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Abstract

In this work, we designed a crowd-sourcing urban air quality monitoring system to be deployed on a public bike
renting system, aiming at providing street air quality information for bike riders. To achieve this goal, we designed a
hardware device with air monitoring sensors integrated for urban street-level air quality sensing. The device can be
installed on a public bike via an off-the-shelf holder and connects to the internet through cellular network. A cloud
system is designed that the data collected from the devices across the city is visualized on an air quality map and
can be accessed by users via web browsers on their phones. Furthermore, an inference model has been designed to
predict the air quality where there is no active device. We also designed a multi-source sustainable power supply
scheme to cover the device power consumption.
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1 Introduction

1.1 Objective

With the increasing emphasis on a healthy lifestyle, citizens are becoming more willing to ride bikes to nearby
places. However, ambient air pollution comprises a significant health risk for bikers. Fixed official monitoring
stations have been deployed to measure pollution concentrations at different scales. Unfortunately, stationary
systems cannot meet the requirement of fine-grained monitoring and dynamic updating. To solve this
problem, we identify two opportunities. First, urban air quality varies a lot spatiotemporally. Typically, air
quality is relatively poor on congested roads because exhaust fumes are concentrated in this area. If bikers
have air quality information on specific streets, they could choose the routes with better air quality to go.
Second, the public bike system has been strongly-invested by local governments at all levels in China in
the past few years. Large-scale convenient bike renting systems have been well-established by now, which
is promising in serving as the air-monitoring device holder for mobile sensor networks. With these two key
observations, we plan to design a crowd-sourcing urban air quality monitoring system, deploying on the

public bike system, which aims at providing detailed street-level urban air quality information for bikers.

1.2 Background

Our project has both commercial value and social significance. Public bike system is growing more and
more popular in recent years. According to a report from China Industry Information website, by July of
2015, the number of public bike systems has exceeded 52, with a total market size of over 1.2 billion yuan.
Thriving bike-sharing companies, such as Meituan and Hello Bike, also provide great commercial markets

for our monitoring system in recent years .

On the other hand, for biker users, air contaminants, such as particulate matter (PM), are widely concerned
for the severe diseases resulting from them. The most common effects caused by exposure to particulate
matter include irritation to the respiratory tract, lung diseases. Our system can inform bike users of heavily

polluted areas, to help them avoid potential health risk.

Crowd-sourcing is becoming a new paradigm with the rapid development of Internet-of-Things (IoT). It is
easier than ever to collect data from ubiquitous sensing devices. Data mining techniques and algorithms
can be applied to the data collected to draw critical conclusions. Many past works have proposed to collect
air quality data from stationary and mobile sources to get wider sampling coverage and finer sampling
granularity. For example, OpenSense [1, 2] proposed to deploy sensors on mobile vehicles and stationary
monitoring stations to obtain the urban air quality map. Similarly, BlueAer [3], AirCloud [4], Gotcha [5]
also propose to leverage the mobility of buses and taxis to get air quality maps. Our advantage lies on that
we use the public bike system, which has a large and stable user group in China and all bikes are managed
by official organizations. Therefore, the deployment of air quality sensing devices on public bikes can be

done in a collective manner.



1.3 Design Overview & Visual Aid

Figure 1 illustrates the way our system works. Bike users ride bikes on urban roads. Our devices, which are
installed on the handle of bikes, connect to users’ mobile phones through hotspot access points. Air quality
and GPS data is uploaded to the remote server through cellular network. The remote server generates the
air quality map according to the air quality data inference algorithms and then updates the air quality map

on the website. Users can find this map on their mobile phones to see the street-level air quality.

Figure 1: System Design Overview

1.4 High-level Requirements

e The on-bike air quality monitoring device should have stable connection with the database and be
able to collect and upload sensor, GPS and battery voltage data. The device should measure air

contaminants (particulate matter, CO and NO2) concentration correctly.

e The power module should supply stable 5V output. The power source should be able to cover the

device’s power consumption.

e The air quality map web page should be able to achieve data from server database and display a

real-time street-level air quality map.



