Internet of Things 3-4 (2018) 12-33

journal homepage: www.elsevier.com/locate/iot

Contents lists available at ScienceDirect INTERNET
OF THINGS

H

Internet of Things

Performance analysis and implementation of an adaptive )
real-time weather forecasting system e

T.P. Fowdur?, Y. Beeharry®*, V. Hurbungs®, V. Bassoo?, V. Ramnarain-Seetohul,

E. Chan Moo Lun®

aDepartment of Electrical and Electronic Engineering, Faculty of Engineering, University of Mauritius, Mauritius
b Department of Software and Information Systems, Faculty on Information, Communication, and Digital Technologies, University of

Mauritius, Mauritius

¢Department of Information, Communication and Technology, Faculty of Information, Communication, and Digital Technologies,

University of Mauritius, Mauritius

ARTICLE INFO

ABSTRACT

Article history:

Received 15 August 2018

Revised 31 August 2018

Accepted 1 September 2018
Available online 6 September 2018

Keywords:

Real-time weather forecasting
Internet of things

K-nearest neighbors (K-NN)
Multiple linear regression (MLR)
Adaptive K-NN

Adaptive MLR

Recently several real-time weather forecasting systems based on Internet of Things (IoT)
have been developed to provide short-term real time forecasts also referred to as Now-
casts. The main challenge in these systems is to use appropriate prediction algorithms that
can predict different weather parameters with the highest possible accuracy. In this work,
an IoT based weather forecasting system has been implemented to provide short-term
weather forecasts on a University campus at intervals ranging from 20 min to one hour.
Several adaptive forecasting algorithms based on variants of the Multiple Linear Regres-
sion technique as well as K-Nearest Neighbors (K-NN) have been experimented. Moreover,
three adaptive selection criteria for selecting the most appropriate prediction algorithm for
a given Nowcast have been developed and tested. The parameters analysed are: tempera-
ture, humidity, atmospheric pressure, rainfall, luminosity, wind-speed, and wind direction.
The best adaptive schemes are able to predict these parameters with an overall percent-
age error of 6.58% as compared to non-adaptive ones which predicted with a worst case
percentage error of 13.59%.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Weather forecasting has always been a vital process to ensure the smooth running of several important activities [1].
However, due to drastic climatic changes, weather prediction using the traditional techniques is becoming ineffective. Many
countries are at risk of flash flood nowadays and predicting such weather conditions with conventional forecasting systems
is not possible because these systems provide predictions for large regions over hours. Mauritius has recently experienced
drastic weather conditions such as flash-floods that caused major collateral damage and life loss. However, nowadays, with
the emergence of Internet of Things, real time or near real time weather prediction is possible. There are several weather
forecasting systems based on localized sensors connected to cloud computing facilities that can provide short-term forecasts
for small regions. These forecasting systems make use of techniques such as neural networks, Fuzzy logic, time series and

regression analysis.
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List of Notations

T Temperature in degrees Celsius

H % Humidity

L Light intensity in

R Rainfall in mm

P Atmospheric pressure in Pa.

WD Wind direction converted to a degrees scale.

WS Wind speed in m/s

w The training window which was fixed to 120 min in this work.

t The time index.

Px; denotes any other related parameter that could influence the value of P1;.

ag(W), a1(W) and ay(W) are coefficients determined for a training window of size W which was kept
at 120 min.

p represents the order of autoregression,

q is the order of moving average (number of past error terms),

Q is the slope coefficient,

() is the moving average coefficient,

e is the error term

ul is a constant term

K is the neighborhood size

Yk is the nearest reading

Ta The actual or current time.

T The time at which the first value in the training window was recorded.

T The mid-time interval between Tg and Tj.

Tasr The time at which the values of the parameter is to be predicted. The symbol
I represents an interval in minutes after the actual time Tj.

w The training window size in minutes which essentially represent a set of pre-
observed values of the parameter to be predicted over the past W minutes
going back from the actual time T4 to Tp.

Va The actual or current values of the parameter being measured at time Tj.

Vs The value of the parameter being measured at time Ts.

Vm The value of the parameter being measured at time Ty,.

\7/;‘ " The value of the parameter predicted with P* at time T4 ;.

w/2 It is equivalent to half the window size W and contains values of the param-
eter recorded from time Ty, to T, i.e. the values V), to V.

VA’j, is a value predicted at time Ty with predictor P* using available values from
VS to Vy_1.

‘71\)51+1 is a value predicted at time Ty, with predictor P* using available values from
Vs to V.

VA’jM is a value predicted at time Ty4; with predictor P* using available values from

Vs to Vy+i_1. The index i takes values from 1 to W/2.

SEN SENpi1s SEfps -+ SEI’\‘/,H., ..., SE} represent the squared Euclideein fiistanfes betweep the actuAal values
VM Vumi1. Vs Vg Va and Vi VI VR S0 V,’\jm, .., V¥ respec-

tively.

