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Abstract

Combined with photoelectric detection technology and UV-Vis absorption spectroscopy in spectral
analysis technology, a multi-parameter portable surface water quality detection system is developed,
which can quickly detect phosphate, nitrite, and chemical oxygen demand (COD) and ammonia nitrogen
water quality parameters on site. For the substances in the water body that absorb the characteristic
wavelengths in the visible part, a camera is used to collect the visible spectrum, and the grayscale
image of the visible spectrum image is modeled by a convolutional neural network. The concentration
value of substances whose absorption characteristic wavelength is in the ultraviolet band is measured by
photoelectric detection technology. The established convolutional neural network model is transplanted
into ZYNQ, combined with ultraviolet photoelectric sensor, the concentration value of the detected
substance is displayed on the LCD, so as to realize the economy, portability, real-time and rapidity of
the water quality detector. Research indicates: The prediction value of convolutional neural network is
obtained as the tendency value of sample solution in 8 output types of concentration value, the highest
accuracy is 100%, and the lowest is 40%. The highest error of COD concentration value is 10%, which

proves that the detection system has practical value with low noise and high precision.

Keywords: UV-Vis absorption spectroscopy, water quality testing, convolutional neural network,
grayscale model

Introduction Water quality testing is fundamental

Pollution of surface water and eutrophication of
rivers and lakes are environmental issues of great
concern worldwide. Robust and frequent water
quality testing is the basis for safe water, food
supply, production, industrial activities, etc. [1-3].

*e-mail: s20017300005@my.swjtu.edu.cn

environment management and protection, design and
water treatment [4-6]. The water quality detection
method in the laboratory has the advantages of high
detection accuracy and complete variety of water
quality parameters, but the detection process will use a
variety of chemical reagents, and the detection time is
too long, which is likely to cause secondary pollution.
And after on-site sampling, preservation of water
samples, transportation and other links, water quality
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testing is no longer real-time [7]. If the water quality
is abnormal, the most suitable time for water treatment
will be delayed, making it difficult to meet the needs
of on-site testing of water quality in remote areas [§].
The automatic water quality monitoring station is fixed
in the mainstream area, and there are few stations in
small water sources and grass-roots water bodies, which
do not have wide applicability [9].

The study of ultraviolet absorption spectroscopy
has entered a period of rapid development. A detection
system for in-situ real-time measurement has emerged,
which simultaneously measures COD, nitrate and
other parameters through UV-Vis spectroscopy [10].
An ultraviolet spectrum water quality analyzer with
DSP as the processing chip, focusing on the detection
of COD concentration [11]. Smartphones are combined
with spectroscopic analysis technology to realize the
biological detection of lysine [12]. In order to compare
other color identification methods, a water quality
metal ion detection method based on three primary
colors and color difference formula was proposed
[13]. The automatic measurement system based on
spectrophotometry and flow batch analysis technology
can automatically measure nitrite in seawater, etc.,
but it is not convenient to carry [14]. Monochromatic
light is obtained through the motor-controlled
spectroscopic system, and photoelectric detection is
used to measure nitrate, chemical oxygen demand and
total phosphorus [15]. Using the mobile phone camera
as the photosensitive element, the relationship model
between the water quality index concentration and the
image is established, and the detection of common
inorganic pollutants such as ammonia nitrogen and
orthophosphate in water is realized, but the organic
matter in the ultraviolet band cannot be detected [16].

At present, the mainstream methods of water quality
detection technology are still photoelectric detection
technology, spectral analysis technology and remote
sensing detection technology [17]. Compared with
traditional chemical methods, electrochemical methods,
chromatography, mass spectrometry, biosensing and
other water quality detection methods, water quality
detection technology based on spectroscopy is more
widely used in modern water quality detection systems
[18]. The related research has received more and more
attention and attention, and it is an important research
direction of modern water quality testing technology.
Among them, UV-Vis spectrophotometry is currently
the mainstream water quality detection method [19].
Remote sensing techniques can be used to monitor
water quality parameters turbidity, chlorophyll, and
temperature [20, 21], and multiple regression analyses
have assessed associations between fecal and nitrate
pollution and drinking water sources [22].

