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and to reduce redundant data to the relevant in-
formation content. A Support vector machine
(SVM) was used to classify the different types
of cooling lubricant. This was based on findings
from [2]. Figure 2 shows the classification re-
sults plotted over the principal components. The
left graph shows the explained variance with in-
creasing number of principal components. The
right graph shows the average accuracy of the
classification of the cooling lubricant type.
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Fig. 2: Determining the type of cooling lubricant by
using an SVM with different principal components.

The results were cross-validated and are inde-
pendent of the concentration of the cooling lubri-
cant used. A reliable statement about the type of
cooling lubricant is already possible with a small
number of principal components (almost 10).

In addition to the type of cooling lubricant, the
concentration of the cooling lubricant was also
analyzed and determined. For this purpose, cor-
responding samples were measured that differed
in terms of this parameter. The applied linear re-
gression methods were developed separately for
the different types of cooling lubricant. To assess
the quality of the regression, the coefficient of de-
termination R2 was used, which standardizes the
difference between the prediction and the true
value. Figure 3 shows the course of the coeffi-
cient of determination plotted against the num-
ber of main components used for two different
cooling lubricants.
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Fig. 3: Determination of the concentration of two
cooling lubricants using linear regression with
different number of principal components.

As was to be expected, the accuracy of the re-
gression model increases as the number of main
components used rises. However, the gain in
quality per additional feature decreases sharply
from around 8 features and the risk of overfit-
ting increases. It should be noted that the re-
sults shown in Figure 3 are predictions in a large
variation range of the concentration. In the typi-
cal application range of about 5 - 12 %, the pre-
dictions could be improved to a value of approx.

R2 = 0.95.
Finally, the pH value of the cooling lubricants

was to be determined, which is a frequently con-
sidered parameter for assessing the condition of
the cooling lubricant. Measurements were car-
ried out at a constant concentration of 5 % in a
pH value range of approximately 4 to 10 and then
analyzed. The best results were achieved with a
partical least square regression (PLSR). Figure
4 shows the measured over predicted test values
of the optimized prediction model. The algorithm
used achieves an R2 of 0.92 with a root mean
square error (RMSE) of 0.28.
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Fig. 4: Regression of the ph value of a cooling
lubricant at a constant concentration used PLSR.

Conclusion
In this work, the analysis of cooling lubricants
using MEMS-FPI-based NIR sensors was pre-
sented. For this purpose, cooling lubricant sam-
ples were systematically measured by NIR spec-
troscopy and different parameters such as type,
concentration and pH value were varied. The
spectra were then pre-processed and analyzed.
The results obtained were used to prove that the
MEMS-FPI NIR sensors used are suitable for de-
termining the parameters of cooling lubricants in
conjunction with appropriate analysis methods.

The knowledge gained here serves as a basis
for determining other relevant parameters such
as nitrite content or tramp oil and to develop a
multifunctional, integrable cooling lubricant anal-
ysis sensor.
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A gonioreflectometer for the measurement of bidirectional
reflectance distribution functions in the thermal infrared
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Summary: An in-plane-gonioreflectometer was developed to measure bidirectional reflection distribution func-
tions (BRDF) for opaque surface materials. The emissivity can be determined by integrating the BRDF over the
hemisphere for surfaces with diffuse scattering properties. A gonioreflectometer generally consists of a radiation
source, a detector and some robotics to vary radiation and viewing angles. An integrating sphere operating in a
broadband infrared wavelength was selected as radiation source. An LWIR and an MWIR thermal imaging camera
were selected as detectors. The gonioreflectometer and the results of the first measurements are presented here.
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Background, Motivation and Objective
The bidirectional reflectance distribution function
(BRDF) is a very useful function for characteris-
ing scattering and surface roughness, ray trac-
ing, and determining reflectance of diffuse scat-
tering surfaces [1], the last point being partic-
ularly interesting for thermal imaging for emis-
sivity determination. This paper describes an
in-plane-gonioreflectometer with thermal imag-
ing cameras as detectors. The measurement
procedure is described and the first results are
presented.

