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Abstract—Light emitting diodes (LEDs) play an essential role in
lighting, and green earth activities because of their high efficiency,
longevity, and reduction of carbon dioxide emissions during
illumination. However, the brightness level of LED light sources
must be adjusted appropriately for the backlight source or
illumination; therefore, pulse amplitude modulation (PWM) is a
commonly used method of LED control. This article
experimentally investigated human interaction with the visual
comfort effect of the light obtained using different PWM
frequencies on an object in a sensor-based intelligent lighting
system. Critical light frequencies are vital for the eye to
distinguish light stimuli according to time. Histograms of the
object were created according to the light frequency, and the
results are discussed. The eye’s response to light frequencies
changing over time is important for visual comfort, and examining
light frequencies in the range of 25–250Hz was sufficient to
conclude the study. It has been experimentally shown that light
frequencies around 160Hz, and above this value provide visual
comfort.

1. INTRODUCTION

Energy saving and efficiency, using green energy resour-

ces, and reducing carbon emissions are essential issues

worldwide [1–4]. Lighting is vital to worldwide energy

consumption in many ways [5]. Regarding energy con-

sumption, lighting constitutes a significant amount of elec-

tricity produced in developing countries [6, 7]. More than

20% of the energy provided in developed countries is con-

sumed by lighting [8]. Fluorescent lamps and incandescent

filament lamps have been used in lighting devices [9–13],

and these lamps are replaced by LEDs because of their

long-term usability, high light effectiveness, and high per-

formance [10, 14–17].

Keywords: LED, pulse width modulation (PWM), human interaction with
light, histogram specification, flicker effect, visual comfort zone
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LED light sources are used in driver circuits, and these
drivers can cause visible flicker [18]. Flicker can be
defined as an instantaneous change of light intensity in the
light source. As seen in Figure 1, flicker can be measured
using two parameters: percent flicker, and flicker-index.
Percentage flicker can be defined as the ratio between the
maximum, and minimum light in a cycle. In addition, the
flicker index requires accurate measurement of the wave-
form shape with complex integral mathematics. For this
reason, the expression percent flicker is used more than the
flicker index to qualify the amount of flicker. Additionally,
the IEEE PAR1789 standard specifies possible health risks
associated with higher percentages of flicker [19, 20].

The human eye’s time-varying excitations can be distin-
guished in cases where light excitations change very
slowly, as in natural lighting, and in cases where light exci-
tations change very quickly, as in discharge lamps working
with alternating current. If the brightness of the light
source changes periodically, and this change appears to the
eye as a steady glowing light source, this flicker frequency
is critical. The mean value of the periodically changing
luminance (Lmean) is calculated by Eq. (1), where L is the
instantaneous value of the periodically changing luminance,
and T is the period of the periodically changing
luminosity.

Lmean ¼ 1
T

ðT
0
L tð Þdt (1)

Studies to explore the effects of light illumination
require a continuous approach to situations such as bright,
and dim light conditions. Various studies have confirmed
that the illumination of LED lights affects human attention,
but there are no consistent research results as to what level
of illumination is effective [21]. The Kruithof curve defines
a region of lighting levels and color temperatures generally
seen as comfortable or pleasant to an observer. This

empirical curve captures the “comfortable” lighting range
parameterized by brightness and color temperature, which
is called the Kruithof curve [22]. It has been empirically
determined that the Kruithof curve for a given value of L
luminance and color temperature (K) is comfortable for
humans; this curve is shown in Figure 2.

Luminous efficiency (LE) can be defined as the ability
of a light source to efficiently produce visible light output
and is measured in lumens per Watt. The high performance
and efficiency of LEDs play an important role in their pref-
erence. In the simulations reported, the LER (luminous
efficiency of radiation) of each LED mixture can be
quoted, which should be as high as possible to ensure a
modern, energy-efficient lighting design. LER is defined by
the lighting efficiency equation (2), and the overall lighting
efficiency (LE) is defined by Eq. (3), [23].