Numerous IoT based solutions have been implemented to observe weather conditions at specific locations [2-5]. Most
systems monitored environmental conditions such as temperature, precipitation, relative humidity, light intensity and CO,
level. The architectures consisted of a series of sensors connected to a microcontroller platform such as Arduino or Raspberry
Pi. The data collected were sent to either a computer or a cloud computing platform for storage and processing. Different
methods were used to make the data available to users of the system. In [2], tweets were used to disseminate the gath-
ered information and followers of the twitter account received information regarding daylight, temperature and humidity. In
[6-8], flash floods monitoring system were implemented to provide timely information to threatened population and con-
cerned authorities when the water level rises beyond the predefined threshold value. SMS was used to send alert messages
[6,8]. Water quality classification using Pollution Index method has been performed using linear SVM and decision tree
algorithms in [9] for the preservation of the water ecosystem in maritime and archipelagic countries. A flood prediction
system was also implemented using water level and velocity of the water [6]. In [10], the authors introduced CloudCast, a
mobile application for localized short-term weather prediction. CloudCast consists of an architecture linking weather radars
to cloud resources and a Nowecasting algorithm that accurately predicts short term weather conditions. According to the
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authors, CloudCast was able to perform accurate prediction with less than 2 min delay to deliver 15-min Nowcast image to
a mobile client.

Several algorithms have been used for weather forecasting. Data collected from sensors are fed into algorithms to make
predictions. The algorithms used include regression-based prediction where in [11] data was gathered locally at Pantnagar
Station and processed to obtain statistical measures of the hidden information. Furthermore, in [12] forecasting of seasonal
and annual rainfall was done by using a nonlinear modeling with Gamma Test (GT) in north of Iran. Rainfall was also pre-
dicted using modified linear regression in different regions of Southern India in [13]. Also, Hadoop-based ARIMA algorithm
has been used to forecast the data of the coming fortnight by taking data collected over the past decade in [14]. The ARIMA
model was also used to forecast wind speed for a period of 7 days in Latvia [15] and to forecast weather conditions for
the Abadeh region of Iran [15]. The Seasonal ARIMA model was used for forecasting of monthly rainfall and temperature
for monthly intervals for a region of India in [16]. In [17] the ARIMA model was applied for weather prediction in Heipang
airport- Jos Plateau, Nigeria where variables used for the study were temperature, rainfall and wind speed. The ARIMA
model was also studied in [18] and a comparison was made between ARIMA and the Artificial Neural Network (ANN) to
predict rainfall in Mauritius. In [19] a comparative study of the most recent computational intelligence techniques which
have been applied for meteorological time series prediction purpose was made. A modified version of the K-NN approach
was applied to predict weather data such as solar radiation, maximum and minimum temperature, and rainfall in [20]. In
[21] a model for the prediction of weather and solar units based on the K-NN algorithm was used. In [22], K-NN was used
with an approach of data mining for the implementation of the prediction system. In [20] the prediction of daily weather
data for climate forecasts using the non-parametric nearest-neighbor re-sampling technique was applied. A comparative
study of Moving Average on Rainfall Time Series Data for Rainfall Forecasting Based on Evolving Neural Network Classifier
was utilized in [23]. Also, the Artificial Neural Network was applied for weather forecasting in [24-26]. In [27], prediction
of the Dutch weather was done using recurrent neural networks. In [28], the neural network training model was used for
weather forecasting using fireworks algorithm.

In this paper, an IoT based short-term weather prediction architecture is implemented. The main novelty of the paper
is the formulation of three variants of the Multiple Linear Regression (MLR) algorithm which are obtained experimentally
to determine the combination of parameters yielding the best performance. Moreover, adaptive versions of the MLR and
K-NN algorithms were developed by the use of a time-varying training window. Finally, three adaptive selection criteria
were integrated in the system to select the most appropriate prediction algorithm to be used for each real-time forecast. The
system was used to capture weather parameters such as temperature, humidity, atmospheric pressure, rainfall, luminosity,
wind-speed, and wind direction for a period of eight days on the campus of the University of Mauritius. The best adaptive
schemes are able to predict these parameters with an overall percentage error of 6.58% as compared to non-adaptive ones
which predicted with a worst case percentage error of 13.59%.

The rest of the paper is organized as follows: Section 2 presents a detailed explanation of the system architecture.
Section 3 provides an overview of forecasting algorithms. Section 4 presents the results accompanied by comprehensive
analysis and finally the work is concluded in Section 5.

2. System architecture

This section describes the Hardware Set-up, configuration of the micro-controllers and the database server.

2.1. Hardware set-up

The block diagram of the proposed weather forecasting system is shown in Fig. 1.

The weather forecasting system consists of one weather-monitoring node. The node is capable of measuring temperature,
atmospheric pressure, luminosity, humidity, wind direction, wind speed and rain through the weather meter and the tem-
perature and humidity sensor. The sensors are connected to the weather shield, which is in turn stacked onto the Arduino
micro-controller. The XBee Shield and Wi-Fi modules allow the Arduino micro-controllers to be connected to the Raspberry
Pi 3 wirelessly.

