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Abstract

The paper presents the results of the research on the spectral reflectance characteristics of
colorimetric standards and the practical verification of the Helmholtz principle of revers-
ibility of measurement geometries. The studies were conducted in the calibration labora-
tory of the Central Office of Measures (GUM) using a spectrophotometer equipped with
a multi-angle accessory, enabling measurements over a wide range of angular configura-
tions. Ceramic standards from the DMO5 set, Teflon standards, and an enameled reference
standard were analyzed. For each sample, measurements were performed in pairs of in-
verse angular geometries, x°:0° and 0°:x°, and then the relative deviations (differences be-
tween nominally reciprocal configurations) from the Helmholtz principle of reciprocity
were determined. The studies provide a basis for a better understanding of the reflectance
properties of the standards and for assessing the measurement capabilities of spectropho-
tometers operating in directional geometry.

Keywords: reflected light; Helmholtz reciprocity; spectral reflectance standards;
spectrophotometer with multi-angle accessory; reflectance colorimetry; color space lab

1. Introduction

Calibration laboratories are the key players in maintaining the traceability chain in
the fields of their specialization. The colorimetry laboratory at the Central Office of
Measures uses reflectance standards as a reference in the calibration of spectrophotome-
ters measuring reflected light in the visible spectrum [1-3]. In a world where color be-
comes the key to visual communication, colorimetry provides tools that allow for its ob-
jective description and control, and professional calibration creates a basis for achieving
the required precision [4-7]. The calibration process itself requires not only advanced
equipment but also sufficiently good color standards that ensure repeatability, reproduc-
ibility, and reliability of results [6-9]. The standards used at the Central Office of Measures
to transfer units of measurement to reflectance spectrophotometers include standards
from the “Glossy Ceramic Color Standards” DMO05 set of ceramic reference standards,
Teflon colored and achromatic standards, and enameled reference standards. All of them
are fully characterized in terms of spectral reflectance values and feature good homoge-
neity of coloration [10-15].
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Measurements using colorimetric standards are performed in precisely defined
measurement geometries, i.e., at specific angles of incidence and reflection of light [2,3,8—
10]. The CIE (International Commission on Illumination) recommends the use of four
basic variants: these include 0°:45°, 45°:0°, 8°:d (where a sample is illuminated with a di-
rected light source at an eight-degree angle, and the total reflected light is observed dif-
fusely using an integrating sphere) and d:8° (the reverse of 8:d°) configurations (materials
with high-gloss, metallic, pearlescent, and interference effects) [10]. However, limiting
ourselves solely to a narrow range of one geometry does not allow for a complete picture
of the reflective properties of the tested objects [16,17]. As previous studies have shown,
a strong specular reflection signal causes disruption of the expected characteristics for the
considered color standards [17]. The nature of the reflection —more specular or more dif-
fuse—depends on the specific surface onto which the light falls [13,14,16-18]. A natural
tool for characterizing reflection properties depending on the multi-angle measurement
geometry is the technique based on the BRDF function (Bidirectional Reflectance Distri-
bution Function) [1,18-20] using a spectrophotogoniometer. In our research, however, we
decided to check the reciprocity of the geometries using a spectrophotometer with a multi-
angle accessory. Using the possibilities offered by the spectrophotometer equipped with
a multi-angle accessory, the authors of this paper conducted research aimed at supple-
menting the knowledge on both the extended characteristics of standards and the meas-
urement capabilities of their research equipment [16-20]. However, the results of the fol-
lowing study —while pertaining to the broad field of multi-angle measurements involving
reflected light—should be applied exclusively to measurements performed using the spe-
cific equipment (Cary 5000 with a multi-angle attachment UMA) and the specific stand-
ards used here, bearing in mind that these are not BRDF measurements.

