows that more than 60 % of the reproduced spectrums have an error less 
than 3, measured in ∆E. Only 8 % have a reproduction error greater than 6 ∆E. In 
figure 6.12, the reproduction errors are separated into different locations in the color 
space, corresponding to different pages in the NCS color system. 
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Figure 6.12. ∆E difference separated into different NCS pages. The inner circle 

represents mean values, the outer maximum values. 

 
The largest error can be found on the red page, but at the same time the neighboring 
page, the red and blue, has the smallest error. The conclusion is that the reproduction 
error varies a lot between different locations in the color space. Figure 6.13 shows 
all the color patches used in the evaluation process. Patches in the top row a show 
the easiest colors to reproduce, and further down, the reproduction error increases. 
The colors you see when you are reading this is probably not the same as the 
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original, due to the fact that they most likely are printed on a printer or viewed on a 
monitor that is not calibrated to the original substrate. But the image can be used to 
see if an obvious difference in color values between small and large reproduction 
errors exists. 
 

 
Figure 6.13. Colors in the top row have lowest reproduction errors. For each row 

below the reproduction error is increasing. 

 

6.3 RGB to spectrum via Color Matching 
Functions 

This section will present the result for color spectrum reproduction using camera 
Color Matching Functions. For calibration, 25 colors are used. These are selected 
from a collection of 365 color patches from the NCS color system. Hardebergs 
method is used to select colors with the most varying spectral distribution. In the 
calibration procedure, both illumination A and D65 are used, hence one could say a 
total of 50 colors is used for calibration. Evaluation is done with 365 NCS colors, 
illumination A. 

6.3.1 Color Matching Functions 
This section will present results derived with methods presented in section 5.3. 

6.3.1.1 Pseudo-Inverse and Fourier basis 
In this work, the Color Matching Functions are created in two steps. First the 
Pseudo-Inverse of a matrix with all camera RGB values is multiplied with the 
corresponding spectral distribution for each color. Then, Fourier basis are used as a 
smoothening method. The result is illustrated in figure 6.14. 
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Figure 6.14. Camera Color Matching Functions. 

 

6.3.1.2 Evaluation of color matching functions 
The evaluation method is the same as earlier. The spectral distribution from each 
color is multiplied by the Color Matching Functions, and then the result is compared 
to RGB values provided by the camera. Table 6.20 shows the difference between 
calculated RGB values and measured camera values. 
 

Table 6.20. Differences between calculated and measured RGB values, calculated 
with Camera Color Matching Functions. 

 R G B mean 
mean 0.027 0.030 0.026 0.028 

max 0.096 0.144 0.138 0.126 
 
The maximum RGB value is 1, and the minimum value is 0. The table shows that 
the average prediction error is about 3%, and the maximum error is approximately 
13%. The result is much poorer compared to when color filter functions were used. 
It will later be shown that this is not important if the final goal is to reproduce 
spectral distributions. 

6.3.2 Spectrum from Color Matching Functions 
When Color Matching Functions are known they can be used to reproduce color 
spectrums. First a basic conversion method is evaluated, and then followed by three 
different attempts to improve the result. 
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6.3.2.1 Basic conversion 
The elementary method is to multiply camera RGB values with Color Matching 
Functions. The spectral result for 25 randomly selected colors is illustrated in figure 
6.15. 
 

 
Figure 6.15. Spectrum reproduction with basic conversion. Solid lines are the 

original spectrums, dashed lines are reproduced. 

 
The solid lines represent the original spectral distributions, measured with a 
spectrophotometer, and the dashed lines represent the calculated spectrums. For an 
easier evaluation, CIE Color Matching Functions were used to convert each 
spectrum to CIEXYZ values. Then, XYZ values were converted to CIELAB values 
and ∆E, the difference in LAB color space, were calculated between measured and 
reproduced colors. The overall ∆E result for 365 color patches is shown in table 
6.21. The reproduction error seems to be comparable to the ones derived using color 
filter functions. 
 

Table 6.21. ∆E difference for all color patches, after basic conversion reproduction. 