1.5 Block Diagram
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Figure 2: Block diagram of our project

Our system block diagram can be divided into three main components: the hardware device, user’s mobile
phone and cloud server. The hardware device is a PCB board with sensors and micro-controller. The sensor
data collected will be uploaded to the cloud server via hotspot on user’s mobile phone. Cloud server will
process the data and formulate into an map. This map is embedded in a webpage and can be accessed
via any browser on user’s mobile phone or laptop. Figure 3 further illustrates the data transmission in our
system. The power module for the hardware device is particularly designed to inte]grate the kenetic energy

charging and solar energy charging functionalities.
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2 Web Design

We designed a webpage as a User Interface (UI) to display the air quality map. Basically, following require-
ments should be satisfied:

A cloud server should be set up to store and process data. Data collected from hardware devices should
be transmitted and stored in the database for further processing. The inference algorithm also runs

on the server to generate maps.

e The webpage displays a street map for the city, which the user is localized. Users can manipulate the

map (zoom in/out and rotate) for his/her preference.
e A overlay layer should be added to the map to indicate air quality on each street.

e Various air quality indexes (PM1, PM2.5, PM10, CO, and Temperature) should be displayed on the

map.

e Air quality on each street at several future moments predicted by inference algorithm should be dis-

played for user’s reference.
e The air quality statistics measured by the user’s device can be displayed on the webpage in real time.

Guided by the above design requirements, the software design work can be divided into two parts: backend

and frontend.

2.1 Backend Design

The backend part consists of the database management, web server configuration and inference algorithm
implementation. The inference algorithm implementation will be discussed in detail in section 4. In this

section, we will focus on discussing the other two parts and the interfaces among them.
2.1.1 Database

We adopt InflurDB v1.8 as the database management software. For the two reasons:

1. InfluxDB is specialised in operating time series data. Every input data point is automatically associated
with a Unix time point. Our input data streams from hardware devices strictly follow the time sequence,
which is well-fitted to InfluxDB’s advantage.

2. InfluxDB has well-developed interfaces with many mainstream programming languages. The developing

languages: Python and PHP are well-supported.

Within the database, each index we measure has an ad hoc category to store. The retention policy of the
database is set to one week, as the model is trained once a week, only with the data acquired within one

week.



2.1.2 Web Server

For web server, we choose Nigix to hold the website. Nigix is a widely adopted web server software that
handles the delivery of webpage files. A URL is associated with the web server: www.eced45-air-quality.top.

Users can find our website via the URL in their browser.
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Figure 4: Software block diagram

2.2 Interfaces

The interfaces between backend components are designed as shown in figure 4. InfluxDB provides official
client libraries for Python and PHP. We leverage these libraries to build interfaces with database. The
inference algorithm is written in Python; therefore, we use the Python client library to directly query data
from the database. The PHP script running on the web server needs to display the real-time air quality

information. We use the PHP client library to realize this function.

The interface between the inference algorithm and web server worth more discussion. The previous work [6]
has a map-generating function in the inference algorithm, which outputs image files to be overlaid on the

street map. However, this approach is not effective for our application for the following reasons:

1. The image files cover the entire area, where not only streets but also surrounding buildings are covered.
Our project focuses on the air quality in the street areas, and the surrounding buildings are not in our

scope.

2. The redundant information carried by the image files takes more bandwidth to transmit; therefore,
reduces the processing rate. As our map is going to cover the entire city, a large image files should be

avoid to ensure the quick loading of webpage.

Therefore, we choose to use GeoJSON [7] as a file output format from the inference algorithm. GeoJSON
file only contains the information needed to render the map and leave the map generation task to frontend,


www.ece445-air-quality.top

which effectively reduces the burden of file transmission and increases the process rate. The tradeoff of
taking this approach is that the work of rendering map is left to the frontend, which means the user’s device
(mobile phone and laptop) must take more computational resources to process the GeoJSON file and render
the overlying layers. However, considering the increasing performance of mobile end devices, this drawback
should be tolerable. Our experiments on HUAWEI P40, Apple iPhone 12, and Samsung Galaxy S10 all

demonstrate fluent rendering of the map on the frontend.

2.3 Frontend

On the frontend, user’s browser can fetch the webpage file from backend once the URL is requested. The

work on the frontend mainly focuses on the layout design and the interaction with backend server.
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Figure 5: Webpage layout

2.3.1 Layout Design

For frontend layout design, we use Amap JS API [8] and Loca JS API [9]. The designed webpage for mobile
end is shown in figure 5. There is a hawkeye map at the upper left corner to show a broader view. On the
upper right corner is the compass and control top for zoom in and out. User can also control the map via
figure operations on the screen. The switch bar at the bottom right corner is for displaying map of various
indexes. User can touch different buttons to view the map of any of the indexes we measured. The scale bar
at the bottom left corner is intended to give quantitative illustrations for the color we use on the map. Users
can get an idea about the colors and corresponding pollution conditions. There is a time switching button
below the hawkeye map, users can select to view the predicted air quality at several future moments. The

air quality is visualized on the map using colored poly-lines.



