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Abstract

This paper characterised and evaluated the abilty of a smartphone camera to measure
ultraviolet radiation (UVR) through various types and thicknesses of glass. Image sensor
responses from a smartphone with UVA transmitting filters were measurably stronger in the
red colour channel than the blue, with the green colour channel responding weakly. Strong
correlations of up to R?= 0.96 have been determined from calibration of the red and blue
channel image responses against measured UVA irradiances for data obtained from both the
horizontal plane and the sun-normal plane. For the validation data of the red channel and the
blue channel respectively, the mean absolute error was 13.7% and 17.4% for the horizontal
plane and 3.8% to 5.6% for the sun-normal plane. This research has concluded that it is possible

to determine UVA irradiances through glass, of different thicknesses, using a smartphone
camera with high degree of accuracy.
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1. Introduction

Ultraviolet radiation (UVR) is long known to have both beneficial and detrimental effects on
human biology. Balanced exposure to UVR can assist in the production of vitamin D, which
has many benefits, including supporting the immune system, cardiovascular health and lung
function, maintaining the health of bones and teeth, and assisting in the regulation of insulin
[1]. Webb and Englesen [2] suggest that an adequate level of vitamin D protects the body
against cancer development in the colon, prostate, and breast tissue. Underexposure to UVR
may contribute to a range of biological and psychological developmental health problems due
to the reduced production of vitamin D [1]. Overexposure to UVR contributes to cellular
deterioration characterised by the production of cancerous cells in the basal, squamous, and
melanocyte layers of the skin, generation of cataracts and optical keratosis [3,4], and is the

leading cause of photoaging, through the degeneration of DNA replication [5].

Traditionally, UVR is measured using three main types of devices, specifically radiometers,
spectrometers, and spectroradiometers [6], each of which has specific measurement qualities
and output formats [7,8]. These devices have varying degrees of portability but are often too
expensive for many research and occupational health and safety research groups. A common
method of presenting information obtained from the standard devices is in the form of the UV
index (UVI), which is predicted from a model based on accumulated data obtained from
spectroradiometers and spectrometers projected into the future based on the assumption of
cloud-free skies [4,9].

There have been many developments in relatively low cost UVR measurements, all with
varying accuracy and reliability depending on calibration robustness [10]. An example of a
relatively low cost and portable device to measure UVR is the Solarmeter (Solar Light Co., PA
USA), which was found to have 5% to 10% agreement with a biometer and spectroradiometer
at the Australian Radiation Protection and Nuclear Science Agency [11]. Recently, the use of
inexpensive circuit and microcontroller Kits (e.g. Raspberry Pi) have been calibrated and used
for UV based observations, an example is [12] UVB observations of sulphur dioxide plumes
using a Raspberry Pi based PiCam, calibrated with strong agreement (R? = 0.92) against a

scientific grade UV camera.



There is a common public misconception that an individual can be protected from UVR
exposure behind glass [6]. This is a potentially dangerous misconception as while normal
window glass attenuates ultraviolet B (UVB: 280 nm — 320 nm) radiation, these wavebands
are not completely absorbed until the glass thickness is greater than approximately 1.5 mm.
Standard glass with a cross section of less than 1.5 mm will allow some UVB to pass through,
with the cut-off wavelength decreasing as the glass thickness decreases [13]. The ultraviolet A
(UVA: 320 nm — 400 nm) waveband is not as greatly affected by glass thickness; however,
with the transmission irradiances for wavelengths longer than 360 nm showing less than 5%
attenuation for glass as thick as 6.3 mm [14]. Previous research has established that it is possible
to receive erythema (sunburn) through standard window glass if the exposure period is
sufficiently long enough [15]. Previous research by Jelle et al. [16] has established metrics in
an attempt to standardise photoprotective properties of building materials such as glass,

including the solar material protection factor (SMPF) and solar skin protection factor (SSPF).

Primarily, the purpose of regular window glass is to permit the transmission of visible light
into a structure while protecting against adverse and uncomfortable environmental conditions
[17]. Standard window glass is created by heating silica (SiO2) sand to melting point before
being set into a useful form. Often, soda ash is added to the sand to decrease the melting
temperature, while a non-soluble stabilising agent such as limestone is added to solidify the
resultant material [18]. Along with these ingredients, a number of other chemicals can be added
to the composition mainly to alter the material’s resilience to heat, to heighten and alter the
reflective properties of the material, to alter the colour of the material, and to absorb or transmit
radiant energy of selected wavelengths [17-19]. The addition of these components invariably
has an influence on the protective properties of the glass, altering the distribution of radiation
passing through the material. Additional factors affecting radiation transmission include the
application of embedded lamination layers and surface films [17], and multiple absorbance and
reflectance profiles observed in multilayered glass [18]. In urban environments and vehicles,
the most common types of glass used is classified as standard or normal glass, tinted glass,

tempered or safety glass, and laminated glass [16,17,19].