Spectroscopic technology has the advantages of high
accuracy, stable results, and short analysis time, and is
widely used in many fields such as chemical industry,
agriculture, and medicine [23]. The appearance of
spectrophotometer is of great significance. As an

important substance concentration detection instrument
in the laboratory, it has the advantages of high
sensitivity, lower stray light, high stability, stronger
reliability, and more accurate analysis [24]. However,
due to the need to operate in the laboratory, requiring
personnel to be on duty, and not being portable, some
of them are difficult to automate, and it is difficult to
meet the on-site testing needs of water quality in remote
arcas. Portable water quality testing methods can
reduce the cost of testing, shorten the testing time, and
on-site water quality testing in remote areas is an urgent
problem that needs to be solved now [25].

Based on various problems of traditional water
quality detectors and the status quo and needs of water
quality testing [26, 27]. In this paper, the Zynq system-
on-a-chip of Xilinx Company is used as the basic
platform, and a fast and portable water quality detection
system is developed based on the principle of UV-Vis
absorption spectroscopy, combined with photoelectric
detection technology and spectral analysis technology.
Realize on-site rapid detection of phosphate, nitrite,
chemical oxygen demand, and ammonia nitrogen in
natural water.

Materials and Methods
China Case Study Site and Sampling Instructions

The case was conducted in Longquan Lake and
Longma Lake in Chengdu, China in July 2020, with
1 inspection site in Longquan Lake and 2 inspection
sites in Longma Lake. Longquan Lake is a second-
class drinking water reservoir in Chengdu, China.
In April 2020, the construction of the Longma Lake
water ecosystem was completed and the lake area was
filled at the same time. The normal water level of the
lake arca has a total area of 613,300 square meters,
the water depth of the reservoir area is 2-6 m, and the
normal storage capacity is 890,000 m® The lake area
water ecology project mainly builds a self-purification
ecosystem in the lake area and keeps the lake water
body self-purifying. The water quality monitoring of
the purification effect of the lake area’s water ecosystem
construction is tracking monitoring, with a total of
three monitoring points. The monitoring indicators of
this study are phosphate, ammonia nitrogen (NH,-N),
nitrite, and chemical oxygen demand (COD). After
sampling, the UV-Vis spectrophotometer was used to
detect and compare with the portable surface water
monitoring system studied in this paper.

UV-Vis Absorption Spectroscopy

The UV-Vis absorption spectrum is due to the
transition of valence electrons in the molecule [28].
Ultraviolet-visible light can be divided into deep
ultraviolet region, ultraviolet region and visible light
region, and the ranges of these three regions are
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Table 1. Relationship between COD concentration value and voltage value.

COD Concentration value 0 | ) 4 6 3 12 16 20
(mg/L)
Voltage value(mv) 681 674 656 651 630 604 575 537 511

different. The UV-Vis absorption spectrum can be
used in two bands, the UV band and the visible band
[29], When testing water quality, most of them are
parameters such as ions and organic substances.
As long as the absorption wavelength is within this
range, efficient detection can be carried out for water
bodies in various environments [30, 31].

Absorption Characteristics of Water
Quality Indicators

Phosphate under acidic conditions, adding
ammonium molybdate and ascorbic acid as color-
developing agents, the solution will appear cyan blue,
according to the principle of color complementarity,
the solution absorbs orange light. In the national
standard, 710 nm is often used as the characteristic
wavelength of phosphate [32]. Nitrite reacts with
p-aminobenzenesulfonic ~ acid and  naphthalene
ethylenediamine hydrochloride in a weak acid medium,
and the solution can appear purple-red. From the
complementary colors, it can be seen that the solution
absorbs yellow-green, and 538 nm is commonly
used as the characteristic wavelength of nitrite.After
the ammonia nitrogen solution reacts with sodium
tartrate and Nessler reagent, an orange-yellow complex
can be formed. According to the principle of color
complementarity, the absorption color of the solution
is blue-violet, and 420 nm is commonly used as the
characteristic wavelength of ammonia nitrogen solution.
Chemical oxygen demand (COD) detects the content
of reducing substances that need to be oxidized in
water, and most of the reducing substances in water are
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Fig. 1. Voltage value-COD concentration value fitting curve.

organic substances, which have better absorption in the
ultraviolet spectral region [33], Usually 254 nm is used
as the characteristic wavelength of COD.

Commonly Used Color Quantization Models
and Filtering Methods

The color quantization model is a mathematical
model that uses a set of numerical values to describe
the color [34]. The correct selection of the model is
beneficial to image processing [35], which includes
RGB quantization model, HSV quantization model, and
grayscale quantization model. In image preprocessing,
one of the most basic and important processing methods
is image filtering [36]. Image filtering can well eliminate
random noise, Gaussian noise, and salt and pepper noise

caused by measurement imaging or the environment
[37].
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Fig. 2. Spectra of phosphate standard solutions of various
concentrations.
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Fig. 3. RGB spectrum curve of phosphate standard solution.

