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Abstract: Luminance measurements are the least frequent of all photometric measurements. This
article characterizes and systematizes the various methods of luminance measurement. In particular,
the method of direct luminance measurement using modern luminance meters (ILMD) is described
in detail. This paper presents the results of the study on the influence of the measurement dis-
tance on the luminance measurement results. Two ILMD meters (laboratory and portable) and a
luminance standard were used in this study. The conducted research showed that an incorrectly
chosen measuring distance can lead to significant measurement errors of up to several tens of percent.
In addition, the possible impact of incorrect measurements on the design of an interior lighting
installation was presented. It was shown that the selected interior lighting installation can consume
more than 40 percent more electricity compared to the installation based on the correct luminance
measurements of the luminaires with diffuse shades. In the final stage of the study, the definition
of the photometric test distance for luminance measurements using ILMD was proposed. The test
results can be particularly useful for the luminance measurements of OLEDs or the luminaires with
diffuse luminous character. However, these results can also be used for luminance measurements of
other light sources and luminaires.

Keywords: luminance; luminance distribution; photometric test distance; ILMD; Image Luminance
Measuring Device; luminous intensity standard; indoor lighting; energy consumption

1. Introduction
1.1. Photometric Measurements

Photometric measurements are among the most widely performed measurements in
lighting technology. These measurements include luminous flux measurements, illumi-
nance measurements, luminous intensity measurements and luminance measurements.
Luminous flux measurements are the most common photometric measurements [1–6]. They
make it possible to determine how much light is emitted from a light source or a luminaire.
Thanks to these measurements, we can determine, among other things, the luminous
efficacy of a light source [7,8] or the efficiency of a luminaire [9,10]. It is worth stressing
that luminous flux measurements are indirect measurements. There is no concept of a
photometric distance in these measurements, only the suitable size of the integrating sphere
needs to be well chosen for the size of the light source. The measurement of luminous flux
is straightforward, and the measuring equipment is widely available.

Illuminance measurements are another frequently performed measurement. These
measurements make it possible to determine the indoor [11–13] and outdoor [14–17]
lighting condition. Determining the illuminance distribution enables us to determine the
main criterion values (the average illuminance and illuminance uniformity) given in the
standardization requirements. The measurements are taken at the measurement points
defined according to a standardized measurement grid. The measurement grid is defined
differently for indoor [18], outdoor [19], workplaces and roads (for classes C and P) [20]. The
measurement is conducted using a lux meter. By adjusting the photometric head or using a
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suitable adapter, the illuminance can be determined horizontally, vertically, cylindrically or
spherically. Conducting measurement is simple and the measuring equipment is generally
available and affordable.

Luminous intensity is the next frequently measured photometric quantity. The mea-
surement is often carried out on a photometric bench as a comparative measurement with
a luminous intensity standard for light sources [21], or using a goniophotometer [22,23]
or an arm photometer [24,25] for luminaires [6,26,27]. An important feature of luminous
intensity is determining it for a point light source in a specific direction. In the case of
actual light sources, their size cannot be considered as a point light source. However, as
we move away from such a light source, from a certain distance the dimensions of the
light source can be treated as a point light source; then, the luminous intensity does not
change, regardless of the increasing distance (r) between the light source and the observer.
A change in distance is accompanied by a change in illuminance (E) at a given illuminated
point (on the photometric head). From a certain distance, the luminous intensity can be
determined from this Equation (1).

I = Er2[cd] (1)

The highest measurement accuracy is obtained by measuring luminous intensity
from a distance greater than the Photometric Test Distance (PTD). However, if the highest
accuracy is not required, measurements from a distance shorter than the PTD are often
acceptable. It needs to be emphasized that the size of the luminous surface, the type of lumi-
nous (directional or diffuse), and the measuring distance influence the measurement result.

A luminous intensity measurement is most often performed to determine the lumi-
nous intensity of a light source in a given direction or to determine Luminance Intensity
Distribution (LID) of a luminaire. For light sources with a diffusing luminous surface,
a light source can be assumed to be a point one if the distance between the light source
and the illuminated point is five times bigger than the biggest dimension of the light
source’s luminous surface. If the photometric inverse square law is met, the calculation
(measurement) error will be less than 1%. It is getting more complicated in the case of
complex optical systems, especially those with a narrow illumination angle (e.g., with
a paraboloidal reflector or lens). For reflector systems, Equation (2) is used in order to
approximate the PDT. In this equation, the PDT is defined as a multiple of the focal length
(f ) of a paraboloidal reflector.

rGOF ≥ 200× f [m], (2)

where: f —focal length of the projector mirror.
The International Commission on Illumination (CIE) has issued the recommenda-

tions (CIE S 025/E:2015) that under far-field conditions, for LEDs with narrow luminous
flux distribution and high glare limitation, a luminous intensity measurement should be
performed from a distance determined from Equation (3) [6].

rGOF ≥ 15× D [m], (3)

where: D—maximum dimension of the luminous surface [m].
In accordance with the UN Regulations No. 112 of 22 September 2014 [28], in automo-

tive lighting technology for headlamps, a luminous intensity measurement is conducted
from the distance of 25 m. It is assumed that for such a measuring distance, the condition
of the Photometric Test Distance is fulfilled.

In measurement practice, the Photometric Test Distance can be determined experimen-
tally by measuring the directional luminous intensity at several distances from the projector
(along its optical axis). The distance from which the photometric inverse square law is met
is referred to as the Photometric Test Distance. This procedure is used for complex optical
systems and multi-source LED luminaires [29].

