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Abstract: This paper presents a new framework, “colours-of-the-wind” (COLD), which is designed
to estimate air quality based on images from meteorological cameras, data analytics techniques, and
the application of deep learning. Existing air quality estimation systems mainly rely on physical
monitoring stations, which are limited by the monitoring stations’ physical constraints. Instead of
collecting data from environmental monitoring stations, COLD collects air quality data from meteo-
rological cameras. This approach can collect data from any location where a camera could capture a
reliable image, which is otherwise not collectable by the physical environmental monitoring station(s).
This approach can also avoid bias due to the location of data collection. The system is evaluated by
building a prototype based on the Air Quality Health Index from the Hong Kong Observatory. This is
one of the unique data-analytic frameworks based on such air quality measurement. The COLD’s air
quality estimation is also based on AQHI, the first machine learning-based estimation framework that
generates AQHI as the proposed output. Experimental results suggest that the approach adopted by
the COLD prototype is feasible and has some promising outcomes. The results also suggest possible
parameters for the CNN model used for the training and analyses of the images.

Keywords: air pollution; machine learning-based estimation; digital camera; image analysis; air

1. Introduction

Forecasting air quality in an urban area is a well-known research problem. In this
regard, a classic approach to this problem is to apply conventional dynamic models to
forecast the concentration of urban air pollutants. Recently, various data analytics method-
ologies have been proposed to predict air pollutants’ density, such that the air quality
of a selected area is forecasted using machine learning algorithms (for example: [1–3]);
deep learning algorithms (for example: [4–6]); or a combination of multiple algorithms (for
example [3] etc.). Such approaches for air quality forecasting rely heavily upon collecting
pollutant concentrations at monitoring stations. This method does work, but it has two
fundamental issues: (1) physical constraint of a monitoring station and (2) data availability.

Firstly, every monitoring station has some kind of physical limitation (e.g., a concentra-
tion of air pollutants could only be collected at a close distance from the monitoring station,
and data could not be collected from a long distance). By applying such methods, air quality
can only be estimated as far as the visibility goes. The number of air quality monitoring
stations is also limited. Nevertheless, monitoring stations cannot be set up at difficult sites,
for example, in water-covered areas and locations with no regular power supply.

Secondly, data availability from a monitoring station is mostly limited. Even though a
monitoring station is published to the public, there is a limit on refreshing frequency. For
example, in Hong Kong, datasets are collected for the COLD prototype. Most air quality
data is publicly available, and datasets containing extensive air pollutant measurement
data are available. However, the data refreshes hourly. Therefore, the amount of the data is
limited to only 24 daily updates.
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In order to address these limitations, we propose a novel framework for air quality esti-
mation, named “colours-of-the-wind” (COLD). Instead of relying on extra/other detecting
devices [4], COLD has been designed to predict air quality using images from cameras and
to provide a short-term estimation of air quality instead of relying on physical monitoring
stations, which are very limited due to the physical constraints of monitoring stations.
COLD gathers air quality data from meteorological cameras by applying a Convolution
Neural Network. This approach can collect data that are otherwise not collectable by
the physical monitoring stations and can work for any location wherever images can be
captured from a camera.

This paper reports on the image collector and data processing components of the
COLD framework. The training data used in COLD are publicly available air quality data
sets obtained from the Environmental Protection Department of Hong Kong and images
from various locations in Hong Kong collected by meteorological cameras published by the
Hong Kong Observatory. Images from the Hong Kong observatory cameras are gathered
by web crawling techniques, which are then analysed using a convolution neural network
(CNN) algorithm to estimate the air quality of a specific location as a data source for other
processes and estimation.

In terms of the methodology applied in this study, first, the impact of various settings
on the accuracy is determined that contributes to the data collection, such as the number
of possible air quality categories, the effect of daytime and night-time, resolution, and
the number of convolutional layers are also tested to ensure proper parameters are imple-
mented. The outcome is then further applied to the image collected from thirteen similar
stations, and the accuracy of the analyser has been evaluated.