Simulation Modeling of Water Quality
Detection System

Since the absorption characteristic wavelength
of COD solution is 254 nm, it can absorb ultraviolet
light [38]. The 0 mg/L blank sample and 8 different
concentrations of COD standard solutions were
photoelectrically detected by an ultraviolet photoelectric
sensor. The 9 groups of voltage values obtained
(Table 1) and the COD concentration were fitted with a
single linear regression, and a single linear regression
equation (Equation 2-1) could be obtained.

»==0.1147x+77.995 )

Among them, x represents the voltage value
collected by XADC, and y represents the predicted
concentration value of COD. Fig. 1 is the fitting curve
of voltage value and COD concentration value.

The coefficient of determination R? is determined
by the ratio of the regression square sum to the total
error square sum, which reflects the fitting degree of
the regression line. The closer R? is to 0, the worse
the fitting of the regression equation is, and the square
root of the coefficient of determination is equal to

the correlation coefficient. From the fitting curve of
voltage value and COD concentration value, it can be
seen that the correlation coefficient R is 0.9971, and
the determination coefficient R? is 0.9942, indicating
that the two have a good correlation, indicating that the
model is an excellent model.

Processing and Analysis of Spectral Images

After the configuration of the standard solution
is completed, add the phosphate, nitrite and ammonia
nitrogen solutions to the corresponding color developer,
After waiting for the color to develop, the captured
image is transmitted to the PC through the camera of
the detection system, and the absorption spectrum
images of nitrite, phosphate and ammonia nitrogen
are obtained. Image processing and curve drawing are
realized by Matlab.

After processing the images of phosphate standard
solutions of various concentrations through Matlab,
the curves of pixels and different signal intensities can
be established. The spectra of various concentrations
of phosphate standard solutions are shown in Fig. 2,
and the corresponding R, G, and B spectral curves
are shown in Fig. 3. The phosphate standard solution
after color development is blue-blue. According to the
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Fig. 4. HSV spectrum curve of phosphate solution.

theory of color complementarity, it absorbs orange light,
which is similar to the 710 nm red light in the national
standard. It is not difficult to find from Fig. 2 that
with the increase of the concentration of the standard
solution, the color of the orange to red area gradually
becomes darker. It can be seen from Fig. 3 that in the
orange band, the spectral curve of the R channel has a
significant change, the G channel has a small change,
and the spectral curve of the B channel has little change.
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Fig. 5. Phosphate solution gray spectrum curve.

Therefore, select the quantized values at 210, 500, and
600 pixels (the pixels in this section all refer to the
abscissa of the pixel point of the interception window)
with large changes in the R channel, G channel, and B
channel to establish the corresponding standard curve.

The H, S, and V spectral curves corresponding
to each concentration of phosphate standard solution
are shown in Fig. 4. Because they are all cyan and
blue, there is no obvious change, so the corresponding
hue H value hardly changes with the increase of
concentration, as shown in Fig. 4a). The changes of
the saturation S value and the lightness V value of the
image with the concentration of the standard solution
are shown in Fig. 4b) and Fig. 4c). It can be seen
that the saturation has a large change in the red area,
and there is no obvious change in other arecas. In
the yellow-green to red region, lightness decreases
with increasing concentration, indicating that more
light is absorbed in this region of the color. Therefore,
150, 100, and 200 pixels were seclected for the
establishment of standard curves of H, S, and V values,
respectively.

The gray-scale spectral curve corresponding
to each concentration of phosphate standard solution
is shown in Fig. 5. It can be seen that the gray value
in the green to red region also decreases as the
solution concentration increases. The standard curve
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Fig. 6. Standard Curve of Phosphate Solution.

establishment of gray value is chosen at 500 pixels
with large variation.

Therefore, the R, G, B, H, S, V and gray values at
the selected pixels can be analyzed with reference to
the mathematical model established by the Lambert-
Beer law, and the absorbance values corresponding to
different phosphate concentrations can be obtained.
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Fig. 7. Spectra of nitrite standard solutions of various
concentrations.
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After fitting, the standard curve shown in Fig. 6
was obtained. It can be seen from the figure that the
standard curve established using the R value has the
highest sensitivity, while the standard curve obtained
using the H and S values has the lowest sensitivity.
The slope, intercept and correlation coefficient of each
standard curve are shown in Table 2, Among them, the
correlation coefficients of the standard curve of R value,
G value and gray value are all greater than 0.9, among
which the gray value has the best correlation with
the concentration of phosphate, and the other values
have poor correlation. It can be seen that the model
established with gray value is the best.