∆E mean 3.58 
 max 10.58 
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6.3.2.2 Fourier basis 
In this method, Fourier basis are applied to improve smoothness of reproduced 
spectrums. The spectral result for 25 randomly selected colors is illustrated in figure 
6.16. 
 

 
Figure 6.16. Spectrum reproduction with Fourier basis. Solid lines are the original 

spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
LAB color space, was calculated between measured and reproduced colors, and the 
result for 365 color patches can be seen in table 6.22. The maximum difference is 
slightly improved, but the mean error is poorer compared to the basic conversion. 
 

Table 6.22. ∆E difference for all color patches, after Fourier basis reproduction. 

∆E mean 3.65 
 max 9.60 
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6.3.2.3 Spectrum basis 
In this method, the resulting spectrums are created from a spectrums basis with 
varying spectral distributions. The spectral result for 25 randomly selected colors is 
illustrated in figure 6.17. 
 

 
Figure 6.17. Spectrum reproduction with Spectrum basis. Solid lines are the original 

spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
LAB color space, was calculated between measured and reproduced colors, and the 
result for 365 color patches can be seen in table 6.23. The error is almost the same as 
when Fourier basis were used. 
 

Table 6.23. ∆E difference for all color patches, after spectrum basis reproduction. 

∆E mean 3.65 
 max 9.60 
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6.3.2.4 Singular Value Decomposition on spectrum basis 
This method first uses a set of basis spectrums with varying spectral distributions. 
Then Singular Value Decomposition is applied to extract only the most significant 
values, and these are used to build the final color spectrums. Spectral result for 25 
randomly selected colors is illustrated in figure 6.18. 
 

 
Figure 6.18. Spectrum reproduction with Singular Value Decomposition on 

spectrum basis. Solid lines are the original spectrums, dashed lines are reproduced. 

 
CIE Color Matching Functions were used to convert each spectrum to CIEXYZ 
values. Then XYZ values were converted to CIELAB values. ∆E, the difference in 
LAB color space, was calculated between measured and reproduced colors, and the 
result for 365 color patches can be seen in table 6.24. This method produces the 
lowest error, both mean and maximum difference. 
 

Table 6.24. ∆E difference for all color patches, after SVD on spectrum basis. 

∆E mean 3.50 
 max 9.14 

 

6.3.3 Summary of results using Color Matching Functions 
The best performing method is the one were Color Matching Functions are created 
by a Pseudo-Inverse followed by Fourier basis. Then, the color spectrum 
reconstruction is best performed with a Pseudo-Inverse, followed by basis created 
with Singular Value Decomposition from 50 colors, and finally Fourier basis. The 
overall color difference calculated with 365 colored squares from the NCS color 
system is described in table 6.25. 
 

Table 6.25. ∆E difference for all color patches. 

∆E mean 3.50 
 max 9.14 
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In table 6.26, the reproduction error is separated into different ∆E intervals. For each 
interval, the amount of patches having an error inside the interval is displayed. 
 

Table 6.26. ∆E intervals. 

∆E %   
0-1 5.8 
1-2 18.9 
2-3 17.5 

 
42.2 

3-4 22.2  
4-5 17.3  
5-6 9.6  

 
 
91.3 

6-7 3.8   
7-8 1.9   
8-9 1.9   
9-10 1.1   

 
The table shows that little more than 40 % of the reproduced spectrums have an 
error less than 3, measured in ∆E. Only 9 % have a reproduction error greater than 6 
∆E. In figure 6.19, the reproduction errors are separated into different locations in 
the color space, corresponding to different pages in the NCS color system. 
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Figure 6.19. ∆E difference separated into different NCS pages. The inner circle 

represents mean values, the outer max values. 