Previous research has employed equipment such as dosimeters, radiometers and
spectroradiometers for the measurement of UVR through glass [13,17,20-23]. No previous
research has investigated employing the sensitivity to UVR of a smartphone camera for the

measurement of glass transmitted UVR. This paper characterises and evaluates the ability of a



smartphone camera to measure the transmitted UVR through various types and thicknesses of
glass. This characterisation and evaluation are used to determine the effect that optically dense
materials may have on the ability of a smartphone camera image sensor to measure and monitor

UVA irradiances in environments where direct illuminance is obscured.

2. Methodology
2.1 Location and times

All laboratory and field data were collected at the University of Southern Queensland campus
in Toowoomba (27° 36 S, 151° 56” E), Australia. The approximate duration of each field data
collection cycle was 5-7 minutes and up to 8 data cycles for both the horizontal plane and sun-

normal plane were undertaken on any given data collection day.

The days when measurements were undertaken were selected to minimise the effects of optical
obstructions such as the presence of clouds and aerosols. In total, 29 observation cycles across
six days between late April and late July of 2018 were taken for calibration. The solar zenith
angles (SZA) of these cycles ranged from approximately 45°to a maximum of 75°. A total of
23 observation cycles over the course of five days between late August 2018 and early April
2019 were collected for validation purposes. The SZA range for the validation data was
between 17° and 68°.

2.2 Equipment and measurement method

Initial spectral transmission characteristics, from 280 nm to 800 nm, of all thicknesses and
types of glass panes, and the filters used in this research were first measured in a UV
spectrophotometer (model UV-VIS 2700, Shimadzu, Japan). This provided a baseline
measurement, characterising the global transmission profile changes with glass thickness, as

well as allowing observations of the effects of tints and laminates.

For each field observation cycle, the smartphone and radiometer (model PMA 2100, Solar
Light Company, PA, USA) were arrayed so that both devices were able to be covered by the
same sample glass slide. To eliminate as much as possible extraneous light in the visible and
infrared wavebands, UG11 (Edmund Optics, Barrington, USA) and KG05 (SHOTT, Mainz,



Germany) filters were secured above the outer smartphone camera lens. Additionally, two
neutral density (ND) filters (Bentham Instruments, Berkshire, UK) were attached above the
fitter array for sun-normal images to decrease saturation while measuring direct solar
irradiances. Figure 1displays the in-situ layout of the measurement apparatus in the sun-normal
configuration. To ensure that the sun-normal data were collected in a direct path from the Sun
to the apparatus a simple sun-targeting system was developed using a long cylindrical tube
orientated parallel to the image collection direction. This tube was used to target the solar disk

prior to the commencement of each sun-normal data collection cycle.

<Figure 1>

2.3 Data collection and analysis

Each observation point consisted of an image taken with the smartphone along with a
simultaneous reading with the sunphotometer from beneath one of the sample glass panes.
Between each of these datum points, the sample glass slides were exchanged in order, first for
the horizontal plane and then for the sun-normal plane. A completed observation cycle, the
point from which the process was repeated over, consisted of eight horizontal plane
observations, followed by eight sun-normal plane observations. The order in which the glass
slides were placed on the apparatus was clear glass samples, from 1 to 6 mm thickness, at 1
mm intervals; followed by the 6 mm laminated glass sample; and ending with the tinted glass
samples (4 mm followed by 6 mm sample). Images were taken using a Sony Xperia Z1 (Sony
Corporation, Tokyo, Japan) smartphone camera. The images were saved in the default JPEG
format, typical for many smartphone models. This camera produced images with a resolution
of 5248x3936 pixels. They were cropped prior to processing to minimise the effects of
accidental light leakage. The initial cropping reduced 500 pixels from the outer edges of the
original image, with images taken on a horizontal plane cropped by a further 500 pixels from
the outer edges (1000 pixels total) to further minimise light leakage effects. The size of the

images processed were thus:

Horizontal Plane: 3248x%1936 pixels
Sun-normal plane: 4248x%2936 pixels

The images were analysed using custom image processing Python programs. These programs

were developed for the purpose of analysing smartphone images to determine for each image



the average pixel intensity value and standard deviation for each of the red, green, and blue
colour channels [24]. This analysis is similar to the “Measure” function in the program ImageJ

(https//imagej.net/) while permitting batch file processing to analyse multiple files. The

number of pixels analysed by the sun-normal processing program varies according to the size
of the solar disk represented in the image by a localised cluster of ‘hot” or highly exposed pixels

of the solar disk.

