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ABSTRACT

Indoor occupancy estimation is a process
that contributes to maintaining quality
standards in areas, and, nowadays, it ser-
ves as a reference to identify possible foci
of infectious respiratory diseases conta-
gion. This paper presents a tool for indoor
occupancy estimation with Simple Mail
Transfer Protocol notification, using a Ras-
pberry Pi embedded board. The system is
presented as an alternative to conventio-
nal occupancy estimation systems by me-
asuring CO, levels in the area. The method
is based on image processing by applying
the background subtraction technique
using Python programming language. Ini-
tially, the area where the system is tested
is characterized, and preprocessing, filte-
ring, and thresholding stages are applied,
as well of notification via e-mail for SMTP.
The developed system is compared with
a CO, measurement system by applying a
prioritization matrix comparing factors
such as detection time, hit rate, and im-
plementation costs. The proposed method
presented better performance in the tota-
lity of the comparison parameters, with
a prioritization of 87.972%. Basing the
system in open-source software tools and
high level and low-cost hardware tools
allows for the system to be replicated and
implemented on a large scale in controlled
environments.

Keywords: Indoor occupancy, bac-
kground subtraction, Gaussian smoo-
thing, morphological aperture, thres-
holding, contour finding, SMTP Protocol,
embedded system, open source.

RESUMEN

La estimacién de ocupacién en espacios
interiores es un proceso que contribuye a
mantener estandares de calidad en las zo-
nas, y que, al dia de hoy, sirve como refe-
rencia para identificar posibles focos de
contagio de enfermedades respiratorias
infecciosas. Este articulo presenta una he-
rramienta para la estimacioén de ocupacion
en espacios interiores con notificacién
mediante el Protocolo Simple de Transfe-
rencia de Correo (SMTP) usando una placa
embebida Raspberry Pi. El sistema se pre-
senta como alternativa a los sistemas con-
vencionales de estimacién de ocupacién
midiendo los niveles de CO, en la zona. El
método se basa en procesamiento de ima-
genes aplicando la técnica de sustraccion
de fondo mediante lenguaje de programa-
cién Python. Inicialmente, se caracteriza
la zona donde se prueba el sistema, y se
aplican etapas de preprocesamiento, fil-
trados y umbralizacién, ademéas de notifi-
cacién via correo electrénico por SMTP. El
sistema desarrollado se compara con un
sistema de mediciéon de CO, aplicando una
matriz de priorizacién comparando facto-
res como el tiempo de deteccién, tasa de
aciertos y costos de implementacién. El
método propuesto presenté mejor rendi-
miento en la totalidad de los parametros
de comparacién, con una priorizacién de
87.972 %. Basar el sistema en herramientas
de software de codigo abierto y herramien-
tas de hardware de alto nivel y bajo costo
permite replicar e implementar el sistema
a gran escala en ambientes controlados.

Palabras clave: ocupacién interior,
sustracciéon de fondo, suavizado gaus-
siano, apertura morfolégica, umbraliza-
cién, busqueda de contornos, protocolo
SMTP, sistema embebido, cdédigo abierto.
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INTRODUCTION

Estimation occupancy of indoor spaces is relevant nowadays, where strategies have
been proposed to mitigate the spread of the SARS Cov-2 virus that caused the COVID-19
pandemic, such as avoiding crowds of people in both open and closed spaces, and
in controlled and uncontrolled environments [1]. Computer vision refers to the set
of techniques that enable the acquisition, processing, analysis and understanding
of images, so that information can be extracted and processed by a computer [2]in
recent learning models, such as convolutional and recurrent neural networks, two-
and three-dimensional feature tensors can also be inputted to the model. During
training, the machine adjusts its internal parameters to project each feature tensor
close to its target. After training, the machine can be used to predict the target for
previously unseen feature tensors. What this study focuses on is the requirement
that feature tensors must be of the same size. In other words, the same number of
features must be present for each sample. This creates a barrier in processing ima-
ges and texts, as they usually have different sizes, and thus different numbers of
features. In classifying an image using a convolutional neural network (CNN. The
processes are based on fields such as geometry and statistics, where through stages
of analysis of size and shape of objects, as well as computational learning, objects
present in an image frame are detected, tracked and classified [3].