The results of the studies for a wider range of reflection angles are presented here,
with particular attention paid to the practical verification of the application of the Helm-
holtz principle of reciprocity of measurement geometries using various types of chromatic
and achromatic standards [21,22]. The Helmholtz principle of reciprocity is a fundamental
principle of optical physics, which states that the reflectance distribution function of a
material remains unchanged if the incident light source and the detector are interchanged
[21-24]. The Helmholtz reversibility principle is widely used in metrological laboratories
worldwide for the measurement of reflected light [21-24]. The main problem with apply-
ing this principle is that due to the variety of devices and tested samples, deviations from
this principle may differ and, consequently, the uncertainty of the result may have differ-
ent values. Therefore, it seems reasonable to verify this principle in terms of the use of a
given type of measuring equipment using specific measurement standards. An attempt
was made to verify the applicability of this principle using measurement equipment avail-
able at the Central Office of Measures. The study aimed to examine the potential variabil-
ity in the reflection characteristics of different types of standards used here, assuming the
Helmholtz principle of measurement-geometry reversibility, and to assess possible devi-
ations from this principle in close relation to the capabilities and limitations of the meas-
urement system used here. This paper presents the initial phase of research aimed at ver-
ifying the Helmholtz reciprocity principle for the specific type of device and standards
under consideration. At the same time, the authors recognize the need to further develop
this work by establishing an appropriate uncertainty budget, which should eventually be
compared with the obtained results to enable a more in-depth analysis. Nevertheless, the
aim of this paper is to highlight interesting trends observed during these preliminary
studies.
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2. Materials and Methods

In this article, we present the full experimental details that allow for precise replica-
tion of the procedure and ensure transparency of the methodology. By outlining the ra-
tionale, conditions, and measurement strategy, we establish a clear foundation for inter-
preting the results and evaluating the reliability of the findings. A detailed full description
of the experiment is provided below.

The angular characteristics of reflected light were measured using a spectrophotom-
eter Cary 5000 UV-Vis-NIR (Agilent Technologies, Santa Clara, CA, USA) with a multi-
angle accessory UMA (the Cary Universal Measurement Accessory). The light source was
a tungsten halogen lamp (for the VIS range). The type of detector used in the experiment
was the Si/InGaAs detector. During the tests, a detector aperture of only 3° was used. The
choice of detector aperture was based on previous studies involving measurements of
such standards using the same device [16,17]. The wavelength visible range used in all
experiments described here was 400 nm to 700 nm.

Measurements were performed using selected ceramic and Teflon standards (Figures
1 and 2), as well as a HunterLab white enamel tile reference standard no. LX17112 (Figure
3).

Figure 1. Set of ceramic color standards (DM05) used during the experiment (pale gray, red, deep

pink, orange, yellow, green, cyan, and deep blue).

Figure 2. Set of PTFE color standards (7609F) and white PTFE standard (6194) used during the ex-

periment.
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Figure 3. White enamel standard no. LX17112 by HunterLab.

For the ceramic reference standards from the Glossy Ceramic Color Standards DM05
set (dimensions 102 mm x 102 mm and thickness 9 mm), the following tiles were selected
for testing: pale gray, red, deep pink, orange, yellow, green, cyan, and deep blue. For the
study of Teflon color standards, the following standards were selected: cyan, blue, red,
yellow, green, orange (set no. 7609F, 5 cm in diameter), and the white Spectralon standard
no. 6491. The Spectralon diffuse reflectance standard (5 cm in diameter) is made of sin-
tered polytetrafluoroethylene (PTFE).

During the measurements, 7 corresponding measurement geometries were used,
ranging from 15° to 75°, with 10° steps (15°:0°, 0°:15°; 25°:0°, 0°:25°; 35°:0°, 0°:35°; 45°:0°,
0°:45°; 55°:0°, 0°:55°; 65°:0°, 0°:65°; 75°:0°, and 0°:75°). A simplified measurement scheme
of setups used in the tests is shown in Figure 4.

/ Incident f \‘\‘ . Incident
| Light 1 Light

Suanpun®
() (b)

Figure 4. Measurement scheme of setups used in the tests. (a) Setups in measurement geometry
0°:x° (where x is the position of the detector: 15°, 25°; 35°; 45°; 55°; 65°; and 75°). (b) Setup in meas-
urement geometry x°:0° (where x is the position of the sample: 15°, 25°; 35°; 45°; 55°; 65°; and 75°).