The Raspberry Pi 3 is a powerful microcontroller which is used to aggregate the data from the weather-monitoring node
and acts as a gateway to the local database server. The Raspberry Pi 3 also functions as an edge IoT device which can
perform various processing tasks at an early stage so as to offload the processing burden from the application server alone.
A straight forward integration of a Java program can be run on the Raspberry Pi 3 to perform data normalization, data error
detection, missing data detection and aggregation of data from several nodes transmitting data in parallel. The Raspberry Pi
3 is connected to the database server through an Internet Router. The application server allows the user of the system to
query the database or receive alerts. Typically, the user queries the database using a mobile phone.

The values recorded by the sensors of the weather monitoring node are temperature, humidity, atmospheric pressure,
luminosity, wind speed, wind direction, and rainfall. Fig. 2 illustrates how the sensor values are recorded and transmitted.
The sensor values obtained from the node is stored in JSON format which is a standard way of storing variable names and
their corresponding values in key-value pairs, and transmitted through the wireless link to the Raspberry Pi for processing
and storage.
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Raspberry Pi 3 Internet
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Fig. 1. Block diagram of the proposed weather forecasting system.

Sensor Values in JSON Format:
{“sensor_value 117:val 11, EDGE /
“sensor_value 217:val 21, GATEWAY

(Raspberry Pi)

“sensor_value_N1":val N1,}
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Fig. 2. Sensor values recorded.
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Fig. 3. XBee Shield setup with Arduino Uno and Weather Shield.
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Fig. 3 shows how the XBee shield has been used in the project. The XBee shield is mounted on the Arduino Uno and
the weather shield is mounted onto the latter. The Xbee Shield allows data from the weather shield and meters to be

transmitted to the Raspberry Pi 3 using Wi-Fi.

The XBee and weather shields are mounted directly onto the Arduino. Since both shields use pins 2 and 3 by default;
the XBee shield uses them for communication whereas the weather shield uses them to collect the data from the wind and
rain sensors. Therefore, a re-wiring to overcome this overlap was required. The unused pins 4 and 5 on the micro-controller
were used for the XBee shield to perform the transceiver operations and the default pins were used with the weather shield.

The re-wiring performed is shown in Fig. 4.



16 T.P. Fowdur et al./Internet of Things 3-4 (2018) 12-33

Weather Shield Xbee Wi-Fi Shield
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Fig. 4. Re-wiring between XBee Shield, Arduino Uno and Weather Shield.

2.2. Micro-controller configuration and programming

The processes involved in the configurations of the Arduino micro-controller and the Raspberry Pi-3 are explained in the
following sub-sections.

2.2.1. Arduino configuration and programming
The Arduino is programmed using the C/C + + programming language whereby configurations have been made to:

- Read data from the different weather sensors,

- Combine all sensor variables and corresponding sensor values in a JSON string,

- Transmit the sensor data in JSON format through the XBee Wi-Fi module on a specific socket connection to be received
by the Raspberry Pi-3.

2.2.2. Raspberry Pi-3 configuration and programming

The Raspberry Pi-3 has a Linux-based operating system (Raspbian Jessy) mounted on it and files are amended to con-
figure the device as a wireless router. Java programs are also run for the interception of the data on the socket connection
through the wireless interface and inserting it to a specific table in a database server through the Ethernet interface.

2.3. Web server architecture and for data storage and acquisition

The MySQL database which comes along the XAMPP software is used extensively in this work for the local storage of
recorded sensor data. These values are then accessed by the Java application for performing predictive analytics and compute
forecasted weather data. The latter is then inserted into a table in the same MySQL database. The predicted values can be
queried using an application running on a mobile phone. The whole process works is as shown in Fig. 5.

2.3.1. Database architecture

Two tables are implemented in a single database for the proposed system. One table is used for storing the aggregated
sensor values and the second one is used to save predicted values which are accessed by the mobile application.

The fields for “id” and “time” are automatically generated and added when new sets of sensor values are written to
the table in the database. The “time” field refers to the timestamp at which the data was collected and inserted in the
database. The fields “windGustmph”, “windGustdir”, “humidity”, “temperature”, “rainln”, “pressure”, and “lightLevel” refer to
the sensor values of wind speed, wind direction, humidity, temperature, rain level, atmospheric pressure, and luminosity
respectively. A sample of the values recorded in the table is as depicted in Fig. 6.

The MySQL database used for this work is a low complexity database as it involves simpler configurations or setup.
However, an upgrade to NoSQL databases (Cassandra or MongoDB) would be more appropriate when deploying the system
on a larger scale. The advantage of NoSQL in this case would be presented due to large volumes of data being dealt with.