Currently, processes based on artificial intelligence, such as machine learning [4],
and deep learning stand out [5]. In machine learning processes, patterns are recogni-
zed based on data in order to generate a prediction in the output, while in deep lear-
ning processes, machines reason and analyze with certain autonomy [6]. Although
these processes guarantee high reliability in the detection and classification proces-
ses, they have a high computational consumption, which implies an increase in the
cost of implementation [7]. Processes based on image treatment and processing are
presented as an alternative, since they considerably reduce computational resources
and present hit rates of over 9o % [8].

Background subtraction is a technique based on image processing that allows the
separation and detection of moving objects by means of background segmentation
[9]. The processing starts with preprocessing steps such as grayscale conversion and
smoothing filtering, with subsequent image segmentation. In addition, the image is
complemented with filters based on set operations and by means of a threshold with
defined contours, it is identified whether the object belongs to the class in question.
Among the applications that stand out from the background subtraction processes
is the detection of people, used for presence detection, trajectory tracking, security,
among others [10]. Simple Mail Transfer Protocol (SMTP) is a network protocol used
for text-based e-mail communication. As an e-mail is sent, it involves the validation
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of text strings of ASCII character strings sent to an SMTP server. Communication
via this protocol requires three command sequences, MAIL, RCPT and DATA, which
establish the sending, receiving and content addresses of the mail respectively. The
protocol can be used for various e-mail servers [11]specifically the sequence and syn-
tax of SMTP commands observed during email delivery. The authors present several
improvements for detecting unsolicited email sources from different botnets (fin-
gerprinting.

This paper presents the development of an image processing system, as a low-cost
and high-level alternative for the indoor space occupancy estimation by image pro-
cessing using the background subtraction technique, with alert and email notifica-
tion via SMTP protocol when the number of people exceeds the number of people
allowed in the area. The programming is done in Python programming language,
using the open library specialized in artificial vision OpencV. The hardware tool
used corresponds to a Raspberry Pi model 3B+ embedded board and the device for
image acquisition is a 5MPx Raspberry camera. In addition, the proposed system is
compared with a conventional occupancy estimation system based on CO, concen-
tration measurement.

RELATED WORKS

Mutis et al. [12] developed a method to determine the occupancy of an indoor space
focused on indoor air quality control. For the detection and counting of people they
relied on the YOLOvV3 deep neural network, and the training was based on the appli-
cation of NADA Dataset, in its section focused on action recognition. In the same
line, Han et al. [13]especially when people are the major source of indoor contami-
nants such as in office buildings. In this paper, we investigate occupancy estimation
methods using a dynamic neural network model based on carbon dioxide concen-
tration in a space. We conducted an experiment in a single room to measure carbon
dioxide concentration and actual occupancy continuously in the room. We trained
and tested the dynamic neural network model TDNN (time-delayed neural network
propose a method that uses a dynamic neural network based on the data obtained
in a first day of CO, concentration measurement, decreasing the value of the avera-
ge error with respect to conventional neural network systems. Yuan et al. [14] im-
plement a method based on fast-sampling infrared sensor detection for collecting
real scene data and defining a non-homogeneous Hidden Marcov Model, taking into
consideration the effects produced by changes in the environment, followed by a
Softmax regression model for the calculation of occupancy estimation probabilities.
Szczurek et al. [15] focus on the measurement of estimation of a space intermittently
with the measurement of time series of CO, concentration, temperature and relative
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humidity. The tests were performed on 60-min shots and the results are applica-
ble to occupancy time estimation. Similarly, Zhou et al. join CO, concentration level
measurement as an occupancy estimation method. They apply a wavelet denoising
method and employ the GcForest cascade technique for occupancy estimation [16].
The proposed method presented acceptable performance in terms of reliability of
detections, similar to support vector machines, classification trees and Marcov mo-
dels. Additionally, Zemouri et al. [17] due to the important role it plays in contro-
lling a number of demand-driven applications like smart lighting and smart heating,
as well as improving the energy efficiency of these applications in a broader sense.
Office occupancy monitoring in commercial buildings can yield huge savings and
improvements in terms of thermal, visual, and air quality. However, this is often
impeded due to the lack of fine-grained occupancy information. This paper explores
the use of low-priced environmental (temperature and humidity use a Raspberry Pi
embedded board in addition to Raspberry family sensors for measuring the values of
environmental variables such as temperature and humidity to determine the occu-
pancy level of offices, with estimation accuracies of up to 87 %. Disha et al. develops
a method based on the collection of information from machine learning algorithms
and humidity, light, temperature and CO, sensors [18]. In their study, the learning
processes delivered average accuracy in occupancy estimation of about 95%. On
the other hand, Longo et al. [19]i.e., understanding how many people are present
in a specific place, an information which is valuable in many scenarios (HVAC and
lighting system control, building energy optimisation, allocation and reservation
of spaces, etc. propose an alternative method to the conventional ones based on the
measurement of the CO, concentration level, and use a low-cost system based on the
capture of frames from Wi-Fi and Bluetooth/Low Energy management from people’s
mobile devices, generating hit rates close to 95 %.