3 Data Processing

3.1 Design procedure
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Figure 6: Workflow of data collection and processing

The first step is air quality sensor calibration. We need to make sure that all sensors are calibrated by using
a professional air-quality measurement device called air-quality egg provided by our advisor. To calibrate the
sensors, we carried our device and the air-quality egg to different places including construction site, traffic
ways and campus. For temperature measurement, the air-quality egg can update the data every 1 minute;
for PM measurement, the air-quality egg can update the data every 2 minutes and for CO measurement,
the data is updated every 5 minutes but for NO, measurement, the data is sparse (sometimes once in 20
minutes). We used linear regression to get the relationship between the measurement data and the calibrated

data for simplicity.
3.2 Calibration

So far, we have deployed two devices on the bike and finished the calibration procedure. As indicated in the
last section, we use linear regression to get the relationship between the measurement data and the calibrated
data. We used least-square method for calculating the best-fitting line for the measured data [10]. Assume
we have this first order linear model:

y=by+bix+e (1)

where y is the dependent variable, x is the independent variable, by is the Y-intercept, b; is the slope of the

line and € is the error variable. The least-square method is to minimize:
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The resulting equation for by and by is:
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n
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(4)

For sensor calibration, we went several places including construction sites, traffic ways and campus. The

resulted regression line of device 1 is shown below for each air-quality data. From the graph we can get



the relationship between the measurement data from our device and the relatively accurate data from
a professional device using linear regression. After the calibration, we can get accurate and consistent
measurements for air quality data.
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Figure 7: Calibration Relationship of PM 2.5

3.3 Data Collection

Currently, we have deployed two devices on the bike and rode across streets around the campus. The
sampling rate of our device is 5 seconds. We have collected the environmental data for three days and one
hour per day, namely in total three hours. The bike moving trajectory is recorded in “gpx” format, which
includes the GPS information, time slot and speed. The total trajectory is 60 km long. We analyzed the
collected data by segmenting the trajectory into pieces of 500 m long. We used the open-source data from
AMap [8], which is a free, crowd-sourced, and user-generated online mapping system. The corresponding
Software Development Kit (SDK) is used for development.



4 Inference Algorithm Design

4.1 Introduction and Motivation

The static air-quality monitoring stations are commonly deployed in urban areas to get the air quality data,
yet the size and cost of the large station were so high that they cannot be deployed sufficiently enough
for the fine-grained air pollution map [5]. Thus, mobile sensing networks have been proposed frequently in
recent years, including OpenSense [1, 2], BlueAer [3], AirCloud [4] and Gotcha [5]. However, although the
mobile sensing networks could provide larger air-quality data with wider range and granularity, the collected
samples still cannot cover the whole spatial-temporal area since the collected data are scattered. Therefore,
an inference algorithm is needed for recovering the fine-grained air pollution condition and further helping
researchers to investigate and comprehend the environmental condition. [11].

The workflow graph below gives an overview of what our project does from the algorithm perspective.
The workflow can be divided into offline learning, online interference, and simulation for determining key
parameters of experiments. The workflow starts from feeding open-source data into the model, train and
evaluate it and then select the best algorithm. Then we build a simulation to determine how much data we
need to generate an air-quality map for a certain area. If the resulted number is beyond our ability, we will
narrow the range of the air-quality map for this process. After that, we need to collect data in Haining city
and do the processing step as mentioned in previous section. When these procedures are done, we can feed
the air-quality data into a selected model to train it. The weights trained on the open-source dataset can
be used for the weight initialization of the inference model of Haining city. The outputs will be used for the
air-quality map visualization.
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Figure 8: Workflow of Inference Algorithm

4.2 Related Works

There are two types of inference algorithm for urban air-quality monitoring, the first type is based on static
monitoring stations and the second is based on mobile sensing systems. The inference algorithm of the
first type can be divided into two groups: deterministic model-based algorithms and data-driven algorithms
[11]. Deterministic model-based algorithm is based on the assumption that physical dispersion process,

chemical process can model the real-world air pollution scenario [12, 13, 14]. However, they require large

10



computational resources and complex prior knowledge of meteorology and pollution sources [11], which
we do not have. Data-driven algorithms are used to infer the unobserved area using spatial interpolation
methods for example K-nearest-neighbor interpolation [13] and land-use regression (LUR) [13]. However,
the methods are not perfectly convincing since the auxiliary information might change over time and the
mathematical relationship between factors and air-quality data is not reliable [11]. The inference algorithm
of the second type includes interpolation method [15], probability concentration estimation method (PCEM)
[16], Gaussian Process Regression (GPR) [17], artificial neural networks (ANN) [18], autoencoder framework
[2020Fine] and reinforcement learning method (RL) [19]. The description of the methods is summarized in

Table 1. We further summarize the advantages and disadvantages of the above methods in Table 2.

