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Abstract

In pyrotechnic developments, the colour of burning mixtures is mostly very important, for example
in fireworks, smoke compositions and tracer munitions. The objective determination of the colour is
hard to achieve due to the not-measureable subjective feeling of human colour impression. There-
fore in 1931, the international commission on illumination (CIE — Commission internationale de
I"éclairage) investigated the human colour vision and developed an objective colour system, called
the CIE standard colour system.

In this work a short summary of CIE colour value calculation and of the dominant wavelength is
presented. In a theoretical study, the influence of the background on the CIE colour values was in-
vestigated and the method was applied to an example of tracer munition.

Introduction

An objective evaluation of colour impressions, in reflection, transmission or emission, is a desirable
possibility to characterize spectra in the visible (Vis) wavelength range. It is also essential for com-
parison of colour impressions of different reflecting, transmitting or emitting sources. Unfortunate-
ly, the human colour impression is a subjective feeling and therefore a method for a quantitative
evaluation is necessary. In 1931 the international commission on illumination (CIE — Commission
internationale de I"éclairage) investigated the human colour vision und developed a colour system,
which connects the human colour vision with the physical reason of colour stimulus, the CIE stand-
ard colour system [1][2]. This developed quality rating system is still the most common method for
a quantitative evaluation of colour impressions. With the CIE standard colour system it is not only
possible to determine an objective colour value but also the dominant wavelength, purity and satu-
ration of the colour impression.

In this work a short summary of CIE colour value calculation and of the dominant wavelength is
presented. In a theoretical study the influence of the background on the CIE colour values in the
CIE chromaticity diagram was investigated based on emission spectra. It will be shown that the
colour of a background-afflicted spectrum do not necessarily correlate with the dominant wave-
length calculated from the CIE colour value, but with the pure colour of the background corrected
spectrum. The method was applied to emission spectra of a tracer munition and provides a very
good agreement between calculated CIE values, their dominant wavelength and pure colours. Also
the correlation with pictures from a high-speed camera provides a very good agreement.
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Theory

The relation between human colour perception and physical cause of colour stimulation was devel-
oped from the international commission on illumination (CIE — Commission internationale de
I"éclairage) in 1931 with the outcome of the CIE colour space chromaticity diagram [2]. A new def-
inition was done in 1964, but still the definition from 1931 is more common. By physical colour re-
creation they developed weight functions for the fundamental colours red, green and blue. The aim
was mathematical-captured human colour perception. Therefore, the measurement values were re-
lated to a standard observer to represent an average human chromatic response within a 2° arc
(1931) or 10° arc (1964) inside the fovea. The weight functions were defined for a wavelength
range from 380 nm till 780 nm, in 1, 5, 10 and 20 nm steps. Today wavelength step width of 0.1 nm
is achieved by interpolation. In Figure 1 the weight functions for red, green and blue are depicted.
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Figure 1: The CIE weight functions for red, green and blue colour.

Now the CIE colour value, also known as XYZ colour values, can be calculated from emission
spectrum by multiplication of the weight functions for red x (1), green ¥(4) and blue z(4) with the
spectral power distribution P(A1). The spectral power distribution equates the calibrated emission
spectrum, where also a relative calibration is sufficient. After multiplication the functions are inte-
grated or the sum is formed:

X =k [P or X =k3; TP
Y =k [ FP(A)A or Y = k3, F(D)PA)AL
Z=k[ ) ZP)dL or Z = k¥, Z(A)P(A)AL

If the constant k is chosen in the way, that the values X, Y, Z are in units of the luminance, X, Y
and Z are called absolute CIE-values. In this case, k = 683 Im W 1. Therefore, the spectral power
distribution must be also in units of [W m~2 sr~! nm~1] and a relative calibration of the emission
spectra is not sufficient. If the emission spectrum is only calibrated relatively, k is chosen in the
way, that Y = 100 for spectra with a radiance of 1 in the whole wavelength range.
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In this case the relative spectral power distribution must be normalized to 1, which is necessary for
conversion of the XYZ values into other colour spaces.

The XYZ values are represented in two dimensional diagrams, the CIE chromaticity diagram,
where the Z component is calculated from the X and Y component by

x+y+z=1
The values X, y, z are the normalized values of the XYZ values. They are calculated by
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Therefore, the normalization of the XYZ values (constant k) doesn’t matter. An example for the
CIE chromaticity diagram is shown in Figure 2.
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Figure 2: The CIE chromaticity diagram with the spectral colour line, the white point W, an exam-
ple colour point P and its dominant wavelength P’

The limiting line is called spectral colour line. There are the pure colours with maximum saturation.
The point W is called the white point. It is defined as the central reference point, where x =y =
z = 1/3. From the white point and the insert colour value P, the dominant wavelength, the com-
plementary wavelength, the saturation, the colorimetric purity and excitation purity can be calculat-
ed. The second red line inside of the CIE chromaticity diagram is called black body curve, where
the CIE values of the black body radiator with different temperature are located. For points inside
the triangle spanned by the end points of the spectral colour line and the white point, the dominant
wavelength and therefore, the saturation is not defined.

The dominant and complementary wavelengths are defined to describe mixed colours and reduce
them to a spectral pure colour. The dominant wavelength is the intersection of the line through the
white point W and the point of the colour value P in positive direction with the spectral colour line.
The opposite intersection with the spectral colour line is called complementary wavelength.