METHODOLOGY

Figure 1 shows the proposed methodology based on 3 stages for the development
of the indoor occupancy estimation system. In the first stage, the area where the
occupation estimation will be performed is characterized, in order to determine pa-
rameters for the location of the image or video capture device. The second stage
shows the development of the tool based on image processing, with immersed stages
of definition of conditions for people counting, image preprocessing, blur and mor-
phology filtering, thresholding with contour search and configuration for sending
notifications by SMTP protocol. Finally, in the third stage, the efficiency of the deve-
loped tool is measured.
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FIGURE 1. STAGES OF THE METHODOLOGY.

Indoor space characterization

In this stage, the parameters required for the location of the image and video capture
device are taken into consideration. Using a digital luxmeter, the level of light present
was measured with varying shots throughout the day, since although it is an interior
space with theoretically controlled light levels, the solar luminance is incident through
the windows, varying the level of light in the area in question. In addition, the height
and angle of inclination at which the Raspberry Pi camera should be placed is determi-
ned so that in its line of sight is both the place of entry to the area, as well as a considera-
ble region of it. Table 1 shows the parameters used to characterize the area.

TABLE 1. PARAMETERS FOR INDOOR SPACE CHARACTERIZATION

. Inclination View of the View of Luminosity
Height .
angle entrance zone indoor space level (Ix)

2.0m 60° v v

2.0 m 180° v X

o [460-895]

3.5m 60 v v

3.5 m 180° v X

Source: own elaboration.
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As shown, the heights at which the camera was located were 2.0 and 3.5 meters res-
pectively, with tilt angles of 60° and 180°. In all four combinations, a view of the
entrance to the area is achieved, but only with a 60° angle of inclination is a view of
a considerable area of the interior space achieved. In this case, the combination of
3.5 m height and 60° tilt angle is used above the 2.0 m combination, as this reduces
the false negative effects of overlapping views of people. Additionally, the light level
fluctuated between 460 and 865 lux, corresponding to normal illumination levels for
an indoor space [20].

Image processing tool

The tool is developed in Python programming language in version 3.6.8, under the
Thonny development environment in version 3.2.7. To estimate the occupation of
an interior space, image processing and treatment stages are used, which also re-
quires OpencCV, a library specialized in computer vision, and Numpy, a library used
for handling and operations with vectors and matrices. Likewise, the Time library
is used for time accounting during processing and for validation, while the Smtplib
library and the MIMEMultipart and MIMEText packages are used for communication
and sending information through the SMTP protocol. The stages required for the
development of the tool are presented below.

People counting conditions

People counting is performed by means of a test line, so that each time an object
crosses in an upward direction, the value of a counter defined to accommodate the
number of people entering the zone is increased by 1. In the same way, each time the
test line is crossed downward, the value of the counter is decreased by 1. The test line
is located in a zone equivalent to the area where the access door to the interior space
is located. The objects are discriminated for counting through a thresholding step
by image processing applying the background subtraction technique. Figure 2 shows
the graph representing the conditions for people counting. Section 1 shows the lo-
cation of the counting test line at the entrance zone to the indoor area. Section 2
shows how to move the body to pass the test line and increase the people counter by
1, while section 3 shows how to move out of the zone and decrease the counter by 1.
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Ficure 2. CONDITIONS FOR PEOPLE COUNTING.