The rest of the paper is organised as follows: Section 2 summarises and compares
existing related work. Section 3 describes the approach taken to accomplish the CNN
estimation and introduces the basic architecture of COLD. Section 4 discusses the data
collected and the realisation of the COLD architecture using various datasets from Hong
Kong. Finally, the last section of this paper presents a discussion and evaluation of the
outcomes of the experiments, followed by a conclusion and potential future work.

2. Related Literature

One of the notable studies related to data analytics on urban air quality was investi-
gated by Zheng et al. (2013) [5]. Zheng identified a few features affecting air quality in urban
areas and performed big data analytics using data sets collected from existing monitoring
stations, crowd and participatory sensing, etc.. One of the key features is the methodology
based on public and participatory sensing; in Zheng’s case, GPS-equipped taxis can be
regarded as mobile sensors probing the travel speed on roads as a data source [5]. However,
this approach would not collect air quality for a remote location inaccessible by roads, such
as in the middle of a forest or a vast water area. Moreover, data collected by this approach
is limited to where cabs are demanded; the data collected focuses primarily on the central
business area or locations with significant traffic demand, and the data collected would be
biased. Finally, as the cab is in the middle of a street most of the time, there could be a high
chance that the traffic heavily influences the collected data and has a possible bias in the
dataset. Therefore, an alternative way to collect data that is not biased due to passengers’
demands would improve the quality of the data to be collected.

A case study was performed in 2015 and reported [6] on predicting the concentration of
air pollutants and comparing multiple linear regression models, extreme learning machines
and feedforward neural networks based on backpropagation. In this study, two air quality
monitoring stations on Hong Kong data sets observed by the Hong Kong Observatory
(HKO) and Environmental Protection Department (EPD) from 2010 to 2015 were used to
evaluate the accuracy of the above-mentioned statistical techniques. Similarly, meteorologi-
cal parameters were collected daily from 2010 to 2015 [6]. It has been concluded that there
are no significant differences between the estimation accuracies of each model. In the same
study, extreme learning machines provided a marginally better performance on indicators
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related to the goodness of the estimation, such as R2 and RMSE, etc. [6]. This study could
only use data collected by two monitoring stations. The data might be biased due to the
lack of coverage; it is reasonable to suggest that collecting more information would improve
the range of data. The collected data would be more complete, and therefore, an alternative
approach to collecting data is recommended.

Wong et al. developed a unique image processing technique for enhancing the capabil-
ity of Internet video surveillance (IVS) cameras for real-time air quality monitoring [7]. An
algorithm based on the fundamental optical theory includes light absorption, scattering,
and reflection. Wong et al. further improved their study by combining surveillance cameras
with advanced land observing satellite (ALOS) images to map the air quality concentration
of the study area [8]. With the advance of machine learning technologies, new approaches
have been proposed to study image attributes in recent years. For example, Li et al. [9]
proposed estimating haze levels based on colour and transmission information extracted
from haze images.

Chakma et al. use a deep convolutional neural network (CNN) to classify raw images
into different categories based on their PM2.5 concentrations [10]. In this study, 8 convo-
lutional layers were adopted, with 2364 images from 3 classes tested, with an average
accuracy of 68.74%. The experimental results demonstrate that the CNN approach could
estimate image-based PM2.5 concentration. Liu et al. proposed a method based on support
vector regression and comparing similar images with different weather conditions [11]
before predicting the value of PM2.5 by analysing weather conditions such as the colour
of the sky and the sun’s location during the image taken [12]. Liu estimated the PM2.5
using clear and cloudy photos from a few Beijing, Shanghai, and Phoenix regions. The
proposed method performs well for the images from Beijing and Shanghai but fails for
those from Phoenix due to the narrow range of PM2.5 values. These approaches suggested
that analysing images is feasible for collecting air quality-related data.

3. Theoretical Background

Theoretically, convolutional neural networks (CNNs) are analogous to traditional
ANNs, comprising neurons that self-optimise through learning. From the input raw
image vectors to the final output of the class score, the entire network adopts a single
perceptive score function (the weight). For colour images, the image would be analysed
as a three-dimensional array. The image’s red, green, and blue (RGB) components would
be treated as three two-dimensional arrays [13]. In practice, this would mean that the
input will have a dimensionality of n × n × 3 (height, width and colour), leading to a final
output layer comprised of a one-dimensional array where n represents the possible number
of classes [14].