 
The figure shows that color differences, both mean and maximum, are almost the 
same for all pages. No part of the color space is more difficult to reproduce than 
another. Figure 6.20 shows all the color patches used in the evaluation process. 
Patches in the top row show the easiest colors to reproduce, and further down the 
reproduction error increases. The colors you see when you are reading this is 
probably not the same as the original, due to the fact that they are scaled to fit with 
different illuminations, and also printed on a printer or viewed on a monitor that is 
not calibrated to the original substrate. But the image can be used to see if an 
obvious difference in color values between small and large reproduction errors 
exists. 
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Figure 6.20. Colors in the top row have lowest reproduction errors. For each row 

below the reproduction error is increasing. 
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6.4 Comparing results from all methods 
. 
Regression Filter functions Color Matching Functions 
 

Table 6.27. ∆E difference 
for all color patches. 

∆E mean 1.27 
 max 4.44  

 

Table 6.28. ∆E difference for all 
color patches. 

∆E mean 2.84 
 max 9.81  

 

Table 6.29. ∆E difference for all 
color patches. 

∆E mean 3.50 
 max 9.14  

 

Table 6.30. ∆E intervals. 

∆E %  
0-1 41.8 
1-2 44.6 
2-3 8.4 

 
94.6 

3-4 4.3  
4-5 1.1   

 

Table 6.31. ∆E intervals. 

∆E %   
0-1 14.8 
1-2 26.3 
2-3 20.8 

 
61.9 

3-4 13.7  
4-5 10.7  
5-6 6.0  

 
 
92.3 

6-7 3.8   
7-8 1.6   
8-9 1.4   
9-10 0.8    

 

Table 6.32. ∆E intervals. 

∆E %   
0-1 5.8 
1-2 18.9 
2-3 17.5 

 
42.2 

3-4 22.2  
4-5 17.3  
5-6 9.6  

 
 
91.3 

6-7 3.8   
7-8 1.9   
8-9 1.9   
9-10 1.1    
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Figure 6.21. ∆E difference 
separated into different 
NCS pages. The inner 
circle represents mean 
values, the outer max 
values. 
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Figure 6.22. ∆E difference 
separated into different NCS 
pages. The inner circle 
represents mean values, the 
outer max values. 
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Figure 6.23. ∆E difference 
separated into different NCS 
pages. The inner circle 
represents mean values, the 
outer max values. 
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7 Conclusions and discussion 
This thesis work shows that a moderately priced digital camera can be used for color 
measurements. Three different methods for transformation between camera RGB 
values and space independent spectrums or CIELAB values are presented, each of 
them with different advantages and disadvantages. Before any transformation 
method is applied it is important to have knowledge about the behavior of the 
camera. For example, how good is the measurement repeatability, and is the camera 
sensor response linear to the incoming light intensity? It was found that the camera 
used in this work had a linear sensor response to incoming intensity when RAW 
picture format was used. Saving pictures in JPG format would not give a linear 
response at all. On the other hand, the repeatability was a problem. The overall 
image intensity changed from time to time, just like if the shutter speed or aperture 
was changed. The solution to the problem could not be found, but it was shown that 
the error could be eliminated by a linear scaling. 
 
Another important area is the illumination and measurement geometry. It was found 
that it can be difficult to obtain a uniform illumination covering the entire target 
image. Even though a non uniform illumination can be compensated for by 
measuring the intensity at different locations, it is time consuming to measure 
exactly every spot on the target image. Another important thing concerning the 
illumination is that light with sharp peaks, such as fluorescent lamps should be 
avoided if possible. The findings of this thesis shows that when lamps of this type 
are used, the result of the color calibration is generally poorer compared to when 
other light sources with more even spectral characteristics are used, such as CIE 
standard illumination A. 

7.1 RGB to CIELAB 
Regression methods seem to be well suited for color measurements. The best result 
was achieved with Signal Dependent Regression, a method developed in this work. 
The mean ∆E error was 1.28, and max 4.45. This method is very similar to other 
regression methods, but an addition to the existing methods is that the content and 
the order of the polynomial are based on the illumination energy in each camera 
channel. The idea is to use wavelengths with high energy more than those with low 
energy. 
 
The most difficult colors to measure with this method, with a ∆E larger than 3, are 
mainly dark and green colors. Except these colors, it is hard to find any pattern, 
depending on measurement results, that separates different groups of colors. 
 
