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Instrument considerations for brightness measurement in a Colour Dirt Speck Counter

Catrin Gustafsson

In the process of recycling paper, printing inks are removed but even after the most efficient de-inking,
some particles remain. These particles strongly affect the brightness and shade of printing papers made
from the recycled pulp.
 
The reason for measuring the brightness without being disturbed by dirt specks is to more efficiently
control the process of bleaching in a recycled fibre process. There is no use of trying to bleach the dirt
specks, only the fibres can be bleached and therefore this is the material which is interesting to measure.

It is not possible to measure the fibre brightness (reflectance factor) in a conventional instrument such as
the Elrepho or other corresponding instrument without including any dirt specks in the sample. This
work aimed at implementing a method in which the brightness of paper is evaluated from an image,
where dirt specks can be identified and removed by image processing, thus giving a measurement of the
fibres only.

An existing instrument, Colour Dirt Speck Counter, was investigated with this purpose. A calibration
routine was implemented. Several different light sources were tested, with the purpose of getting reliable
measurements of the reflectance factor of paper at short wavelengths. Samples made of pure mechanical
wood pulps were evaluated; the result from the Elrepho was regarded as a reference since it is the
standard instrument. The Colour Dirt Speck Counter ranked the samples in the same order as the
Elrepho if data were evaluated at the intensity peak of a white LED illumination, 470 nm. No other light
source gave this result. A considerable variation between the darkest and brightest pixel was found in
the images. It is suggested that this is due to the structure of the paper where fibres appear brighter than
the spaces between them. 

Colour Dirt Speck Counter, brightness measurement, reflectance factor, Elrepho, paper optics, image
analysis, Scanner Oden
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Abstract 
In the process of recycling paper, printing inks are removed but even 
after the most efficient de-inking, some particles remain. These 
particles strongly affect the brightness and shade of printing papers 
made from the recycled pulp.  

The reason for measuring the brightness without being disturbed by dirt 
specks is to more efficiently control the process of bleaching in a 
recycled fibre process. There is no use of trying to bleach the dirt 
specks, only the fibres can be bleached and therefore this is the material 
which is interesting to measure. 

It is not possible to measure the fibre brightness (reflectance factor) in a 
conventional instrument such as the Elrepho or other corresponding 
instrument without including any dirt specks in the sample. This work 
aimed at implementing a method in which the brightness of paper is 
evaluated from an image, where dirt specks can be identified and 
removed by image processing, thus giving a measurement of the fibres 
only. 

An existing instrument, Colour Dirt Speck Counter, was investigated 
with this purpose. A calibration routine was implemented. Several 
different light sources were tested, with the purpose of getting reliable 
measurements of the reflectance factor of paper at short wavelengths. 
Samples made of pure mechanical wood pulps were evaluated; the 
result from the Elrepho was regarded as a reference since it is the 
standard instrument. The Colour Dirt Speck Counter ranked the 
samples in the same order as the Elrepho if data were evaluated at the 
intensity peak of a white LED illumination, 470 nm. No other light 
source gave this result. A considerable variation between the darkest 
and brightest pixel was found in the images. It is suggested that this is 
due to the structure of the paper where fibres appear brighter than the 
spaces between them.  
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1. Introduction 
By definition it is always a problem, or not even possible, to measure 
the pulp/fibre brightness in a conventional instrument such as the 
Elrepho or other corresponding instrument. This is due to the fact that 
these devices also measure the surfaces covered by the dirt specks. 
Holmen Paper AB have discovered that it could be possible to measure 
the fibre/paper brightness either by measuring locally in between the 
remaining ink particles, or by measuring a larger surface, and then 
exclude the dirt specks by means of the image analysis software. 

The objective with this thesis is to be able to control the bleaching 
action of the pulp fibres and the ink elimination in the de-inking pulp 
lines separately. It will also become possible to validate the data we get 
from the combination of ordinary ISO brightness and ERIC (Efficient 
Residual Ink Concentration), as these methods cannot take actual 
brightness and ink particle size distribution in consideration.  

1.1. Previous Work on 
the Current Problem 
A technique to measure very small size of dirt specks in paper from 
recycled fibre was developed during 1994-1995. It was a co-operation 
between Holmen Paper AB and Halmstad University. New cameras, 
colour separation techniques and faster computers made it possible to 
develop a detailed method that in a better way could handle the grey 
thresholding problem than earlier systems. 

A second generation of this instrument has been developed during 
1999-2001. This project resulted in three measuring devices placed at 
Braviken Paper mill, Halmstad University and Darmstadt Technical 
University. Prof. Antanas Verikas and M.Sc. Engineering. Lars 
Bergman developed the software at Halmstad University. 

During 2003 two theses were published, one by Anette Magnusson [24] 
and another by Mattias Brodén [25]. The work by Magnusson showed 
that there is a possibility to measure brightness and colour dirt speck 
distribution simultaneously. Both Magnusson and Brodén made the 
conclusion that the instrument needs to be complemented with new or 
different illumination. 
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1.2. Aim of the Thesis Work 
In this thesis the goal is to further develop the above mentioned dirt 
speck measurement technique in such a way that we also can measure 
the correct pulp brightness without being disturbed by the presence of 
dirt specks of different sizes and colours. 

The brightness can be calculated with the theory of Kubelka-Munk and 
that is why it is important to be able to measure the true reflectance of 
paper without being disturbed by the dirt specks. 

The first question that had to be answered was if the device was 
suitable for measuring the reflectance of paper. Differences on at least 
0.5% should be able to be measured and the result should be 
comparable with the Elrepho. This means that if the experiment from 
the Colour Dirt Speck Counter can be matched up to the ones from the 
Elrepho, the instrument is suitable for measuring the reflectance on 
paper. 

The aim is to learn more about the instrument find a suitable light 
source and calibrate the raw image to get a reliable result to analyse. 
When illuminations from different suppliers were tried out, the primary 
aim was to see if there was any strong signal in the short wavelength 
area, 400-500 nm. 

The reason the range around 457 nm is of interest is because of the 
tradition to measure pulp brightness in the range of short wavelengths. 
It is also in this range large differences are discovered when pulp is 
bleached. Other parts of the spectrum are interesting when other 
characteristics are of interest. 

The thesis is concentrated on: 

• What is the instrument intended for 
• How does it work 
• Calibration of the instrument 
• Illumination 
• Geometry 
• Detection 
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1.3. Outline 
This report is divided into five parts. The first section, the introduction, 
brings up the background of the problem, the aim, limitations and 
method used. This is followed by section two, a theoretical background, 
which bring up, pulp and paper, light and colour briefly. In the same 
section there are more details about standardized measurement of 
optical properties, illumination and calibration. The third section deals 
with the results and the discussion of the results. The conclusion from 
the result can be read in section four and finally section five suggests 
future work. 

1.4. Method 
The author has obtained her material from several different experiments 
performed with the present Colour Dirt Speck Counter device and the 
Elrepho at Braviken Paper Mill. A third measuring device, by the name 
Scanner Oden, similar to the Colour Dirt Speck Counter, has been 
tested at the Department of Science and Technology, University of 
Linköping. 

The first month was dedicated to literature studies of paper optics and 
previous work, the instrument was investigated and especially the 
illumination. The following month’s illumination and paper samples 
were ordered and tested. More information about paper, light and light 
sources was gathered. A calibration method for correction of digital 
images was developed with Matlab. A few weeks were spent at the 
Department of Science and Technology using the Scanner Oden 
instrument. The last month of this project was spent on analysing the 
results in depth and writing this report. 

The sources used to acquire all the necessary information were Internet, 
books, articles and personal contacts. 

1.4.1. Description of Instrument 

L&W Elrepho® 
The instrument L&W Elrepho® is used in the paper industry for 
measuring the colour, the brightness and the opacity of paper sheets [8]. 
It is manufactured by the company Lorentzen & Wettre. 

The instrument consists of an optical part with optics and 
spectrophotometer [8]. A PC controls the instrument with the software 
L&W Brightness. Tools for calibration and control are also 
implemented in the instrument. 
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A technique with two rays is used by the spectrophotometer to measure 
the reflectance [8]. These determine the difference between the 
reflectance of the sample and the reflectance of the inside of the sphere 
and compensate for the variations depending on the light intensity of 
the lamp. The illumination is made of a sphere where the inside is 
covered by barium sulphate (BaSO4) and the light source is a pulsed 
xenon lamp. This light is filtered to be as off to D65 (daylight with UV) 
as possible. A filter can be used to cut off wavelengths below 395, 420 
and 460 nm. The instrument has a gloss trap that eliminates direct 
reflection. Figure 1.a shows the spectrophotometer. 

The reflectance is detected at 0° [8]. This is the geometry d/0° 
according to ISO 2469. The instrument is constructed to measure 
reflection in intervals of 5 or 10 nm, in the visible spectrum. 

 

Figure 1.a: Spectrophotometer [4]. 

To calibrate the instrument a non-reflective standard with 0% 
reflectance and a white reference standard with specific reflectance 
factor for 16 or 31 wavelengths shall be used [8]. Preferable to use is an 
ISO-standard so the calibration can be traced. 

When the measurements with the Elrepho were generated the L&W 
Routine SE070R was followed. The values were saved and analysed 
with Matlab. No calibration after has been done, since there is a routine 
for calibration and the output is not raw data. 
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Colour Dirt Speck Counter 
The Colour Dirt Speck Counter is designed to measure the size and 
distribution of rest ink specks of different colours in pulp and paper. 

This instrument generates multispectral images, using a CCD-camera 
(charge-coupled device) and an electronic filter [9]. The computer 
calculates the distribution in size and rest inks from converted RGB-
images. The multispectral images contain intensity images from 32 
different wavelengths between 400 and 710 nm. This makes it possible 
to study one wavelength at the time. The table where the paper sheet is 
placed can be controlled in direction of x and y. 

The Colour Dirt Speck Counter, also known as the Halmstad 
instrument is illustrated with a simple sketch in Appendix B. The whole 
instrument is isolated from surrounding illumination since it is placed 
inside a box. 