Once the average pixel value and standard deviation for each colour channel were obtained the

average pixel value (C) was transformed according to the function in equation 1 [25,26].

C'=In(CDcos* (SzA)) (L)

where C’ is the transformed pixel values, calculated from the measured pixel values (C), the
solar zenith angle (SZA), and the Sun-Earth distance correction factor (D) [27].

The transformed average pixel value for the red and blue channels (equation 1) from images
taken from the horizontal and sun-normal planes were compared against observed broadband
UVA irradiances. The green channel for the Sony Xperia Z1 had been previously identified as
being indistinguishable from noise [26,28]. A second order polynomial regression was
modelled for the horizontal plane data, while alinear regression was derived for the sun-normal
plane data. Standard deviations of the pixel intensity value were used as an indicator of the
relative noise of the image [29], indicated by error bars. The standard deviation distribution for
both the horizontal and sun-normal plane observations were also compared to ascertain the

relative significance of image sensor noise.

The signal to noise ratios (SNR) were determined by using a simplified transformation function

[30,31], which is represented in equation 2.
SNR = —tdark )

where [ and o indicate the mean and standard deviation of C respectively. Dark current (.,

has been identified as being a very minor source of noise in smartphones [26,32] thus is not
considered for further analysis. The SNR is further expressed in decibels (dB) by equating
20log,, SNR [30].


https://imagej.net/Welcome

During initial image collection, it was found that irradiance saturation would occur in the red
colour channel even with the use of multiple neutral density filters. This full saturation occurs
when the brightness intensity of incident light is greater than the capacity of the sensor to record
within the discrete numerical limit (8-bits, or digital values between 0-255 for image sensors
in JPEG format). Full saturation is recorded as a pixel intensity value of 255 with a zero
standard deviation. Pixel data that were determined to be oversaturated were removed prior to
the calculation of calibration and validation models for the red colour channel, thus a smaller
subset of data was analysed for this colour channel. The number of observations for each type

and thickness of glass is presented in Table 1.

Table 1: Observations used for calibration and validation of the red colour channel data
collected from the sun-normal plane orientation. These are a subset of the 29 total observations
for each thickness and type of glass.

Number of utilised observations, red channel sun-normal data
Calibration Validation
Glass sample type Number of Glass sample type Number of
observations observations
2 mm clear glass 21 2 mm clear glass 14
3 mm clear glass 23 3 mm clear glass 19
4 mm clear glass 23 4 mm clear glass 21
5 mm clear glass 25 5 mm clear glass 17
6 mm clear glass 25 6 mm clear glass 19
6 mm laminated glass 25 6 mm laminated glass 23
4 mm tinted glass 27 4 mm tinted glass 21
6 mm tinted glass 28 6 mm clear glass 22




3. Results and Discussion
3.1 Transmission characteristics

The spectral transmission of the glass panes and filters exhibited variations between glass
sample types and thicknesses (Figure 2) and transmission properties of the filter arrangements
demonstrated distinct profiles (Figure 3). The glass samples exhibited similarities in
transmittance by glass composition type, with Figure 2 showing that the peak levels of
transmittance decreased as the sample glass thickness increased. It was also observed that the
minimum wavelength transmitted through glass increased as the thickness of standard glass
increased, which is consistent with similar observations made by Parisi et al. [13]. The clear
and tinted glass samples have a peak in transmittance in the UV spectrum at about 370 nm,
while the laminated sample has a cut-off wavelength of about 370 nm, thus this peak was not
evident. The maximum visible spectrum transmittance observed for the clear and laminated
samples ranged from 480 nm to 580 nm, and transmittance past this point decreased at a rate
related to the thickness of the glass sample, also consistent with previous research observations
[13,14]. The transmission profile of the tinted glass samples is largely non-linear through the

visible waveband with three major peaks up to 700 nm, along with two other minor peaks.

<Figure 2>

<Figure 3>

The difference in transmission profiles between the clear and tinted glass samples are most
likely due to the material properties of the additives used to make the tint [16,17,19,33,34]. The
laminated glass minimised transmission of UVA radiation, yet otherwise followed a similar
transmission pattern to the normal glass samples. This was expected as the polyvinyl butyral
(PVB) lamination is specifically identified as only blocking transmission of optical radiation
below the UV-visible boundary [34].