Data from sensors are sent in real-time to the database. The system will obtain only the parameters for the forecasting
algorithm and data for a window corresponding to the last 120 min to perform the forecasting. As such, the burden on the
system is constant and determined by the window size set and not all the data found in the database. Hence, it will not be
an issue to deploy in larger areas. Moreover, to move to a wider area, we will need additional sensor nodes to offer a wider
coverage.
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Arduino based
Wireless Sensor

Node
/
Socket Listener on Port 1
Raspberry Pi
Edge/Gateway Insert Sensor Values in Database Table
JAVA APPLICATION for PREDICTIVE
_ ANALYTICS
Server
Insert Predicted Values in a Database Table

Query Predicted Values
from Mobile Application

Mobile Phone

Fig. 5. Architecture for data acquisition and query from mobile device.

id time ¢ 1 windGustmph windGustdir humidity temperature rainln pressure lightLevel
22368 2017-11-28 10:34:31 6.4 157.5 40.5 30 0 981738 3.195
22367 2017-11-28 10:34:25 6.4 157.5 405 29.5 0 98150.2 3.195
22366 2017-11-28 10:34:20 6.4 A5E5: 405 295 0 98112 3.195
22365 2017-11-28 10:34:15 6.4 157.5 40 295 0 98076.6 3.185
22364 2017-11-28 10:34:09 6.4 157.5 40 295 0 98080 3.185
22363 2017-11-28 10:34:04 6.4 157.5 395 295 0 980829 3.185
22362 2017-11-28 10:33:59 6.4 157.5 40 295 0 980809 3.185
22361 2017-11-28 10:33:53 6.4 157.5 40 30 0 950759 318

Fig. 6. Sample of Recorded Sensor values.

3. Forecasting algorithms and software design

This section gives an overview of the forecasting algorithms that were investigated in this work.

3.1. Forecasting algorithms

In this section the following general symbols have been used to describe the different variables in the equations:
temperature in degrees Celcius
% Humidity
Light intensity in
Rainfall in mm
Atmospheric pressure in Pa.
D Wind direction converted to a degrees scale.
S Wind speed in m/s
The training window which was fixed to 120 mins in this work.
The time index.

SESEvmCTS

3.1.1. Multiple linear regression

In this work, with multiple linear regression, equations involving a general parameter P1 to be predicted at time t+1
with respect to the previously recorded value of P1 at time t and another related parameter Px were formulated as per the
following generic combination:

P11 = ag(W) + a; (W)P1; + ay (W)Px; (1)

where,
Px; denotes any other related parameter that could influence the value of P1;.
ap(W), a(W) and a,(W) are coefficients determined for a training window of size W which was kept at 120 min.
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These coefficients were recomputed after every 120 min to adjust the model to the newly recorded values obtained from
the weather sensors.

Three different combinations of multiple linear regression equations denoted as MLR, MLR1 and MLR2 were derived
experimentally for the seven weather parameters. These combinations are described as follows:

MLR. With this model, the following combination of equations were used:
Tt =ao(W) +ay(W)T; + ax(W)H:; (2)

In Eq. (2), the value of the temperature for the next time interval, i.e. T, is predicted from the previous temperature
value T: and previous humidity value H;. The constants ag(W), a;(W), and a,(W) are obtained from the regression model
for a training window of size W. The details of the equations (3)-22) follow the same convention as for Eq. (2) with their
respective parameters.

Hei1 = Go(W) + ay(W)H; + a(W)T; 3)
Leyi =ao(W) + a1 (W)L + a;(W)T; (4)
Peyi =ao(W) + a1 (W)P + a,(W)T; (5)
Rip1 = ao(W) + a; (W)R, + a;(W)T; (6)
WSi1 = Gg(W) + ay (W)WS; + ay (W)T; 7)
WD¢y1 = ap(W) + a; (W)WD; + ay(W)T,; (8)
MIR 1.
T1 = (W) + a1 (W)T; + (W)Lt (9)
He1 = ao(W) + ay (W)H; + a3 (W)L (10)
Ly = ao(W) + a3 (W)L + ay (W)H (11)
Py =aoW) + a1 (W)P + ax(W)H; (12)
Rep1 = ao(W) + a3 (W)R, + az (W)H; (13)
WSi1 = ag(W) + a3 (W)WS; + ay(W)H; (14)
WD¢y1 = ag(W) + a3 (W)WD + a (W)H; (15)
MIR 2.
Trii =ao(W) +as(W)T: + a;(W)HR (16)
Hei1 = ao(W) + a1 (W)H; + a; (W) (17)
Ly =ao(W) +ar(W)L + a(W)R (18)
Pii=ao(W) +as(W)P + a; (W)L (19)
Rep1 = ao(W) + a3 (W)R; + a; (W)L (20)
WSei1 = Go(W) + @y (W)WS; + ay (W)L, 1)

WD[+‘1 =y (W) + a; (W)WD[- + ax (W)Lt (22)
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3.1.2. Autoregressive integrated moving average (ARIMA) [29]

ARIMA is a stochastic time series model first popularized by Box and Jenkins [30]. An ARIMA model is a generalization of
an Autoregressive Moving Average (ARMA) model that is used to predict a value in time series data as a linear combination
of its past values and past errors. The model is used on time series data which can be made stationary by differencing [31].
The general expression of ARIMA forecasting is given below:

Yo =m+¢1Yig+- - +dpYip+0ieiq+- 40 (23)
where,

- p represents the order of auto-regression

« q is the order of moving average (number of past error terms)
¢ is the slope coefficient

« 0 is the moving average coefficient

- e is the error term

» [ is a constant term

3.1.3. K-nearest neighbors (K-NN) [29]
The K-NN algorithm depends only on the given data set and a user-defined constant parameter namely K. The following
procedures explain the K-NN algorithm:

1. With a distance function, the K readings nearest to the prediction point (next interval) is retrieved.
2. The forecasted output is computed as the mean of the K nearest readings given in the following equation:

1K
Yiii= K ZJ’:‘ (24)
i=1

where,

« K is the neighborhood size.
- y; is the nearest reading.