Description of the Gonioreflectometer
First, the theory about BRDF measurements is
presented. Then the measurement device and
the measurement procedure is presented.

BRDF Theory
The BRDF for in-plane measurements is defined
in radiometric terms as the ratio of the surface ra-
diance in a particular viewing direction dL(θi, θo)
to the surface irradiance resulting from the radi-
ation incident from a particular direction of irradi-
ation dE(θi), see eq. (1)[2].

fr(θi, θo) =
dLo(θi, θo)

dEi(θi)
(1)

with θi as incident angle and θo as viewing an-
gle (see Fig. 1). For a radiation source that can
be assumed to irradiate a surface uniformly this
simplifies to eq. (2) [1]

fr(θi, θo) =
Lo(θi, θo)

Li cos(θi)Ωi
(2)

This means that two radiometric quantities
(Lo(θi, θo), Li) and a geometric quantity, the
solid angle of irradiation Ωi, must be determined.
Physical plausible isotropic BRDF must have the
following properties [3]:

• Positivity, fr(θi, θo) ≥ 0

• Helmholtz-reciprocity, fr(θi, θo) = fr(θo, θi)

• Energy conservation∫
ϕo

∫
θo
fr(θi, θo) cos(θo)dΩo ≤ 1

Positivity means that the BRDF value cannot
be negative, Helmholtz-reciprocity guarantees
that when radiation and detector angle are ex-
changed, the resulting BRDF is the same and
energy conservation says that the integration of
the BRDF detection solid angle Ωo over the hemi-
sphere with viewing azimuth angle ϕo cannot be
greater than 1.

Measurement device
The measurement device is shown in Fig. 1. The
MWIR thermal imaging camera has two High
Dynamic Range (HRD) modes which can mea-
sure temperatures between 0◦C − 800◦C and
300◦C − 1800◦C. The integrating sphere is de-
scribed in [4]. An optical chopper is used to sub-
tract out disturbing ambient radiation and the self
radiation of the surface in the thermal images.
Two rotary tables are used to rotate the sample
holder and integrating sphere with respective an-
gles α, β, which are converted to the BRDF an-
gles θi, θo. The source angle θi is determined
by its rotary table. Before a measurement run
the average radiance Li from the exit port of the
Integrating sphere is measured. The exit port
radius r is known and with distance di the in-
cident irradiation solid angle can be determined
with Ωi =

πr2

r2+d2
i
.

Measurement procedure
Thermal images are taken for source angles θi ∈
[1◦, 89◦] in 1◦ steps and detection angles θo =
{10◦, 20◦, 30◦, 40◦, 45◦, 50◦, 60◦, 70◦, 80◦}. Then
a circle Region-of-Interest (ROI) with the same
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Fig. 1: Gonioreflectometer setup on an optical table in
a dark room: a) Thermal imaging camera b) Rotary
tables c) Sample holder d) Optical chopper e)
Integrating sphere with an aperture

radius as the exit port around the specular re-
flection center θi = θo is defined and the average
radiance is taken as Lo(θi, θo), which is weighted
by cos (θo) to account for the projected solid an-
gle.

Results
The BRDF measurements of sandblasted steel
(Fig. 2) and sandblasted aluminium (Fig. 3)
for three different camera angles are presented
here. Both show typical behaviour of diffuse re-
flecting surfaces. Sandblasted steel also has a
specular component, especially recognizable for
θo = 20◦, 40◦. For θo = 60◦ the specular peak
is less noticeable because of the rise of the dif-
fuse BRDF component for growing detector an-
gles. The measured BRDF with diffuse scatter-
ing properties show physical plausibility.

Conclusions
A measurement device was built for BRDF mea-
surements in thermal infrared. The measure-
ment procedure was described. First results
were shown. The measurement device has to
be validated by a sample with known BRDF and
the uncertainty has to be analyzed. It must be
tested for which surfaces emission values can be
determined.
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Fig. 2: BRDF measurements of sandblasted steel for
θo = {20◦, 40◦, 60◦} with visible specular peaks.
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Fig. 3: BRDF measurements of sandblasted
aluminium for θo = {20◦, 40◦, 60◦}.
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