Module Name | Description

Interpolation | Uses linear/gaussian interpolation to infer the unobserved air-quality data using
nearby data.

PCEM Models the particle motion based on the concept of “random walk”.

GPR Models the pollution field as multivariable Gaussian distribution and considers
features of GPS coordinates, location-related humidity, temperature, and Point
of Interests (POI).

ANN Uses artificial neural networks which takes both spatial and temporal data as
input.

Autoencoder | Uses deep autoencoder model with convolutional long short-term memory
(ConvLSTM) structure.

Table 1: Description of Inference Algorithms

Module Name | Advantages Disadvantages
Interpolation | Easy to implement Accuracy highly depends on nearby location; re-
quires regular and dense sampling and low sensing
error
PCEM Can suit for variable weather | The probability requires all the samples are observed
conditions. at the same time, but it is unrealistic.
GPR Non-parametric method which | The computational complexity is O(N?), which
can model arbitrary functions means with data increasing, it requires huge com-
putational resources.
ANN Can solve the data sparsity prob- | The neural network is more like a black box which
lem. lacks rigorous theoretical proof of why it works.
Autoencoder | Can suit for variable weather | The neural network (ConvLSTM) is more like a black
conditions; better captures | box which lacks rigorous theoretical proof of why it
the spatiotemporal dependen- | works; the autoencoder is relatively hard to imple-
cies with nonuniform sample | ment.
distribution.

Table 2: Advantages and disadvantages of inference algorithms
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4.3 Algorithm Overview

4.3.1 Preliminary

In this section, we will introduce some basic concepts used in the inference algorithm including meteorological
data, point of interests(POI), road network and grid.

Definition 1: Meteorological data: Meteorological data refers to the weather condition of a city in
a certain period of time including temperature, humidity, pressure and weather. The weather condition
includes snowy, cloudy, rainy, foggy and haze while in this project we only consider the condition of rain.
Definition 2: Point of Interests: Point of interests refers to a specific venue that have some functionalities
(e.g., a school).

Definition 3: Road Network: Road network refers to a combination of road segments, each having its
individual identifier r.id, length r.len and level r.level.

Definition 4: Grid: Grid refers to the smallest unit we want to infer and we assume the air quality inside

the grid is uniform. Each grid ¢ has its geographical location g¢.loc and air quality measurement.
4.3.2 Problem Formulation

In this section, we will introduce the goal of the inference algorithms. Suppose we have observed the air

quality data recorded in a spatiotemporal format, we establish a matrix A eRM*7T

, where the element A; ;
refers to the air quality data collected in location g; and timestamp ¢;. Note that this matrix is extremely
incomplete, as in Table to be done: complete of matriz in the dataset indicates. The unobserved entries are
padded with zero. Our goal is to estimate the unknown entries in the matrix. In other words, we need to

complete the pollution matrix and get the complete air quality map given we have limited observations.
4.3.3 Method

This is directly copied without paraphrasing! The k-Nearest Neighbor (kNN) algorithm is a useful machine
learning technique for classification and clustering. To get the baseline result, we adopt the classic kNN
algorithm in the screening process, where both spatial and temporal kNN are included[20]. The temporal
kNN selects k locations with known values, based on spatial Euclidean distance. The temporal kNN selects k
locations with known values, on the condition that these k locations have the most similar temporal change
patterns. We use the historical data to serve as the input to train the Deep Neural Networks (DNN) to
predict the unobserved value. With the help of kNN algorithm, the complexity of DNN will be decreased
significantly.

4.3.4 Framework

In this project, we decide to use a Variational graph auto-encoder (VGAE) framework proposed in [21],
which represents the latest progress in the field of air quality inference. Consider n nodes of the air quality
graph constructs a continuous random vector x,, €R”, we then set a latent variable z,, €R™. That is, the X
is assumed to follow the conditional distribution of X given Z. Then we consider approximating ¢(Z|X), Z
can be interpreted as a latent representation of the observed X, which is thought be a probabilistic encoder

and the generative process characterized by p(X|Z) is thought be a probabilistic decoder.

12



5 Mechanical Design

Since our device needs to be placed on a bike, mechanical designs of device fixing and packaging need to
be done. In this section, we will introduce our two mechanical designs: the device holder and the device
container. The device holder is fixed on the handler of the bike, where the device is attached. The device

container is a box covering the device for rain protection.