3.14. Adaptive multiple linear regression and K-NN

In order to make the MLR, MLR1 and MLR2 algorithms adaptive, the training window W, used to compute their coeffi-
cients ag, a; and a, should be updated each time a new parameter is read from the sensors. In other words every t seconds
another set of coefficients are computed for the MLR model. The main modification is that the coefficients are now a func-
tion of W; i.e. a training window of size W which is changed every t seconds instead of a fixed training window W. The
modified equations are as follows:

Adaptive MLR. With this model, the following combination of equations were used:

T = aoWr) + a1 (W) T + ax (We)H; (25)
Hep1 = ao(We) + @t (Wo)He + aa(Wo)T; (26)
Ly =aoWe) + as We)Le + ay (W) T; (27)
Pi1 =aoWr) + at(Wo)P + aa (W) T, (28)
Ry = ag(Wr) + ag (We)Re + a, (W) Ty (29)
WSt = aoWe) + ag W)WSt + ay (W) T; (30)

WD¢y1 = ag(Wr) + a1 (W )WDy + a, (We) T: (31)
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Adaptive MLR 1

T = ao(Wp) + a1t (Wo)Te + ap (We)Le (32)
Hi1 = ag(Wr) + ay (We)Hr + ap (We )Lt (33)
Levy = ag(We) + a1 (W)Lt + aa(Wi)H; (34)
Py = aoWe) + ar (WP + a (W) H, (35)
Ri1 = ag(Wr) + ag (We)R: + ap (W )H: (36)
WSt = ag(Wr) + a; (Wr)W'S; + ax (Wr)H; (38)
WD 1 = ag(Wr) + a1 Wo)WDy + ay (W )H; (39)
Adaptive MLR 2
T = aoWp) + at (W) T + a, (Wh) P (40)
Hiy1 = ag(Wr) + ay (Wh)H; + a; (W) B (41)
Ly = ag(We) + a1 (Wo)Le + a2 (Wo)R (42)
Pry1 = aoWe) + a1 (Wo)B + aa(We)Le (43)
Riy1 = ag(Wr) + ag (Wr)R: + a; (Wh) Lt (44)
WSe1 = ag(Wr) + ay W)Wt + a; (Wh)L; (45)
WD 1 = ag(Wr) + a1 Wo))WDy + ay (We)Ls (46)

Adaptive K-NN. For adaptive K-NN also the training window is changed every t seconds and the modified equation is as
follows:
1K
Y1 = R[;Yf for K e W, (47)

3.1.5. Proposed adaptive selection algorithms

Three adaptive selection algorithms, denoted as Al, A2 and A3 respectively have been developed. The rationale behind
these adaptive algorithms is to select the best prediction algorithm for predicting a given parameter based on the predictor
that achieved the best performance for the previous prediction. The following selected prediction algorithms were included
in the set of prediction algorithms to be used for the adaptive selection algorithms:

. ARIMA.

. Adaptive K-NN.

. Adaptive Multi Linear regression.

. Adaptive Multi Linear regression 1.
. Adaptive Multi Linear regression 2.

G A WN —

Let P* denote anyone of the above predictors where x=1, 2, 3, 4, 5 in this case and P! represents Arima, P2 K-NN and so
on.
Consider Fig. 7 and notations that will be used in formulating the prediction algorithms:
The parameters in the above figure are defined as follows:
Ta The actual or current time.
Ts The time at which the first value in the training window was recorded.
Ty The mid-time interval between Ts and Ty.
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Fig. 7. Timing diagram for Algorithm A1.
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Fig. 8. Timing diagram for Algorithm A2.

Tatr The time at which the values of the parameter is to be predicted. The symbol I represents an interval in minutes

after the actual time Ty.

w The training window size in minutes which essentially represent a set of pre-observed values of the parameter to
be predicted over the past W minutes going back from the actual time T, to Ts.

Vy The actual or current values of the parameter being measured at time Tj,.

Vs The value of the parameter being measured at time Ts.

Vu The value of the parameter being measured at time Ty,.

\7}\‘ ) The value of the parameter predicted with P* at time T4

Algorithm A1 is formulated as follows:

. Using the training set values recorded from time Ts to T4_; i.e. the values Vs to V,_1, predict the value at time T4 with

each predictor P* as follows:
Vi =P (Vs Va1) (48)

where, \7;‘ is the value of the parameter predicted at time T, with a given predictor P* that uses values from Vs to V,_
to perform the prediction.