Compared to the previously discussed parameters, luminance is the least measured
photometric quantity. This may be due to, on the one hand, the rather expensive measuring



Energies 2023, 16, 4166 3 of 21

equipment, and, on the other hand, to the lack of qualified engineering and scientific staff.
In the literature, the most common findings are those devoted to luminance distributions on
streets [30,31]. The results of these studies make it possible to determine the fulfillment of
standardization requirements and give the information about the distribution of luminance
in the driver’s field of vision. The studies of luminance distributions on building surfaces
are also found in the literature. This is important information for floodlighting of archi-
tectural objects [32–34]. Other studies are devoted to measuring luminance distributions
on the selected surfaces on interiors [35,36]. Based on such measurements, the researchers
often try to determine the occurrence of the discomfort glare [37–39]. However, regardless
of whether the measurements concern outdoor or indoor areas, the determined luminance
levels of light sources (nowadays most often LEDs) or the luminaires with reflector and
lens technology cause some doubts. These doubts result from the levels of the luminance
measured, as these levels are most often lowered. This may be due to the fact of using an
inappropriate photometric distance when measuring the luminance.

Even fewer studies present the results of measurements of luminance distributions
on the surface of light sources, mainly the currently popular LEDs. Such studies make
allow to determine the luminance levels on the LED surface, the luminance uniformity and
the nature of the luminance change for different beam angles [40–44]. In addition, these
measurements determine how the distribution of LED luminance changes with the changes
in power levels. Such tests are essential in the design process of complex optical systems
forming the unusual or specialised Luminance Intensity Distribution. However, there is
the question of how to perform such measurements properly, especially using modern
luminance meters. Another question concerns the issue of how the photometric distance
affects the results of luminance measurements.

These above mentioned problems have led to the need to address the issue of the
distance selection in luminance measurements. Therefore, this study aims to determine
how the distance between the light source and a modern digital meter affects the accuracy
of luminance measurements.

1.2. A Photometric Distance in Luminance Measurements

In general, considering the way the measurements are performed and the type of mea-
surement equipment used, two main methods for measuring and determining luminance
can be distinguished together with their variants:

1. Indirect methods of the luminance measurement:

− a photometric method using illuminance measurement,
− a photometric method using measurement of the luminous flux of a light source,
− a spectrometric method (colorimetric method) using measurements of the spectral

distribution of the light source;

2. Direct methods for measuring luminance:

− using a conventional luminance meter,
− using a matrix (digital) luminance meter—ILMD (Image Luminance Measur-

ing Device).

According to the presented division, indirect methods are divided into photometric
and colorimetric ones. The photometric method using the illuminance measurement makes
it possible to determine the average luminance of a luminous surface in a given direction
(γ). This method is based on the transformed luminance equation according to the known
Equation (4). During the indirect measurement, the photometric head is placed at a distance
r from the light source (a luminaire) so that it is perpendicular to the given measurement
direction. Then, knowing the apparent area of the light source (as seen from the direction
of observation) and the indication of the luminance meter (E), the average luminance of the
light source determined from the given direction (γ) can be calculated. In this method, for
the measurement to be correct, the distance between the light source and the photometric
head should be such that the photometric distance law can be applied. The idea is that the
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distance should be sufficient enough to treat the light source as a point light source. So,
the measurements are made in the same way as when determining the luminous intensity
from a given direction.

Lśr(γ) =
E r2

dScosγ

[
cd
m2

]
, (4)

The method using the measurement of luminous flux is another indirect photometric
for determining the average luminance seen from a given direction. With some simplifica-
tion and assuming a uniform luminance distribution over the surface area of the light source,
the so-called dimension luminance can be determined from the known relation (5) [25].
With the dimension luminance defined in this way, it is assumed that the total luminous
flux radiated from the light source comes from the surface area of the Luminance Intensity
Distribution described in this source. The measurement distance is irrelevant, as the physi-
cal measurement concerns only the luminous flux. However, this is only an approximate
method of determining the luminance of a light source and assumes a constant value in
each direction.

Lg =
Φo

π Sg

[
cd
m2

]
, (5)

where:
Lg—dimension luminance [cd/m2],
Φo—luminous flux of the light source [lm],
Sg—the surface area of the light source [m2].
The spectrometric (colorimetric) method is the last indirect method which uses the

measurements of the spectral distribution from a given direction. In this way, with a
correctly calibrated instrument, a given photometric quantity can be determined. Then,
using, for example, Equation (4), the average luminance of the light source from a given
direction can be determined.

However, the direct methods are the key methods for measuring luminance. In the
20th century, classic luminance meters were the most popular meters. They are still in use
today due to their affordability and the ease of use. Classical luminance meters are usually
equipped with the complex optics which task to extend (in the meter) the path of the light
rays and thus allowing the luminance to be measured on a luminous surface. Then, the
light rays fall on a radiation detector which is pre-calibrated by the manufacturer. The
principle of the measurement is to extract a narrow solid angle associated with the light
emission (from the measured luminous surface) from the whole half-space [45,46].

Theoretically, luminance measurement using modern meters does not depend on a
distance. Practically, the person taking the measurement sees the entire perspective in
the viewfinder of the device (as in a camera) and the area (usually a circle) in which the
average luminance measurement is taken. At this point, it is important to make sure that
the measurement field (the area of the circle seen through the lens) covers only the area
which the average luminance is to be determined. It is also important to remember to set the
focus on the measured image [47]. In this way, the average luminance can be determined
in the measurement field.

For classical luminance meters, the photometric test distance is the distance for which
the entire measuring field of the meter covers the entire measured area. There are classical
luminance meters available which allow the measurement area to be set to different (angu-
lar) sizes (different diameters of the measurement area, usually a circle, seen through the
lens by the user) [48,49]. It is then easier to adjust the distance so that the measuring area
covers the entire area which the average luminance is to be measured. In addition, if the
meter allows to set the measurement field to be sufficiently small, it is possible to also deter-
mine the luminance distribution in a simplified manner by, for example, dividing the larger
area to be measured into many parts. In this way, the point luminance can be measured
in the center of each part. There are also classical luminance meters with a measurement
field adapted to the particular application. For example, for meters designed to measure
luminance in road lighting, the measuring field has an angular range of 2′ × 20′ [48]. In



Energies 2023, 16, 4166 5 of 21

this case, according to the standard: “For every type of luminance meter, in every case of
grind point measurement the angular subtense of the measured road surface shall be not
be greater than 2 min of arc in the vertical plane and not greater than 20 min of arc in the
horizontal plane” [50].