For example, a 15°:0° geometry setting means that the sample was positioned at a 15-
degree angle relative to the incident beam (15° from the line perpendicular to the sample),
and the detector recorded the reflected radiation at a reflection angle of 0° (the detector
was positioned on an axis perpendicular to the sample surface). The measurement geom-
etry was then changed to 0°:15°, meaning that the beam was incident perpendicularly to
the sample, and the detector was positioned at a reflection angle of 15° (15° from the line
perpendicular to the sample). This sequence was repeated for the variants mentioned
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above. The sample and detector setup in one of the measurement geometries studied here,
45°:0° and 0°:45°, corresponds to one of the CIE-recommended measurement geometries
[10].

3. Results and Discussion

At the GUM laboratory, the Helmholtz reciprocity principle is used on a daily basis
to transfer units of measurement from one measurement geometry to another. This prin-
ciple applies to both spherical and directional geometries, for example, 8°:d and d:8°, as
well as 45°:0° and 0°:45°. The graph below (Figure 5) presents results obtained using spec-
trophotometers routinely used at the GUM for calibration of various spectral reflectance
standards, which have reciprocal measurement geometries of 45°:0° and 0°:45°. In this
case, specialized devices dedicated to measurements in only one measurement geometry
were used to verify Helmholtz’s law:

- The first is 45°:0° (HunterLab ColorFlex), with illumination that is annular around
the sample at an angle of 45°, ensuring the most uniform possible illumination of the
sample,

- The second is 0°:45° (HunterLab LabScan), with incident illumination at an angle of
0° and reading the reflected beam at an angle of 45°.

The results were obtained for a reference standard: HunterLab white enamel plate
no. LX17112. For the comparison, the spectral data from the NPL certificate results is also
included. The results from the NPL certificate pertain to the same white enamel plate no.
LX17112 that was calibrated using the same measurement geometry at 0:45 at the National
Measurement Standards Laboratory of the United Kingdom (National Physical Labora-
tory (NPL)).

As illustrated in the graphic, the ordinate axis shows the spectral radiance factor R
(value expressed as a percentage), while the abscissa axis indicates the wavelength range
(400-700 nm). Additionally, using the secondary axis, Figure 5 shows the differences be-
tween measurements performed on different devices (symbol A on the graph).

Spectral reflection characteristics of white standard LX17112 in geometry 0°:45° (based on NPL
certificate, LabScan) and 45°:0° (ColorFlex)

A[%]

400 450 500 550 600 650 700
Alnm]

——NPL certificate 0/45-e—LabScan 0/45 —e—ColorFlex 45/0 ——A ( LabScan-NPL ) —e—A ( ColorFlex-NPL)

Figure 5. Spectral reflection characteristics of white standard LX17112 in geometry 0°:45° (based on
an NPL certificate and LabScan) and 45°:0° (ColorFlex).

As shown in Figure 5, the characteristics of the spectra obtained during measure-
ments in these two geometries are similar (the differences are of the same order as the
measurement uncertainty), which confirms the validity of the Helmholtz rule described
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earlier [21-24]. Such small differences between measurements performed on different de-
vices appear to confirm the validity of applying the Helmholtz principle to the measure-
ment geometries of 45°:0° and 0°:45° and the equipment type in question. In our experi-
ments, an attempt was made to test this rule using a device with a different design than
the above-mentioned spectrophotometers but enabling the study of the reciprocity phe-
nomenon in any angular configuration.

Using a spectrophotometer with a multi-angle accessory, the spectral reflectance
characteristics of eight ceramic standards from the DMO5 set, seven Teflon standards, and
one enamel standard were determined. The paper presents all of the results of this exper-
iment. In addition, for the purposes of this article, sample representations were addition-
ally extracted, treating their results as a representation for each set of standards, taking
into account the type of material from which they are made (ceramic, Teflon, and enamel
metal surface).