LER ¼ Km
Ð 0
kV kð ÞS kð ÞdkÐ
S kð Þdk (2)

LE ¼ Km
Ð 0
kV kð ÞS kð Þdk

PE
(3)

where Km is the maximum luminous efficiency of radiation
(�683 lumens/watt), S_k is the spectral distribution of the
light source, and V_k is the CIE spectral sensitivity func-
tion value for human photonic vision. Therefore, LER eval-
uates the “illumination content” of the spectrum by

FIGURE 1. Definition of percentage flicker and flicker
index [19].

FIGURE 2. The Kruithof curve was used in this study as
a criterion to capture the human comfort factor [22].
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comparing the visible light lumen output to the total radi-
ant watt. LE, on the contrary, is the electricity consumption
(PE) that must cover the transformation losses in the illu-
mination source, and the total-radiant output, as shown
in (4).

PE ¼ CL þ
ð
Skdk (4)

here CL symbolizes the conversion losses due to the phys-
ical process of the lamp. The portion in formula (2) is
always greater than that in formula (1), so LE is always
less than LER. Moreover, LER is easier to guess because it
depends only on the spectrum source of illumination.

PWM is a type of modulation that adjusts brightness by
quickly turning the light source on and off. Frequency and
duty cycle are essential parameters in PWM [24]. The
period equals the sum of the TON time and the TOFF time.
The frequency (F) of a PWM signal is found in 1/period.
The PWM signal is shown in Figure 3, and the duty cycle
expression is given by Eq. (5).

duty cycle Dð Þ ¼ TON
TON þ TOFF

100 (5)

Image processing is a method used to obtain a specific
image by converting it into a digital form or to obtain the
desired result from the image with software. Today, image
processing is used in many fields, such as medicine, mili-
tary, security, facial recognition, emotion analysis, robotics,
and classification. Histograms allow us to see the frequency
distribution of the dataset as, a graphical representation of
the image gray value distribution. For example, as you
move to the left on the X-axis (closer to the origin), pixels
of darker and black areas are obtained [25, 26].

In this study, the visual comfort effect of light on a vase
object was experimentally investigated using different
PWM frequencies in an intelligent lighting system using a

phototransistor sensor. The reference illuminance of the
environment was adjusted to 300 lux using a potentiometer,
and LED panels were used to obtain the required illumin-
ance level. According to the light frequency, the histo-
grams of the object were created in the MATLAB software
environment and, interpreted.

2. EXPERIMENTAL SETUP

The power of the LED panel used was 36W, the maximum
luminous flux value was 3204 Lumens, the color tempera-
ture was 6500K, and the luminous factor was 89 lm/W. An
LED panel with a color rendering index (CRI) >80 is
used. The light distribution curve of the LED panel is
shown in Figure 4. Based on the EN 12464 lighting of
indoor workplaces standard, the recommended classroom
light level is 300 lux [28]. The color temperature of the
LED panel was maintained at 6500K, and the illumination
in the environment was 300 lux. Considering these values,
the Kruithof curve in Figure 2 shows that the light values
are acceptable; and in the comfort zone.

A TEMT6000 phototransistor light sensor was used in
this study [29]. This sensor can measure illuminance up to
1000 lux with peak sensitivity of approximately 580 nm,
with a spectral sensitivity curve adapted to suit human eye
sensitivity. The photo sensor generates analog current
information from a variable voltage of 0–5V read through

FIGURE 3. PWM signal.
FIGURE 4. Light distribution curve of the LED
panel [27].
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a 10K resistor. The current change of the sensor with
brightness is shown in Figure 5.

The TEMT6000 sensor has an angle accuracy of u ¼
±60�. The relative radiation sensitivity, and angular dis-
placement are given in Figure 6. This photo sensor is
strictly linear between �10 and �1000 luxes, and its typ-
ical photocurrent is specified for 50 lA (at 100 lx). The
photocurrent (IPCE) illumination formula of the light sensor
is given below.

Illuminance luxð Þ ¼ 1
2
IPCE lAð Þ (6)

The reference illumination level can be adjusted with a
10K potentiometer connected to the ambient lighting sen-
sor. The reference value was set at 300 lux. The light is
increased if the analog information received from the

phototransistor light sensor is below the reference value.
Figure 7 shows the reference signal generation for indoor
illumination.