Machine vision is the ability of a computer to see. The machine-vision 
system in this case utilizes a monochrome CCD-camera, a lens and an 
analogue-to-digital conversion (ADC) with 8-bit. Figure 1.b shows the 
spectral characteristics for the camera, a Sony XCD-SX900. The 
camera can move in the direction of z to focus on the sample. 

Two important variables to handle are the shutter and gain. These are 
controlled by the software or simply written in a text file and imported. 
The camera provides a manual variable gain function. The variable 
range is 0 to + 18 dB and the gain control amplifier is not linear. 
Shutter mode repeats exposures and is useful for capturing continuous 
images.  

The resolution is such that an image consists of 1280x960 pixels 
recorded from an area approximately 2.9 x 2.2-mm2 [9]. 
1 pixel = 2.27 μm. 

The data is saved in a file with the extension isf and contains data 
according to Table 1.1. The information retrieved from the file and 
used for the experiment is data, containing all pixel values from the 32 
wavelengths. 

The filter used is a liquid crystal tunable filter (LCTF) [9]. The filter is 
electronically controlled from 400-710 nm with a sampling width of 10 
nm creating 32 intensity images. This means that the filter only 
transmits one wavelength at the time, creating a multispectral image 
using the monochrome camera. Figure 1.c shows the transmittance 
functions of the tunable filter.  
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Table I: Information retrieved from the file generated from software. 

id 72 

ver 257 

nband 3 

nchan 32 

nclass 4 

shutter [32x1 double] 

gain [32x1 double] 

filter [32x3 double] 

fltgain [3x1 double] 

bytes 1228800 

width 1280 

height 960 

data [32x960x1280 uint8] 

class [960x1280 double] 
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Figure 1.b: Spectral characteristics for the camera Sony XCD-SX900 
[10]. 

Figure 1.c: The transmittance functions of the tunable filter [11]. 
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Scanner Oden 
The Scanner Oden is located at the Department of Science and 
Technology, University of Linköping, Campus Norrköping, and is the 
property of Centre for Creative Media Technology. The instrument is 
illustrated with a simple sketch in Appendix B. 

The Scanner Oden system is built in an electronic cabinet [12]. The 
entire system including the computer is mounted in the cabinet. There 
are six different motor driven operations for the system. The operation 
x and y gives movement in the x respectively the y direction. The 
operation phi makes the whole x and y table rotate around the optical 
axis of the camera from 0° to 360°, clockwise. The operation beta can 
be used to adjust the incoming angle of the illumination. It has to be 
manually adjusted before the measurements take place. The operation 
filter consists of two parts. There is room for 20 different filters. First 
the filter’s position, from 1 to 20 and second the transport of the 
illumination can be chosen. The sample can be illuminated transmitted 
(opposite side of camera and sample) or directional. There is only one 
light source available, but the light can illuminate the sample from two 
different directions and with 20 different filters. The operation focus 
can move the camera in the direction of z to focus on the sample. The 
movement is perpendicular to the sample. The software produces an 
image that is saved as a portable network graphics (png) file with 16 
bits. 

The illumination is a 150W halogen lamp with infrared filter and iris 
diaphragm [12]. The intensity of the illumination can be adjusted via 
the software on the computer. The light is transported using fibre optics 
to the different filters and further on the sample via transmitted or 
directional illumination. Different enlarging lenses are available and are 
screwed into a diaphragm body. 

The illumination was manually adjusted to 45˚ as even as possible over 
the paper surface. Detection in 0˚ and all samples was placed horizontal 
to the illumination. The lens has a dimension of 25 mm. This 
dimension was chosen so the measuring area would be as similar to the 
Elrepho as possible. 

Since this device is very new and has not yet been calibrated it is even 
more important that all measurements take place under the same 
conditions. Every generated image is calibrated with flat-field 
correction to obtain even illumination over the surface. The same paper 
samples were used for the measurement as for the Elrepho and the 
Colour Dirt Speck Counter. The standard was attached and all samples 
were placed on exactly the same place so the edge would not move. 
The blue, green and red filters were available. All measurements took 
place for each filter before the filter changed. The intensity of the 
illumination was adjusted so the pixel values should not reach the 
maximum value. Focus on the paper was avoided. 
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PR-650 SpectraScan SpectraColorimeter 
The Spectracolorimeter is located at the Department of Science and 
Technology, University of Linköping, Campus Norrköping. This 
instrument is a portable, spectrally based telephotometer/colorimeter 
from the supplier Photo Research [13]. It can perform photometry, 
colorimetric and radiometric measurements. The software used along 
with the instrument is SpectraWin® Version 2.0.5. 

The Spectracolorimeter was pointed directly against the light source or 
the filter output. When measuring on the reflectance standard from 
Photo Research the light source was pointed vertical to the standard and 
the Spectracolorimeter measured through the illumination. The 
instrument is located in a room without windows or other lights that 
can disturb the measurements. 

1.4.2. Method when analysing 
the Colour Dirt Speck Counter 
The first tests are made to learn more about the Colour Dirt Speck 
Counter, the instrument features and how the software works. Most 
often used for measurements, at an early stage, is the reference standard 
from STFI. Later on during this thesis the different samples are tested 
and the standard is used as the flat-field frame. When the light source is 
tested the original illumination is removed and replaced by the light 
source of current interest. 

When using fibre optics, the light source used is the DCR III [26]. It is 
a DC-regulated 150W halogen lamp that provides intense, cold 
illumination for machine vision application. A cold lamp typically 
takes 25 minutes to stabilize within 1% or better. 

This was implemented along with ringlights. Due to mechanical 
problems, the ringlight needed more space to be used in a proper way. 
The ringlight was turned upside-down with the dome on top with the 
purpose to reflect the light down towards the sample. A temporary 
dome made out of ordinary office paper was created. This mechanical 
problem can be solved with a smaller ringlight, available on the market, 
but it could not be borrowed at the moment. 
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1.4.3. Information about material used 
Information about the 5 mm LED from Labb Elektronik and ELFA is 
found in Table X and Table XI in Appendix C. 

Information about the fibre optics from supplier Tekno Optik AB is 
found in Table XII in Appendix C. 

Information about the coaxial LED from supplier Parameter AB is 
found in Table XIII Appendix C. 

1.4.4. Samples 
From different paper mills and stage in the process the pulp is gathered 
and hand sheets are made. The reason that these samples are chosen is 
that they are made of pulp that does not contain any de-inked pulp. 
When measuring the reflectance, remaining ink particles will not 
disturb the result. Since they are taken from different step in the 
process, they will also have different reflectance characteristics. 

Two different types of pulp were chosen, thermomechanical pulp, TMP 
and groundwood, GW. In the TMP process, wood is softened and 
separated into fibres and fines by extensive mechanical action in a chip 
refiner. GW means that wood logs are ground against a grindstone, 
which removes fibres and fragments of fibres from the log. 

The sheets are made from the pulp by hand, so-called laboratory hand 
sheets according to the Rapid-Köthen method, ISO 5269-2. 

From Wargön Paper Mill the samples made of GW are gathered. The 
unbleached GW is taken before the bleaching process and the bleached 
GW after the bleaching, as the name indicates. 

From Hallsta Paper Mill the samples made of TMP are gathered. The 
unbleached TMP is taken before the bleaching process and the 
bleached TMP after the bleaching, as the name indicates. 
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2. Background 
2.1. Pulp and Paper 

Braviken paper mill outside Norrköping manufactures paper for the 
newspaper and telephone directory industry. 

The de-inked pulp (DIP) process works like a big washing machine. 
Old newspapers and office paper are dissolved, the old ink is removed 
and the fibres become clean. For more information on recycled fibre 
and the process of de-inking the author refers to Göttsching & 
Pakarinen [29]. 

The level of success in a bleaching operation is indicated with 
brightness and is based on the interaction of light with paper [3]. 
Reducing the concentration of light absorbing constituents with 
chemical bleaching makes the paper reflect more light. When the 
reflectance is improved, which is the purpose of bleaching; the progress 
is also being monitored. Brightness was initially designed to monitor 
the effectiveness of bleaching. Section 2.3.1 brings up more about ISO 
brightness. 

2.2. Light and Colour 
Light and colour is a complex area to explain in just a few words, 
therefore the author refers to Sharma in the subject of colour imaging 
[28] and Tilley in the subject of optical properties of materials [1]. 
Figure 2.a illustrates that visible light is only a small part of the full 
spectrum [4]. The visible spectrum stretches from 380 nm to 720 nm. 
At wavelengths shorter than the blue light, the radiation is called 
ultraviolet (UV) and longer wavelengths than the red light is called 
infrared (IR). 

It has been found that the majority of colours can be produced by 
mixing just three additive primary colours, red green and blue (RGB) 
[1, 31]. Mixing red, green and blue light results in white light as shown 
in Figure 2.b. Adding blue and red results in magenta, blue and green 
results in cyan and red and green results in yellow. 

The Commission Internationale de l’Eclairage (International 
Commission on Illumination, CIE) has defined a number of standard 
illuminants for use in colorimetry of non luminous reflecting objects. 
For details the author refers to Sharma [28] and Tilley [1]. The power 
distributions for standard illuminants A, C and D65 are shown in 
Figure 2.c [4]. Standard illuminant C corresponds to white daylight 
while illuminant D65 corresponds to daylight with a higher UV 
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component. Standard illuminant A corresponds to the light from an 
ordinary bright lamp. 

 

 

Figure 2.a: Visible light is only a small part of the full spectrum [4]. 

 

Figure 2.b: Colours by addition [28]. 

 

Figure 2.c: The power distributions for standard illuminants A, C and 
D65. 
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2.2.1. When Light Hits Paper 
A paper is a complex structure consisting mainly of fibre network, filler 
pigment particles and air [4]. In a paper, diffuse reflection, refraction, 
diffraction and absorption take place. Light scattering is summarized by 
reflection, refraction and diffraction and scattering is an important 
property within the field of paper technology. 

Light is reflected at fibre and pigment surfaces in the surface layer and 
inside the paper structure and some light is absorbed [4]. After a 
number of reflections and refractions, a certain proportion of the light 
reaches the paper surface again and is then reflected at all possible 
angles from the surface. Diffraction is only one aspect of the light 
scattering phenomenon and it occurs when the light meets particles or 
pores which are smaller than the wavelength of the light.  