The Image Luminance Measuring Device (ILMD) is currently the most technologically
advanced of all the luminance meters [51–54]; it allows direct luminance measurements to
be made. The principle of the operation of an ILMD is similar to that of a digital camera.
Some portable matrix meter designs are built on the basis of digital cameras [55,56]. A
typical laboratory ILMD consists of a lens (consisting of a set of lenses), a Vλ filter, a
photosensitive sensor (Charge Coupled Device (CCD) or Complementary Metal-Oxide-
Semiconductor (CMOS)) [57,58], a low noise analogue electronic, an analogue-to-digital
converter and a digital data transfer. Lenses can usually be exchanged in the ILMD and
they can be either fixed or zoom [59].

After passing through a Vλ filter, the image from the lens is projected onto a photo-
sensitive matrix. Good quality meters have monochromatic matrices with low noise and
high sensitivity CCD, and it ensures a high measurement accuracy. The sensor (matrix)
can have from one million to tens of millions of pixels. ILMDs are calibrated so that the
recorded image on the matrix can be represented as a luminance distribution over the entire
recorded image. For example, a single measurement can replace the tens or hundreds of
measurements needed to assess the condition of road lighting [30,31,60–62].

The limiting photometric distance for direct measurements taken with an ILMD meter
is a separate issue which is rather not researched. The author’s measurement experience
shows the complexity of the problem. It is essential to determine the photometric test
distance when measuring high-luminance light sources. There can be big discrepancies in
the obtained results when examining this type of light sources.

Figure 1 shows the results of measurements of the luminance distribution on the
LED surface, where Figure 1a shows the measurement from the distance of 180 mm (large
LED image), and Figure 1b is the measurement from the distance of 818 mm (left LED
image). Although the same source (LED) was measured, two different maximum luminance
results were obtained. From a close distance, the maximum luminance was 13.66 Mcd/m2

(million cd/m2), while from further away (right image), it was only 9.86 Mcd/m2. The key
question is: which result is correct?
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Figure 1. Luminance distribution on the LED surface, (a) from the distance of 180 mm, and (b) from
the distance of 818 mm.

One research paper addresses the issue of the influence of selection of luminance
photometric distance on the measurement results [63]. Based on the research, recommenda-
tions were given on how to perform LED measurements to maintain a high accuracy of
the results for different measurement methods. For measurements using a state-of-the-art
luminance matrix meter (ILMD), it was recommended that the image of the measured
source should cover at least 3000 px (pixels) to ensure 90% accuracy in the measurement of
maximum and average luminance on the LED surface. For higher measurement accuracy
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for luminance measurement on the LED surface reaching 99%, it is recommended that
the measurement distance should be chosen to ensure a minimum coverage of 20,000 px
for average luminance and 40,000 px for maximum luminance. While analyzing these
results, there is a question of how the high luminance gradient and its high levels (of the
order of millions of cd/m2) on the surface of the tested LEDs may have influenced the
measurement results.

On the basis of the discussed research, there is the issue of whether for a light source
with much lower luminance, high luminance uniformity and many times larger surface
area (for example, OLED or diffusing luminaires), the photometric distance would also
affect the measurement results. Then, another question worth addressing concerns the
idea if using another ILMD meter would confirm the results obtained through the practical
measurements rather than the theoretical analysis. All the above mentioned considerations
determined the decision to research the aspect of the distance selection in luminance
measurements taken using digital ILMD meters.

2. Materials and Methods

The test was carried out in a photometric darkroom at a technical university in the
European Union. The measuring set-up, shown in Figure 2, consisted of the following
components: a goniometer (Spectro Color, Łódź, Poland), the LN-3 luminance standard
(from LMT) [57], a GLL 3-80 P laser level (Bosch, Gerlingen, Germany), an LMK98-3
Color—a modern laboratory luminance meter and an LMK Mobile Air—a modern portable
luminance meter (both from Techno Team, New York, NY, USA) [55,56], a classic LS-100
luminance meter (Konica Minolta, Tokyo, Japan) [64,65], a Disto D510 rangefinder (Leica
Geosystems, St. Gallen, Switzerland), a B520 lux meter with a dedicated photometric head
(LMT, Berlin, Germany) and two tripods. The luminance standard (2) was set up on the
goniometer table (1). In front of the standard, luminance meters (3) were set up on a tripod.
A laptop (4) was used to view and analyze the measurement results. A laser cross level
allowed the standard and luminance meters to be aligned coaxially. The distance was
controlled with a rangefinder.
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The main aim of the measurements was to verify the measurement accuracy of two
state-of-the-art luminance meters (ILMDs)—i.e., a laboratory meter and a portable meter.
The parameters of the meters used in the research are summarized in Table 1.

The measurements were taken in complete darkness. The luminance standard had its
own separate power supply and temperature stabilization [66]. The reference luminance
was 889 cd/m2 with a color temperature closest to 2858 K.
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Table 1. Technical parameters of the LMK98-3 Color luminance meter and the LMK Mobile Air.

Parameter LMK98-3 Color LMK Mobile Air

sensor CCD Sony ICX 285 AL CMOS Canon APS-C
resolution

(luminance image resolution) 1380 (H) × 1030 (V) 5566 (H) × 3706 (V)
(2748(H) × 1834(V))

pixel ratio 6.45 µm × 6.45 µm 4.1 µm × 41.1 µm
sensor area 8.9 (H) × 6.64 (V) mm 22.5 (H) × 15.0 (V) mm
video signal 12 bit digital 14 bit digital

uniformity ∆L in % ∆L ± 2% (f22 ≤ 4%)

With a laser spirit level, the concentricity of the luminance standard and luminance
meters was controlled. A goniometer allowed correction of the height and concentricity of
the measurement system. A rangefinder was used to determine the distances between the
standard and the meters.