In the smart LED lighting system, the ambient reference
value can be obtained, and connected to the TEMT6000
ambient light sensor so that the potentiometer adjusts the
block graph shown in Figure 8. The reference value was
set to 300 lux. If the light information received from the
ambient sensor is lower than the reference lux limit, the
amount of light increases.

Increasing or decreasing the ambient light is accom-
plished with the PWM signal generated by the algorithm
shown in Figure 9. The PWM signal produced by the

FIGURE 5. Collector light current and illuminance of the
TEMT 6000 [29].

FIGURE 6. Relative radiant sensitivity vs. angular dis-
placement of the TEMT 6000 [29].

FIGURE 7. Generation of the reference signal.

FIGURE 8. Lighting system structure.
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control card determines the light level at which the LED
panels pass through the MOSFET transistor.

In the experimental setup, a colored flower vase was
used as the object. The distance between the flower vase
and the ceiling was 1.1m. The ceiling and walls are light
in color. The image of the experimental environment is
shown in Figure 10.

3. RESULTS

Experimental measurements were conducted with light fre-
quencies of 25, 50, 125, 166, and 250Hz. These images
were taken between 0, and 4. Seconds at each PWM light
frequency. All images were obtained from the camera
recording with a resolution value of 720. The average pixel
value of each picture is shown with a red line and is given
as numerical values in the figure tag. In the histograms, the
Y-axis indicates the number of pixels, and the X-axis
shows the brightness value between 0 and 255 obtained
using 8 bits. The histograms show how illuminated each
pixel is. The left side of the X-axis represents pure black,

and the right side represents brightness with pure white.
The number of pixels of the relevant brightness value on
the Y-axis is shown numerically.

3.1. Case 1

In the video recording taken at 25Hz light frequency, the
histogram pixel values of the image vary considerably with
time. In Figure 11, the red line shows the average of the
pixels in the image histogram. The origin point on the X-
axis shows the dark level. As it moves from the origin
point to the left of the X-axis, the image brightness in light
color increases.

While the pixel average of the images taken at 25Hz
between 0 and 1 s is 77.2523, the standard in seconds is
122.1436. When watching the video recording of the pic-
tures, the flicker effect caused by the pixel changes accord-
ing to time disrupted the visual comfort. The average of
the five values is 88.6269

3.2. Case 2

In the video recording taken at 50Hz light frequency, the
histogram pixel values of the image vary considerably
according to time. Figure 12 shows the average pixel val-
ues of the pictures taken from the images recorded between
0, and 4 s. For example, while the average pixel value of
the image between 0, and 1 is 94.0241, the average pixel
at the third second is 165.9061

When viewing a video recording of images at 50Hz, the
flicker effect caused by the pixel changes according to
the time period disrupted visual comfort. The average of
the five values is 113.387.

3.3. Case 3

In the video recording taken at 125Hz light frequency, the
histogram pixel values of the image vary considerably with
time. Figure 13 shows the average pixel values of the pic-
tures taken from the image recorded between 0 and
4 seconds. For example, while the average pixel value of
the image between 0 and the 1st second is 72.3844, the
average pixel value in the 1st second is 152.4702.

The flicker effect caused by the pixel changes according
to the time when watching the video recording of the
images at 125Hz disrupted visual comfort. The average of
the five values is 108.255

3.4. Case 4

The histogram pixel values of the image in the video
recording taken at a light frequency of 166Hz do not

FIGURE 9. Control algorithm PWM frequency of the
LED lighting system.

FIGURE 10. Experimental environment.
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change with time. Therefore, these values can be consid-
ered constant when the video recording is watched or
compared with the picture. Figure 14 shows the average
pixel values of the photographs taken from the image

recorded between 0 and 4 s. The average pixel value of the
image is between 0. The second and first second is
120.838, while the average pixel value at the second is
121.1245

FIGURE 11. Average histogram values of the image according to the time range at 25Hz light frequency, period 0.04 s.

FIGURE 12. Average histogram values of the image according to the time range at 50Hz light frequency, period 0.02 s.
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When the video recording of the images was watched at
166Hz, the flicker/frequency effect caused by the time
change of the pixels could not be noticed, and it was
observed that visual comfort was created. The average of
the five values is 120.6596.