CNNs are comprised of three types of layers. These are convolutional layers, pooling
layers and fully-connected layers. Figure 1 illustrates the application of the layers to CNN.
A convolutional layer applies filters (n × n matrix) to each channel to extract characteristics
from the input layer. It operates by dividing the input image into smaller pieces of images
and convolving them with a specific set of weights [15]. The dot product between the input
picture and the filter is computed by multiplying the corresponding values and adding the
results to obtain a single scalar value [16].

The pooling layer will then perform down-sampling along the spatial dimensionality
of the given input, further reducing the number of parameters. In the image processing
domain, it can be considered similar to reducing the resolution. Pooling does not affect the
number of filters, and down-sampling does not preserve the position of the information.
Therefore, it should be applied only when the presence of information, rather than spatial
information, is important [17].
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Figure 1. A simple CNN architecture [14].

The fully connected layers will then perform the same duties found in standard
ANNs and attempt to produce class scores from the activations for classification. This
simple transformation method allows CNNs to transform the original input layer-by-layer
using convolutional and down-sampling techniques. This will produce class scores for
classification and regression purposes.

The filter slides over the input vector to generate the feature map by extracting n
number of features from the input image in a single layer representing distinct features,
leading to n filters and n feature maps [18].

A convolutional layer applies filters (n × n matrix) to the input layer and across the
spatial dimensionality of the input to produce a 2D activation map to extract characteristics
from the input data [14]. The dot product between the input picture and the filter is
computed by multiplying the corresponding values and adding the results to obtain a
single scalar value. The convolution for one pixel is calculated according to the formula [19]:

G[m, n] = ( f ∗ h)[m, n] = ∑
j

∑
k

h[j, k] f [m − j, n − k] (1)

where is G[m,n] is the output in the next layer, f is the input image, and h is the filter matrix
and is convolution operation [17].

The dot product of each corresponding value would then be stored as an activation
map, which is the output of the convolutional layer. The procedure is repeated until no
more sliding is feasible [16]. As the filter could represent a feature, this method could be
used to discover the most effective object–description filters.

For the size of the output of the convolution network, it is known that for an image with
size i × i and a filter with size f × f. The size of the output matrix is (i − f + 1), (i − f + 1) [16].

Every kernel will have a corresponding activation map stacked along the depth
dimension to form the full output volume from the convolutional layer. This enables every
neuron in a convolutional layer to be only connected to a small region of the input volume.
The dimensionality of this region is commonly referred to as the receptive field size of the
neuron. The magnitude of the connectivity through the depth is nearly always equal to the
depth of the input [14].

The pooling layer aims to gradually reduce the dimensionality of the representation
and thus further reduce the number of parameters and the computational complexity of
the model.

The pooling layer operates over each activation map in the input and scales its di-
mensionality [14]. The pooling layer decreases the feature maps’ dimensionality while
retaining the most important data. This is utilised to reduce the upper layers’ complexity by
applying the pooling function to the input data. At various pooling levels, various pooling
techniques may be applied. The pooling layer in CNN consolidates the feature extracted
by the convolution layer and reduces the number of parameters to the next layer [16].

In the CNN architecture, activation functions are used after pooling layers to generate
output to be changed or terminated. This layer is used to restrict or oversaturate the
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output. The activation function in every neural network serves the essential function of
mapping input to output. The input value is calculated by calculating the weighted sum
of the neuron input and its bias (if present). This indicates that the activation function
determines whether or not to fire a neuron in response to a certain input by generating the
matching output. The activation function’s capacity is to differentiate since it enables error
backpropagation to train the network [16].

