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Abstract

This study verifies and checks the accuracy of luminance and illuminance from high dynamic range images (HDRI) generated by
a commercial IP camera compared to measurement devices. The statistical analysis indicates that measuring luminance using the
calibration method with a luminance meter is comparable with measurement results using a luminance meter, with average
relative error in the range of 5-23%, whereas illuminance measurement using the eguation method is in line with the
measurement using an illuminance meter, with an average relative error range of 1-11%. Regarding the accuracy of the HDRI
method, using digital cameras is in the range of 5-27%, which is still acceptable.
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1. Main text

Since the development of digital cameras and their utilization as luminance mapping tools using the High
Dynamic Range Imaging (HDRI) technique [1], HDRI has been applied for lighting environment studies such as
analyzing luminance, illuminance, and glare for visual comfort, generating illuminance maps, and controlling room
lighting [2, 3]. To generate luminance maps from HDRI, several methods and software have been developed such as
Radiance, Photosphere, hdrgen, hdrscope, and Devebec algorithms using MATLAB or Python [4-6].

Recent studies explore the use of HDRI using digital cameras for building automation and real-time lighting and
window blind control sysle. [7] introduced an HDR vision sensor for a lighting control system using a dCV)ped
digital camera to maintain visual and thermal comfort as well as reduce energy consumption. [8] presented a low-
cost, wind()w-m()unlee{DRI sensor with a wide fisheye lens as a daylight glare control system. [9] presented
control slmlega; for lighting energy saving while satisfying glare constraints by using a calibrated fisheye lens
digital camera for validating luminance mapping and glare measurements.

Similar to digital cameras, commercial CCTV cameras or IP cameras can be used to create HDRI images. CCTV
or IP cameras have been used for surveillance or monitoring human activities. Designed CCTV cameras integrated
with central control system and PIR sensors have been used to monitor teachers’ and students’ performance in the
classroom [10, 11]. This paper presents a calibration and verification method for a commercial IP camera applied as
a view sensor to generate illuminance and luminance values from HDRI.

2. Methodology
2.1. Experimental setup

A 360-degree fisheye Vivotek FE8174/74V network security camera (IP camera) was used as a view sensor. It
was capable of recording eight 1920x1920 pixel RGB images simultaneously at multiple exposures with shutter time
starting from 1/5-1/32 000 s within one minute. Two experiments were conducted. In Experiment 1, the IP cam was
installed horizontally and in Experiment 2, the IP cam was placed vertically at a height of 1.2 m (Fig. 1). In each
experiment, six HDRIs were created at different room brightness as dimmable LED lamps were used to provide
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different light brightness. During the experiment, a Konica Minolta LS-110 luminance meter and a Konica Minolta
T-10/T-10M illuminance meter were used to calibrate and monitor the luminance and illuminance wvalues,
respectively. Eight papers were put on the floor (Fig la and 1b) or desk and wall (Fig lc and 1d) as measurement
points and one was used as the calibration point. The illuminance meter receptor units were placed next to each
paper. Each measurement comprised 42 data points.
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Fig. 1. (a) Experimental setup using an [P camera installed horizontally (Experiment 1); (b) Schematic representation of Experiment 1;
(¢) The IP camera was placed at ta height of 1.2 m (Experiment 2); (d) Schematic representation of Experiment 2.

2.2. HDRI processing

An HDRI was created by merging eight low dynamic images using the Debevec algorithm [6, 12]. To calculate
the luminance value, the following equation was used:

Lpixet = (0265 * R + 0.67 * G + 0.065 * B)

1
where Lixe = luminance value of the pixel (cd/m?); R, G, and B = the spectrally weighted radiance of the pixel
(W/m? sr); and 0.265,0.67,“1 0.065 are calculated from CIE chromaticity used by Radiance [5, 13]. To obtain the
luminance value of HDRI, a luminance meter was used to calibrate the luminance value of the pixels using the
equation:

Liupri = k * Lpixel

where k = calibration factor obtained from the luminance value of the luminance meter divided by the luminance
value of the pixel determined as the calibration point. This calibration factor varies for each measurement. This
method is called “Method 1.”