From this study, spectral reflectance values were obtained for individual standards
in the appropriate angular geometry. The result for each setting within a given measure-
ment geometry (reflected light signal) is the average of five repetitions. During all re-
peated measurements, the samples were kept in a fixed position. The reported spectra
represent average measurements. The difference between the reflected light signals for
the angular geometry and its inverse was calculated. To eliminate the effects of variations
in spectral characteristics (and corresponding signals), these signals were normalized, i.e.,
each difference in signal at a given wavelength was divided by the signal obtained at the
angular geometry x:0 for that wavelength:

Ow= (Sx:O - SO:X)/(SX:O) = A/(szo) (1)
where

dw—relative deviation (differences between nominally reciprocal configurations, relative
to the reflection signal in the x:0 geometry) in %;

A = (sx0 — sox) —difference between the signals measured at the same wavelength in the
two inverse geometries;

sxo—signal in the x:0 measurement geometry, the beam incident at a selected angle (x de-
grees), and the reflected signal measured for 0 degrees;

sox—signal in the 0:x measurement geometry, the beam incident perpendicularly to the
sample (angle 0 degrees), and the reflected signal measured for an angle of x degrees.

Computational analysis was performed for measurements in the wavelength range
of 400 nm to 700 nm. Based on this, an attempt was made to estimate the deviations from
the Helmholtz reciprocity principle for inverse geometries across the entire accessible
hemisphere (all angles are shown in Figure 5).

As shown in Figure 6a—c, the ordinate axis shows the deviation from the Helmholtz
reciprocity principle, while the abscissa axis indicates the wavelength range. The colored
curves on the graph correspond to the angular orientation of the sample. Additionally,
using the secondary axis and bold lines, Figure 6a—c show the spectral distributions of the
corresponding color standards (the absolute signal reflected from the sample measured
by the detector in the 15°:0° geometry). Based on these graphs, we can conclude that with
increasing observation angles, the deviation from the Helmholtz reciprocity principle in-
creases linearly, which can be associated with a growing contribution of scattered light at
large incidence or reflection angles. The examples show that the deviations for each angu-
lar setting are constant and do not change with wavelength (despite the use of samples
with a reflection characteristic strongly dependent on wavelength). In low-level reflection
zones, the calculated deviations lose their constant value due to the greater influence of
the noise-to-signal ratio when recording small signals in both geometries. Another obser-
vation is that we obtain similar constancy of such deviation distributions not only regard-

https://doi.org/10.3390/app16157438



Appl. Sci. 2026, 16, 7438 7 of 12

less of the color type of the given standard (in zones of strong signal), but also regardless
of the type of material from which the standard is made (glossy ceramic, matte Teflon, or
glossy enamel).
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relative deviation from Helmholtz reciprocity
(spectral and angular) ceramic DMO5 Yellow
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Figure 6. Distributions of deviations from the Helmholtz reciprocity principle depending on the
angular orientation of the sample. (a) For the white enamel reference standard LX17112. (b) For the
red Teflon PTFE standard. (c) For the yellow ceramic DMO05 standard.

In the next step of examining deviations from the Helmholtz reciprocity principle in
the experiments conducted here, the dependence of spectrally averaged deviations on the
applied receiver angular settings (observation angle) was analyzed. The obtained depend-
encies are presented in Figure 7a—c.

relative deviation from Helmholtz reciprocity
(angular) LX17112

100%

80%

[%]

60%

2 20%

)

20%

0%
0 10 20 30 40 50 60 70 80
0 angle of observation [°]

(a)
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relative deviation from Helmholtz reciprocity
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100%

80%

RN 60%

L3 a0%
o)

20%

0%

0 10 20 30 40 50 60 70 80
O angle of observation [°]
(b)
relative deviation from Helmholtz reciprocity
(angular) ceramic DMOS5 Yellow

100%

— 80%
(=]

.é. 60%

, 3 40%
Sl

20%

0%
0 10 20 30 40 50 60 70 80

6 angle of observation [°]

(c)

Figure 7. Angular variation in deviations from the Helmholtz reciprocity principle depending on
the angular orientation of the detector. (a) For the white enamel reference standard LX17112. (b) For
the red PTFE Teflon standard. (c) For the yellow DMO05 ceramic standard.