3.5. Case 5

In the video recording shot at a light frequency of 250Hz,
the histogram pixel values of the image almost do not
change over time. Therefore, these values can be consid-
ered constant when watching the video recording or

FIGURE 13. Average histogram values of the image over the time range at 125Hz light frequency, period 0.008 s.

FIGURE 14. Average histogram values of the image over the time range at a light frequency of 166Hz, period of 0.006 s.
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examining the pictures. Figure 15 shows the average pixel
values of the images taken from the image recorded
between 0 and 4 s. For example, the average pixel value of
the image between the 0th and, 1st seconds is 120.5175,
while the average pixel value at the 1st second is
121.8949.

When watching the video recording of the images at
250Hz, the flicker effect caused by the pixel changes with
time was not observed, and visual comfort was provided.
The average of five values is 121.2657.

4. DISCUSSION

When the standard deviation values of the frequencies
were examined according to Table 1, significant standard

deviation (STD) values were obtained at 25, 50, and

125Hz light frequencies, and minimal STD values were

obtained at 166 and 250Hz.
In Table 1, whether there is a flicker according to time

in the vase object image in the camera kept fixed under a

specific light frequency has been observed. The visual

comfort status of these flickers was determined from the

average pixel values of the images taken in at particular

seconds. The average pixel value of the image remained

constant over time, or the low standard deviation value

was used to measure image quality. In Figure 16, the aver-

age, and STD changes of the light frequencies are shown.

At 166, and 250Hz, the STD values are lower, and the

pixel density is relatively higher.

FIGURE 15. Average histogram values of the image over the time range at 250Hz light frequency, period 0.004 s.

Time 25Hz 50Hz 125Hz 166Hz 250Hz

0 second 77.2523 94.0241 72.3844 120.838 120.5175
1 second 92.0103 103.8549 152.4702 119.9058 121.8949
2 seconds 122.1436 99.3929 143.4233 121.1245 121.5875
3 seconds 76.4195 165.9061 101.59 120.3055 121.2044
4 seconds 75.3061 103.7586 71.4089 121.1243 121.1243
MEAN 88.62636 113.3873 108.2554 120.6596 121.2657
STD 19.94155 29.63351 38.34237 0.537937 0.520337

TABLE 1. Average (mean), and STD values of light frequencies over a time range.
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5. CONCLUSION

CRI, and color-temperature (Kelvin) are essential for visual
comfort. The scale range of the color-rendering index is
between 0, and 100. Natural-lighting has a CRI of 100,
and a CRI greater than 80 is recommended. The color-
rendering index of the LED lamps chosen for illuminating
the space, and the color temperature are greater than 80.
The color temperature of the LED panel used was 6500K.
The region where the 300-lux reference value provided by
intelligent lighting, according to the Kruithof curve and the
color temperature of the LED lamp intersect, is located in
the visual comfort zone.

In this research, color temperature and lux brightness
values are discussed in terms of human visual comfort, and
fluctuations. The histogram technique and diagrams are
effective in showing the visual comfort of the light fre-
quency effect. The high flicker effect in images taken from
25, 50, and 125Hz light frequencies according to time has
been shown with high standard deviations, and it has been
seen that these frequencies do not provide visual comfort.
On the other hand, the standard deviations of the images
taken at the band level between166, and 250Hz light fre-
quencies are low, and no flicker effect has been observed
in the recorded photos. Therefore, the evaluation of the
human vision comfort factor concluded that it would be
more convenient to adjust the light PWM frequency to
around the band level or above these frequencies. The key
lessons learned from this study follows:
� By choosing parameters based on color metrics such

as color temperature and illuminance, a balance can be
achieved between light quality, and frequency in LED
lighting.

� The CIE spectral sensitivity function value, and the
Kruithof curve characteristics can be used to determine
the human eye comfort level.

� Histogram graphs can be used effectively to determine
human visual comfort.

� It has been proven that the standard deviation values
in the histogram graphs of the LED light PWM fre-
quency at values around 160Hz and above are quite
low and the light quality is quite ideal.
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