 

Figure 2.d: Reflection, refraction, diffraction and absorption occurs 
when light interacts with paper [4]. 

2.2.2. The Kubelka-Munk Theory in General 
The kubelka-Munk theory is used within the paper industry to calculate 
a light scattering and a light absorption coefficient, s and k, from 
measured reflectance factors [4, 5]. The k-value is directly proportional 
to the amount of light absorbing material in the sample at a given 
wavelength, whereas the s-value is a measure of the ability of the sheet 
to scatter light diffusely (i.e. in all directions, excluding surface 
reflection, gloss, and fluorescence). This division is useful since it 
allows the papermaker to distinguish between processes that are related 
to the amount of colour in the pulp and processes which affect the 
structure of the paper. 
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2.3. Measurement of 
Optical Properties 
ISO [6] (International Organization for Standardization) is the world's 
largest developer of standards. ISO is a network of the national 
standards institutes of 146 countries, on the basis of one member per 
country, with a Central Secretariat in Geneva, Switzerland, those co-
ordinates the system.  

STFI-Packforsk [7] is the Swedish pulp, paper, packaging and logistics 
research institute. This is an authorised institute, which regularly sends 
out standards of calibration. Example of these standards can be seen in 
Table VIII and Table IX in Appendix A.  

2.3.1. Reflectance Factor 
The reflectance factor depends on the conditions of measurements, 
mostly the spectral and geometric features of the instrument used [27]. 

The diffuse reflectance factor, R is the ratio, expressed as percentage, 
of the radiation reflected by a body to that reflected by the perfect 
reflecting diffuser under the same conditions [27]. 

The perfect reflecting diffuser is a basic theory within optics, but no 
material with reflectance of one hundred per cent exists [4, 5]. 
“Reflectance values are indicated in relation to the perfect reflecting 
diffuser and are called reflectance factors”. 

One important parameter, that affects the sheet, is the background, 
since the paper is transparent [4, 5]. To remove this influence on the 
reflectance factor, the sheet is placed on an opaque pad of paper. There 
should be no change in the reflectance factor when the thickness of the 
pad is increased by doubling the number of sheets. The value is then 
called the reflectivity or the intrinsic reflectance factor and the 
designation is R∞. 

The reflectance factor over a black background is a single sheet with a 
black cavity [4, 5]. R0 is a way to measure the non-transparency of the 
material and the value is included in the concept of opacity. 

The ISO brightness is measured at 457 nm and is called the diffuse blue 
reflectance factor, R457 [27]. This is achieved when the intrinsic 
reflectance factor is measured with a reflectometer having the 
characteristic described in ISO 2469. 
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2.3.2. Geometry for Optical Measurement 
According to ISO 2469 the instrument shall have a diffuse illumination 
created with an optical sphere [4, 5]. It shall also be fitted with a gloss 
trap. Finally the instrument shall be calibrated in accordance with the 
requirements. 

The geometry d/0° as shown in Figure 2.e is created with a sphere, 
coated with barium sulphate on the inside [4, 5]. The measurement is 
made perpendicular to the sample. The illumination is diffuse so that 
neither the detector nor the sample is illuminated directly. The 
instrument shall have a gloss trap that eliminates direct reflection. 

 

Figure 2.e: Geometry d/0° [4]. 

When measuring colour, illumination often is at an angle of 45° and the 
measurement is made perpendicular to the sample [4, 5]. This is 
referred to as the geometry 45°/0° illustrated with Figure 2.f. One 
advantage with this geometry is that gloss reflection can be screened 
more efficiently. On the other hand the disadvantage is that the result is 
dependent on the structure of the sample surface. 

 

Figure 2.f: Geometry 45°/0°. 
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2.4. Illumination  
2.4.1. Light Emitting Diodes, Halogen and Xenon 

A Light emitting diode (LED) light source lasts longer than 
conventional lamps since they do not have a filament that will burn out 
[2]. Their small plastic bulb makes them a lot more durable and fit 
more easily into modern electronic circuits. Efficiency is the main 
advantage because conventional bulbs generate a lot of heat (the 
filament must be warmed) which is a waste of energy. Light emitting 
diodes generate very little heat since the electrical power is going 
directly to generating light. The characteristic for the spectrum is the 
peaks, with a rather narrow bandwidth, at specific wavelengths. Figure 
2.g shows the spectrum for the LED light source. The LEDs are 430 
nm, white and 590 nm. 

 

Figure 2.g: Spectrum of LEDs 430 nm, white and 590 nm [2]. 

A halogen light source uses tungsten filament and gas from the halogen 
group [2]. The characteristic for this illumination is that it lasts long 
since it produces more light per unit of energy than a regular light bulb. 
One disadvantage is that the filament gets extremely hot. The lamp is 
larger than the light emitting diode, but can be used together with e.g. 
fibre optics. The spectrum characteristic is linear over the range 400-
700 nm. Figure 2.h shows the spectrum for a halogen light source. 
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Figure 2.h: Spectrum for a halogen light source [2]. 

A xenon light source has the same benefit as the halogen lamp, it lasts 
long [2]. The spectrum characteristic is continuous over the range 400-
700 nm. Figure 2.i shows the spectrum for a xenon light source. 

 

Figure 2.i: Spectrum for a xenon light source [2]. 

2.4.2. Fibre Optic System 
Fibre optic illumination has many benefits [14]. The light source is 
isolated from the light output. This gives the freedom to design a 
scheme where installation of a bulb would otherwise be a mechanical 
problem. When using a single lamp to illuminate the sample the 
maintenance requirements are simplified. There is no heat at the point 
of light output and therefore heat sensitive items can be lit. 
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2.4.3. Illumination Techniques 
Front ring brightfield illumination, illustrated with Figure 2.j, is an 
intense shadow-free even illumination for general purpose [15]. Its 
advantages are that the light is non-directional and it eliminates 
contrasts. A disadvantage can be that it is not suitable for highly 
reflective surfaces. This system can be implemented with e.g. LED 
ringlight or fibre optic ringlight. 

Figure 2.j: Front ring brightfield illumination [15]. 

With coaxial illumination, illustrated with Figure 2.k, the light will be 
coupled into the axis of the camera by means of a beam splitter [15]. 
There are several advantages such as it eliminates shadows, makes the 
illumination uniform across field of view and is useful for highly 
reflective surfaces. That it requires space for implementation and 
reduces light output is a disadvantage. This system can be realised with 
e.g. LED Spotlight with custom light guide solution for microscopes. 

Figure 2.k: Coaxial illumination [15]. 
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The diffuse dome illumination is created when the camera looks 
through an opening in the dome onto the sample as illustrated in Figure 
2.l [15]. A dome makes the front light non-directional and completely 
diffused; it eliminates glare and shadows. This technique requires space 
for implementation, which is a disadvantage, it also reduces light 
output. LED ringlight with dome attachment or fibre optics ringlight 
with dome attachment can realise the system. 

Figure 2.l: Diffuse dome illumination [15]. 

2.5. Calibration 
2.5.1. Raw Image 

A digital image acquired from a camera or other optical device is a raw 
image prior to processing and adjustment of critical pixel values [17]. 
This image usually exhibits noise arising from the optical and capture 
system, such as distortions from the lens, detector irregularities, dust, 
scratches, and uneven illumination. Errors in the raw image are 
manifested as dark shadows, excessively bright highlights, specks, 
mottles, and intensity gradients that alter the true pixel values. 

2.5.2. Flat-Field Correction 
of a Digital Image 
When applying flat-field correction techniques to a raw digital image it 
can often ensure photometric accuracy and remove common image 
defects [17]. These correction steps should be undertaken before 
measuring light amplitudes or obtaining other quantitative information 
from pixel intensity values, although the corrections are not necessary 
in order to display or print an image. Flat-field and background 
subtraction techniques usually require collection of additional image 
frames under conditions similar to those employed to capture the 
primary raw specimen image. 
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A flat-field reference frame is obtained by removing the sample and 
capturing the featureless view field at the same focus level as the raw 
image frame [17]. The flat-field reference frames should display the 
same brightness level as the raw image and take advantage of the full 
dynamic range of the camera system to minimize noise in the corrected 
image. In order to compensate for noise and low intensity, flat-field 
reference frames can be exposed for longer periods than those used for 
capturing raw images. Several averaged frames (3-20) can be added 
together to create a master flat-field reference frame with a very low 
noise level. 

A CCD (charge-coupled device) is an electronic instrument for 
detecting light [18]. A CCD uses a thin silicon wafer chip. The chip is 
divided into thousands or millions of light sensitive squares or 
rectangles. Each square corresponds to an individual pixel in the final 
image and the squares or rectangles are often referred to as pixels. 

One drawback to this sensitivity is that the light sensitive squares also 
pick up electrons generated by heat within the camera [18]. They can 
detect electronic noise generated by the CCD chip itself. The amount of 
noise created by the CCD chip is known as dark current. Dark current 
is a function of temperature and cooling the CCD chip can remove 
much of the noise. However, not all noise is eliminated and dark frames 
are important to remove much of the remaining noise.  

A dark frame taken at the same temperature as a raw image will have 
approximately the same noise [18]. One technique is to take multiple 
dark frames at the same temperature and then average these to get a 
better model for the noise in an image. This will also tend to cancel out 
any slight variations in temperature between the images. 

Dark frames are generated by integrating the image sensor output for 
the same period as the raw image, but without opening the camera 
shutter [17]. Master dark frames can be prepared by averaging several 
individual dark frames together to increase signal intensity. 