Different values of the exponent applied to the RGB-coordinates in the pre-
processing step have been evaluated. Sometimes other values can improve the result, 
but they are seldom the same number. The conclusion is that the original pre-
processing value of 1/3 is to prefer. 
 
One disadvantage with all regression methods is that the number of calibration 
colors must be large to deliver a satisfying result; almost 200 colors were used in 
this experiment. Since each measurement is time consuming, this is a disadvantage. 
Another drawback is that a new calibration needs to be done for each new 
illumination or printing substrate. 
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7.2 RGB to Spectrum 
Two methods for reproduction of spectral distributions have been presented giving 
similar results. The reproduction errors in these are worse than in the regression 
method, but the advantage is that the spectral distribution is reproduced. This is a more 
general way to describe a color, and it gives the opportunity to estimate what the color 
would look like under different illuminations. Another advantage is that fewer colors 
are required in the calibration procedure, in this work only 22 or 25. A large number of 
calibration colors will not necessarily improve the final result. It is important, though, 
to notice that colors in use should be selected carefully. The best idea so far, is to select 
colors with spectral distributions that are as different as possible from each other. 
 
The best result with the filter function method is 2.84 for ∆E mean, and max 9.81 ∆E. It 
should be noticed that more than 60 percent of the colors have a ∆E below 3, and only 8 
percent have a ∆E above 6. The MultiSensor technique developed in this work shows to 
be important, especially for reducing the maximum error. This method also seems to be 
rather sensitive to fluorescent lamps with sharp peaks in the illumination spectrum.  
 
The best result acquired with the method using Color Matching Functions is 3.51 for 
∆E mean, and max 9.15 ∆E. For this method 42 percent of the colors have a 
reproduction error below 3 ∆E, and 9 percent have an error above 6. This is worse than 
with the filter function method. The advantage with the method using Color Matching 
Functions is that it is less sensitive to peaks in the illumination spectrum. With 
fluorescent lamps, both calibration and evaluation can be made with only a little 
degeneration compared to a more uniform illumination source. 
 
Both methods show difficulties with the same colors. The most unproblematic 
reproduction is performed with almost gray colors with less saturation, followed by 
bright colors, and the most difficult ones are dark and highly saturated colors. 

7.3 Future work 
The most obvious thing to do in the future is to evaluate methods presented in this 
work using more colors. Only 184 or 365 colors are not enough to be convinced by 
the result. Several thousand evaluation colors are probably a number one should try 
to reach. Also, to evaluate using more illuminations and different substrates is a 
good idea. A similar area is the calibration procedure. A lot of work can still be done 
to find the optimal choice of calibration colors and calibration illumination. 
 
Some other methods for finding color filter functions were presented. One of them was 
POCS, Projections Onto Convex Sets. Another method uses a monochromatic light 
source. A third uses neural networks. Promising results from these methods have been 
published in other works, and it would be interesting to further investigate them and 
compare the result with this work. 
 
The vignetting formula is to a certain extent an unsolved problem. It was very 
difficult to find any equations describing this subject. The formula created in this 
work seems to be working quite well, but improvements are possible. 
 
In this thesis work only NCS colors are used for evaluation. These are created with a 
large set of different pigments, and different colors patches are created with different 
pigments. Instead, if evaluation colors are printed with a limited number of process 
colors, like CMYK, it should be possible to recover the spectrum for each process 
color. When these spectrums are calculated, the final spectrum for each color patch 
can be created as a combination of these four process color spectrums. 
 
There are a few more very interesting improvements that would be exciting to investigate 
deeper. But these are not offered here, they will be presented in future works… 
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Appendix A 
 
Specifications Canon EOS 10D 
Type  
Type Digital, single-lens reflex, AF/AE camera with built-in flash 
Recording Medium Type I and II CF card 
Image Format 22.7 mm x 15.1 mm 
Compatible Lenses Canon EF lenses (35mm-equivalent focal length is equal to 

approx.1.6 times the marked focal length.) 
Lens Mount Canon EF mount 
  
Image Sensor  
Type High-sensitivity, high-resolution, single-plate CMOS sensor 
Pixels Approx. 6.30 megapixels (3088x2056) 
Total Pixels Approx. 6.50 megapixels (3152x2068) 
Aspect Ratio 3:2 
Color Filter System RGB primary color filter 
Low-pass Filter Located in front of the image sensor, non-removable 
  