More explicitly for the five predictors used in this specific case, there will be five predictions obtained for the values at
time T, as follows:

Vi =P (Vs,Va_1): V2 =P*(Vs,Vao1); V2 =P3(Vs,Va1): Vi = PA(Vs, Vao1)s V2 = PO (Vs, Va1) (50)

. Compute the squared Euclidean distance, between the actual value of the parameter V, observed time T4 and the pre-
dicted value \7}"‘ obtained with each predictor P* as follows:
SEX = (Va— V)’ (51)
In this case there will be five values of the MSE obtained as follows:
SE} = (Va—U))°s SEZ = (Va —V2)": SE3 = (Va—V2)"s SEZ = (Va—V2)"; SES = (Va—V5)” (52)

. Predict the value at time T4, ; with the predictor, P, giving the lowest MSE for the predicted value at time Tx:

Vi, = PX(Vs,Va)
x = Index(min[SE}]) = Index(min[SE}, SE3. SE3. SE4. SE; |) (53)
Algorithm A2 is formulated as follows:

Consider Fig. 8 which is the timing diagram for algorithm A2.
The following additional terms are defined for the above diagram:
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W/2: It is equivalent to half the window size W and contains values of the parameter recorded from time Ty, to Ty i.e.
the values V) to V.

~X

V) is a value predicted at time Ty with predictor P* using available values from Vs to Vj;_1.

Vi1 is a value predicted at time Ty, ; with predictor P* using available values from Vs to Vy.

V,’\jm is a value predicted at time Tj,;; with predictor P* using available values from Vs to V), ;_;. The index i takes values
from 1 to W/2.

SEN: SEy,1- SEjpy o --SENy--SE}  represent the  squared Euclidean distances between the actual values

~X X ~X ~X ~X
Vi Vi 1. Vg2 Vg Va and Vi, Vi Vi o, VeV, Tespectively.

The algorithm proceeds as follows:

~X X ~X ~X ~X

. Predict the values from time Ty to Ty i.e. Vi, Vi 1. Vpya, -.Vygi-V4 at a one minute intervals with each predictor P¥

as follows:

Vii = P* (Vs V1) (54)
More explicitly:

Vo = P'(Vs. Vin_1): Vi = P2(Vs. Vi1 ) Vi = PP (Vs Vir): Vi = PA(Vs. Vit ) V2 = PO (Vs Vi) (55)

In general:
Vl\);H—i = P*(Vs, V1) and:

Vi =P Vs, Virsion): V2, = P2 (Vs Viusiot): Vi = P2 (Vs Vigic )

’ / (56)
V]@ﬁ = P4(V57 VMyiz1); VI\?I-H' =P Vs, Visi-1)

. Compute the squared Euclidean distances SEI’(/I, SEI’\‘/IH,SE,’\‘/HZ, SEI’\‘/M, SE;{ between the actual values
Vi Vi1,V Vingi....Va and \7,\’;,, VA’jH],VA’jHZ, \71\’51“, \7; respectively for each algorithm as follows:
)
SExy = (Vu — Vi) (57)
More explicitly:
SEL = (Vi — Vi)™ SEZ = (Vi — V2)™s SE3, = (Vi — V2)"s SE& = (Vi — Vi4)"s SES, = (Vu — V3)’ (58)

In general:
SEY,.; = (Vi — V¥, )% and more explicitly:
2 L2 ha (2
SEwi = (Virri = Vo) "+ SEii = (Viasi = Vi) s SEvpyi = (Vi — Vi)
N2 L2
SE = (s )" B = (Vs 03 59)

. Compute the mean squared error for each predictor for all predictions made from T, to T4 of the values

VX VK VX . ... VX ... VX For a given predictor PX taking i from 1 to W/2, we obtain the MSE as follows:
oW
MSE™ = W > SEji1i (60)
i-1

More explicitly:
7 5 W2 L 5 W) L 5 W2)
(MSE)! = W SE{yi1iy: (MSE)* = W > SEfy,1_iy: (MSE)? = W > SEduiaii
(i=1) (i=1) (i=1)
5 W2) o 5 W2)
W > SE{y,1_iy: (MSE)® = W > SEqui-i (62)
(i=1) (i=1)

(MSE)*

. Predict the value at time T4, with the predictor, P%, giving the lowest MSE for the predicted values between Ty; and Ty:

V,f 1= P¥(Vs, Va)

+

x = Index (min [MSEX]) — Index (min [MSEl, MSE~. MSE_, MSE" . MSEX]) (63)

Algorithm A3 is formulated as follows:
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Weather app
\ | ‘
‘ WeatherUl_1.java ‘ — - —‘ Prediction algorithms ‘
‘ getToPredictTime() ‘ ‘ Time Series model ‘ Regression Adaptive algorithm
| [
‘ getWindow() ‘ ‘ ARIMA.java H AdaptiveMultiLinearRegression.java H Adaptivel.java ’
I ‘ [ I
‘ Predict() }» ‘ Knn.java H AdaptiveMultiLinearRegression1l.jav H Adaptive2.java ‘
|

I
‘ DisplayResult() ‘ ‘ AdaptiveMultiLinearRegression2.jav ‘ Adaptive3.java
[

‘ MultiLinearRegression.java ‘
I

‘ MultiLinearRegressionl.jav ‘
\

‘ MultiLinearRegression2.jav ‘

Fig. 9. Program method structure.
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Fig. 10. Percentage error obtained for temperature with the different algorithms.