For the laboratory ILMD, the measurements were taken from the distances for which
the manufacturer had calibrated the meter. So, the measurements were taken from distances
of 280 mm, 306 mm, 486 mm, 655 mm, and 818 mm, and additionally from distances of
1354 mm, 1737 mm, 3778 mm, 8049 mm and 11465 mm. A 50-mm lens was used in all
measurements. In contrast, for the ILMD portable meter, the measurements were taken
from distances of 300 mm, 500mm, 700 mm, 1000 mm, 2000 mm, 4000 mm, 6000 mm and
8000 mm, for a focal length set at 50mm and 17mm (two extreme settings). After each
change of distance, the luminance distribution on the surface of the luminance standard
scatter plate was measured. The measurements were intended to demonstrate the constancy
or variability of the results obtained for different measurement distances. The analysis of
the obtained results would allow the measurements to be compared with those obtained in
other studies that concerned high-luminance LEDs [63].

This research did not include the other possible sources of measurement error in ILMD
meters, as the aim of this research was not to provide the guidelines for constructing a
new, improved luminance meter. The research objective was to demonstrate the correlation
between a measurement distance and the luminance results. The tests were carried out
using popular matrix luminance meters, often used in scientific research and engineering
measurements. In particular, the accuracy of measurements made with the laboratory
meter was positively verified in the design of complex optical systems [67–70].

The detailed results of tests using the classic luminance meter (LS100) and the indirect
method for determining luminance (B520) will not be presented here due to the simplicity
of carrying out these tests. In conclusion of this paper, the proposals for determining the
photometric distance for all the analyzed measurement methods will be included.

3. Results

Firstly, the luminance standard and an ILMD laboratory luminance meter were used
for this research. The measurements taken with the LMK98-3 Color meter equipped
with a 50-mm lens, which allowed the image focusing, were chosen for the analysis.
The measurements were made for the measurement distances selected and set by the
manufacturer and mentioned in Section 2 of this paper.

The first measurement from a distance of 280 mm did not cover the entire luminous
surface of the luminance standard. This measurement covered only the central part of the
circular luminous surface. This allowed the measurement accuracy of the laboratory ILMD
to be assessed. The result of the measurement is shown in Figure 3. Figure 3 shows the
luminance distribution over the entire surface area of the photosensitive matrix. A pseudo-
color scale is described next to the figure, indicating which luminance level corresponds to
which color in the figure.
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Figure 3. The view of the luminance distribution on the surface with reference luminance for 280 mm
measurement distances (LMK 98-3 Color).

Only the measurement made from a distance of 655 mm covered the entire illuminating
surface of the luminance standard. The intermediate measurements (between 280 mm–655 mm)
were not analyzed. The results of the measurements for successive measurement distances
selected for the analysis are shown in Figure 4. The left figures show the measured object
in the whole image recorded by the meter. The right figures contain only a magnified
image of the measured luminous surface of the luminance standard. In the center, there is a
pseudo-color scale indicating the individual luminance levels.
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Figure 4. The view of the luminance distribution on the surface with reference luminance for different
measurement distances (the left picture shows the view of the whole image recorded be a meter and
the right picture shows the zoom of the reference luminance).

Secondly, the luminance standard and an ILMD portable luminance meter were used
for this research. The measurements taken with the LMK Air Mobile meter equipped with a
17 mm–50 mm lens, which allowed for image focus and focal length changes, were selected
for the analysis. The measurements were taken for the extreme focal lengths, namely 17 mm
and 50 mm. The previously mentioned measurement distances were selected: 280 mm,
500 mm, 700 mm, 1000 mm, 2000 mm, 4000 mm, 6000 mm and 8000 mm. In addition, the
following parameters—ISO 100, aperture F4, and exposure time 0.01013 s—were set. After
changing the distance, the focus was set manually each time.

The first measurement from the distance of 280 mm and for a focal length of 50 mm
covered the entire luminous surface of the luminance standard. Based on this measurement,
the accuracy of the measurement taken by a portable ILMD was assessed. The result of
the measurement is shown in Figure 5, where the image of the luminance distribution
covers the largest part of the surface of the light-sensitive matrix (compared to the other
measurements). Next to Figure 5, as in previous cases, the pseudo-color scale is described.
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Figure 5. The view of the luminance distribution on the surface with reference luminance for 280 mm
measurement distances (LMK Air Mobile).

The next measurement results for the next measurement distances selected for the
analysis are shown in Figure 6. The arrangement of the figures is the same as for the
measurements taken using the laboratory ILMD. The left figures show the measured object
against the area recorded by the portable meter. The right figures contain a magnified
image of the measured luminous surface of the luminance standard. In the center, there is a
pseudo-color scale indicating the individual luminance levels.
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Figure 6. The view of the luminance distribution on the surface with reference luminance for different
measurement distances (the left picture shows the whole image recorded by the Mobile ILMD (for
50 mm focal length), and the right picture shows the zoom of the reference luminance).

It was decided to present the smallest of the images recorded with the ILMD portable
meter as the last one. The measurement was also taken from the distance of 8000 mm but
at the focal length of 17 mm. The measurement results are shown in Figure 7.
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4. Discussion
4.1. The Analysis Photometric Measurements

In the first step of the analysis, the accuracy of the luminance measurement was
determined using two ILMD meters. For the laboratory luminance meter, the measurement
accuracy was determined from the luminance distribution measurement shown in Figure 3.
The measurement accuracy for the portable luminance meter was determined from the
measurement of the luminance distribution shown in Figure 5. The average luminance
measurement error was determined from Equation (6). The luminance reference value was
889 cd/m2, which was provided by the luminance reference manufacturer.

∆Lavr =

∣∣∣∣ Lx − Lsd
L sd

∣∣∣∣·100 [%], (6)

where,
Lx—average luminance on the surface of the reference plate measured ILMD [cd/m2],
Lsd—average luminance of the reference plate of 889 [cd/m2].
∆Lavr—measurement deviation of the average luminance with a given ILMD [%].
The results of the measurements are summarized in Table 2.

Table 2. Measurement accuracy of the meters: the LMK98-3 Color and the LMK Mobile Air.