Similarly, the spectra of various concentrations of
nitrite standard solutions are shown in Fig. 7, and the
corresponding R, G, and B spectral curves are shown
in Fig. 8. The nitrite standard solution after color
development is purple-red. According to the theory
of color complementarity, it absorbs yellow-green
light, which has the same wavelength as the 538 nm
yellow-green light in the national standard. It can be
seen from Fig. 7 that with the increase of the standard
solution concentration, the color of the yellow-green
area gradually becomes darker. It can be seen from
Fig. 8 that the spectral curves of the R channel and the
G channel have significant changes in the orange band
and the green band respectively, while the spectral
curve of the B channel has little change. Therefore, the
quantized values of channels R, G, and B at the pixel
with the largest change amount respectively establish a
corresponding standard curve.

The H, S, and V spectral curves corresponding
to each concentration of nitrite standard solution are
shown in Fig. 9. Because they are all purple-red hues,
there is no obvious change, so the corresponding hue H
value hardly changes with the increase of concentration,
such as Fig. 9a). The changes of the saturation S value
and the brightness V value of the image with the
concentration of the standard solution are shown in
Fig. 9b) and Fig. 9c). It can be seen that the saturation
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Table 2. The slope, intercept and correlation coefficient of each standard curve of phosphate.

Parameter R G B H S \% Grayscale value
Slope 0.0620 0.0227 0.0058 -0.0002 -0.0002 0.0058 0.0174
Intercept -0.0547 -0.0231 -0.0233 -0.0014 0.0019 -0.0233 -0.0089
Correlation coefficient 0.9422 0.9005 0.7605 -0.2555 -0.3106 0.7605 0.9932

tends to be stable over the entire spectral range, and
the lightness decreases in the yellow-green region as
the concentration increases, indicating that the color
absorbs more light in this region. Therefore, 100, 200
and 500 pixels were selected for the establishment of
standard curves of H, S, and V values, respectively.

The corresponding grayscale spectral curves of
the nitrite standard solutions of each concentration are
shown in Fig. 10. It can be seen that the gray value in
the yellow-green area also decreases with the increase
of the solution concentration. The standard curve
establishment of gray value is chosen at 600 pixels with
large variation.

After selecting the value pixels, analyze the R,
G, B, H, S, V and gray values at the selected pixels
with reference to the mathematical model established
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by the Lambert-Beer law to obtain the absorbance
corresponding to different nitrite concentrations.
The standard curve shown in Fig. 11 was obtained after
a univariate linear fit. It can be seen from the figure
that the sensitivity of the standard curve established
by using the G value and the gray value is better,
while the sensitivity of the standard curve obtained
by the other values is lower. The slope, intercept and
correlation coefficient of each standard curve are shown
in Table 3.Among them, the correlation coefficient
of the standard curve of gray value is 0.878, which
indicates that the gray value has a good correlation with
the concentration of nitrite, and the other values have
poor correlation.

Similarly, the spectra of various concentrations
of ammonia nitrogen standard solutions are shown
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Fig. 8. RGB spectrum curve of nitrite standard solution.
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in Fig. 12, and the corresponding R, G, and B
spectral curves are shown in Fig. 13. The ammonia
nitrogen standard solution after color development
is orange-yellow. According to the theory of color
complementarity, it absorbs blue-violet light, which
has the same wavelength as the 420 nm blue-violet
light in the national standard. It is not difficult to find
from Fig. 12 that with the increase of the concentration
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Fig. 10. Gray spectrum curve of nitrite solution.

of the standard solution, the color of the blue area
gradually becomes darker. It can be seen from Fig. 13
that the spectral curves of R channel, G channel and B
channel have significant changes in the orange band,
yellow-green band and blue-green band, respectively.
Therefore, the quantization values at 200, 550, and
700 pixels are respectively selected for the R channel, G
channel, and B channel to establish the corresponding
standard curve.

The H, S, and V spectral curves corresponding
to each concentration of ammonia nitrogen standard
solution are shown in Fig. 14. Since they are all
orange-yellow hues, there is no obvious change, so
the corresponding hue H value hardly changes with
the increase of concentration, as shown in Fig. 14a).
The changes of the saturation S value and the lightness
V value of the image with the concentration of the
standard solution are shown in Fig. 14b) and Fig. 14c).
It can be seen that in the entire spectral range, there is
no significant change in saturation, and in the yellow-
green and blue-green regions, the brightness decreases
significantly with the increase in concentration,
indicating that the color in this region absorbs more
light. Therefore, 100, 100, and 700 pixels were selected
for the establishment of standard curves of H, S, and V
values, respectively.
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Table 3. The slope, intercept and correlation coefficient of each standard curve of nitrite.