5.1 Device Holder

The device holder is designated for the part attaches our device to the bike. The requirement is that it can
resist vibrations when the bike is passing some bumping areas, for example the deceleration strips. In that
case, we did not consider using 3D printing since it is not robust enough for daily use. Instead, we adopted
a mature commercial product which originally aimed at attaching mobile phones on a bike. Figure 22 is the
Computer-Aided Design (CAD) we drew for that device holder using Solidworks 2018. The advantage of
this design is that the device can be tightly fixed in the device holder by adjusting the length of the middle
bolts.

] . Figure 10: CAD of 3D printing parts
Figure 9: CAD of container

Figure 11: CAD of device holder

5.2 Device Container

The device container is designated for protecting the sensors, batteries and other electrical components from
rain and other damage. The requirement of the container is that it should allow air to flow through the
inner space while prevent raindrops. Also, since we want the container to be robust enough, we adopted a

commercial product plus 3D printing plan. The majority of the container is based on a commercial container

13



as Figure 9 shows. However, it is almost sealed up so we designed a structure in between, as Figure 10 shows.
There are 2 special holes on the front and back of the 3D printing parts but with a slope to prevent rain from

damaging the electrical parts inside the container. There are also 4 holes on side for the LED installation.

14



6 Hardware Device Design

6.1 Hardware Circuit

The hardware part is a compact device that collects and upload air quality and GPS data to the cloud
server. The main components of the hardware circuit include a stm32f103 microcontroller, air quality
sensors (PMS5003, MICS6814 and BME680), an ESP8266 Wi-Fi module, a GPS module, a power supply
subsystem which consists of a multi-source battery charge-discharge chip and a 5V regulator, and a battery

voltage monitoring circuit.
6.1.1 Sensor Modules

PMS5003
PMS5003 is a digital particulate matter (PM) concentration sensor produced by Plantower. In our project,
the PMS5003 sensor measures the PM1, PM2.5 and PM10 concentration in atmospheric environment. The

PMS5003 sensor communicate with the stm32 microcontroller by serial interface.

MICS6814

MICS6814 is a triple-channel gas sensor which can detect CO, NO2 and NH3. The outputs of MICS6814 gas
sensor are analog signals, which can be read by STM32F103’s built-in analog-to-digital converter (ADC).
Three analog pins on stm32 can read CO, NO2 and NH3 measurements individually (pull-up resistors are

needed for each analog pin to read correct input voltage).

BMEG680
BMEG80 is a high-accuracy temperature, humidity, pressure and volatile organic compounds (VOC) sensor
produced by Bosch. The BMEG80 sensor supports I12C and SPI protocol for data transmission. In our

project the sensor communicates with the stm32 microcontroller using 12C protocol.
6.1.2 Wi-Fi Module

The ESP8266 Wi-Fi module is used to support the air quality data upload function. The hardware device
relies on cellular network to connect our cloud server, and the ESP8266 Wi-Fi module will connect the

hardware device to user’s smartphone for accessing cellular network.
6.1.3 GPS Module

The NEO-6M GPS module is used to record the real-time device location.

6.2 STM32F103 Running Code

The stm32f103 microcontroller is coded to run the routine of data collecting and uploading correctly. The
software code is developed in Arduino IDE. Arduino IDE has mature support on stm32 series microcontroller,
the software code can be directly compiled and downloaded to the stm32 microcontroller with correct con-
figuration in Arduino IDE. Compared with another develop method using stm32cubeMX, Arduino IDE
compiles much smaller program file, and this is significant for stm32f103 series with only 64KB flash. There-
fore, consider the code readability, the development difficulty and the memory space utilization, we choose

to develop the microcontroller software in Arduino IDE.

15



6.2.1 Module Interfacing Details

The stm32f103 microcontroller interfaces with other modules to collect and upload data in every loop. This
section shows all interfacing details between the stm32f103 microcontroller and individual modules. Figure

below shows the pinout diagram of the microcontroller.
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Figure 12: STM32F103 pinout diagram [22]

PMS5003

The PMS5003 sensor is connected to the stm32f103’s third serial port (TX3-PB10/RX3-PB11). For every
measurement, the PMS5003 sensor will send a data frame through the serial port. The start of the data
frame is defined by two special bytes 0x42 and 0x4d, and the total length of the data frame is fixed as 32
bytes. On the side of the microcontroller, the special bytes 0x42 and 0x4d should be first found in serial
port, then the microcontroller will continue to read until 32 bytes and compute the checksum to validate the

data frame. Once get a valid data frame, the PMS5003 reading is done.

MICS6814
The MICS6814 sensor is connected to stm32f103’s analog pins. Three measurements (CO, NO2 and NH3)
are individually read by three analog pins (PA4, PA5 and PAG).