Once the necessary frames have been collected, flat-field correction is a 
relatively simple operation that involves several sequential functions 
[17]. First, the master dark frame is subtracted from both the raw image 
and flat-field reference frames, followed by the division of the resulting 
values. In effect, the flat-field frame divides the raw frame after the 
dark frame has been subtracted from each frame, see Formula 2.1. 
Individual pixels in the corrected image are constrained to have a grey 
level value between 0 and 255, as a precaution against sign inversion in 
cases where the dark reference frame pixel value exceeds that of the 
raw image. 
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FFCI = Flat Field Correction of Image 
RI = Raw Image 
DRF = Dark Reference Frame 
FFFR = Flat Field Reference Frame 

 

 = FFCI  − RI DRF
 − FFRF DRF  

Formula 2.1 

 

2.5.3. Bias Correction 
Bias describes the variation from pixel to pixel in zero point, in a CCD 
camera [18]. Each pixel has a slightly different base value, and this bias 
is removed using a bias frame. A bias frame can be used if the dark 
frame and the raw image are not equal in exposure time. However if 
they are equal there is no need to use a bias frame. Ideally a bias frame 
is an exposure of zero length or in reality the shortest possible exposure 
time. The camera shall have the same temperature as the dark frame, 
which will be scaled with the bias frame. All frames shall be taken 
under the same temperature of the camera. 
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3. Result and Discussion 
The first question that had to be answered was if the measuring device, 
the Colour Dirt Speck Counter, was suitable for measuring the 
reflectance factor of paper. Differences of at least 0.5% should be able 
to be measured and the results should be comparable with the Elrepho. 
If the values obtained with the Colour Dirt Speck Counter should not 
show the same trends as the Elrepho measurements, it does not 
necessarily mean that the Colour Dirt Speck Counter is wrong: A 
satisfactory explanation to why the differences occur is however 
required. 

3.1. Elrepho 
Table IV shows measured reflectance factors for different wavelengths 
from the instrument Elrepho and is illustrated with Figure 3.a, which 
shows the reflectance factors over the visible range of wavelength of 
selected sheets of pulp and paper. The spectra illustrate the reflectance 
factors as a function of wavelength. Figure 3.b shows the same 
measurement enlarged. 

The reflectance factors were always lower in the short range of 
wavelengths. This is always the case with mechanical pulp, TMP and 
GW due to the strong light absorption of lignin at short wavelengths. In 
the case of bleaching pulp, the biggest differences can be found 
between 400-500 nm which is shown in Figure 3.a. The red curve in the 
Figure 3.a, illustrating the reference sample from STFI, did not follow 
the other curves since this sheet is made of fully bleached cotton and 
does not contain light absorbing substances to the same extent as 
mechanical pulps. Table II describes the different samples used. The 
reflectance factors are reported as the ISO brightness in Table III i.e. 
calculated using a narrow weight function which peaks at 457 nm. This 
table also shows the achieved values for s, k and y-values.  

The instrument Elrepho is the recognised device used in the paper 
industry for measuring the reflectance factor. When the measurements 
from the Colour Dirt Speck Counter were being analysed the values 
from the Elrepho were refereed to as the standard. 

The reflectance factors were the expected. It was natural to assume that 
the bleached samples would have a higher reflectance factor than the 
unbleached. The sheets made of GW should also have a higher 
reflectance factor than the TMP since GW is known to scatter the light 
more effectively. 
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Table II: The table shows description of samples used during 
measurement with the instrument Elrepho 

Name Pulp Paper Mill Colour in 
the diagram 

Abbreviation 

Bleached GW Spruce Wargön Blue BGW 

Bleached TMP Spruce Hallsta Green BTMP 

Unbleached GW  Spruce Wargön Magenta UGW 

Unbleached TMP Spruce Hallsta Black UTMP 

Table III: The table shows measurement with the instrument Elrepho. 
The achieved values are the reflectance factors, y-values, s and k. 

Name D65 
R457
% 

C 
R457
% 

D65/10 
Y-value 

C 
Y-
value 

C/2 
s 

C/2 
k 

BGW 74.37 74.2 83.72 84.16 351.3 5.24 

BTMP 69.71 69.7 82.09 82.74 299.62 5.4 

UGW 67.99 67.98 79.82 80.5 383.68 9.06 

UTMP 58.65 58.65 72.86 73.73 313.58 14.68 

Table IV: The table shows measured reflectance factors for different 
wavelengths from the instrument Elrepho. 

Wl 
[nm] 

BGW 
R% (C) 

BTMP 
R% (C) 

UGW 
R% (C) 

UTMP 
R% (C) 

400 46.51 38.21 34.58 29.93 

420 61.64 55.37 53.83 46.23 

440 70.82 65.82 64.63 55.32 

460 75.74 71.42 69.76 60.11 

480 79.18 75.41 73.1 63.67 

500 81.52 78.51 75.66 66.74 

520 82.97 80.75 77.67 69.47 

540 83.92 82.32 79.49 72.03 

560 84.57 83.43 81.09 74.46 

580 85.12 84.38 82.58 76.69 



   24

600 85.79 85.17 83.94 78.71 

620 86.86 86.4 85.16 80.58 

640 87.89 87.93 86.3 82.27 

660 88.45 88.77 87.26 83.72 

680 88.68 89.15 88.03 84.96 

700 88.65 89.28 88.43 85.77 

 

 

Figure 3.a: Measurement with the Elrepho. The reflectance factors over 
the visible range of wavelength. 

Red - Reference standard from STFI 
Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 
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Figure 3.b: Measurement with the Elrepho, enlarged. The reflectance 
factors over the visible range of wavelength, enlarged. 

3.2. Colour Dirt Speck Counter 
The Colour Dirt Speck Counter was investigated systematically, firstly, 
by measuring STFI standards and secondly, by measuring the same 
series of samples as shown in Figure 3.a. 

3.2.1. Original Illumination 
In a previous thesis it was shown that the original illumination did not 
give enough output around 450 nm [24], which is the most interesting 
region of the spectrum to determine the state of bleaching of a pulp. 

Figure 3.c shows a measurement of the STFI reference standard using 
original illumination. It is a raw image that has not been calibrated. 
Since the STFI standard gave high and uniform reflectance factor over 
the spectrum, this measurement effectively shows the spectrum of the 
original illumination. The blue curve is the maximum value, the green 
curve is the mean value and finally the red is the minimum value. The 
maximum value is the brightest pixel for each wavelength and the 
minimum value is the darkest pixel. The mean value is the mean for all 
the pixels for each wavelength. Following the green curve which 
illustrates the mean values for each wavelength, the result was that the 
strongest signals were around 470 nm and 530-620 nm. The shape of 
this curve did not at all follow the one achieved with the Elrepho; 
compare the red curve in Figure 3.a.  

Red - Reference standard from STFI 
Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 
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This meant that result reported in earlier thesis was confirmed. The ISO 
brightness, which is measured at 457 nm, was judged as the interesting 
wavelength and no strong signal was detected here. The questions was 
now how weak can the signal be before it consist of only noise and 
dark currents and can a stronger signal be detected with different 
illumination or geometry. 

 

Figure 3.c: Measurement with the original illumination on the 
instrument for counting dirt specks. 

3.2.2. Dark Currents 
The Figure 3.d  shows the noise caused by the dark current in the 
camera. The blue curve is the maximum value, the green curve is the 
mean value and finally the red is the minimum value. The noise was 
uniform over the range 400-710 nm. There was 0-100 grey values (after 
normalization) and the values from the noise varies from 1-9 as the 
Table XIV in appendix D shows. 

Analysing the dark frames indicated that there were some dark currents. 
When calibrating the images the dark currents were also taken under 
consideration. If the signal was greater than this maximum value there 
was a signal to analyse. More than one dark frame has to be generated 
since the noise is not uniform over the chip, according to the earlier 
thesis by Brodén [25]. 

Blue – Maximum 
Green – Mean 
Red – Minimum 
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Figure 3.d: Measurement on the Colour Dirt Speck Counter showing 
dark currents from the camera. 

3.2.3. Blue LED and Original Illumination 
The Figure 3.e shows the reflectance factors for measurement on the 
reference standard from STFI using the new illumination with blue 
LEDs. The blue curve is the maximum value, the green curve is the 
mean value and finally the red is the minimum value. The peak value 
was around 460 nm. The idea was to se if the original illumination 
could be complemented with blue LEDs so that they together would 
give a stronger signal at short wavelengths. 

The blue LEDs were too weak to give a strong signal that could 
complement the original illumination. Figure 3.c shows that the 
reflectance factor was approx. 30% at 460 nm. Figure 3.e shows that 
the blue LEDs gave less than 20% at the same wavelength. This is 
probably low enough to make the contribution from noise significant. 

The experiment showed that also the viewing angle was important for 
the result. If the viewing angle was too narrow the light would not 
cover the entire area of measurement. 

Figure 3.f shows an image generated with the blue LEDs at 460 nm. It 
was dark but the fibres could be discerned. However more intensity 
from the LEDs was needed to give a useful measurement. 

 

Blue – Maximum 
Green – Mean 
Red – Minimum 
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Figure 3.e: Spectrum of the blue LEDs generated a weaker signal than 
the original illumination. 

 

Figure 3.f: Image at 460 nm generated with the blue LED. The image 
was dark but fibres can be discerned. 

Blue – Maximum 
Green – Mean 
Red – Minimum 
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3.2.4. Geometry of Illumination 
A geometric experiment showed that without extensive mechanical 
changes the only geometry possible to use for illumination was the 
existing ring with room for 12 LEDs. One possible change in 
illumination was to use a front ring brightfield illumination, shown in 
Figure 2.j together with a dome shown in Figure 2.l. The disadvantages 
of  this solution was that it had to be manufactured especially for this 
purpose, which would take too long time and would not be cost 
effective at this stage of the thesis. This resulted in the use of existing 
geometry when the LEDs were used as light source. 

Coaxial LED 
The Figure 3.g shows the reflectance factors over the visible range 400-
710 nm using a coaxial LED type of illumination. The measurement 
was made on the reference standard from STFI. The blue curve is the 
maximum value, the green curve is the mean value and finally the red 
is the minimum value. Compared to the original illumination shown in 
Figure 3.c, the shape of the curve was the same but the intensity was 
lower. There was also still a difference between the maximum value 
and the minimum value. The coaxial LED has a peak value at 460 nm, 
here the difference between the maximum value (54%) and the 
minimum value (17%) was 37 units. This was compared to the original 
illumination which had the peak value at 470 nm and a difference 
between maximum value (72%) and minimum value (29%) of 43 units. 