Parameter LMK98-3 Color LMK Mobile Air

The measured average luminance of the
reference plate [cd/m2] 890 911.7

The reference luminance [cd/m2] 889 889
Luminance measurement deviation [%] 0.11 2.54

The obtained results presented in Table 2 confirm the high quality of the ILMD
meters used in the study. The measured average luminance of the reference plate using
the laboratory meter differs from the reference value by only 1 cd/m2, resulting in a
measurement deviation of 0.11%. In the case of the portable meter, the difference between
the measured value and the reference value is 21.7 cd/m2, resulting in a measurement error
of 2.54%. Both results are excellent and confirm the use of the mentioned above meters in
further research.

The main stage of the study was to determine the influence of the photometric distance
on the luminance levels on the surface of the reference plate. The detailed measurement
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results and their preliminary analysis are summarized in Table 3. These results relate to the
LMK 98-3 Color laboratory meter.

Table 3. The summary of test results and calculations, the influence of varying the photometric
distance on the maximum and average luminance results for the surface with reference luminance.
Measurements were made using the LMK 98-3 Color luminance meter.

Photometric Distance
[mm]

Summary of Reference Luminance Research Results
(LMK 98-3 Color)

Summary of Reference Luminance
Calculation Results

Lavr Lmax
Number of
Pixels (Px)

Lavr(x)/Lavr(655) ·
100

Lmax(x)/Lmax(655) ·
100

Px/Px(all pixels) ·
100

[cd/m2] [cd/m2] [-] [%] [%] [%]

655 871.1 911.4 777,000 100 100 54.9
818 871.0 908.6 463,900 99.99 99.7 32.8
940 870.5 906.9 334,500 99.9 99.5 23.6
1354 862.7 904.6 151,100 99.25 99.0 10.7
1737 860.8 901.9 88,980 98.96 98.8 6.3
2401 849.3 896.6 45,460 97.5 98.4 3.2
3778 836.9 888.2 17,810 96.1 97.5 1.3
8049 805.2 869.8 3905 92.4 95.4 0.3

11,465 753.9 861.3 2005 86.5 94.5 0.1

In Table 3, the first column contains the distances from which the measurements were
taken. The second column presents the results of the average luminance, and the third
column shows the results of the maximum luminance measurements. The fourth column
contains the number of pixels covered by the luminance reference image on the meter
matrix. The fifth and sixth columns present the calculations of the percentage results of
each measurement related to the result obtained for the distance of 655 mm for the average
and the maximum luminance, respectively. The result for the 655 mm was chosen as the
reference, because from this distance the luminance meter could measure the entire surface
of the luminance standard. The last column contains the results of the number of pixels the
image covered for a given distance and related to the total number of pixels recorded by
the meter. The results are expressed as a percentage.

The results are summarized in Figure 8 for the average and maximum luminance to
facilitate the analysis of how the image size (expressed in the number of pixels) changes
with the changing measurement distance for a laboratory ILMD.

Analyzing the measurement results presented in Table 3 and Figure 8, it can be
seen that the measured average luminance on the reference surface changes with the
measurement distance. It was found that the greater the measurement distance, the fewer
pixels are covered by the reference image on the ILMD laboratory matrix and the lower the
value of the measured average luminance. If the measurement from the closest possible
distance (655 mm) is taken as a reference one, where the image of the reference surface
was all seen and occupied almost 55% of the entire photosensitive matrix, the following
conclusions can be drawn:

• the average luminance can be measured with 99% accuracy if the measured image
covers at least 140,000 pixels,

• the average luminance can be measured with 95% accuracy if the measured image
covers at least 14,000 pixels,

• the average luminance can be measured with 90% accuracy if the measured image
covers at least 3200 pixels.

In addition, it was found that the measured maximum luminance on the reference sur-
face also changes with the measurement distance. As in the case of the average luminance,
it was determined that the greater the measurement distance, the lower the value of the
measured maximum luminance. If the measurement from the nearest possible distance
(655 mm) is taken as a reference one, the following conclusions can be drawn:
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• the maximum luminance can be measured with 99% accuracy if the measured image
covers at least 98,000 pixels,

• the maximum luminance can be measured with 95% accuracy if the measured image
covers at least 3100 pixels,

• the measurement from the longest distance, where the measured image covered only
about 2000 pixels, ensures a maximum luminance measurement accuracy of more
than 94%.
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The further measurement results taken with a portable luminance meter (LMK Air
Mobile) are included in Table 4. The measurements taken at the focal length of 50 mm
and the last measurement at the focal length of 17 mm were selected for the analysis. In
the calculations (columns 5 and 6), the largest possible recorded image from a distance of
280 mm was the reference one.

Table 4. The summary of test results and calculations, the influence of varying photometric distance
on the maximum and average luminance results for the surface with reference luminance. Measure-
ments were made using the LMK Air Mobile (zoom 50 mm) luminance meter. The last measurement
was taken for 17 mm zoom.

Photometric Distance
[mm]

Summary of Reference Luminance Research Results
(LMK Air Mobile)

for the Focal Length of 50 mm

Summary of Reference Luminance
Calculation Results

Lavr Lmax
Number of
pixels (Px)

Lavr(x)/Lavr(180) ·
100

Lmax(x)/Lmax(180) ·
100

Px/Px(all pixels) ·
100

[cd/m2] [cd/m2] [-] [%] [%] [%]

280 911.7 956.3 2,635,000 100.0 100.0 51.1
500 906.6 951.5 724,700 99.4 99.5 14.0
700 881.6 921.2 314,300 96.7 96.3 6.09
1000 868.1 918.1 155,200 95.2 96.0 3.01
2000 846.9 915.3 34,820 92.9 95.7 0.67
4000 824.8 910.3 9261 90.5 95.2 0.18
6000 776.4 910.9 4373 85.2 95.3 0.08
8000 695.6 909.6 2701 76.3 95.1 0.05

8000 (zoom 17 mm) 644.9 906.9 401 70.7 94.8 0.008
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The presentation of the measurement and calculation results is the same as in Table 3.
Figure 9 shows the results for the average luminance to facilitate the analysis of how

the image size (expressed in the number of pixels) changes with changing measurement
distance for Air Mobile ILMD.
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Analyzing the measurement results shown in Table 4 and Figure 9, it can be seen that
the measured average luminance on the reference surface changes with the measurement
distance (for Air Mobile ILMD). As in the case of a laboratory meter, it was found that the
greater the measurement distance, the fewer pixels are covered by the reference image on
the matrix (Air Mobile ILMD) and the lower the value of the measured average luminance.
As the measurement distance increases, the average luminance decreases faster than the
maximum luminance. If the measurement of the average luminance from the closest
possible distance of 280 mm (where the image of the reference surface covered more
than 51% of the entire photosensitive matrix) is considered as the reference, the following
conclusions can be drawn:

• the average luminance can be measured with 99% accuracy if the measured image
covers at least 660,000 pixels,

• the average luminance can be measured with 95% accuracy if the measured image
covers at least 144,000 pixels,

• the average luminance can be measured with 90% accuracy if the measured image
covers at least 8900 pixels.