BMEG680
The BMEG80 sensor is connecting stm32f103’s 12C port (SCL1-PB6/SDA1-PB7). The Adafruit BME6G80

library is used to initialize the I2C device and read BME680 measurement values.

ESP8266
The ESP8266 Wi-Fi module is connected to stm32f103’s second serial port (TX2-PA2/RX2-PA3). The
stm32f103 microcontroller controls the Wi-Fi module by sending AT commands through the serial port.

NEO6M GPS
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The NEO6M GPS module is connect to stm32f103’s first serial port (TX1-PA9/RX1-PA10). The GPS
module will feed the serial port with NMEA format GPS data. The Tinygps++ library is used to extract
latitude and longitude information from the raw data frame.

6.2.2 Test Mode

The microcontroller software is designed to allow the user to turn on test mode to see output prints on
computer screen. Since stm32f103 has totally three serial ports which are occupied by PMS5003, Wi-Fi and
GPS module, we choose to make the GPS module share the same serial port with the message print function
in test mode. That means when the test mode is turned on, the GPS module will be temporary disabled to
allow the serial print function. The choice makes sense because GPS will have no signal during indoor tests.
GPS module can be individually tested if needed.

6.3 PCB Design

To meet with the size requirement for a mobile device installed on bikes, we design to put components on
two individual PCBs and connect the two PCBs using pin header. In this way the dimension of the PCB is

controlled in 86mm*48mm.

Figure 13: PCB boards before assembled Figure 14: PCB boards after assembled
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7 Power

We design a multi-source power module for our devices consider that our devices are long-term installed
on bikes and it is inconvenient to manually change the batteries. The power module consists of three main
components:

e 18650 Li-ion battery

e A solar charger

e A kinetic charger

5V redulator

Processor
and
sensors

L+ L

5* PV controller
R
4|— s-
.

Solar panel

Battery

3TV
l_‘

il

Vout GND
Charing controller

_ DC generator

5Sv regulator

Figure 15: Power module block diagram

The size of the solar panel is 153mm x 99mm and it can provide 2.5 watts output at the optimal weather
condition. The PV controller is used to control the charging process and it use the CN3065 linear charger
chip as the control unit. For the kinetic charger, it can provide power when bikes are running. In theory,
it can provide a power range from 0 to 5 watts. The kinetic energy module contains a small motor and a

regulator for standard 5V output.
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7.1 PV Controller

Below is the diagram of the PV controller. The input power should be in the range of 4.4V to 6V. It has
two LED to indicate the working status. If the Red LED is on, it means the battery is being charged. If
the Green LED is on, it means the charging process is done. The highest charging current is limited by the
CN3065 chip, which is 500mA. The ISET pin is used to control the output voltage. To make the output
voltage to be 4.2V, the resistor RISET should be 2K ohm.

Input Power Supply 4.4V to 6V

4]
VIN FBP
22uF

330 BAT | e
— T4.7uF

CN3065 — 1
Green Red -
LED LED Ri %
. 1 NTC
T HRG TEMP .
6 2
IONE ISET
GND
3 RISET:

Figure 16: PV controller circuit

Figure 17 shows how CN3065 control the charging current and charging voltage in different phase.

Precharge §Constant Current; Constant Voltage

Phase Phase Phase

AN
AN
AN
\ 4- 2v
AN
AN
AN
AN
AN

AN

Charge terminated

4

\

— — — C(Charge Current
Battery Voltage

Figure 17: CN3605 charging phase
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7.2 Kinetic Energy Converter

We add a kinetic energy converter to our power module in case that solar power is not stable and the power
it can provide is determined by weather condition. Figure 18 shows the installation of the converter. When
the bike is being riding, the wheel can drive the motor and the motor transform the kinetic energy to electric
energy. As shown in Figure 15, there is a 5V regulator for standard 5V output. The output current depends
on the riding speed. 500mA current can be produced for 18km/h speed, which is enough to cover the device

power consumption.

Figure 18: Installation of kinetic energy converter

7.3 Solar Panel

Figure 19: Solar panel
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We use a mono-crystalline silicon solar panel with size 153mm x 99mm. We choose to use mono-crystalline
silicon solar panel because it has the highest energy efficiency compared with other solar panel types like
poly-crystalline silicon solar panel and thin film solar panel. At the condition that light intensity is 1000W

per square meter, the solar panel can generate 2.5W output.
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8 Verification

In this section, we will review the requirement and verification of our project from the perspective of software,

algorithm and hardware with the focus on mechanical parts and power module.
8.1 Software Verification

8.1.1 Air-quality data update every 10 seconds

The air-quality data shown on the web page will update every 10 seconds inside the red block shown in the

figure 20. It indicates that the server can upload the data every 10 seconds.