Parameter R G B H S \% Grayscale value
Slope -0.0012 0.0225 0.0020 -0.0020 | -0.0004 0.0020 0.0177
Intercept -0.1167 | -0.0486 | -0.0163 -0.0206 | -0.0067 | -0.0163 -0.0688
Correlation coefficient -0.0579 0.8272 0.5949 -0.4349 | -0.3154 0.5949 0.8780
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Fig. 11. Nitrite Standard Curve.
The gray-scale spectral curve corresponding
Incident to each concentration of ammonia nitrogen standard
solution is shown in Fig. 15. It can be seen that
licht the gray value in the green region decreases as the
g solution concentration increases. The standard curve
establishment of gray value is chosen at 580 pixels with
0.1mg/L large variation.
After determining the value pixels, analyze the R,
G, B, H, S, V and gray values at the selected pixels
0.2mg/L with reference to the mathematical model established
by the Lambert-Beer law to obtain the absorbance
values corresponding to different ammonia nitrogen
0.4mg/L concentrations, The standard curve shown in Fig. 16
was obtained after a univariate linear fit. It can be seen
from the figure that the standard curve established
0.6mg/L using the G value has the highest sensitivity, while
the standard curve obtained using the H and S values
has the lowest sensitivity. The slope, intercept and
0.8mg/L correlation coefficient of each standard curve are shown
in Table 4. Among them, the correlation coefficient
of the gray value standard curve is greater than 0.99,
1.2mg/L indicating that the gray value has the best correlation
with the concentration of ammonia nitrogen, and the
correlation between H and S values are poor.
1.6mg/L
Neural Network Modeling
2.0mg/L Convolutional Neural Networks (CNN) are mainly
designed for two aspects, namely image classification

Fig. 12. Spectral diagrams of ammonia nitrogen standard
solutions of various concentrations.

and image recognition [39, 40].
The best quantification model for the absorption
spectra of phosphate, nitrite and ammonia nitrogen



1362 Sun B., et al.

T T 60 T T T
e —ereen
0.1mgiL | 0.1mgiL
0.2mglL 50 02mg |
— 04mgiL —04mglL
— 08mglL — 08mglL
0.8mgiL 08mgiL.
——1.2mgi | | @ ——1.2mg |
—— 1.6mgiL —— 1.6mglL.
2 ——20mg1| | E ——20mglL
g © 30 y
o 4 o
] = ]
10 5
Y 3
600 800 1000 1200 o 200 400 600 800 1000 1200
Pixel Pixel
a) R Spectral curve b) G Spectral curve
140 T
120
100 -
o B0
=
©
>
o gt
P
20
. \
0 200 400 600 800 1000 1200

¢) B Spectral curve

Fig. 13. RGB spectrum curve of ammonia nitrogen standard solution.

07 1
Inodent kghe Incident kaht
0.1mgiL 09 0.AmglL| |
0.6 0.2mgit 0.2mglL
—— DAmglL 08 ——0.4mglL | |
—— 06mglL ——06mglL
05| 08mglL | | 07 0.8mglL
“ —1.2mg/L — 1.2mg/L
| jj |—16mgiL 06 ——1.6mgl | |
Q04 ——2.0mglL. © | | —— 2.0mgiL
2 =2
g 05 J
x % »
o 04 1
021 ¥ 03 =
02
0.1 4
4 01
0 1 RN 0 1 1 L L \‘ i
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Pixel Pixel
a) H Spectral curve b) S Spectral curve
08 : :
Incxgent bght
0.1mgiL.
05 02mgt| |
——— 0.4mgiL.
———06mglL
08mglL
0.4 —— 1.2mgiL
——1.6mglL.
] ———20mglL
T03 j
>

01

0 200 400 600 800 1000 1200
Pixel

¢) V Spectral curve

Fig. 14. HSV spectrum curve of ammonia nitrogen solution.
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Gray-scale spectrum curve of ammonia nitrogen

is the grayscale model. Therefore, we can build a
convolutional neural network prediction model from a
grayscale image of the visible absorption spectrum [41].