1. Perform steps 1 and 2 as in Algorithm A2.

2. For each predictor for all predictions made from Ty to T, of the values V¥ VX . Vx . ..., V¥ . ..., VX determine

the number of times N* for which the squared Euclidean distance SEy, ; = (Vjy; —\7,’\;, +i)2 of predictor P* is the lowest.
In this specific case five counts i.e. N1, N2, N3, N4, and N5, will be obtained for predictors 1-5 respectively.

3. Predict the value at time Ta,; with the predictor, P¥, having the highest count Nx for the predicted values between time
Ty and Tp:

‘714’\(+] = PX(VSs VA) (64)
x = Index(max[N1, N2, N3, N4, N5])

3.2. Software design

Fig. 9 demonstrates a binary tree organisation of the Java program’s methods developed for the application of weather
forecasting.

The application consists of twelve Java classes which are made up of one Main Frame class and eleven predictive analysis
classes. When the program begins, the Main Frame (MainFrame.Java) runs the graphical components to display the Java form
given in Fig. 12. After loading the graphical elements, the WeatherMonitor method extracts the weather information in real-
time from the server and displays it on the application. The weather information is then stored in an array structure which
is updated continuously every minute. The DisplayResult() function displays the information stored in the array on the user
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Fig. 11. Average percentage error obtained for temperature over all three intervals with the different algorithms.
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Fig. 12. Percentage error obtained for humidity with the different algorithms.

interface. To perform prediction, the GetWeatherData() method is run to get the weather’s recent parameters. The Predict()

method uses the prediction algorithms to predict weather. The DisplayPredictResult() method shows the predicted values
on the user interface. A user interface was developed to display the predicted values.

4. Results and discussions

The following schemes were tested:

K-NN.

. Adaptive K-NN.

. Multiple Linear Regression.

. Multiple Linear Regression 1.

. Multiple Linear Regression 2.

. Adaptive Multiple Linear Regression.

DU A WN -
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Fig. 13. Average percentage error obtained for humidity over all three intervals with the different algorithms.
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Fig. 14. Percentage error obtained for wind speed with the different algorithms.

7. Adaptive Multiple Linear Regression 1.

8. Adaptive Multiple Linear Regression 2.

9. Adaptive 1 (Adaptive Selection Algorithm 1).
10. Adaptive 2 (Adaptive Selection Algorithm 2).
11. Adaptive 3 (Adaptive Selection Algorithm 3).

The tests were conducted on the UoM campus from 23rd February 2018 to 5th March 2018 with data collected from
0900 to 1600 on each day and predictions made between 1200 and 1600. A window of 2 h was used as a training dataset

to predict at intervals of 20 min (P20), 40 min (P40) and 60 min (P60). Readings for the following parameters were obtained
at rate of 12 values per minute:

1. Temperature.
2. Humidity.
3. Wind speed.
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Fig. 15. Average percentage error obtained for wind speed over all three intervals with the different algorithms.
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Fig. 16. Percentage error obtained for wind direction with the different algorithms.

4. Wind Direction.
5. Rain.

6. Pressure.

7. Light intensity.

For any given parameter y, the average percentage error E, between the actual values Ay recorded by the sensors and
the predicted values Vi, was computed over the whole period of measurement as follows:

|Ax(t) = Vil
z: ywG) x 100 (65)

where N, represents the total number of values recorded and predicted.
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Fig. 17. Average percentage error obtained for wind direction over all three intervals with the different algorithms.
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Fig. 18. Percentage error obtained for rain with the different algorithms.

The overall average % error O was also computed for all the 7 parameters as follows:
17
0= z Z E, (66)
y=1

The Percentage error for temperature predicted by all schemes at intervals of 20 min (P20), 40 min P(40) and 60 min
(P60) and are shown in Fig. 10.

The general observation is that as the prediction interval increases from 20 to 60 min, the percentage error increases
from below 4% to above 6%. Moreover, the percentage error of all the adaptive schemes is lower than the non-adaptive
ones. ARIMA also exhibits a low percentage error because it has an implicit adaptive function in the sense that it updates
its parameters at each new registered value. Fig. 11 shows the average prediction for all three intervals i.e. P20, P40 and P60.
It is observed that the lowest average percentage error of 5.27% is achieved by the Adaptive 1 scheme. The worst average is
obtained by non-adaptive MLR 2 at 6.45%.

The percentage error for humidity predicted by all schemes at intervals of 20 min (P20), 40 min P(40) and 60 min (P60)
and are shown in Fig. 12.

The general observation is that as the prediction interval increases from 20 to 60 min, the % error for ARIMA increases
from 6.4% to 11.4%. Moreover, the % error of all the adaptive schemes is lower than the non-adaptive ones. Fig. 13 shows
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Fig. 19. Average percentage error obtained for rain over all three intervals with the different algorithms.
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Fig. 20. Percentage error obtained for pressure with the different algorithms.

the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest average % error of 9.02% is
achieved by the Adaptive 1 scheme. The worst average is obtained by non-adaptive MLR at 11.23%.

The percentage error for wind speed predicted by all schemes at intervals of 20 min (P20), 40mins P(40) and 60 min
(P60) and are shown in Fig. 14.