In addition, it was found that the measured maximum luminance on the reference sur-
face also changes with the measurement distance. As in the case of the average luminance,
it was determined that the greater the measurement distance, the lower the value of the
measured maximum luminance. If the measurement from the nearest possible distance
(280 mm) is taken as a reference, the following conclusions can be drawn:

• the maximum luminance can be measured with 99% accuracy if the measured image
covers at least 91,000 pixels,

• the maximum luminance can be measured with 95% accuracy if the measured image
covers at least 1800 pixels,

• measurement from the greatest distance, where the measured image covered only
about 400 pixels, ensures a maximum luminance measurement accuracy of more
than 94%.
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Following the adopted analysis methodology, the influence of the measurement ac-
curacy was related to results where the measured area (reference surface) covered the
biggest part of the matrix of the given ILMD. The carried-out measurements concerned
a rather large diffusing reference surface. This surface had a very uniform luminance
distribution. Hence, it seems interesting to compare the obtained measurement results
with those presented in the literature for measurements of high-illuminance LEDs with an
uneven luminance distribution on their luminous surface [63].

Table 5 compares what minimum number of pixels the measured image needs to cover
to ensure the adequate accuracy of the average luminance measurement. The compari-
son was made for different measured surfaces and different ILMD meters. The similar
comparison for the maximum luminance is shown in Table 6.

Table 5. Measurement accuracy of the average luminance of the meters: the Laboratory ILMD and
the Air Mobile ILMD.

Measurement
Accuracy

Recommended Minimum Number of Pixels to Ensure the Specified Accuracy
of Average Luminance Measurement Lavr [-]

Laboratory ILMD
Measured

High-Luminance LED

Laboratory ILMD
Measured Standard

Luminance

Air Mobile ILMD
Measured Standard

Luminance

99 [%] 20,000 140,000 660,000
95 [%] 5000 14,000 144,000
90 [%] 3000 3200 8900

Table 6. Measurement accuracy of the maximum luminance of the meters: the Laboratory ILMD and
the Air Mobile ILMD.

Measurement
Accuracy

Recommended Minimum Number of Pixels to Ensure the Specified Accuracy
of Maximum Luminance Measurement Lmax [-]

Laboratory ILMD
Measured

High-Luminance LED

Laboratory ILMD
Measured Standard

Luminance

Air Mobile ILMD
Measured Standard

Luminance

99 [%] 50,000 98,000 91,000
95 [%] 20,000 3100 1800

90 [%] 2000 for 2000
accuracy 94.5% 400

When analysing the accuracy results of the average luminance measurement from
Table 5, they seem to be quite interesting. It appears that when measuring a reference
surface with an even luminance distribution, there should be a higher number of pixels
covered by the light source image than in the case of LED sources with an uneven luminance
distribution. However, this phenomenon can be explained. The size of the output image is
the decisive factor—i.e., how many pixels are occupied by the first—possibly the biggest
recorded image of the light source. So, it was this image that provided the reference
according to the adopted measurement methodology. For example, using the ILMD
laboratory meter when measuring high-luminance LEDs, the reference image for LED1
occupied 56,640 px, and for LED3 it occupied 149,600 px. In relation to these reference
images, the measured images covering about 6000 px for LED1 and about 50,000 px for
LED3 ensure the measurement accuracy of 99% [63]. It all depends on the output size of the
image and the uniformity of the luminance distribution on a given image. However, in the
case of the laboratory ILMD, when measuring the reference surface, the reference image
occupied 777,000 px, while the image providing 99% measurement accuracy occupied
140,000 px. Hence, it can be concluded that the larger the reference image, the smaller the
image providing a given accuracy of the average luminance measurement.

The interpretation of the maximum luminance measurement results shown in Table 6
is simpler. Here, the influence of the reference image is much smaller, especially for the
measurements of the reference surface. Hence, it can be concluded that for a surface
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with an even luminance distribution, the measurement accuracy of 99% can be obtained
for distances from which the recorded image is covering approximately 100,000 px. The
accuracy of 95% is provided by an image covering approximately 3000 px. It is worth
pointing out that regardless of which meter is used and which surface is measured (even
or uneven), the image covering 2000 px. ensures the maximum luminance measurement
accuracy of 90%.

4.2. The Impact of Luminaire Photometric Measurements on Indoor Electricity Consumption

The potential impact of a wrongly photometrically measured luminaire on the illumi-
nance distribution results on task area and electricity consumption in the interior was also
examined. For this purpose, a luminaire with a shape and distribution character similar
to the luminance reference used in the study was selected. This type of luminaire was
used for the reception desk of the following dimensions: its length of 4 m, its width of 4 m
and its height of 2.5 m. The typical ceiling/wall/floor reflectance values of 0.7/0.5/0.2
respectively were also selected. The luminaires were arranged in the way to ensure meeting
the lighting requirements. For the purpose of this work, four parameters characterizing
the lighting condition in the interior were considered. These parameters were: the average
maintained illuminance on the task area (Ēm), illuminance uniformity on the task area (Uo),
colour rendering index (Ra) and CIE unified glare rating limit (RUGL). The basic lighting
requirements are included in Table 7 and the luminaire data is shown in Table 8. The
lighting installation was assumed to be in operation for 1900 h (8 h per day, excluding
Saturdays, Sundays and public holidays), and the maintenance factor was assumed to
be 0.8.