The fully connected layer contains neurons directly connected to the neurons in the
two adjacent layers without being connected to any layers within them [14]. Neurons are
organised into groups in the fully-connected layer reminiscent of those in traditional neural
networks. The node in a connected layer is directly connected to every node in the layer
above and below it [16]. The final fully connected layer in the architecture contains the
same amount of output neurons as the number of classes to be of the output [13]. The
major drawback of a fully-connected layer is that it includes many parameters that need
complex computational training examples. Therefore, we try to eliminate the number of
nodes and connections. The removed nodes and connection can be satisfied using the
dropout technique [17].

The training data in the set would be fitted into the model so that parameters in each
layer would be adjusted. One epoch means an entire data set has been run through [18].

4. Framework Architecture of “Colours-of-the-Wind” (COLD)

COLD is designed to perform a novel data analytics approach for air quality estimation.
Figure 2 illustrates the proposed framework capable of capturing information from various
sources, storing data and basic flow, and generating a machine learning-based estimation.
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COLD crawls images from publicly published meteorological cameras and historical
meteorological data to predict air quality. The collected images are further analysed and
converted into air quality data, a data source for air quality estimation, by applying a
CNN-based image analyser. Groups of components/programs have been developed to
achieve this goal, which are detailed as follows:

Data Collectors—These programs collect, process and store data from various sources.
This system component is dedicatedly responsible for collecting corresponding information
regularly. The data sets are radically available online from multiple sources in varying
formats, so multiple programs were required for this information processing. Due to the
variation of the data types, COLD has the following groups of data collectors:

1. The air quality data collectors—These collectors collect data related to air quality.
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2. The weather data collectors—These collectors collect data related to weather.
3. Historical data collector—These collectors collect historical data for training.
4. Image collectors—These collectors collect images from publicly published cameras.

The image analyser further processes the stored images. The image scraping technique
was used to collect this information to become one of the primary data sources for the
images. Another essential function for the data collector is to perform necessary data
cleansing of the collected data. Herr data cleansing refers to correcting identifiable errors in
the data files, including checking data consistency and handling invalid or missing values.
The final primary function of the data collector is to store data in the dedicated database
and log it.

Analyser—An analyser is designed to estimate air quality according to different
variables. In COLD, three types of analysers are designed for this purpose.

1. Temporal analyser—The temporal analyser is responsible for performing the time-
related estimation. The primary function of this program is to estimate air quality
based on the data collected from the image content in a location and temporal depen-
dency of air quality.

2. Spatial analyser—The primary function of this program is to estimate the spatial
transformation of air quality in a place to model the spatial dependency of air quality.
As the monitoring stations and cameras have a fixed location, the air quality-related
measurements with location information are inserted into an artificial neural model to
determine a spatial-based air quality estimation. Interpolation is used for the location
between the cameras or air monitoring stations.

3. Estimation aggregator—The estimation aggregator integrates the projections pro-
duced by spatial and temporal analysers.

Image analyser—The image analyser analyses the scenes the image collector collects.
The primary function of the image analyser is to analyse a composed picture and judge the
pollution level. Based on the collected images, data collected from the pictures would pass
to the Temporal Predictor and the Spatial Predictor for further estimation.

A three-program set is designed to operate the image analyser, namely:

(1) the image analyser trainer program;
(2) the image analyser estimator program; and
(3) the image analyser image mover program.

Figure 3 illustrates the architecture view of the image analyser, and the logic of each
program in the analyser is presented below.
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Image Analyser (Trainer)—The main aim of the image analyser trainer program is to
create trained models based on historical images and air quality records for each camera.
To initiate the training, the collected historical images are manually mapped with the air
pollution data simultaneously and in location to pair up and become labelled images. These
image-air quality pairs are assigned to the trainer and the tester groups. The trainer image-
air quality pairs are fitted into a CNN model with two convolution layers with max-pooling
layers and a connected layer with two dense layers applied. Figure 4 illustrates the model.
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In this model, the convolutional layer recognises patterns from the input images, then
further down-sampled by the max-pooling layers. Pooling layers consolidate the features
learned by the convolutional layer and reduce the number of parameters by selecting
the maximum value from each pool to keep the most prominent features. This would
result in computations being further reduced. In general, max pooling is one of the most
common types of pooling used. Max pooling is done by applying a max filter to non-
overlapping subregions of the initial representation. Max pooling prevents over-fitting by
providing an abstracted form of the representation. It also reduces computational cost by
decreasing the number of parameters that need to be learned and provides basic translation
invariance to the internal representation. The following pseudo-code (Algorithm 1), namely
Image_Analyser_Trainer, illustrates the idea:
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Algorithm 1: Begin-Algorithm Image_Analyser_Trainer