The general observation is that as the prediction interval increases from 20 to 60 min, the % error increases from 0.99%
to 3.09% in the case of Adaptive MLR. Moreover, the % error of all the adaptive schemes is lower than the non-adaptive ones.
Fig. 15 shows the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest average %
error of 2.038% is achieved by the Adaptive MLR, MLR1 and MLR2 schemes. The worst average is obtained by non-adaptive
MLR2 at 5.767%.

The percentage error for wind direction predicted by all schemes at intervals of 20 min (P20), 40 min P(40) and 60 min
(P60) and are shown in Fig. 16.

The general observation is that as the prediction interval increases from 20 to 60 min, the % error increases from 11.46%
to 26.51% in the case of Adaptive K-NN. Moreover, the % error of all the adaptive schemes is lower than the non-adaptive
ones. Fig. 17 shows the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest average
% error of 19.06% is achieved by the Adaptive 1 scheme. The worst average is obtained by non-adaptive MLR at 45.66%.
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Fig. 21. Average percentage error obtained for pressure over all three intervals with the different algorithms.
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Fig. 22. Percentage error obtained for light with the different algorithms.

The percentage error for rainfall predicted by all schemes at intervals of 20 min (P20), 40 min P(40) and 60 min (P60)
and are shown in Fig. 18.

The general observation is that as the prediction interval increases from 20 to 60 min, the % error increases from 5.39%
to 14.22% in the case of Adaptive MLR. Moreover, the % error of all the adaptive schemes is lower than the non-adaptive
ones. Fig. 19 shows the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest average
% error of 9.818% is achieved by the Adaptive MLR 1 scheme. The worst average is obtained by non-adaptive K-NN at 26.63%.

The percentage error for pressure predicted by all schemes at intervals of 20 min (P20), 40 min P(40) and 60 min (P60)
and are shown in Fig. 20.

29
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Fig. 23. Average percentage error obtained for light over all three intervals with the different algorithms.
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Fig. 24. Overall percentage error with the different algorithms.

The general observation is that as the prediction interval increases from 20 to 60 min, the % error increases from 0.20%
to 0.23% in the case of Adaptive MLR for example. Moreover, the % error of all the adaptive schemes is lower than the non-
adaptive ones. Fig. 21 shows the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest
average % error of 0.202% is achieved by the Adaptive K-NN scheme. The worst average is obtained by the non-adaptive MLR
1 scheme at 0.325%.

The percentage error for light predicted by all schemes at intervals of 20 min (P20), 40 min P(40) and 60 min (P60) and
are shown in Fig. 22.

The general observation is that as the prediction interval increases from 20 to 60 min, the % error increases from 0.88%
to 1.46% in the case of ARIMA. Moreover, the % error of all the adaptive schemes is lower than the non-adaptive ones.
Fig. 23 shows the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest average %
error of 0.454% is achieved by the Adaptive MLR 2 scheme. The worst average is obtained by the ARIMA scheme at 1.18%.

The overall average percentage error for all parameters predicted by all schemes at intervals of 20 min (P20), 40 min
P(40) and 60 min (P60) are shown in Fig. 24.
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Fig. 25. Overall average percentage error over all 3-intervals with the different algorithms.
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Fig. 26. Temperature readings for Day 1.
The general observation is that as the prediction interval increases from 20 to 60 min, the % error increases from 5.41%
to 11.18% in the case of ARIMA. Moreover, the % error of all the adaptive schemes is lower than the non-adaptive ones.

Fig. 25 shows the average prediction for all three intervals i.e. P20, P40 and P60. It is observed that the lowest average %
error of 6.58% is achieved by the Adaptive MLR 1 scheme. The worst average is obtained by the Non-Adaptive MLR scheme

at 13.59%.
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The graphs in Fig. 26 show the actual and predicted temperature values for all parameters and schemes on Day 1 from
1200 to 1600. The predicted values with each algorithm used are shown in the figure. The behaviour and deviation of the
predicted trends from the actual one can be observed. Similar graphs can be obtained for the other parameters: humidity,
wind speed, wind direction, rain, atmospheric pressure and light intensity.

5. Conclusion

In this paper, an IoT based real-time weather forecasting system was developed and its performance analysed with both
non-adaptive and adaptive prediction algorithms. The adaptive algorithms consisted of adaptive K-NN, three variants of
adaptive multiple linear regression and three adaptive selection algorithms. It was observed that the lowest percentage
errors for temperature, humidity and wind direction was achieved by the Adaptive 1 scheme at 5.27%, 9.02% and 19.06%
respectively. The lowest percentage errors for Wind speed and Light was achieved by the Adaptive MLR 2 scheme at 2.038%
and 0.454% respectively. For pressure, adaptive K-NN achieved the lowest percentage error at 0.454%. The Adaptive MLR 1
scheme achieved the lowest average percentage error for rainfall at 9.82% and for the overall average at 6.58%. The system
developed is therefore accurate to predict the weather parameters investigated for short-time periods ranging from 20 min
to one hour and is useful for localized forecasts especially in countries with micro-climates such as Mauritius.
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