Table 7. Basic lighting requirements for the analyzed reception desk [18].

Required Parameter Required Value

Average maintained illuminance (Ēm) min. 300 [lx]
Illuminance uniformity (Uo) min. 0.6 [-]
Colour rendering index (Ra) min. 80 [-]

CIE Unified Glare Rating limit value (RUGL) max. 22 [-]

Table 8. Technical data of the used luminaire.
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Light source type PL-C/2P
Number of source 1

Luminaire luminous flux 900 [lm]
Luminaire power 17.3 [W]

CCT 4000 [K]
Ra 80 [-]

The proportional relationship between luminance, luminous intensity and luminous
flux was assumed in determining the effect of luminance measurement distance on the
efficiency of the lighting installation. The luminance measurements were assumed to be
made using an Air Mobile LMK meter. Luminance Intensity Distribution of luminaire was
determined on this assumption. The measurement errors for a given photometric distance
were considered to be the same as for the measurement of the reference surface (Table 4).
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For this study, the following five luminaire luminance measurement distances were
selected: 280 mm (reference), 1000 mm, 4000 mm, 8000 mm, and 8000 mm (zoom 17 mm).
It was discovered that as the photometric distance was increasing, the measured luminance
and measured luminosity decreased, meaning that the measured luminous flux of the lumi-
naire decreased. So, for the lower luminaire luminous flux, the number of luminaires needs
to be increased in order to light the selected room correctly; thus, the actual energy intensity
of the lighting installation increases. However, the actual luminance (and luminous flux) of
the luminaires is higher—i.e., the same as in the reference installation (for the measuring
distance of 280 mm). The simulation calculations were made using the Dialux software.
The results of the calculations are summarized in Table 9.

Table 9. The analysis of the effect of the luminaire photometric distance on lighting installation
design results.

Luminaire Photometric
Distance

Number of
Luminaires

(Distribution)

Calculation
ResultsĒm/Uo/Ra/RUGL

Power
Installed

Power Density
per 100 lx

Annual Energy
Consumption LENI

[mm] [-] [lx/-/-/-] [W] [W/m2/100 lx] [kWh] [kWh/m2]

280 mm (reference) 28 (7 × 4) 304/0.72/80/22 484.4 9.96 920.36 57.52
1000 mm 30 (6 × 5) 302/0.72/80/21 519.0 10.73 986.10 61.63
4000 mm 32 (8 × 4) 315/0.72/80/21 553.6 10.98 1051.84 65.74
8000 mm 36 (6 × 6) 300/0.71/80/21 622.8 12.97 1183.32 73.96

8000 mm (zoom 17 mm) 40 (8 × 5) 309/0.71/80/21 692.0 14.00 1314.80 82.18

For each luminaire photometric distance, the number of luminaires and their uniform
distribution in a given room were selected (Table 9, column 2). Next, the photometric
calculations of the lighting installation were made and presented in the following or-
der: Maintained illuminance (Ēm)/Illuminance uniformity (Uo)/Colour rendering index
(Ra)/CIE Unified Glare Rating limit value (RUGL). On this basis, the total power (Table 9,
column 4), unit power (Table 9, column 5) and annual electricity consumption (Table 9,
column 6) were calculated.

By analyzing the obtained results, it can be concluded that increasing the photometric
luminaire distances results in apparently lower luminance (and luminous flux) results
and, consequently, makes it necessary to use more luminaires to light the same room.
So, it impacts the increase of energy consumption. Figure 10 summarizes the energy
consumption for each case based on the collected calculation results in Table 9. The results
for the photometric distance of 280 mm were considered as a reference and the energy
consumption for this distance was assumed to be 100%.
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The increase in the luminance measurement distance of the luminaire from 280 mm to
2000 mm would result in the potential increase in the energy consumption in the analyzed
room by more than 7%. The further increase in the measuring distance to 4000 mm would
increase the energy consumption by over 14%. Measuring the luminance of the luminaires
from the greatest distance of 8000 mm would increase the energy consumption by over 28%
for a 50-mm zoom and by almost 43% for the measurements taken with a 17-mm zoom.

The conducted analysis has confirmed the thesis that taking luminance measurements
from the wrong distance and not according to the limiting photometric distance can cause
severe errors in the design of lighting installations. This applies to both interior and exterior
lighting, including road lighting.

5. Conclusions

In the conducted tests, two matrix luminance meters were used: a laboratory meter
and a portable meter. The luminance standard was used as a light source and it provided a
constant luminance over the entire standard area. The obtained measurement results have
shown the influence of the photometric distance on the luminance measurement results.

Based on the obtained test results, the luminance measurement distance can be cho-
sen in such a way as to ensure the expected accuracy of the results by determining the
appropriate size of the output image on the photosensitive matrix of the ILMD meter.
So, the larger the size of an output image, the more accurate measurement result. The
limiting measurement distance is best determined separately for the given measurement
system: a light source–a matrix luminance meter. The definition of the limiting photometric
distance given in the literature [63] should be considered valid, but with the addition of the
measurement direction, defined as the following:

The photometric test distance for luminance measurements taken using an ILMD
meter is the distance from which the measured image is projected onto a sufficient number
of pixels of the photosensitive matrix to ensure that the luminance meter readings for a
given measurement direction remain constant.

In the case of classical luminance meters, the limiting photometric distance is the one
for which the entire measuring area of the luminance meter covers only the measured light
source as seen from a given direction. The selection of the measuring distance facilitates
the possibility of changing the measuring area (viewing angle) of the meter if the meter has
this functionality.

However, in the indirect method, the limiting distance of measurement is the distance
from which the law of the photometric distance law can be applied for a given direction of
measurement. In this method, the precision of determining the luminous surface as seen
from a given direction is also essential.