With increasing observation angles, the deviation from the Helmholtz reciprocity
principle increases almost linearly; it is the lowest for the angle of 15 degrees and highest
for the sample measured at an angle of 75 degrees. As was the case with the spectral data
analysis, this phenomenon appears to be constant, independent of the color characteristics
and material type. This can be preliminarily explained by the applied measurement ge-
ometry, which is fundamentally influenced by the detector’s fixed field of view (three an-
gular degrees), while the shape of the light spot on the sample changes with the angle. For
smaller angles, higher light signals occur from the more focused spots; for larger angles,
this proportion may change with increasing light scattering on the sample.

Observing the similar behavior of the samples, regardless of the material type or
color of the reference, the results from all 16 samples tested were averaged (simple arith-
metic mean) for specific angular settings ranging from 15° to 75° in 10° increments. The
obtained relationships are presented in the graphs (Figures 8 and 9).
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averaged deviation from the Helmholtz
principle (spectral and angular)
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Figure 8. Spectral distributions of deviations from the Helmholtz reciprocity principle obtained

from the averages of all 16 examined samples as a function of the sample’s observation angle.

averaged deviation from the Helmholtz
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-20%

© angle of observation [°]

Figure 9. Deviations from the Helmholtz reciprocity principle obtained from the averages of all 16

samples examined as a function of the sample’s observation angle.

The results presented here are based on measurements taken from the ‘right side’ of
the hemisphere (as illustrated in Figure 5), but control checks using data from the ‘left
side’ of the hemisphere confirmed the same character of the spectral and angular depend-
encies observed here.

4. Conclusions

The study aimed to observe the potential variability of the reflection characteristics
of various types of standards, assuming the principle of reversibility of measurement ge-
ometries (Helmholtz), and to analyze potential deviations from this principle, in close con-
nection with the capabilities and limitations of the measurement system used. For all the
tested standards—ceramic, Teflon, and an enameled reference standard —similar trends
in the reflected signal were obtained, regardless of the material type, gloss level, or color
of the sample.

The relative deviations (differences between nominally reciprocal configurations) be-
tween the inverse measurement geometries increase linearly with increasing observation
angle, which can be associated with a growing contribution of scattered light at large in-
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cidence or reflection angles. Despite the growth of these deviations, their profiles remain
stable within the visible range, and the characteristics remain repeatable at a given wave-
length.

An analysis of the averaged results for all standards showed that the dependence of
the deviations on the angle is systematic, indicating the possibility of modeling and pre-
dicting the behavior of the measurement system.

The obtained results confirm that the spectrophotometer equipped with an angular
measurement accessory enables reliable examination of the applicability of the Helmholtz
reciprocity principle in arbitrary angular configurations, and that its use can broaden the
scope of analyses of the reflective properties of colorimetric standards.

The unexpectedly large discrepancy between measurements in the 45:0 and 0:45 con-
figurations, compared with the results obtained using spectrophotometers dedicated to
these geometries (as presented in the introduction), most likely arises from structural lim-
itations of the applied setup and from the inability to fully preserve geometric equivalence
when interchanging the directions of illumination and observation (detection).

The results provide a basis for further work assessing the stability of reflective stand-
ards and improving calibration procedures in directional geometries. Based on the ob-
tained findings and the conclusions drawn from them, further efforts will be undertaken
to optimize the measurement conditions in order to gain additional insight into the ap-
plicability of the Helmholtz reciprocity principle across various angular configurations
using the multi-angle accessory at the Central Office of Measures. While simultaneously
acknowledging the need for further analysis of the results, the next stage should include
an attempt to combine the obtained outcomes with the associated measurement uncer-
tainty.
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