This meant that the geometry reduced the light output, which was 
expected since this is a common property of coaxial illumination. The 
intensity was reduced substantially from 72% to 54%. Unexpected 
though, was that the difference between the maximum and minimum 
values had not been reduced with a significant amount, only a 
difference of six units was noticed and this has to be weighted against 
the intensity fall of 18 units. The geometry was supposed to eliminate 
shadows but this seems to have no greater effect.  

At this point in the thesis the question was how the paper structure 
influences the result. Since the coaxial LED was supposed to give a 
smooth illumination with no shadows, there should not be a large 
difference between the maximum and the minimum of an image. As 
pointed out above there was a difference. The difference between 
maximum value and minimum value, suggested being due to the 
structure of the paper surface. The surface was rough and both shadows 
and holes occurred, see e.g. Figure 3.o. 

The result indicated that the structure of the surface was the reason for 
the difference between the maximum value and the minimum value. To 
further investigate how the structure influences the results a comparison 
with focused and unfocused images was made. This was done for this 
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investigation only; the final measurement has to be performed with 
focus on the paper surface to be able to count the remaining dirt specks. 
See section 3.2.6 Influence of Paper Structure for more details. 

 

Figure 3.g: Measurement with coaxial LED on the instrument for 
counting dirt specks. 

3.2.5. Red, Green and Blue LED 
A trial with red, green and blue LEDs was made. First four LEDs of 
each colour were used. Since the red LEDs were not of primary interest 
at this moment, they were removed. Instead six green and six blue 
LEDs were used. Green and blue LEDs gave a light similar to cyan. 
The reason to analyse this illumination was to see if the result was 
comparable with the Elrepho or not. The most interesting was to see if 
the intensity of the light output was strong at 457 nm. 

Figure 3.h shows the reflectance factors for measurement on the 
reference standard from STFI using the green and blue LEDs. The blue 
curve is the maximum value, the green curve is the mean value and 
finally the red is the minimum value. The peak values were around 470 
nm and 580 nm. The reflectance factors was 67% at 470 nm and 77% at 
580 nm, which compared to the original illumination was 23 units 
respectively 21 units higher.  

This indicated that this illumination could be used for measuring the 
reflectance factors for the samples in Table II which was previously 
measured with the instrument Elrepho. 

Blue – Maximum 
Green – Mean 
Red – Minimum 
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Figure 3.h: Spectrum for the blue and the green LED. Measurement was 
made with the Colour Dirt Speck Counter. 

The interesting areas to look at were 470 nm and 580 nm, since this 
was where the blue respectively green LEDs had their peak. The shape 
of the curves shows no similarity compared to the form the curves had 
in the measurement with the Elrepho. The curves cross each other 
several times over the range 400-710 nm. This was probably due to the 
sharp peaks that the LEDs gave. 

Figure 3.i shows the reflectance factors for measurement on the four 
different sheets with green and blue LEDs after calibration. The curves 
are the mean values for each sheet. At 470 nm the bleached GW had a 
higher reflectance factor than the bleached TMP, which correlate with 
the measurement done with the Elrepho. But the unbleached pulps, GW 
and TMP had the same reflectance factor, which did not correlate with 
the Elrepho. At 470 nm the unbleached GW and TMP cross each other. 

Figure 3.j shows the reflectance factors for measurement on the four 
different sheets with green and blue LEDs after calibration. The curves 
are the mean values for each sheet. At 580 nm the reflectance factor of 
the bleached TMP was higher than the bleached GW, which did not 
correlate with the Elrepho. But instead the unbleached GW had a higher 
reflectance factor than the unbleached TMP, which did correlate with 
the Elrepho. 

The result therefore did not correlate with the result from the Elrepho as 
shown in Figure 3.a and Table II. 

Blue – Maximum 
Green – Mean 
Red – Minimum 
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Figure 3.i: Spectrum for the blue and the green LEDs. Measurement 
was made with the Colour Dirt Speck Counter. The spectrum shows the 
reflectance factors around 470 nm were the LEDs had its peak. 

 

Figure 3.j: Spectrum for the blue and the green LED. Measurement was 
made with the Colour Dirt Speck Counter. The spectrum shows the 
reflectance factors around 580nm were the LEDs had its peak 

A drawback of using coloured (red, green, blue) LEDs was that they 
had a peak at a specific wavelength. The bandwidth was also rather 
narrow which means that the LCT filter in front of the camera has to be 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW
Black - Unbleached TMP 
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changed in order to detect the light at this specific peak otherwise it 
will just turn out as if there was no signal. If this alternative was used, 
carefully calculations would have been necessary to see how white the 
output light was. 

3.2.6. Influence of Paper Structure 
Previous results indicted that irregularities in the paper sheet could 
influence the result, see 3.2.4. To investigate the influence, out-of focus 
detection was used during the measurements in the following sections. 

Figure 3.o shows unbleached GW in focus and Figure 3.p shows it 
unfocused. The sample used was measured under the illumination of 
white LEDs with the Colour Dirt Speck Counter. In Figure 3.q the 
contrast was increased and the illumination reduced by image 
processing. This made an artefact visible, which could not be seen in 
Figure 3.p. The figure also illustrates that the illumination was uneven 
over the sheet. 

The same measurements were also made with fibre optics as 
illumination. Figure 3.r shows unbleached GW in focus and Figure 3.s 
shows it unfocused. Also in this case the contrast was increased and the 
illumination reduced by image processing, as shown in Figure 3.t. Here 
the illumination was more even over the surface than it was with the 
LEDs, but shadows still occurred and the image look blotched. 

These unwanted dots, which wrongly could be interpreted as particles, 
did not originate from the illumination but came from the lens, since it 
was visible for both the illuminations used. These artefacts do not come 
up when measuring out-of focus, they are always there but not visible 
to the eye. These dots probably originate from dust on the lens or the 
LCT filter.  

The Colour Dirt Speck Counter measures a very small area in order to 
count the remaining dirt specks. Since the paper structure is very rough 
at this resolution the result can be that the reflectance factors are 
disturbed by shadows and dark pores, which occur naturally in the 
surface of the paper. To prevent miscalculation due to the influence of 
paper structure, four measurements on each sample were carried out. 
Since this still is such a small area compared to the Elrepho no 
conclusions could be drawn. In Figure 3.k, Figure 3.l, Figure 3.m and 
Figure 3.n it is shown that there was not a great variation between the 
measurements when the paper surface was out-of focus. Therefore the 
following measurement was made with the paper surface out-of focus. 
However to be able to find the remaining dirt specks the surface has to 
be focused. In Table XV and Table XVI in Appendix D the values can 
be found. 
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Figure 3.k: Measurements with the Colour Dirt Speck Counter using 
LEDs as illumination. The figure shows four different measurements on 
the sample from STFI. 

 

Figure 3.l: Measurements with the Colour Dirt Speck Counter using 
LEDs as illumination. The figure shows four different measurements on 
the sample bleached GW. 
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Figure 3.m: Measurements with the Colour Dirt Speck Counter using 
fibre optics as illumination. The figure shows four different 
measurements on the sample from STFI. 

 

Figure 3.n: Measurements with the Colour Dirt Speck Counter using 
fibre optics as illumination. The figure shows four different 
measurements on the sample bleached GW. 
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Figure 3.o: Measurement with the Colour Dirt Speck Counter with LED 
illumination. The selected sheet was unbleached GW and focus was 
used. 

 

Figure 3.p: Measurement with the Colour Dirt Speck Counter with LED 
illumination. The selected sheet was unbleached GW and the surface 
was unfocused. 
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Figure 3.q: Measurement with the Colour Dirt Speck Counter with LED 
illumination. The selected sheet was unbleached GW and the surface 
was unfocused. Adjustment has been done by increasing the contrast 
and by reducing the illumination. 

 

Figure 3.r: Measurement with the Colour Dirt Speck Counter with fibre 
optics illumination. The selected sheet was unbleached GW and the 
surface was focused. 
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Figure 3.s: Measurement with the Colour Dirt Speck Counter with fibre 
optics illumination. The selected sheet was unbleached GW and the 
surface was unfocused. 

 

Figure 3.t: Measurement with the Colour Dirt Speck Counter with fibre 
optics illumination. The selected sheet was unbleached GW and the 
surface was unfocused. Adjustment has been done by increasing the 
contrast and by reducing the illumination. 
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3.2.7. White LED 
For each sample, four different measurements were taken under the 
same condition (out-of focus) with the white LEDs. This was done to 
prevent miss calculation due to irregular structure over the paper sheet. 
The result indicated that there was not a big difference between these 
measurements as shown in Figure 3.k and Figure 3.l in the previous 
section. 

Figure 3.u shows the reflectance factors for measurements on the 
samples from Table II. The values can be found in Table V. The 
illumination was white LEDs (not the original illumination). The 
curves show the mean values for each sheet. Compared to the 
measurement with the Elrepho, see Figure 3.a, the shape of the curves 
correlated but they crossed each other several times, which is not the 
case in the Elrepho measurements. At 470 nm the samples were 
comparable with the Elrepho which was strived for. Figure 3.v shows 
the same as Figure 3.u but enlarged. 

In Figure 3.w the measurements from both the Elrepho and the Colour 
Dirt Speck Counter are shown. The solid curve is the measurement 
from the Elrepho and the dashed is the measurement from the Colour 
Dirt Speck Counter. The curves have similar shape. However one 
property distinguishes them, they are not lower in the range of short 
wavelengths. This is due to the illumination, which gave a peak at 
470 nm as shown in Figure 3.x. 

 

Figure 3.u: Measurement on selected sheets with white LED in the 
Colour Dirt Speck Counter. The image has been corrected. 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW
Black - Unbleached TMP 
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Figure 3.v: Measurement on selected sheets with white LED in the 
Colour Dirt Speck Counter. The image has been corrected and 
enlarged. 

 

Figure 3.w: The solid curves are the measurement from Elrepho and 
the dashed is the measurement from the Colour Dirt Speck Counter. 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW
Black - Unbleached TMP 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW
Black - Unbleached UTMP 
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Figure 3.x: Measurement on selected sheets with white LED in the 
Colour Dirt Speck Counter. The figure shows the mean values for the 
raw images. 