In addition to using a calibration factor to obtain the luminance value, another method using the equation
proposed by [7] was used. To test the equation, six measurement data were used as training data and six additional




measurements were obtained as test data. The equation solved using the training data was then used to obtain the
HDRI luminance value of the test data. This method is called “Method 2.”

These two methods were used to obtain the HDRI illuminance value. For Method 1, the luminance value was
converted using the equation:

E=(L/p)*=n
where E = illuminance value (lux); L = luminance value of the pixel (cd/m?); and p = reflectance of the surface,
which was measured by Konica Minolta Spectrophotometer CM-2600d to be 0.657 [2]. For Method 2, the equation

method proposed by [7] was used as explained earlier.

3. Results and analysis

The luminance and illuminance values obtained from HDRI and measurements were compared using relative
error according to the equation:

Relative error = abs [(Mypgr — M w) M 1% 100

where Mppr; = luminance/illuminance obtained from HDRI and Miciaremen = luminance/illuminance value
measured using luminance/illuminance meter.

3.1. Experiment 1 measurement results
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Fig. 2. (a) Luminance average relative error using Method 1; (b) Luminance average relative error using Method 2.
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Fig. 3. (a) Illuminance average relative error using Method 1; (b) Illuminance average relative error using Method 2.

In Experiment 1, point 5 is used as the calibration point and not used for calculating the relative error. For
Method 2, to obtain luminance and illuminance values from the HDRI, Table 3 and Table 4 in Appendix shows the
R? ranges from 0.9869 to 0.9986 and from 0.9796 to 0.9993, respectively. The average relative error of luminance
measurements compared to measurements using a luminance meter for Method 1 and Method 2 ranges from 7.19%
to 23.06% and from 4.54% to 39.25%, respectively. The maximum relative error of Method 1 is 31.91%, recorded




on point 4 in lighting condition 4 while for Method 2 it 1s 54.7%, recorded on point 8 in lighting condition 1 (Fig. 2).
The average relative error of illuminance measurements compared to measurements using the illuminance meter for
Method 1 and Method 2 ranges from 13.61% to 32.83% and from 142% to 11.54%, respectively. The maximum
relative error of Method 1 is 50.43%, recorded on point 1 in lighting condition 5 while for Method 2 it is 22.74%,
recorded on point 7 in lighting condition 4 (Fig. 3).

3.2. Experiment 2 measurement results

The calibration point used in Experiment 2 is point 6. In luminance measurement using Method 2, point 5 is
eliminated and not used because the R? is 0.6454, whereas for the other points R? ranges from 0.9284 to 0.9891. In
the illuminance measurement using Method 2, all points are used including point 5 as the R? ranges from 0.9248 to
0.9979 (Table 5 and Table 6 in Appendix). The average relative error of luminance measurements for Method 1 and
Method 2 ranges from 5.39% to 11.87% and from 6.16% to 13.61%, respectively. The maximum relative error of
Method 1 i1s 31.2%, recorded on point 4 in lighting condition 2 while for Method 2 it 1s 21.12%, recorded on point 2
in lighting condition 1 (Fig. 4). The average relative error of illuminance measurements for Method 1 and Method 2
ranges from 5.78% to 11.85% and from 2.59% to 11.96%, respectively. The maximum relative error of Method 1 is
25.41%, recorded on point 4 in lighting condition 2 while for Method 2 it is 21.85%, recorded on point 3 in lighting
condition 1 (Fig. 5).
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Fig. 4. Luminance average relative error using Method 1: (b) Luminance average relative error using Method 2.
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Fig. 5. (a) Illuminance average relative error using Method 1; (b) Illuminance average relative error using Method 2.

3.3. Paired comparison analysis

A paired comparison test [14] was used to observe any significant difference between the luminance and
illuminance measurement values obtained by the IP cam experiment using Method 1 and Method 2 compared to
values obtained using luminance and illuminance meters. Table 1 shows the t-test value of the luminance and
illuminance results. With n = 42, the t-critical value for a two-tailed test with o = 0.05 is 2.019, except for the
luminance measurement in Experiment 2 using Method 2, which only has n = 36, so the t-critical value is 2.(”.
Both Experiment 1 and Experiment 2 results indicate that luminance measurements using Method 2 prove that the




two groups are significantly different as the t-test value is higher than the t-critical value. Conversely, Method 2
proves that the two groups of illuminance measurement are comparable, whereas measurements using Method 1
indicate a significant difference between HDRI generated by IP cam and illuminance measurement results.