The established convolutional neural network
model consists of an input layer, 2 convolutional layers,
2 pooling layers, a fully connected layer and an output
layer in sequence. The training set for each water
quality indicator consists of 900 grayscale images,
and the test set consists of 200 grayscale images.
In the process of network training, by adjusting different
training times, it is finally found that the best training
effect is achieved when the training times are set to
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Fig. 16. Ammonia Nitrogen Standard Curve.

100 times. The activation function uses Relu, the
learning rate is set to 0.1, and each batch of training
images is 20 to update the weights and biases.

The training results of Phosphate are shown in
Fig. 17, the accuracy rate has reached 90%, and the
error and mean square error between the maximum
values of each iteration will eventually stabilize.

Similarly, the training results of nitrite can be
obtained as shown in Fig. 18. The accuracy rate is
89%, and the error and mean square error between
the maximum values of each iteration will eventually
stabilize.

The training results of ammonia nitrogen are shown
in Fig. 19, the accuracy rate is 91%, and the error and
mean square error between the maximum values of
each iteration will eventually stabilize.

It can be seen that the overall accuracy of the
convolutional neural network prediction model has
reached more than 89%, which is suitable for predicting
the concentration values of phosphate, nitrite and
ammonia nitrogen.

Design of Multi-Parameter Water Quality
Detection System

The content and distribution of various substances in
the natural water environment are constantly changing
with the changes of time, location, meteorological
conditions and pollution source discharge. Since the
traditional water quality testing methods require on-
site sampling, storage and transportation to be carried
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Table 4. The slope, intercept and correlation coefficient of each standard curve of ammonia nitrogen.

Parameter R G B H S v Grayscale value
Slope 0.0159 0.0273 0.0105 0.0004 0.0005 0.0105 0.0190
Intercept -0.0305 -0.0450 -0.0239 -0.0013 -0.0013 -0.0239 -0.0167
Correlation coefficient 0.9362 0.9425 0.9475 0.7454 0.7573 0.9475 0.9946
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Fig. 17. Phosphate training results.

out in the laboratory, it is increasingly unable to meet
the needs of water quality testing.In order to meet the
needs of on-site water quality testing. The main design
of the water quality detection system in this paper
includes three parts: the optical path structure design,
the hardware system design and the software system
design, as shown in Fig. 20.

Combined with photoelectric detection technology
and spectral analysis technology, the overall structure of
the detection system is designed. The structure includes
ultraviolet-visible light source, spectroscopic system,
cuvette, camera, ultraviolet photoelectric sensor, AD
conversion module, main control chip and LCD display,
the sensor model is OV5640 CMOS type digital image
sensor. The optical path part mainly refers to the
structure of the UV-Vis spectrophotometer, Designed
and implemented based on Lambert-Beer law, it
consists of light source, diaphragm, plano-convex lens,
cuvettes and gratings. Among them, phosphate, nitrite
and ammonia nitrogen have the effect of absorbing
visible light, COD has a strong absorption effect on
254 nm ultraviolet rays. So the light source uses a
combined light source. The software part includes
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camera configuration, image data capture, Gaussian
filtering, grayscale image conversion, convolutional
neural network prediction, AD data acquisition, COD
concentration conversion, LCD driver and LCD display
interface, mainly using Vivado 19.1 as the development
platform and Verilog as the programming language.
The ultraviolet photoelectric sensor can convert the
optical signal into an electrical signal, and after analog-
to-digital conversion, it is received by the main control
chip FPGA. The camera collects the visible absorption
spectrum and sends it to the FPGA for processing.
The software is developed through the Vivado
platform, the convolutional neural network model
is transplanted through the HLS platform, and the
concentration value display of the detection system is
completed through the LCD.

Considering the selection of UV LED and white
LED dual light sources as the light source of the
detection system. Among them, the white LED chooses
the DC3~5V driver-free lamp bead module of Ruibao
Light Technology,Powered by three AA batteries.
The ultraviolet LED uses the UVC3535 deep ultraviolet
lamp bead module with the characteristic wavelength of
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Fig. 18. Nitrite training results.

254 nm from Ruibao Lighting Technology. The input
voltage is 8V, and it is powered by 2 18650 lithium
batteries.

The names, models and specifications of the
components of the spectroscopic system used in this
system are shown in Tables 4-2.

This detection system needs to transmit ultraviolet
light, so choose a quartz cuvette that can transmit
ultraviolet light on both sides. The high-transmittance
quartz cuvette with 10 mm optical path (Puxi Optical)
is used, which can transmit light with a wavelength
of 200 nm to 2500 nm, and the light transmittance is
greater than 83%. It is suitable for experimental analysis
of ultraviolet-visible absorption spectrum.