Recording System  
Recording Format JPEG (except when Adobe RGB is set) supporting Design 

rule for Camera File system and RAW 
Image Format JPEG and RAW (12-bit) 
File Size (1) Large/Fine: Approx. 2.4 MB (3072x2048 pixels) (2) 

Large/Normal: Approx. 1.2 MB (3072x2048 pixels) (3) 
Medium/Fine: Approx. 1.3 MB (2048x1360 pixels) (4) 
Medium/Normal: Approx. 0.7 MB (2048x1360 pixels) (5) 
Small/Fine: Approx. 0.8 MB (1536x1024 pixels) (6) 
Small/Normal: Approx. 0.4 MB (1536x1024 pixels (7) RAW 
(3072x2048 pixels) RAW + Small/Normal: Approx. 6.0 MB 
RAW + Small/Fine: Approx. 6.4 MB RAW + 
Medium/Normal: Approx. 6.2 MB RAW + Medium/Fine: 
Approx. 6.8 MB RAW + Large/Normal: Approx. 6.7 MB 
RAW + Large/Fine: Approx. 8.0 MB * Exact file sizes 
depend on the subject and ISO speed. 

File Numbering Consecutive numbering, auto reset 
Color Space sRGB, Adobe RGB Standard parameters plus up to three sets 

of custom processing parameters (4 items with 5 settings 
each) can be set. 

  
White Balance  
Settings Auto, daylight, shade, cloudy, tungsten light, fluorescent 

light, flash, manual, color temperature setting 
Auto White Balance Auto white balance with the image sensor 
Color Temperature 
Compensation 

White balance bracketing: +/-3 stops in whole-stop 
increments 

  
Viewfinder  
Type Eye-level pentaprism 
Coverage 95% vertically and horizontally with respect to the effective 

pixels 
Magnification 0.88x (-1 diopter with 50mm lens at infinity) 
Eyepoint 20 mm 
Dioptric Adjustment 
Correction 

-3.0 - +1.0 diopter 

Focusing Screen Fixed, New Laser Matte screen 
Mirror Quick-return half mirror (Transmission:reflection ratio of 

40:60, no mirror cut-off with EF 600mm f/4 or shorter lens) 
Viewfinder Information AF (AF points, focus confirmation light), exposure (shutter 

speed, aperture value, manual exposure, AE lock, exposure 
compensation amount, AEB level, partial metering area), 
flash (flash ready, red-eye reduction lamp on, high-speed 
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sync, FE lock, flash exposure compensation amount), 
warnings (exposure warning, improper FE lock warning, CF 
card full warning, CF card error warning, no CF card 
warning, busy), maximum burst for continuous shooting, 
shots remaining Depth-of-field preview: Enabled with depth-
of-field preview button 

  
Autofocus  
Type TTL-CT-SIR with a CMOS sensor (TTL secondary image-

registration, phase detection) 
AF Points 7 
AF Working Range EV 0.5-18 (at 20°C, ISO 100) 
Focusing Modes One-Shot AF, AI Servo AF, AI Focus AF, Manual focusing 

(MF) 
AF Point Selection Automatic selection, manual selection, home position 
Active AF Point Indicator Superimposed in viewfinder and indicated on LCD panel 
AF-assist Beam Stroboscopic flash 
Effective Range Approx. 4.0 m/13.1 ft. at center, approx. 3.5m/11.5ft. off-

center 
  
Exposure Control  
Metering System TTL full aperture metering with 35-zone SPC (1) Evaluative 

metering (linkable to any AF point) (2) Partial metering 
(approx. 9% of viewfinder at center) 
(3) center-weighted average metering 

Metering Range EV 1-20 (at 20°C with 50mm f/1.4 lens, ISO 100) 
Exposure Control Systems Program AE (Full Auto, Portrait, Landscape, Close-up, 