I
ID: 102 X

B e D'ate: 2021-05-01
Time: 10:14:14

. ,"' " pml: 9 ug/m3
pm2_5: 10 ug/m3
' pml0: 10 ug/m3

co: 0.472448 mg/m3
tmp: 31.503025 °C

Figure 20: Air-quality shown on the web page

8.1.2 Trajectory Correction of the Map

The collected GPS information may not be exactly on the road and sometimes it is deviated from the road.
We used the ”trajectory correction” module in the [8] and match the GPS data to its nearest street. In

figure 21, we can see the results of the trajectory point after map matching.
8.2 Algorithm Verification

8.2.1 Dataset and Performance Metric

To validate the algorithm in this project, we adopted two open-source data sets to test. The first one is the
Binhai dataset[11] in which the air quality of a costal area in Binhai district in Tianjin is measured from
July 1st to December 31st, 2018. The second one is the Antwerp dataset [23], located in the cityof Antwerp,
Belgium.

We want to take a small portion of it to be as input to train our model due to the limited computational
resources. In this project, we use the RSME (Root Square Mean Error) as the evaluation metric. We take

90% of the non-zero entries as the training data and take the remaining 10% as validation.
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Figure 21: Map matching of our campus

8.2.2 Results

Table 3 shows the RSME value on both data sets using the baseline interpolation method and our kNN-based
collaborative filtering method. Also, figure 22 is the output on our website that reflects on the air-quality

condition in Haining City in May 2nd.

Method Binhai Dataset (2018, Aug) | Antwerp Dataset (2019 April)
Linear Interpolation 19.0 4.5
KNN-based collaborative filtering | 16.5 5.2

Table 3: Experiment results on the open-source data sets

Figure 22: An example of output of inference algorithm in Haining

8.3 Hardware Verification
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8.3.1 Mechanical Parts Verification

From figure 23 and figure 24, the installation of our device on a bike is shown. We used the device holder
to fix our device on the bike. We have tested its robustness in various road conditions, for example the

deceleration strip and it was fixed perfectly on the bike.

Figure 24: Third perspective of the installation of
our device

Figure 23: First perspective of the installation of our
device

8.3.2 Power Module Verification

The goal of the power module is to provide power for long-term running of the device. More specifically,
When riding, the battery should be charged and the power from the kinetic energy module and solar energy

module should cover the device power consumption.
Current Requirement

We measure the current consumption of our final version hardware circuit, the measurement ranged from
0.4A to 0.5A.

Verification of Solar Energy Module

We tested the solar panel on a sunny day. The weather condition is shown in the figure below. We measured
the short circuit current and open circuit voltage. Measurements are shown in the table above. If the weather

is cloudy, the current provided by solar panel will be very low, on average below 50mA.
Verification of Kinetic Energy Module

Below is the relationship between the riding speed and the charging current provided by kinetic energy
module. The common riding speed is in the range of 15km/h to 25km/h. So the current it can provide is
around 0.3-0.5A.
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Figure 25: Current required by our device

Mon 19, Apr 2021
Max: 19°c Min: 11°¢
Moonrise: 10:13 AM Moonset: 12:00 AM

Iliiiiilll Iliiiiill IIIiiiii'I IIIIIIII IIIIIIII
r

00:0 a

0

km/h
from
ESE

03:0 ©

06:0 9

o w
09:0 o

o w
12:00 @
15:00 [+
18:00 9
21:00

@

Sunrise: 05:27 AM

Phase: Waxing Gibbous

Hun Clou Press Vis
dity ] ure

0.0
mm

0.0
mm

0.0
mm

0.0
mm

0.0
mm

0.0
mm

0.0
mm

0.0
mm

60%

67%

66%

54%

47%

52%

63%

69%

Sunset: 06:28 PM

lllum: 55 %

33%

5%

0%

0%

0%

0%

0%

0%

1020
mb

1019
mb

1019
mb

1020
mb

1019
mb

1017
mb

1017
mb

1018
mb

Excell
ent

Excell
ent

Excell
ent

Excell
ent

Excell
ent

Excell
ent

Excell
ent

Excell
ent

Figure 26: Test condition of solar energy module

25



Time Current(A) Voltage(V)
8:00 103.2mA 5.64V
9:00 172.5mA 5.72v
10:00 230.9mA 579V
11:00 293.1mA 57V
12:00 280.2mA 5.78V
13:00 269.6mA 57V
14:00 327.0mA 57TV
15:00 274.3mA 5.63V
16:00 239.2mA 5.68V
17:00 153.7mA 5.53V
18:00 80.4mA 5.50v

Figure 27: Test result of the solar panel on sunny day
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Figure 29: Verification process of kinetic energy module
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When we rotate the wheel, the current flow out from the battery is -0.05A, a negative number, which means

it is being charged.