The filter transmission profiles (Figure 3) demonstrated that combining the UG11 broadband
transmission filtter with the KGO5 infrared blocking filter effectively blocked visible radiation
transmission between the wavelengths of 400 nm to approximately 680 nm. Of the remaining
radiation entering the smartphone camera aperture, approximately 98.5% of that radiation was
in the UVA spectrum with the remainder being near infrared leakage, which has been

previously observed in these types of filters [35]. When taking images on the sun-normal plane,



the two neutral density filters, ND2A and ND2B, were included in the filter array to minimise
saturation of the image sensor. It was determined that these neutral density filters had a

matching linear transmission regression that increased as wavelength increased (equation 3).

T o, =0.0064+0.0747 ®

This transmission profile indicated that the neutral density filters transmitted 0.2% of incide nt
radiation at 280 nm, increasing to about 4% at 800 nm. Consequently, using these filters
slightly increased the relative amount of infrared radiation reaching the image sensor. The
proportion of transmitted UVR received by the smartphone image sensor was 73.4%. This was

accounted for in the calibration of the image sensor to the radiometer.

3.2 Horizontal plane

Horizontal plane images were observed to not include the solar disc during the calibration
phase, displaying the predicted distinct second order polynomial regression (Figure 4). Hence,
the relative image sensor noise increased with lower irradiances on the smartphone image
sensors. Correlations were slightly stronger for the blue colour channel compared to the red
colour channel when observing through clear glass, with maximum R? values of 0.95 and 0.93

respectively.

The general formula relating the horizontal plane data and measured UVA irradiances was a
second order function. Variability, indicated by error bars in Figures 4 and 5, increased with
lower irradiances incident on the smartphone sensors. The standard deviations, used to
determine the relative noise, maintained a strong numerical stability, ranging from between
0.18 to 5.32 for the horizontal plane blue colour channel, regardless of the average pixel value
(which ranged from 0.02 to 19.35). This suggests that low-level ambient noise was present in

the smartphone image sensor, increasing the potential for error at low irradiances.

Known sources of noise obtained from digital imagery include off-set fixed pattern noise, gain
fixed pattern noise, shot noise, readout noise, column noise, demosaicing, and quantisation
[36]. Most of these noise sources are device and environment dependent and were not
investigated directly in this research, as the noise is considered very low relative to high signal
measured from the horizontal plane and sun-normal images. Itis due to the negligible level of

noise in images compared with a high signal that sun-normal image errors were relatively small



(Figure 5). The green colour channel signal was, in general, more than two orders of magnitude
smaller than those received for the red and blue channels. Due to this, the relative noise of this
channel was significantly higher than those of the other two channels. This characteristic is
consistent with prior studies in smartphone sensor response to UVB radiation with the same
smartphone [26,28]. The horizontal plane green channel had an average SNR of 0.82,
indicating that the noise was too high to determine an effective regression for calibration. In
comparison, the red colour channel had an average SNR of 2.12 while the blue channel had a
similar average SNR of 2.18. For this reason, the green channel data was not used in any further

analysis.

<Figure 4>

<Figure 5>

Some of the validation observations were obtained during local mid-summer when the solar
disc became visible in the horizontal-plane images. These can be identified in Figure 4, plots ¢
and d, as outliers to the right of the 1-to-1relationship line, with the outliers correlating to UVA
irradiances of between approximately 20 and 40 W/m?. This indicates that the non-solar disc
horizontal plane calibration models will tend to over-predict UVA irradiance values when there
is a visible solar disc in the image. Additionally, there was a persistent over-prediction at high
UVA irradiance levels, equitable to low SZA, suggesting a decrease in accuracy at low SZA.
The mean absolute error for the validation of UVA irradiances through clear glass samples was

lower for the blue than the red colour channel (maximum 13.7% and 17.4% respectively).

3.3 Sun-normal plane

Calibration and validation plots for the sun-normal plane observations are displayed for the red
and blue colour channels in Figure 5, the green colour channel was omitted for the reasons
previously explained. Linear regressions were found to be most appropriate for the sun-normal
data as there was no noticeable curvature. The error bars in the sun-normal plane plots, while

displayed, are largely insignificant.