Table 1. t-test values of luminance and illuminance for HDRI and measurement devices

Measured Method Experiment 1 t-test value Experiment 2 t-test value
Luminance 1 0249 1.683
Luminance 2 4.917* 4.626%
[uminance 1 5.576*% 2.035*%
[uminance 2 1144 0.875

*t-test value higher than t-critical value
4. Discussion and conclusion

Paired analysis indicates that luminance measurements using Method 1 and illuminance measurements using
Method 2 are comparable. Table 2 shows the average relative error of luminance measurements using Method 1 and
illuminance measurements using Method 2. The average relative error of luminance and illuminance measurement
ranges from 5.39% to 23.06% and from 1.42% to 1.96%, respectively, which is still acceptable for an HDRI
measurement device with accuracy ranging from 5% to 27% [15, 16]. Although the luminance measurement
maximum error recorded in Measurement 1/Method 1 is higher than 30%, the average relative error is still
acceptable and there is no significant difference between HDRI and the measurement devices.

Table 2. Average relative error between HDRI and measurement devices

Measured Average relative error
Luminance (using Method 1) 7.19%-2306% (Experiment 1) ; 5.39%—11 87% (Experiment 2)
Mluminance (using Method 2) 1.42%—11.54% (Experiment 1) ; 2.59%—11.96% (Experiment 2

The results indicate that a commercial IP camera can be used as a view sensor although there is some limitation
related to accuracy. To obtain luminance values from HDRI, Method 1 (calibration method) is more accurate
compared to Method 2 (equation method).
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Appendix
Table 3. Luminance equation in Experiment 1 Table 4. lluminance equation in Experiment 1

Point  Luminance equation R? Point  Iluminance equation R’

1 Liprr = 12371 # Lo + 0.392 0.993 1 Ejpgr = 1.6894 * L. — 10,064 0.9947
2 Lipri = 1.2579 # L — 7.225 0.9872 2 Ejppr = 1321 # Ly — 34071 0.9854
3 Liprr = 08704 * L+ 1.747 0.9986 3 Ejpgr = 09571 * L + 23025 0.9993
4 Lo = 0.732 * Lyia + 13,192 0.9889 4 Eiprr = 0.7466 * Ly + 83 383 (.9882
6 Lisprr = 0.8446 * L + 9.1789 0.9869 6 Ejipgr = 0.8422 * L0 + 58 406 0.9796
7 Lipr = 09555 # Lo + 2.7841 0.9975 7 Epgr = 09363 * L + 24 595 0.9977
8 Liprr = 10839 * L. + 0.8673 0.9982 8 Ejppr = 1.2465 * L — 4.4417 0.9963




Table 5. Luminance equation in Experiment 2 Table 6. lluminance equation in Experiment 2

Point  Luminance equation R? Point  Iluminance equation R’

1 Liprr = 0.8943 * L + 10,957 0.9492 1 Ejipgr = 0.8943 * L + 10957 0.9492
2 Liprr = 08268 * L.+ 12.36 0.9284 2 Ejippr = 08268 * L.+ 12.36 0.9284
3 Lipr = 09675 * L. + 2.6588 0.987 3 Ejpgr = 0.9675 * L + 2.6388 0.987
4 Ly = L0183 * L — 3.5353 0.9891 4 Ejpgr = 10183 * L — 3.5353 0.9891
5 Liprr = 12.857 * Lo — 657.19 0.6452 5 Ejpgr = 1.1673 * Lo — 3.0699 0.9979
7 Lupgr = 0951 * Lywa + 2.9745 0.9823 7 Eiprr = (1951 * Lyiwa + 2.9745 0.9823
8 Liprr = 09023 * L. + 5.4608 0.9334 8 Ejpgr = 09023 * L + 5.4608 0.9334
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