Figure 30: Current of battery when we rotate the wheel

‘We conclude that our kinetic energy module can provide enough power for our device when riding. Combined
with the solar energy module, the whole power module satisfy the requirement of covering the device power

consumption.
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9 Cost

9.1

Hardware Cost Cost Analysis

Table 4: Parts Costs

Part Decription Cost per Unit Number Others
(RMB)
Stm32F103C8T6 MCU 11.3 1 N/A
ESPO1 Wi-Fi Module 16.95 1 N/A
ATGM336H GPS Module 39.3 1 N/A
PMS5003 PM1, PM2.5, PM10 70 1 N/A
BME680 T, P, Humidity 55 1 N/A
MiCS-6814 CO, NO2, NH3 149.6 1 N/A
Molex 1.25mm 8p connector N/A 1.08 1 N/A
18650 battery N/A 45.9 2 N/A
Battery Box N/A 2.67 1 N/A
Resistor N/A 0.02 1 N/A
PV panel 10cm*10cm 19.6 1 N/A
PV controller N/A 5.96 1 N/A
Battery indicator N/A 5.73 1 N/A
kinetic energy module N/A 75 1 N/A
9.2 Mechanical Cost Analysis
Table 5: Parts Costs
Part Decription Cost per Unit Number Others
(RMB)
Device Holder N/A 23 1 N/A
3D Printing Material Inner Strcture 63.8 N/A 0.5kg
Device Container Plastic 6.8 1 N/A

9.3 Software Cost Analysis
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Table 6: Parts Costs

Part Decription Cost per Unit Number Others
(RMB)
Server Rent Vlutr 30 1 N/A
9.4 Labor

Table 7: Parts Costs

Part Decription Cost per Unit Number Others
(RMB)
Zhengxin Jiang 150 100 15,000 N/A
Haofan Lu 150 100 15,000 N/A
Haoqiang Zhu 150 100 15,000 N/A
Kaiwen Hong 150 100 15,000 N/A

9.5 Total Cost

Our system consists of large-scale device installed on the public bike system yet at this stage, due to the
time and financial limit, we decide only have several samples for functional demonstration. The cost for n
unit(s) is 60000 + 589.8n where n is the number of units.
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10 Conclusion

10.1 Accomplishments

In this project, we have successfully built a mobile air quality monitoring system for urban sensing. On
the hardware side, we have a highly developed design of our mobile air quality monitoring device, which
includes the design of the hardware circuit PCB, the stm32 microcontroller programming, the design of
multi-source power supply subsystem and the design of the device packaging. The PCB is manufactured
by off-campus professional manufacturer and soldered by our team. On the software side, we setup a cloud
server for the database system, web server and inference algorithm. We designed the frontend webpage to
illustrate real-time air quality around user as well as the air quality map for the entire city. On the inference
algorithm side, we implemented an auto-encoder based algorithm and formulated the inference problem as a
matrix completion problem. Currently the RSME of our algorithm outperforms the basic algorithm (linear
interpolation, Gaussian interpolation and basic LUR model). On the mechanical design part, we bought two
commercial products combined with our 3D printing design to manage to build a robust container for the

device to be attached on the bike without being damaged by rain.

10.2 Uncertainties

We adopted a deep auto-encoder method for our air quality map inference model, which has great per-
formance but the deep learning method is still a black box for researchers in this field and there are rare
principles or solid explanations for this method. Therefore, there are uncertainties of adopting the deep

learning based method.

10.3 Ethical considerations

Our design needs to collect the data of location, time, and air quality statistics. Therefore, user privacy is
a problem that we need to take into account. ACM ethics code 1.6 requires us to respect privacy [24]. To
protect user privacy, we will only collect necessary data (time, location and air quality sensor data) required
for air quality map service. User is anonymous to our system whether connecting to the on-bike device
or visiting the air quality map website. Our system requires no permission to access user’s smartphone to

ensure user privacy.

10.4 Future work

For hardware circuit design, currently the sensors of MICS6814 and BMEG80 we use are the pin header version
come with complete peripheral circuit, which is ready to be directly connected to the microcontroller. For a
more mature and commercial design, the peripheral circuit can be self-designed and all components can be
on one PCB to get a more compact design.

For user interface, a mobile app can be developed instead of the current webpage.
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