The excitation purity pe also called saturation is calculated by the ratio of the difference between the
x- or y-component of CIE colour value and the white point W and the difference between the domi-
nant wavelength d and the white point:
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From the excitation purity the colorimetric purity can be calculated, which is a measure of the puri-
ty of the colour. It is defined as
— Pe¥a
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Theoretical Study of the Influence of the Background on the CIE Colour
Value

Studying the influence of the background on the CIE colour value, theoretical spectra of a Gaussian
function with a full width at half maximum of 10 nm and different central wavelength were calcu-
lated. The Gaussian functions represent a pure colour and were added black body spectra with a
temperature of 2000 K and varied emissivity . From these spectra, the CIE colour values were cal-
culated in dependency of the area ratio of the black body background to the Gaussian function. An
example at a central wavelength of 502 nm is shown in Figure 3a. The CIE colour values were
sketched in the CIE chromaticity diagram (Figure 3b) with the white point (black point in the dia-
gram).
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Figure 3: Gaussian function with a central wavelength of 502 nm and added black body back-
ground. Parameter is the area ratio of Gaussian function to the background (a). CIE chromaticity
diagram of these spectra (b).

The background changes the colour impression and the CIE values of the spectra enormously. A
straight line between the pure colour (G-Peak) and the spectrum with maximum background (BB
2000 K) is formed by the points of different area ratios. Figure 4 shows the results of this type of
calculations for different central wavelengths between 480 nm and 600 nm.
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Figure 4: CIE colour values in the CIE chromaticity diagram for gauss functions with different cen-
tral wavelength between 480 nm and 600 nm (P-480 — P-600) and different added black body
backgrounds with a temperature of 2000 K.

Therefore, if the background is a grey body with known temperature, the pure colour or the colour
impression of a spectrum can be determined connecting the CIE colour point with the point of the
black body curve of known temperature. The interception with the spectral colour line gives the
pure colour of the spectrum. On the other hand, the pure colour is not the dominant wavelength with
the white point as reference point as it is often used for colour characterization [3].

Experimental

The calculation of CIE colour values was applied to experimental spectra of a tracer munition. The
example tracer munition was burned in the ICT high pressure autoclave called window bomb in
synthetic air atmosphere at a pressure of 0.05 MPa. The emission spectra were taken with a low-
resolution fixed grating UV/Vis/NIR-spectrometer with a wavelength range from 300 till 2140 nm,
a maximum wavelength resolution of 18 nm and a maximum speed of 60 spectra/s. The spectrome-
ter was coupled to the bomb window by an optical fibre. The second window of the window bomb
was equipped with a high-speed camera (MotionPro X3 from Redlake) with a resolution of
2000 fps (at 1280 x 1024 pixels) for the observation of the combustion process. For a detailed de-
scription of the experimental setup see Ref. [5]. The resultant series of emission spectra of an ex-
ample tracer munition is shown in Figure 5.
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Figure 5: Emission spectra series of an example tracer munition.

In Figure 6, a spectrum from the ignition process (t;) and the resultant CIE colour values in the CIE
chromaticity diagram with and without background are shown. A b-spline was used to get a good
background correction in the wavelength range till 780 nm where the CIE colour value is calculat-
ed. The ignition was done with barium peroxide. Barium has strong lines at 513.7 nm and 524.2 nm
which appear as a green colour. By the background correction the dominant wavelength is shifted
from 577.5 nm (orange / red colour) with background to 540.3 nm (green colour) without back-
ground. With the assumption that the background correction corresponds to a grey body radiator the
two points in the CIE chromaticity diagram can be connected. The interception with the spectral
colour line results in a wavelength of 517 nm which shows the pure colour of the ignition process
and which is between the two strong lines of barium. The colour values for further spectra of igni-
tion transfer (t;) and combustion (t3) of tracer munition were also determined. They are summarized
in Figure 7. The tracer munition is composed of strontium nitrate which emits in the orange/red
wavelength band with lines at 604.5 nm (orange) and between 600 and 675 nm (red). In the case of
ignition transfer (t2), the time when the ignition composition activates the tracer munition, a colour
mixture of both compositions was observed. The influence of the background correction decreases
and the dominant wavelength is shifted from 593.2 nm without background correction to 583.1 nm
with background correction.
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Figure 6: Emission spectrum No. 30 of the example tracer munition and the CIE colour values in
the CIE chromaticity diagram with and without background.

At time t3 the ignition composition is burnt out and only the tracer munition emits. The CIE colour
value is near the spectral colour line which correlates to a pure colour. Therefore the influence of
the background disappears. The dominant wavelength changes only in a small range from 604.4 nm
without to 606.2 nm with background correction. Both values are near the documented line at



604.5 nm [8]. In Figure 7 also pictures of the combustion process are shown. They correlate with
the CIE colour values in an excellent way.
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Figure 7: Series of CIE colour values with and without background.

Conclusion

In this work the theory for the calculation of CIE colour values from emission spectra has been
summarized. The influence of the background on the CIE colour values has been demonstrated at
simple gauss function spectra. It has been shown that the pure colour of a spectrum on the spectral
colour line not necessarily correlates with the determined dominant wavelength. If the background
is a grey body with known temperature the pure colour, respectively the colour impression, of a
spectrum can be determined connecting the CIE colour point with the point of the black body curve
at known temperature. The interception with the spectral colour line gives the pure colour of the
spectrum. In contrast, the dominant wavelength interprets the CIE colour value with reference to the
white point of the CIE colour space.

As an example system, a tracer munition was examined. The calculated CIE colour values of the
tracer munition correlates very well with the physico-chemical properties of the system. The colour
impression from pictures made with high-speed cinematography correlates very well with the de-
termined CIE colour values calculated without background. Therefore, a method for quantitative
capture of colour impressions was introduced.
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