Sports, Night Portrait, Flash Off, Program), shutter-priority 
AE, aperture-priority AE, depth-of-field AE, manual 
exposure, ETTL autoflash 

ISO Speed Range Basic Zone modes: Automatic 
Creative Zone Modes Equivalent to ISO 100, 200, 400, 800, 1600, and ISO 3200 

with ISO speed extension 
Exposure Compensation AEB: +/-2 stops in 1/2- or 1/3-stop increments 
Manual +/-2 stops in 1/2- or 1/3-stop increments (can be combined 

with AEB) 
AE Lock Auto: Applied when focus is achieved in the One Shot AF 

mode with evaluative metering Manual: Applied with AE 
lock button 

  
Shutter  
Type Electronically-controlled focal-plane shutter 180 

Specifications Shutter speeds: 1/4000 - 30 sec. (1/2- or 1/3-
stop increments), bulb, X-sync at 1/200 sec. 

Shutter Release Soft-touch electromagnetic release 
Self-timer 10-sec. delay 
Remote Control N3-type remote control 
  
Built-in Flash  
Type Auto pop-up E-TTL autoflash (retractable) 
Guide Number 13 (ISO 100, meters), 43 (ISO 100, ft.) 
Recycling Time Approx. 3 sec. 
Flash-ready Indicator Flash-ready icon lights in viewfinder 
Flash Coverage 18mm lens angle covered 
Flash Metering System E-TTL autoflash (linked to all AF points) 
Flash Exposure 
Compensation 

+/-2 stops in 1/2- and 1/3-stop increments 

  
External Speedlite  
EOS External Flash or 
Dedicated Speedlites 

E-TTL autoflash set with EX-series Speedlites 

PC Terminal Provided 
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Drive System  
Drive Modes Single frame, continuous, self-timer 
Continuous Shooting Speed Approx. 3 fps (at 1/250 sec. or faster speeds) 
Max. Burst During 
Continuous Shooting 

9 shots 

  
LCD Monitor  
Type TFT color liquid-crystal monitor 
Screen Monitor size 1.8 inches 
Pixels Approx. 118,000 
Coverage Approx. 100% with respect to the effective pixels 
Brightness Control 5 levels 
  
Power Source  
Battery One Battery Pack BP-511/BP-512 

AC power can be supplied via the DC coupler. 
Battery Life At 20°C / 68°F: 650 (No Flash), 500 (50% Flash Use), At 0°C 

/ 32°F: 500 (No Flash), 400 (50% Flash Use). These figures 
apply when a fully-charged Battery Pack BP-511/BP-512 is 
used. 

Battery Check Automatic 
Power Saving Provided. Power turns off after 1, 2, 4, 8, 15, or 30 min. 
Back-up Battery One CR2025 lithium battery 
  
Dimensions and Weight  
Dimensions (W x H x D) 149.7 x 107.5 x 75.0mm / 5.9 x 4.2 x 3.0 in 
Weight 790 g/ 27.9 oz (body only) 
  
Operating Environment  
Operating Temperature 
Range 

0 - 40°C / 32 - 104°F 

Operating Humidity Range 85% or lower 
  
All the specifications above are based on Canon's testing standards. 
 
Specifications Canon EF 50mm 1:1.8 II 
Angle of view (horzntl, vertl, diagnl) 40°, 27°, 46° 
Lens construction (elements/groups) 6/5 
No. of diaphragm blades 5 
Minimum aperture 22 
Closest focusing distance (m) 0.45 
Maximum magnification (x) 0.15 
AF actuator Micro Motor 
Filter diameter (mm) 52 
Max. diameter x length (mm) 68.2 x 41 
Weight (g) 130 
Magnification - Extension Tube EF12 II 0.39 - 0.24 
Magnification - Extension Tube EF25 II 0.68 - 0.53 
Lens hood ES-62 
Hard case LH-B9 
Soft case ES-C9/LP1014 
G.F.Holder III (hood III*) (2) 
G.F.Holder IV (hood IV*) (1) 
 