// Loop at the file structure.
For all Folders, do the following:

Load the training dataset (Pr) and load the testing dataset (Pe)
Obtain the corresponding data classification according to the file structure.
Create and compile a CNN model (Mcnn1) according to the design in Figure 5
Fit Pr into the Mcnn1
Test Mcnn1 by Pe to obtain validation accuracy.
Store Mcnn1

Next Folder
End-Algorithm Image_Analyser_Trainer
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The tester image-air quality pairs test the corresponding accuracy in the image analyser
(Estimator). A well-trained model is used to estimate the air quality of that particular
camera. Then, the air quality of the images collected from that camera is calculated. The
analyser’s output is then stored for future training, and the analysed result(s) are further
processed as a part of the data source for air quality estimation.

Image Analyser (Estimator)—The image analyser estimator program maps the data
collected to the relevant well-trained models created by the trainer program. The esti-
mator collects image files from the temporary folder, where the image collector collects
them online.

Image Analyser (File Mover)—The image analyser file mover program relocates the
data used by the estimator and stores it as a future data source for the trainer program.

5. Dataset

There are three major sets of data that have been used in this research:

(1) The weather images published by the Hong Kong Observatory;
(2) The meteorological data collected from the Hong Kong Observatory; and
(3) The air quality data published by the Environment Protection Department of Hong Kong.

The images used in this research are sets of publicly published weather images from
the website of the Hong Kong Observatory. These images are collected from monitoring
cameras set up by the Hong Kong Observatory around Hong Kong. For weather monitoring
purposes, the Hong Kong observatory published surveillance images and shared the image
once every five minutes with the public, which became a key data source for this COLD
framework. Figures 5 and 6 illustrate a sample from the camera from one of the many
stations used in this study.
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The meteorological data is collected from the Climatological Information Services page
of the Hong Kong Observatory’s website. Data such as mean pressure, daily max air tempera-
ture, daily mean temperature, daily min air temperature, mean dew point, mean relative humidity,
mean amount of cloud and total rainfall are published daily on the observatory’s webpage.

The air quality data sets were collected from the Environment Protection Department
(EPD) air quality monitoring stations. These stations collect and publish four air pollutants
data, namely, ozone (O3), nitrogen dioxide (NO2), sulphur dioxide (SO2) and particulate
matter (PM2.5/PM10) around Hong Kong (https://www.aqhi.gov.hk/en/what-is-aqhi/
about-aqhi.html accessed on 1 November 2023). In December 2013, the Environment
Protection Department launched an index known as the Air Quality Health Index (AQHI)
to inform the public of the short-term health risks of air pollution. The AQHIs are reported
on a scale of 1 to 10+, with 1 being low health risk and 10+ being severe. The AQHIs are
calculated based on the 3-h moving average concentrations of the above four pollutants,
and these data could be published from the Air Quality Health Index website on an hourly
basis (https://www.aqhi.gov.hk/en.html accessed on 1 November 2023).

In this study, the collected images from the Hong Kong Observatory are manually
mapped with the air pollution data collected from the Environment Protection Department
according to the time taken and the photograph’s location to pair up. These image-air
quality pairs are then assigned to the image analyser as the trainer and tester groups. The
trainer is then submitted to the model (as discussed in Section 3) to train, and the tester is
used to test the corresponding accuracy. This study used image scraping to capture and
store around 300,000 (three hundred thousand) images from Nov 2018 to Early March 2019.
The resolution of the Camera images used in this article is 1280 × 720. As observatory
cameras aim to capture weather-related information for the general public, all of the
cameras are set in open areas, and the visibility of a specific day determines the distance of
the information being captured.