Considering the requirements and cost of this
detection system, the CMOS type digital image sensor,
model OV5640, was finally selected. The chip of the
OV5640 sensor is only 0.25 inches, the photosensitive
array is up to 5 million pixels, and its resolution can
even reach 15fps QSXVGA (2592%1944) or 90 fps VGA
(640*480) [42]. Its sensor is derived from OmniBSI
technology, which greatly improves the performance of
high sensitivity and low noise.
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The spectral detection range is the primary
consideration when choosing a photodetector.
The detection system needs to detect the ultraviolet
light with the wavelength of 254 nm when detecting
the COD parameters, so it is necessary to select the
detection device with absorption characteristics in
the 254 nm band. This detection system uses an
ultraviolet photoelectric sensor produced by Huanggang
Yunshang Electronic Technology Co., Ltd., the
model is UV254A-1808, and the real object is shown
in Figs 4-8. This sensor is a calibrated analog signal
output sensor. It is powered by a standard 5V power
supply with low power consumption. It has 2 analog
outputs. The output voltage of OUT2 is 4.3 times that
of OUT1, which is convenient for the circuit application
environment. One on-board precision op amp can be
omitted.

In the design of this article, considering the issues of
resolution and cost, the RGB LCD screen of ATK-4384
is selected. The size of this LCD screen is 4.3 inches
and the resolution is 800*480.

The physical diagram and interface schematic
diagram of ATK-4384 are shown in Figs 4-11.
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The power supply voltage of the LCD is 5V, which
can be powered by the 5V power output expansion
port of the development version. R[7:0], G[7:0] and
B[7:0] are 24-bit pixel data, and DE is the data enable
signal, BL is the brightness adjustment signal, VSYNC
is the vertical synchronization signal, HSYNC is the
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horizontal synchronization signal, and CLK is the pixel
clock signal.

Combined with photoelectric detection technology
and spectral analysis technology, the overall structure
of the detection system is designed. The structure
includes ultraviolet-visible light source, spectroscopic

Fig. 20. Overall block diagram of the detection system.
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system, cuvette, camera, ultraviolet photoelectric
sensor, AD conversion module, main control chip and
LCD display. The selection and use of the components
of the optical path and hardware were analyzed in
detail. The software was developed through the Vivado
platform, the convolutional neural network model
was transplanted through the HLS platform, and the
concentration value display of the detection system was
completed through the LCD.

Results and Discussion
On-Site Water Quality Sampling and Testing

The sample collection sites are Chengdu Longma
Lake monitoring point 1, Longma Lake monitoring
point 2 and Longquan Lake monitoring point 1.
The collected samples were tested on-site, sampled and
stored, and then sent to a water quality testing agency
for testing, and the data obtained were compared.

The water quality indicators of each testing point
were tested 5 times on site, and the testing institutions
used spectrophotometer for testing. The testing data

obtained from the three sampling points are shown in
Table 5, Table 6 and Table 7 respectively.

As can be seen from the foregoing, the output types
of the convolutional neural network prediction model of
phosphate are 8 types, including 0.01 mg/L, 0.05 mg/L,
0.1 mg/L, 0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L and
2.5 mg/L. When the phosphate content is closer to a
certain classification concentration value, the predicted
value is more inclined to this concentration value. For
example, when the measured values of phosphate at
the three monitoring points are 0.05 mg/L, 0.03 mg/L
and 0.09 mg/L, the accuracy rates of predicting similar
concentrations of 0.05 mg/L, 0.01 mg/L (0.05 mg/L is
also a similar concentration value) and 0.1 mg/L are
100%, 60% (40%) and 80%, respectively. In the same
way, the accuracy rates of the three monitoring points
for predicting the approximate concentration of nitrite
at 0.04 mg/L are 100%, 80%, and 80%, respectively.
The accuracy rates of predicting the similar
concentrations of ammonia nitrogen of 0.1 mg/L,
0.1 mg/L, and 0.2 mg/L (0. mg/L is also a similar
concentration value) are 100%, 80% and 60% (40%).
It can be seen that the closer the water quality index
content is to the concentration classification value, the

Table 5. Name, model and specification of components of the spectroscopic system.