Table V: The table shows the reflectance factors for different 
wavelengths from measurements with the Colour Dirt Speck Counter 
using white LEDs as illumination. 

λ  
nm 

BGW 
R% 

BTMP 
R% 

UGW 
R% 

UTMP 
R% 

440 70.36 65.369 70.3 67.93 

450 85.183 82.43 84.34 77.544 

460 90.22 86.123 89.705 78.263 

470 91.642 91.306 89.74 84.127 

480 90.698 90.761 89.068 82.697 

490 89.247 89.356 88.429 82.424 

500 88.606 87.838 86.622 81.725 

510 89.242 87.621 87.258 84.171 

520 89.945 87.725 87.839 85.064 

530 90.923 88.821 89.045 87.291 

540 91.15 88.438 88.839 87.812 

550 90.956 88.235 88.865 88.304 

560 91.356 89.164 89.597 89.512 

Red - Reference standard from STFI 
Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 
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570 91.694 88.922 89.499 89.384 

580 91.507 88.705 89.413 89.557 

590 90.756 88.971 89.057 89.618 

600 90.882 88.808 89.426 89.849 

610 90.983 89.218 88.924 89.771 

620 90.796 87.933 88.37 89.194 

630 89.577 87.511 87.795 87.69 

640 88.446 86.771 86.681 87.929 

650 87.851 85.947 85.973 87.004 

660 86.543 84.7 84.955 85.849 

670 84.824 83.325 83.126 83.793 

680 83.327 81.693 82.412 81.395 

690 82.232 80.224 80.031 79.959 

700 79.471 78.284 77.621 79.28 

710 74.487 74.739 75.266 73.939 

 

3.2.8. Fibre Optics 
For each sample, four different measurements were taken under the 
same condition. The result shows that there was not a big difference 
between these measurements see Figure 3.m and Figure 3.n in previous 
section. 

Figure 3.y shows the measurement of reflectance factors for the 
standard from STFI and the samples from Table II. The illumination 
was fibre optics with a halogen light source. The curves show the mean 
value for each sheet. The range of interest was approx. from 450-480 
nm where the reflectance factors were below 15%. This meant that the 
signal mostly consisted of noise. The samples lay so close that no 
variation could be detected. 

The shape of the curve was as expected since the illumination from a 
halogen light source was supposed to give a linear increase in intensity 
with increasing wavelength.  

Figure 3.z shows the corrected result. The values can be found in Table 
VI. The curves cross each other several times and this means that no 
unambiguous comparison could be made with the Elrepho, Figure 3.a. 
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The shape of the curves did correlate. They start low in the blue range 
and then increase towards the red range as expected. In Figure 3.bb the 
measurements from both Elrepho and the Colour Dirt Speck Counter 
are shown. The solid curve is the measurement from the Elrepho and 
the dashed is the measurement from the Colour Dirt Speck Counter. 

At some wavelengths, 485 nm and 530 nm, the results were comparable 
with the Elrepho. Figure 3.aa shows an enlarged version of Figure 3.z. 
But since the samples lied so closely, the result became difficult to 
interpret. The curves were the mean value for each sheet. 

 

Figure 3.y: Measurement on selected sheets with fibre optics in the 
Colour Dirt Speck Counter. The spectrum shows mean values from the 
raw images. 

Red - Reference standard from STFI 
Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 
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Figure 3.z: Measurement on selected sheets with fibre optics in the 
Colour Dirt Speck Counter. The spectrum shows mean values from 
corrected image. 

 

Figure 3.aa: Measurement on selected sheets with fibre optics in the 
Colour Dirt Speck Counter. The spectrum shows mean values from 
corrected image and is enlarged. 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 
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Figure 3.bb: The solid curves is the measurement from Elrepho and the 
dashed is the measurement from the Colour Dirt Speck Counter 

Table VI: The table shows the reflectance factors for different 
wavelengths from measurements with the Colour Dirt Speck Counter 
using fibre optics with a halogen lamp as illumination. 

λ  
nm 

BGW 
R% 

BTMP 
R% 

UGW 
R% 

UTMP 
R% 

430 29.365 30.063 36.171 33.73 

440 47.994 47.728 48.817 46.744 

450 61.71 62.06 60.722 60.558 

460 69.861 69.463 68.629 68.387 

470 77.155 74.889 74.752 72.472 

480 78.679 79.294 77.987 74.558 

490 82.09 81.006 79.745 76.465 

500 84.276 84.284 84.808 81.992 

510 85.818 86.737 86.012 84.84 

520 87.646 88.231 87.679 85.958 

530 88.932 88.612 88.48 86.306 

540 89.537 89.734 89.782 87.571 

Blue - Bleached GW 
Green - Bleached PM11 
Magenta - Unbleached GW 
Black - Unbleached TMP 
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550 90.072 90.409 90.064 88.625 

560 90.035 90.367 90.182 89.602 

570 90.717 90.739 90.726 90.27 

580 91.081 91.377 91.052 90.642 

590 91.311 91.568 91.4 91.012 

600 91.636 91.528 91.717 91.397 

610 92.444 92.748 91.763 92.153 

620 92.397 92.253 92.709 91.705 

630 92.392 92.955 92.49 92.201 

640 92.533 92.468 92.571 92.373 

650 92.815 92.712 92.424 92.503 

660 92.617 92.773 92.219 92.163 

670 91.788 92.11 91.591 91.816 

680 91.606 91.424 91.889 91.174 

690 91.164 91.075 91.331 90.613 

700 89.861 89.75 89.979 90.013 

710 88.543 87.86 88.115 87.753 

 



   47

3.3. Scanner Oden 
This experiment was made to see if another instrument, with similar 
characteristic as the instrument for counting dirt specks, gave a result 
comparable with the Elrepho instrument. 

The Table VII shows the reflectance factors from the measurement on 
the same sheets as in earlier experiments. First row shows the filter and 
intensity for the illumination that were chosen. Second row shows the 
abbreviation for the selected sheets. 
BGW = Bleached GW 
BTMP = Bleached TMP 
UGW = Unbleached GW 
UTMP = Unbleached TMP 
Third row shows the reflectance factors calculated with Matlab, etc. 

All the results, using the blue, green and red filters, correlate well with 
the values obtained using the Elrepho. The ranking of the samples was 
the same as in Table II, where the bleached GW had the highest 
reflectance factor, followed by bleached TMP, unbleached GW and 
finally unbleached TMP. 

All the three instruments differ with respect to characteristic of light 
source, geometry for the illumination and the filters and still the 
Scanner Oden gave results comparable with the Elrepho. The area 
being measured was approx. the same for the instruments Scanner 
Oden and Elrepho, but not for the Colour Dirt Speck Counter. The 
measured area in the Colour Dirt Speck Counter is much smaller than 
the area in the Elrepho and the Scanner Oden. 

Due to this observation, this probably means that the illumination is not 
the problem. More likely to influence the result is the area being 
measured, since this was the same for the Scanner Oden and Elrepho, 
but not Colour Dirt Speck Counter, when all other characteristic 
separate them. 

However the area being measured has to be very small and the 
resolution high, in order to find the remaining dirt specks, as it is in the 
Colour Dirt Speck Counter. If the Scanner Oden can perform this sort 
of measurement was not tested, but different lens system is available 
for the instrument and is present. 
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Table VII: Scanner Oden. Measurements with blue, green and red filter 
with different illumination intensity. 

Filter: Blue 
Illumination: 58% 

BGW BTMP UGW UTMP 

0.9051 0.8630 0.8339 0.7399 

Filter: Blue 
Illumination: 55% 

BGW BTMP UGW UTMP 

0.8994 0.8575 0.8284 0.7342 

Filter: Blue 
Illumination: 50% 

BGW BTMP UGW UTMP 

0.9706 0.9141 0.8961 0.7962 

Filter: Green 
Illumination: 48% 

BGW BTMP UGW UTMP 

0.9282 0.9359 0.9065 0.8307 

Filter: Green 
Illumination: 44% 

BGW BTMP UGW UTMP 

0.9499 0.9352 0.9085 0.8305 

Filter: Green 
Illumination: 40% 

BGW BTMP UGW UTMP 

0.9493 0.9353 0.9058 0.8315 
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Filter: Red 
Illumination: 40% 

BGW BTMP UGW UTMP 

0.9951 0.9886 0.9865 0.9518 

Filter: Red 
Illumination: 37% 

BGW BTMP UGW UTMP 

0.9962 0.9898 0.9869 0.9529 

Filter: Red 
Illumination: 34% 

BGW BTMP UGW UTMP 

0.9959 0.9895 0.9864 0.9526 

Filter: Red 
Illumination: 34% 

BGW BTMP UGW UTMP 

0.9962 0.9897 0.9868 0.9526 

 

Figure 3.cc, Figure 3.dd, Figure 3.ee and Figure 3.ff show the images 
achieved from measurement with blue filter and illumination 58% after 
calibration has been made. These figures clearly illustrate the 
reflectance factors from Table VII.  
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Figure 3.cc: Corrected image of bleached GW. 
Blue filter, illumination 58%, diaphragm 6. 

 

Figure 3.dd: Corrected image of BTMP. 
Blue filter, illumination 58%, diaphragm 6. 

 

Figure 3.ee: Corrected image of unbleached GW. 
Blue filter, illumination 58%, diaphragm 6. 

 

Figure 3.ff: Corrected image of UTMP. 
Blue filter, illumination 58%, diaphragm 6. 
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The images retrieved from measurement with green filter and 
illumination 48% before and after calibration has been done can be 
seen in Figure 3.gg, Figure 3.hh, Figure 3.ii and Figure 3.jj. Over the 
edge was the sample and below was the reference standard from STFI. 
The reason that BTMP has a higher value than bleached GW in this 
measurement was because the image was lighter after calibration and 
the result is therefore not judged correct. 

 

Figure 3.gg: Raw image of bleached GW. 
Green filter, illumination 48%, diaphragm 6. 