6. Evaluation and Discussion

To evaluate the COLD framework, a series of experiments have been conducted, and
the accuracy and validation-accuracy of the Keras class have been used as a measurement
metric. Here, the accuracy is the accuracy of the model tested by its training data, whereas
validation-accuracy is the accuracy of a model tested by the testing data. In summary,
accuracy is the total amount of correct estimation based on training data (i.e., the estimated
value from the training data equals the actual training data) divided by the total amount of
training data in an epoch. At the same time, validation-accuracy is the total amount of correct
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estimation based on the testing data (i.e., the estimated value from the testing data equals the
actual testing data) divided by the total amount of testing data in an epoch.

One of the central stations was randomly selected to conduct tests in the initial stage.
Images from the other thirteen (13) stations were used to verify if the image analysing
framework could be used as a general tool for all of these stations. After a series of
experiments, the following was learned about the image analysis algorithm.

The first test of the series was to test the feasibility of “using the convolutional neural
network (CNN)” (as discussed in the previous section) as a feasible algorithm for analysing
images collected by the surveillance camera for data collection purposes. Based on the
experimental results, images with not more than four air concentration categories (poor,
average, good, excellent) have a greater than 75% accuracy when the program has more than
20 epochs, i.e., 20 times the whole training data sets being run through, in training.

An evaluation experiment is conducted to study the impact of daylight on the images
of air pollution property estimation. Three different groups of images were tested in this
experiment, and the estimated accuracy was compared. The first set contained mixed
day and night images and fit into the program. The second data set only contained day
images, whereas the third group contained only night images. A summary of the results
was obtained and is depicted in Figure 7:
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For experiment 3, the impact of daylight has been studied. After 30 epochs, all three
sets of images got greater than 95% accuracy and validation accuracy above 74%—the
accuracy for pictures taken in the daytime, night time and a mix of both. In our scenario,
there is no significant impact on the accuracy of splitting the images taken during the
day and night-time. Therefore, we have concluded that breaking the mixed image into
day-taken and night-taken groups had no significant difference when conducting image
analysis for air quality data collection.

Another experiment is conducted to study seasonal behaviour’s impact on air pollu-
tion property estimation images. In this regard, three different groups of images were tested
in this experiment, and the estimate’s accuracy was compared. The first set (set 1) con-
tained Autumn Training Data—tested by Winter Testing Data. The second data set (set 2)
contained Winter Training Data—tested by Autumn Testing Data. The last data set (set 3)
contained both Winter and Autumn data in the training and testing data, which is used as
a control set. A summary of the results is presented in Table 1:
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Table 1. Experimental Results of the Impact of Day Light Test.

Accuracy Validation Accuracy

Set 1 (Autumn training, Winter testing) 0.9850 0.4966
Set 2 (Winter training, Autumn testing) 0.9900 0.4832
Set 3 (Control Test) 0.8827 0.8047

This test demonstrates a seasonal dependency on the training and testing data when
the training is only on Autumn data and testing on only Winter data. The validation accuracy
drops to 0.4966, and vice versa. However, the control test suggested that the validation
accuracy reached 0.8047. This shows a dependency on the season data.

Further experiments were conducted to determine the impact of the image resolution
on accuracy. Four input resolutions of 64 × 64, 128 × 128, 256 × 256, and 512 × 512 were
set up to test the impact of image resolution and accuracy. A summary of the results is
presented in Figure 8:
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For the 64 × 64 and 128 × 128 resolutions, the accuracy scatters from 0.2698 to 0.9802,
and the validation accuracy ranges from 0.2320 to 0.9120 in these experiments. There is
no direct relationship between accuracy/validation accuracy and the epochs. There is no
specific pattern for the accuracy, and the output of the 64 × 64 and 128 × 128 input needs
reliable precision. It is unsuitable to use as the resolution for air quality estimation in our
scenario. The accuracy is relatively stable for the resolution of 256 × 256 and 512 × 512,
and the outcome is more significant than 90% after 40 epochs. The experiment showed that
the accuracy of both resolutions of 256 × 256 and 512 × 512 are independent of the number
of epochs. The resolution of 64 × 64 and 128 × 128 needs to have reliable accuracy. It is
unsuitable to use as the resolution for air quality estimation in our scenario.