These images were taken with the smartphone camera orientated directly at the sun so the

image sensor response being measured was significantly higher than that obtained for



horizontal plane observations, even with the use of neutral density filters. The data obtained
for the sun-normal plane indicated that there is a linear relationship in the response to UVA
irradiance. The second order polynomial regressions determined for the horizontal plane
observations were notably different from the linear regressions determined from the sun-
normal plane observations (Figure 5), and from data obtained through prior study in this field
[37]. The prior horizontal plane observations were found to be consistent with the sun-normal
plane data from this earlier study, which can be accounted for by the visible presence of the
solar disc in the smartphone images, also noted during the horizontal plane validation. It can
be surmised that the regression functions obtained for the horizontal plane observations
predominantly relate to diffuse irradiance only, while the presence of the sun in the sun-normal,
horizontal-plane validation, and earlier observations made by Rummenie [37] are dominated
by global (direct and diffuse) irradiances.

The regression fits of the sun-normal plane data were generally stronger than those obtained
for the horizontal plane, with the clear glass irradiances having avery strong correlation for the
red and blue colour channels (R? = 0.96 - 0.94). This higher correlation could be partly
accounted for by the decreased number of utilised data points for each channel. The data were
well-validated for all glass samples, with a mean absolute error ranging from 3.8% to 5.6%,
again with less error observed in the red colour channel. Additionally, it was observed that
there was a lower propensity of over-prediction in comparison to the horizontal plane images,

as indicated in the validation plots (Figure 5, plots ¢ and d), regardless of SZA.

4. Conclusion

The use of a smartphone camera was evaluated and validated as an effective means of gathering
relevant glass-filtered UV irradiance information for scientific use and public awareness.
Observations were undertaken for glass of different types and thicknesses on a horizontal plane
and on a plane normal to the sun. A clear correlation was observed to exist between the
broadband UVA glass-filtered irradiances and smartphone image sensor responses. Calibration
of data from the analysed smartphone images to the transmitted irradiance indicated that there
was high reliability, with an R? range of 0.91 to 0.96 for the horizontal and the sun-normal
planes through clear glass samples. The mean absolute error for the validation of UVA
irradiances through clear glass samples on a horizontal plane was 13.7% to 17.4% and from

3.8% to 5.6% for the sun-normal plane. Direct irradiances had a significant influence in



lowering the relative noise, as indicated by the considerably lower error for sun-normal
observations when compared with the diffuse irradiances dominating the horizontal plane

observations.

The reliability of data obtained from measurement through laminated glass was lower than for
the other sample types due to minimal transmission of UVR. Tinted glass measurements were
found to increase in reliability at lower SZA when measuring diffuse irradiance on the
horizontal plane but showed stronger correlation for direct irradiance measurements from the
sun-normal plane. The decrease in reliability appears to correlate with decreased image sensor
responses due to low material UVR transmission.

This research has shown that it is possible to develop a relationship between a smartphone
image sensor response to the UVA irradiances filtered through different types and thicknesses
of glass used in buildings where people live and work, providing a viable and accessible public
safety tool.

Funding: This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.
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Figure Captions

Figure 1: In situimage of the data gathering equipment for a sample sun-normal measurement.
Both the smartphone camera (B) and the UVA sensor (A) are arranged beneath the 2 mm clear
glass sample slide. The sun targeting apparatus protrudes from the front of the array (C).

Figure 2: Transmission profile for sample glass panes from 280 nm to 800 nm.

Figure 3: The transmission profiles from 280 nm to 800 nm for the filters employed in this
research.

Figure 4: Horizontal plane calibration and validation plots for red colour channel (left, a and c)
and blue colour channel (right, b and d) data. Error bars indicate one standard deviation from
the average pixel intensity values.

Figure 5: Sun-normal plane regression and validation for the mean red colour channel (left, a
and c¢) and mean blue colour channel (right, b and d) data. Error bars indicate one standard

deviation and are generally too small to be seen.



Figure 1: In situimage of the data gathering equipment for a sample sun-normal measureme nt.
Both the smartphone camera (B) and the UVA sensor (A) are arranged beneath the 2 mm clear
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Figure 2: Transmission profile for sample glass panes from 280 nm to 800 nm.
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research.
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Figure 4: Horizontal plane calibration and validation plots for red colour channel (left, a and
¢) and blue colour channel (right, b and d) data. Error bars indicate one standard deviation from
the average pixel intensity values.
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Figure 5: Sun-normal plane regression and validation for the mean red colour channel (left, a
and c) and mean blue colour channel (right, b and d) data. Error bars indicate one standard
deviation and are generally too small to be seen.