 

Figure 3.hh: Corrected image of bleached GW. 
Green filter, illumination 48%, diaphragm 6. 
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Figure 3.ii: Raw image of BTMP. 
Green filter, illumination 48%, diaphragm 6. 

 

Figure 3.jj: Corrected image of BTMP. 
Green filter, illumination 48%, diaphragm 6. 

The measurements using Scanner Oden had to be done with a true 
reference (since the instrument was not calibrated at the time). 
Consequently the references delivered by STFI were used for all the 
measurements. Both the sample and the reference were captured at the 
same time to allow for correct measurements compensated for the 
characteristics of the scanner. The problem was to get the illumination 
right so that the reference standard from STFI appears lighter than the 
other samples, as it evidently should. The mounting of the illumination 
source was not tested (at the time of measurements). In Figure 3.kk 
some variation over the captured image can be observed due to this. 
However the measurements were also compensated for this by 
normalisation. 
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It was expected that the lens would not give any interference since the 
instrument was very new and should be correct. This means that the 
measurement was most likely not disturbed by any errors caused by the 
instrument itself. 

 

Figure 3.kk: Measurement on the reference standard from STFI, 
prior the calibration has been made, it shows uneven illumination. The 
measurement was made with Scanner Oden. 

3.4. Spectral characteristic 
of the illumination 
The reason for using the Spectracolorimeter was to learn more about 
the spectral characteristic of the fibre optics illumination. It was also 
interesting to see where the filters in Scanner Oden had their peak 
values. 

Figure 3.ll shows spectral reflectance when measuring directly on the 
light source, fibre optics with halogen. Figure 3.mm shows spectral 
reflectance when measuring on a reflectance standard from Photo 
Research. This measurement indicates that the illumination was 
continuous over the range of visible wavelengths. 

The result in Figure 3.mm gave a continuous spectrum. This was not 
the expected result, since an illumination with halogen should give a 
linear result. This means that there could be an error in the 
measurements. Since the halogen light source did not give enough 
intensity in the range of blue when the measurement was done with the 
Colour Dirt Speck Counter it is not of current interest and it was 
therefore decided to not investigate this error further. 

Figure 3.nn shows measuring with the blue filter in Scanner Oden and 
has its peak at 468 nm.  
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Figure 3.oo shows measuring with the green filter in Scanner Oden and 
has its peak at 504 nm. 
Figure 3.pp shows measuring with the red filter in Scanner Oden and 
has its peak at 700 nm. 

The results were all expected since the peak was in the range of the 
blue, green and red respectively. This means that the measured colour 
of the filter agree with the visual perception of the colours. 

 

 

Figure 3.ll: Measurement directly on the light source. 

 

Figure 3.mm: Measurement on the standard from photo research. 
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Figure 3.nn: Scanner Oden, blue filter with peak at 468 nm. 

 

Figure 3.oo: Scanner Oden, green filter with peak at 504 nm. 

 

Figure 3.pp: Scanner Oden, red filter with peak at 700 nm. 
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4. Conclusions and 
Recommendations 
When the brightness of paper fibres is measured today, instruments 
conforming to ISO 2469, such as the Elrepho, are used. This device 
measures the reflectance factors over an area of approx. 32 mm in 
diameter, including dirt specks if present (remaining particles of 
printing inks, contaminants etc.). The reason for measuring the 
brightness without being disturbed by these dirt specks is to more 
efficiently control the process of bleaching in a recycled fibre process. 
There is no use of trying to bleach the dirt specks since this can not be 
done; only the fibres can be bleached and therefore this is the material 
interesting to measure. 

The result from the Elrepho was regarded as a reference since this is the 
standard used in the paper industry. Optical quality parameters of pulp 
and paper are judged from measurements with the Elrepho, and a 
calibration procedure traceable to reference labs is established. 

To assess the bleaching state of fibres, reflectance factors below 
500 nm or so, are most interesting to measure. The efforts were 
concentrated to this region of the spectrum when investigating the 
Colour Dirt Speck Counter. 

With the knowledge achieved in this thesis the recommendation is to 
keep the original illumination since no other illumination has been 
found that significantly improve the result. The signal is strong at 
470 nm and does not contain much noise, which is enough for 
analysing the signal. The problem is to get a comparable result to the 
Elrepho. 

The white LEDs (not the original illumination) gave a result 
comparable with the Elrepho at one wavelength, 470 nm. These white 
LEDs is preferable to use compared with a halogen light source in 
combination with fibre optics. LEDs give a stronger signal in the blue 
wavelength region than the halogen. The halogen light source is 
therefore not useful in this project. 

The geometry is important when measuring the reflectance factor. In 
this case, the aim is to get an even and shadow free illumination over 
the entire measuring area. The present geometry seems to be sufficient, 
but a dome would suppress the shadows even more. As an alternative, 
the coaxial LED can be implemented if the intensity can be increased. 

How the paper structure influenced the reflectance factor was not 
concluded it was only noticed. To decrease the influence, the sample 
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was measured out-of focus in some experiments. Still, this did not give 
unambiguous results which were comparable with the Elrepho. 

An independent measurement using the instrument Scanner Oden gave 
reflectance factors which appear in the same order as when using the 
Elrepho. The area being measured was approx. the same for the 
instruments Scanner Oden and Elrepho, but not for the Colour Dirt 
Speck Counter. The measured area in the Colour Dirt Speck Counter is 
much smaller than the area in the Elrepho and the Scanner Oden. Due 
to this observation, this probably means that the illumination is not the 
problem. More likely to influence the result is the area being measured, 
since this was the same for the Scanner Oden and Elrepho, but not the 
Colour Dirt Speck Counter, when all other properties separate them. 

One approach can be to take many samples from the Colour Dirt Speck 
Counter and add them up so it reaches the same area as the Elrepho. 
One first approach to do this was carried out with four measurements 
on the same sample. This was done to avoid the influence of shadows 
and dark pores in the structure of the sheet. Since this still is such a 
small area compared to the Elrepho no conclusions could be drawn. 
The number of measurements for each sample should be at least 400 
pieces in order to get the same area as for the Elrepho and Scanner 
Oden. 

The Spectracolorimeter has to be more carefully investigated before the 
results can support any firm conclusions regarding the spectral 
distribution of the illumination. 

This thesis shows that the Colour Dirt Speck Counter is not the obvious 
choice when measuring the reflectance factor of paper. The instrument 
is suitable for analysing dirt speck, stickies and vessels as it is today, 
which is expected since it was designed to find dirt specks rather than 
obtaining a reliable measurement of reflectance factors. More 
experiments have to be carried out before it can be concluded whether 
or not the instrument is suitable for measuring the reflectance factors of 
paper and to what extent modifications would be necessary. 
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5. Future Work 
Further work aiming at getting reliable values of reflectance factor 
from the Colour Dirt Speck Counter may be to investigate the lens, the 
camera and the filter. An RGB-camera could be used instead of the 
monochrome camera in combination with the LCT filter; this would 
avoid one source of errors, the filter. 

The ISO standard methods may serve as an inspiration when 
considering modifications of the instrument, the above mentioned dome 
to get a more diffuse illumination falls under this category.  

Once the reflectance factors can be measured, it may be interesting to 
calculate light scattering and absorption coefficients (s and k) according 
to Kubelka-Munk. 

As the device looks today there is nothing that keeps the sheet level. 
This has probably little influence on the reflectance factors but should 
be noticed. A piece of glass can be put on top of the sample, but how 
this affects the reflectance factors should be considered. The glass has 
not been used during the measurement in this thesis. To keep the sheet 
flat is important when analysing the remaining dirt specks. 

In the instrument today, both UV illumination and visual illumination 
are used at the same time. This is done by putting the UV illumination 
(used for analysing stickies) under the visual illumination. This is not a 
good solution, since it obviously affects the visual illumination by 
partly blocking it, and thus could influence the reflectance factors. 
More investigations are recommended. The UV illumination was 
removed before every measurement reported in this thesis. 

To facilitate the research and development some improvements could 
be made with the software and hardware. More specifically, the 
software Matlab with toolboxes of current interest and more computer 
power is needed since the calculation in Matlab takes time and the 
images acquire a lot of space. 
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Appendix A 
STFI 
Table VIII: Reference Standard Reflectance Factors 
ISO 2469, IR 3 
DO53-Aug-04 

wl [nm] R [%] wl [nm] R [%] 

400 88.57 560 95.18 

420 90.06 580 95.53 

440 91.20 600 95.82 

460 92.16 620 96.05 

480 92.96 640 96.24 

500 93.68 660 96.40 

520 94.27 680 96.54 

540 94.76 700 96.61 

 

Table IX: Calibration check values 

X 93.03 Rx 95.61% 

Y 94.98 Ry 94.98% 

Z 108.59 Rz 91.84 

C/2° 

  R457 91.97% 

X 89.91 Rx 95.56% 

Y 94.81 Ry 94.81% 

D6510° 

Z 98.43 Rz 91.73% 
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Appendix B 
Colour Dirt Speck Counter 

 

 

 

 

CCD-camera 

Lens 

Width 16mm 

Electronic filter 

Height 43mm 

LED-illumination 
ring 

xy - table 

Height 40mm 

Total optic 
distance 
90mm 
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Scanner Oden 

 

Illumination 
directional 

Camera

Lens 

20 positions 
for the filters 

Table, x, y, phi 

Illumination 
transmitted 

Light source 
Halogen 

Light is transported with fibre optics, to the 
filter and on to the sample transmitted or 
directional. 
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Appendix C 
Information about material 
Table X: Information about the 5 mm LED from Labb Elektronik. [19, 20] 

Part NO. Colour Shape Lens 
type 

Vf Viewing 
angle 

Mcd/ 
mA 

λ D 
(nm) 

L53SRC/F Red Round Water 
clear 

2.0 60 4000 640 

L7524PBC-H Blue Round Water 
clear 

3.7 12 8000 470 

L-53SGC/B Green Round Water 
clear 

2.2 30 300 568 

Table XI: Information about the 5 mm LED from ELFA. [21] 

Part NO. Colour Shape Lens 
type 

Vf Viewing 
angle 

Mcd/ 
mA 

λ D 
(nm) 