Name Model

Specification

Diaphragm SK12

®1.0-12 mm

Flat convex lens

Pu Xi Optical Quartz Plano-Convex Lenses

®30 mm, 39.2 mm

Holographic Diffraction grating

Yuan Qiu Technology Corporation GS012

1200 lines/mm, 20 mm*20 mm*2 mm

Lens holder Heng Yang Optical MLNR-1.2 ®30 mm
Grating holder Heng Yang Optical EPH-12.5 60 mm*34.5 mm Clamping thickness 0-12.5 mm
Optical bench Cope 25009 55 mm*42 mm*55 mm

Table 6. One-point detection results of Longma Lake monitoring.

Number of inspections 1 2 3 4 5 Spectrophotometer
Phosphate (mg/L) 0.05 0.05 0.05 0.05 0.05 0.05
Nitrite (mg/L) 0.04 0.04 0.04 0.04 0.04 0.04
Ammonia (mg/L) 0.1 0.1 0.1 0.1 0.1 0.094
COD (mg/L) 11 11 11 10 11 10
Table 7. Two-point detection results of Longma Lake monitoring.
Number of inspections 1 2 3 4 5 Spectrophotometer
Phosphate (mg/L) 0.05 0.01 0.01 0.05 0.01 0.03
Nitrite (mg/L) 0.04 0.02 0.04 0.04 0.04 0.04
Ammonia (mg/L) 0.1 0.1 0.2 0.1 0.1 0.130
COD (mg/L) 12 12 11 11 12 11
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Table 8. Longquan Lake test results.
Number of inspections 1 2 3 4 5 Spectrophotometer
Phosphate (mg/L) 0.1 0.1 0.1 0.05 0.1 0.09
Nitrite (mg/L) 0.04 0.04 0.04 0.01 0.04 0.03
Ammonia (mg/L) 0.1 0.2 0.2 0.1 0.2 0.151
COD (mg/L) 13 14 13 14 13 13

more stable the prediction effect of the convolutional
neural network is. The predicted value of COD
concentration value is generally high, with a maximum
error of 10%.

In this detection system, the absolute errors of
phosphate, nitrite and ammonia nitrogen are small
when the concentration value is low, and the relative
error is large (up to 67%). As the concentration value
increases, the relative error decreases (up to 12.5%),
but the absolute error keeps increasing. The main reason
for the error is the output type of the convolutional
neural network, the more the output is classified, the
smaller the error will be generated.

The reason why the predicted value of COD is
generally higher than the actual value is because of
the influence of natural water turbidity. Because in
addition to the organic matter in the water that absorbs
the ultraviolet light at 254 nm, the turbidity also has
a certain absorption effect. In surface water with
generally better water quality, turbidity has little effect
on COD detection. When the water turbidity is high,
the COD measurement value will be high.

Conclusions

Configure standard solutions of four water quality
indicators. For the characteristic wavelengths of the
absorption spectra of phosphate, nitrite and ammonia
nitrogen in the visible light part, the absorption spectra
of 8 standard solutions with different concentrations
were collected. The standard curves under different
color quantization models are established by using the
Lambert-Beer law through Matlab, and the optimal
conclusion of the grayscale model is obtained. The
lowest correlation coefficient is 0.87, and the highest
is 0.99. The convolutional neural network model
was established in Matlab for the visible spectrum
grayscale image, and the prediction accuracy reached
89%. Since the characteristic wavelength of COD’s
absorption spectrum is the ultraviolet band of 254 nm,
a prediction model of voltage and concentration value
was established for it by univariate linear fitting, and
the correlation coefficient reached 0.99.

The field test of the detection system was conducted
and compared with the laboratory test value, the
convolutional neural network predicted value was the
trend value among 8 concentration values, and the

accuracy rate was 100% at the highest and 40% at the
lowest. The maximum error of COD concentration
value is 10%, and the reason for the error is analyzed.

Combining the photoelectric detection technology
and the ultraviolet-visible absorption spectroscopy in
the spectral analysis technology, a portable surface
water quality detection system has been developed,
and the detection of four water quality parameters of
phosphate, nitrite, COD and ammonia nitrogen in the
water quality has been completed. It has the advantages
of low detection cost, short detection period, and real-
time on-site detection, and has wide applicability
to water quality detection in natural water bodies,
especially in remote areas.

The water quality detection system is still
insufficient, and can be further studied.

(I) The detection system does not realize the
function of human-computer interaction. If the cost
factor is not considered, the detection system can also
develop in the direction of higher integration.

(2) Only four water quality indicators have been
studied in this detection system, and the detection of
water quality parameters can be increased to make the
detection system function more perfect.
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