The tests carried out for the ILMD meters have shown that the measurement of
maximum luminance is less sensitive to the changes in photometric distance than the mea-
surement of the average luminance. It has been demonstrated that the average luminance
can be measured with 90% accuracy when the measurement distance ensures that the light
source image covers at least 9000 px of the ILMD meter matrix; it is so, regardless of which
meter is used (Laboratory or Air Mobile) and which source is being measured (the reference
with a uniform distribution or LED with a large gradient in luminance distribution). In
case of measuring the maximum luminance, it can be measured with 90% accuracy when
the measurement distance ensures that the light source image covers at least 2000 px of the
photosensitive matrix, regardless of the meter and light source.

The conducted study has shown that a wrongly chosen measuring distance and an
incorrect luminance measurement result could increase energy consumption by up to 43%
in the case of the analyzed interior lighting system. These results have been related to
correctly performed luminance measurements.

The conducted measurements showed that the measurement results can have a varying
accuracy, regardless of the luminance level and luminance distribution on the surface of
the light source. The correct distance between the light source and an ILMD meter needs to
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be selected to ensure a high measurement accuracy. The smaller the image recorded by a
luminance meter, the lower the accuracy.

The results of the conducted tests will allow other researchers to estimate the accuracy
of the luminance measurement in an easy way. In addition, these results will facilitate the
selection of the correct photometric distance, especially for the meters used in the tests.
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47. Czyżewski, D. The leds luminance distribution measurement quality dependency on image focusing. Photonics Lett. Pol. 2020, 12,

121–123. [CrossRef]
48. Website of Lichtmesstechnik Gmbh Berlin. LUMINANCE METERS LMT L 1009. Available online: https://lmt.de/index.html@

p=401.html (accessed on 5 May 2023).
49. Website of Konica Minolta Chroma Meter CS-200. Available online: https://www.konicaminolta.com/instruments/download/

catalog/light/pdf/cs200_catalog_eng.pdf (accessed on 13 May 2023).
50. CEN/TC EN 13201-4:2015; Road lighting—Part 4: Methods of Measuring Lighting Performance. CEN: Brussels, Belgium, 2015.
51. Website of GL OPTIC. GL OPTICAM. Available online: https://gloptic.com/products/luminance-cameras/#products (accessed

on 15 May 2023).
52. Website of TechnoTeam Vision USA Inc. LMK 6 Color. Available online: https://www.technoteamvision.com/product_overview/

photometer_colorimeter/products/lmk_6_color/index_eng.html (accessed on 15 May 2023).
53. Website of KONICA MINOLTA CA-2500. Available online: https://www.konicaminolta.eu/eu-en/hardware/measuring-

instruments/light-and-display-measurement/luminance-meters/ca-2500 (accessed on 15 May 2023).

https://doi.org/10.1088/0026-1394/43/3/001
https://doi.org/10.15199/48.2020.08.16
https://doi.org/10.3390/en14154646
https://doi.org/10.1016/j.autcon.2020.103360
https://doi.org/10.3390/en13205518
https://doi.org/10.15199/48.2019.12.60
https://doi.org/10.1016/j.enbuild.2013.11.053
https://doi.org/10.1016/j.jenvp.2014.04.002
https://doi.org/10.1016/j.measurement.2019.107179
https://doi.org/10.3390/cryst9120645
https://doi.org/10.1109/ACCESS.2018.2869778
https://doi.org/10.1167/12.1.14
https://doi.org/10.4302/plp.v12i4.1077
https://lmt.de/index.html@p=401.html
https://lmt.de/index.html@p=401.html
https://www.konicaminolta.com/instruments/download/catalog/light/pdf/cs200_catalog_eng.pdf
https://www.konicaminolta.com/instruments/download/catalog/light/pdf/cs200_catalog_eng.pdf
https://gloptic.com/products/luminance-cameras/#products
https://www.technoteamvision.com/product_overview/photometer_colorimeter/products/lmk_6_color/index_eng.html
https://www.technoteamvision.com/product_overview/photometer_colorimeter/products/lmk_6_color/index_eng.html
https://www.konicaminolta.eu/eu-en/hardware/measuring-instruments/light-and-display-measurement/luminance-meters/ca-2500
https://www.konicaminolta.eu/eu-en/hardware/measuring-instruments/light-and-display-measurement/luminance-meters/ca-2500


Energies 2023, 16, 4166 21 of 21

54. Website of Hangzhou Hoptek Technology Co. CX-1000 Imaging Luminance Meter. Available online: https://hoptek.net/en/
products/detail/CX1000.html (accessed on 15 May 2023).

55. Salamone, F.; Sibilio, S.; Masullo, M. Assessment of the Performance of a Portable, Low-Cost and Open-Source Device for
Luminance Mapping through a DIY Approach for Massive Application from a Human-Centred Perspective. Sensors 2022,
22, 7706. [CrossRef]

56. Brebenariu, D.; Galatanu, C.D. Measuring Luminance with Digital Photometric Camera in Short Tunnels. In Proceedings of
the EPE 2020—Proceedings of the 2020 11th International Conference and Exposition on Electrical and Power Engineering, Iasi,
Romania, 22–23 October 2020.

57. Hain, R.; Kähler, C.J.; Tropea, C. Comparison of CCD, CMOS and intensified cameras. Exp. Fluids 2007, 42, 403–411. [CrossRef]
58. Xiong, P. Comparison of CCD and CMOS image sensors. Bandaoti Guangdian/Semicond. Optoelectron. 2004, 25, 1–4. [CrossRef]
59. Website ManualZZ Luminance and Color Measuring Camera LMK 98. Available online: https://manualzz.com/doc/31466295

/luminance-and-color-measuring-camera-lmk-98 (accessed on 5 May 2023).
60. Rusu, A.V.; Galatanu, C.D.; Livint, G.; Lucache, D.D. Measuring average luminance for road lighting from outside the carriageway

with imaging sensor. Sustainability 2021, 13, 9029. [CrossRef]
61. Tyukhova, Y.; Waters, C. An assessment of high dynamic range luminance measurements with LED lighting. LEUKOS—J. Illum.

Eng. Soc. N. Am. 2014, 10, 87–99. [CrossRef]
62. Zalesinska, M.; Wandachowicz, K. On the quality of street lighting in pedestrian crossings. Energies 2021, 14, 7349. [CrossRef]
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