75-000-10 White Round Water 
clear 

3.6 ±10° 1700 - 

75-003-33 Blue Round Water 
clear 

3.8 ±5° 1000 430 

Table XII: Information about the fibre optics from supplier Tekno Optik 
AB. [22] 

Part NO. Description Type 

71A208002 Light source DCR III DDL 150W 

71A08600 Fibre optic Ring light 

Table XIII: Information about the coaxial LED from supplier Parameter 
AB. [23] 

Part NO. Description Type 

VO16506000 Light source coaxial LED 

A 12 Volt power supply and a network cable was also used.  
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Appendix D 
Dark currents 
Table XIV: Dark currents 

Nm Min Max Nm Min max 

420 1 8 570 1 9 

430 1 8 580 1 8 

440 1 8 590 1 8 

450 1 8 600 1 8 

460 1 8 610 1 8 

470 1 8 620 1 8 

480 1 8 630 1 8 

490 1 8 640 1 8 

500 1 8 650 1 8 

510 1 8 660 1 8 

520 1 8 670 1 8 

530 1 8 680 1 8 

540 1 8 690 1 8 

550 1 8 700 1 8 

560 1 8 710 1 8 
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White LED 
Table XV: Measurements with the Colour Dirt Speck Counter using 
white LEDs as illumination. Reflectance factors for the raw images, 
mean value for the four different measurements and the standard 
deviation. 

wl 
[nm] 

STFI 
R% 

STFI 
R% 

STFI 
R% 

STFI 
R% 

Mean SD 

410 4.71 4.73 4.72 4.71 4.72 0.01
420 4.85 4.85 4.86 4.86 4.85 0.00
430 6.44 6.43 6.44 6.45 6.44 0.02
440 11.79 11.79 11.83 11.84 11.81 0.04
450 28.24 25.79 22.33 27.98 26.08 4.18
460 46.87 58.29 58.49 56.44 55.02 8.22
470 70.12 70.44 70.73 70.79 70.52 0.47
480 57.13 57.12 57.28 57.50 57.26 0.27
490 43.77 43.82 43.92 43.92 43.86 0.11
500 38.71 38.78 38.84 39.32 38.91 0.44
510 41.17 41.18 41.25 41.23 41.21 0.06
520 47.33 47.59 47.60 47.56 47.52 0.19
530 53.54 53.70 53.67 53.55 53.62 0.11
540 57.62 56.88 57.78 57.63 57.48 0.63
550 59.41 59.46 59.45 59.42 59.44 0.03
560 59.38 59.56 59.51 59.35 59.45 0.15
570 58.89 58.99 58.99 58.81 58.92 0.13
580 57.45 57.31 57.34 57.21 57.33 0.17
590 55.33 54.98 54.95 54.82 55.02 0.36
600 53.88 54.20 53.91 53.80 53.95 0.28
610 53.72 54.02 53.82 53.89 53.86 0.21
620 49.19 48.24 48.16 48.08 48.42 0.79
630 42.93 43.10 42.26 42.13 42.61 0.69
640 37.53 36.85 36.80 37.04 37.05 0.52
650 32.86 32.91 32.88 32.81 32.86 0.07
660 29.25 28.33 28.28 28.24 28.52 0.72
670 24.86 24.50 24.46 24.39 24.55 0.33
680 20.78 22.59 20.75 20.70 21.20 1.34
690 18.72 19.08 19.09 19.05 18.99 0.27
700 15.92 15.93 15.93 15.89 15.92 0.03
710 13.34 13.30 13.29 13.27 13.30 0.05

wl 
[nm] 

BGW 
R% 

BGW 
R% 

BGW 
R% 

BGW 
R% 

Mean SD 

410 4.69 4.70 4.70 4.69 4.69 0.01
420 4.79 4.79 4.79 4.78 4.79 0.01
430 6.16 6.15 6.15 6.04 6.12 0.08
440 10.25 10.28 10.25 10.24 10.26 0.03
450 24.20 24.17 24.02 24.04 24.11 0.12
460 49.93 50.23 49.81 49.88 49.96 0.30
470 61.39 61.65 61.34 61.10 61.37 0.39
480 50.86 50.92 54.83 50.69 51.82 2.93
490 39.63 39.70 39.61 39.53 39.61 0.12
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500 35.54 35.44 35.42 35.30 35.42 0.16
510 38.08 38.00 38.06 37.96 38.02 0.08
520 43.79 43.93 43.98 43.76 43.86 0.15
530 49.65 49.59 49.67 48.86 49.44 0.58
540 53.59 53.51 53.62 53.45 53.54 0.12
550 55.23 55.22 55.29 55.20 55.23 0.07
560 55.40 55.34 55.42 55.34 55.38 0.06
570 54.99 54.88 55.20 54.83 54.98 0.26
580 53.77 53.42 53.54 53.38 53.53 0.28
590 51.66 51.37 51.40 51.30 51.43 0.25
600 50.53 50.47 50.63 50.47 50.53 0.11
610 50.69 50.74 50.96 50.47 50.71 0.34
620 46.24 46.28 45.65 45.56 45.93 0.51
630 40.74 40.19 40.27 40.19 40.35 0.39
640 36.63 35.54 35.15 35.10 35.60 1.08
650 31.77 31.71 31.56 31.49 31.63 0.20
660 27.91 27.23 28.23 27.23 27.65 0.71
670 23.74 23.67 23.52 23.50 23.61 0.17
680 20.40 20.33 20.07 20.03 20.21 0.26
690 18.31 17.80 18.45 18.34 18.23 0.46
700 15.68 15.45 15.51 15.53 15.54 0.16
710 13.02 12.99 13.01 12.99 13.00 0.02
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Fibre optics, halogen 
Table XVI: Measurements with the Colour Dirt Speck Counter using 
fibre optics with a halogen as illumination. Reflectance factors for the 
raw images, mean value for the four different measurements and the 
standard deviation. 

wl 
[nm] 

STFI 
R% 

STFI 
R% 

STFI 
R% 

STFI 
R% 

Mean SD 

410 4,85 4,80 4,86 4,86 4,84 0,04
420 5,50 5,47 5,51 5,49 5,49 0,03
430 6,68 6,67 6,71 6,68 6,68 0,03
440 7,68 7,64 7,73 7,68 7,68 0,06
450 9,55 9,48 9,39 9,32 9,44 0,17
460 11,09 10,33 11,20 11,09 10,93 0,61
470 13,78 13,64 13,91 13,77 13,78 0,19
480 15,61 16,08 16,34 16,25 16,07 0,52
490 19,34 19,12 19,60 19,34 19,35 0,34
500 24,62 24,22 24,98 22,79 24,15 1,55
510 30,58 30,09 31,00 30,52 30,55 0,65
520 36,41 35,09 36,97 36,38 36,21 1,33
530 40,95 40,36 41,52 40,92 40,94 0,82
540 43,83 44,12 45,46 44,74 44,54 1,15
550 48,02 47,30 48,66 47,56 47,89 0,96
560 50,93 50,15 51,71 50,88 50,92 1,10
570 54,06 53,13 52,38 53,97 53,38 1,18
580 56,80 54,80 57,55 56,61 56,44 1,95
590 59,32 58,17 60,19 59,26 59,24 1,43
600 64,35 64,05 66,22 65,01 64,91 1,53
610 74,29 73,19 75,40 74,18 74,26 1,56
620 74,88 73,84 75,97 74,78 74,87 1,51
630 75,00 73,93 76,23 75,04 75,05 1,63
640 74,34 73,33 75,50 74,31 74,37 1,54
650 75,95 74,80 77,02 75,82 75,90 1,57
660 73,15 71,17 73,36 72,15 72,46 1,55
670 67,22 66,17 68,20 67,74 67,33 1,44
680 58,88 61,04 59,78 58,96 59,66 1,53
690 53,61 53,35 54,69 54,38 54,01 0,95
700 43,00 44,16 43,74 43,13 43,51 0,82
710 32,11 31,80 32,56 34,56 32,76 1,95

wl 
[nm] 

BGW 
R% 

BGW 
R% 

BGW 
R% 

BGW 
R% 

Mean SD 

410 4,79 4,79 4,80 4,78 4,79 0,01
420 5,24 5,23 5,24 5,22 5,23 0,02
430 6,34 6,35 6,34 6,32 6,34 0,02
440 7,14 7,14 7,14 7,07 7,12 0,05
450 8,40 8,38 8,39 8,23 8,35 0,12
460 10,13 10,12 10,12 9,99 10,09 0,10
470 12,84 12,82 11,90 12,57 12,53 0,66
480 15,10 15,04 15,01 14,62 14,94 0,34
490 17,70 17,64 17,64 17,13 17,53 0,41
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500 22,78 22,69 22,70 22,13 22,57 0,46
510 28,48 28,37 28,37 27,59 28,20 0,63
520 33,92 33,81 33,79 31,61 33,28 1,63
530 38,54 38,30 38,35 37,17 38,09 0,97
540 42,05 41,83 41,85 40,66 41,60 0,99
550 45,20 44,95 44,93 43,61 44,67 1,12
560 48,06 47,72 47,75 46,26 47,45 1,27
570 51,07 50,72 50,79 49,16 50,44 1,35
580 53,69 53,40 53,39 51,77 53,06 1,36
590 56,43 56,08 56,06 54,30 55,72 1,50
600 61,98 61,44 61,52 59,51 61,11 1,75
610 71,46 70,94 70,95 67,30 70,16 2,94
620 72,42 71,91 71,81 69,70 71,46 1,93
630 72,98 72,36 72,38 70,15 71,97 2,00
640 72,53 71,94 71,98 69,79 71,56 1,93
650 74,18 73,66 73,56 71,45 73,21 1,93
660 70,74 70,18 70,11 68,03 69,76 1,91
670 65,89 65,23 65,28 62,98 64,85 2,06
680 57,78 57,36 57,32 55,73 57,05 1,45
690 53,02 52,68 52,79 51,25 52,43 1,25
700 42,27 41,90 41,90 40,74 41,70 1,08
710 31,62 31,42 31,39 30,50 31,23 0,79

 

 