Regarding computational efficiency, Table 2 lists the total time needed to run a 10-
epoch training for various resolutions.

Table 2. Time (seconds) required to train a ten epoch training for various resolutions.

Resolution Total Pixel Time (s)

64 × 64 4096 321
128 × 128 16,384 385
256 × 256 65,536 472
512 × 512 262,144 991

A scatter plot (Figure 9) based on the time and total pixel shows that a linear rela-
tionship could be established, the impact of higher resolution images could be estimated
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for a 10-epoch training, and the time required could be calculated based on the regression
equation (stated above) e.g., for a 1024 × 1024 image, 2942 s (around 50 min) were spent to
complete the training.
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Figure 9. Total Pixel vs. Time (seconds) required to train a 10-epoch training.

This model was applied to experiment with another thirteen (13) sets of images
collected from various areas of Hong Kong. The experiment’s results were then used
to verify the accuracy of the model of the proposed parameter so that the algorithm’s
generalisation could be confirmed. A data set per test collected from a meteorological
station (a subset of training and testing data) was set up. A subset of training and testing
data was selected randomly for each data set. The accuracy and validation accuracy were
measured to see the algorithm’s performance on these datasets. The generalisation of the
proposed prototype is verified by data collected from fourteen (14) meteorological cameras.
All of these results are summarised in Figure 10.
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Figure 10. Experimental Results for all 14 Cameras.

The results of the above-explained experiment suggested that the proposed algorithm
is a viable solution to analyse the images obtained from the meteorological cameras and
generate estimates. The accuracy scatters from 0.85 to 0.97, and the validation accuracy
ranges from 0.70 to 0.91 in these tests. This means that all accuracy is higher than 85%, and
the validation accuracy is greater than 70%.
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In conclusion, based on the experimental outcome, the image analyser of “colours-of-
the-wind” could apply a convolutional neural network (CNN) as the learning algorithm.
The output of CNN should have four categories. To ensure a reasonable outcome, the input
resolution should have at least 256 × 256 with at least 30 epochs of training for the image
analyser program.

7. Conclusions and Future Work

This paper described a new approach to collecting data from meteorological cameras
as a valuable data source for air quality estimation. In this regard, a prototype system,
‘Colours-of-the-wind’ (COLD), is presented along with its sub-systems. The COLD proto-
type’s breakthrough is the functionality to crawl and convert images into a data source for
air quality estimation. In this project, more than three hundred thousand (300,000+) pictures
were collected from fourteen (14) meteorological cameras, and based on the outcomes; the
presented COLD framework was continuously improved. By applying data analytics and a
convolutional neural network, the prototype was built to prove the proposed concept(s).
In addition, a series of experiments were performed for the convolutional neural network
(CNN) model in order to understand the impacts of various parameters in the algorithm
on their accuracy has been studied. The CNN should have an output of four categories; the
input resolution should have at least 256 × 256 with at least 30 epochs of training for the
image analyser trainer program.

In relation to limitations or possible future directions, we know that certain air pollu-
tants that affect the value of AQHI are invisible to the naked eye, so meteorological cameras
cannot capture them. Ozone and NO2 are examples of such pollutants that are difficult
to detect, and the level of pollutants visible to cameras, such as particulate matter, would
dominate the estimation by the camera. This affects the estimation of AQHI in COLD. To
further improve this research, a method to detect invisible pollutants by optical means can
be investigated to improve COLD. For instance, other optical techniques, such as applying
filters or checking light from different wavelengths, can be implemented so that invisible
pollutants can also be detected. Second, the research direction that could improve COLD is
to have images taken at a shorter distance, such as traffic and security cameras. As the scope
of this study was to collect information from existing meteorological cameras that usually
take images from a certain distance, a method using short-distance cameras would increase
the different variations of data being collected. Another potential research direction is to
extend the existing estimation model so that the accuracy may be further improved.
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