Image preprocessing

The image delivered by the video camera is resized to a size of 640x360 pixels, in
order to guarantee the relationship between the space occupied by a person in the
image frame and the threshold value subsequently defined for the segmentation of
the moving object and the image background. The preprocessing starts with a con-
version of the video shots to grayscale, thus obtaining the equivalent to the luminan-
ce of the image. The original image in RGB (Red, Green, Blue) color scale undergoes
a transformation process according to the light intensities captured by the human
eye, with a value of 30% red, 59% green and 11 % blue [21], as shown in equation 1.

Y =(R*0.3)+ (G *059) + (B*0.11) (1)

Additionally, the image frames are segmented, so that initially the separation of the
moving objects from the background is achieved. For this, a Gaussian Mixture Mo-
deling is applied by means of the BackgroundSubtractorM0G2 algorithm, which ge-
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nerates adaptability to the objects that were static and start to move, so that they are
reincorporated to the image [22]. Equation 2 presents the model that represents the
Gaussian Mixture Modeling for image background segmentation, in which repre-
sents the learning ratio, and (M, Jworks in binary mode, so that it takes a value of 1
and o in case of finding or not finding matches respectively.

Wi = (1=0QWj p—q+< (M) (2)

Blur and morphological filter

The blur filter is applied with the objective of eliminating redundancies in the image,
generating the loss of minor details and a smoothing effect [23]. In addition, this type
of filtering does not perform two-dimensional convolutions, but generates two sweeps
in one dimension, one for the X-axis and one for the Y-axis. Equation 3 shows the ma-
thematical basis of a Gaussian blurring or smoothing filter, in which X and Y represent
the horizontal and vertical offset respectively, and o indicates the standard deviation
of the Gaussian distribution. Generally, variant filter sizes between 3x3 and 7x7 kernels
are employed in human detection processes. In the present case, a Gaussian mask was
used for blur filtering of size 7x7 taking into account that the objective is to prepare the
image for processing to a point where each of the objects present in the image frame
are distinguishable, thus reducing the computational requirements.

G(x) = e 207 (3)

210

In addition to the Gaussian blur filtering, a morphological filtering step is applied.
With this, the image is simplified and shape characteristics of the objects are main-
tained. In this case, mathematical morphology is applied in order to highlight the
structure of the moving object. Morphological operations are performed with res-
pect to a structural element, (an element with shape and size that can be variable,
where the sectors with a value of 1 are those that take relevance in the process). The
most common morphological operations are dilation and erosion, which generate
expansion and thinning effects respectively [24]. In the present study, we propose
the use of the morphological operation of opening, equivalent to initially applying
an erosion and then a dilation, thus eliminating the external noise of the structure
[25]. In addition, an elliptical-shaped structural element of size 5x5 is used. The ma-
thematical basis of the morphological opening operation is presented in equation 4.
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AOB=(A63)€BB=ﬂA—bUAb (4)

beB beB

Thresholding and finding contours

This stage allows the distinction of those image sectors that correspond to moving
objects. The binary thresholding technique is used, so that all those image sectors
with concentration and pixel size greater than the base value are counted as people
entering or leaving the interior space [26]. In this case, a threshold value of T=50
was used. The thresholding process is completed by contour search. In this case,
an external contour search configuration of the image is used, since only the detec-
tion of the person is required. In addition, the simple approximation method is used
for contour distinction, so that emphasis is placed only on the contour endpoints,
which results in the system using less memory, since it does not store all the contour
points, making the image processing faster.

Configuration and notification via e-mail by SMTP protocol

Initially, an e-mail account is created as a server. The account is created with the
Gmail provider and allows SMTP notification to accounts from other providers. At
the configuration level, the user is required to activate the option to allow access
to applications of unknown origin from his email account. For compatibility and
access purposes, this configuration is required for both the server account and the
receiving account. Table 2 shows the configuration parameters, in which “From”
and “Password” refer to the identification and authentication of the server email
address, “To” refers to the destination email address. “Subject” allows the recei-
ver to preliminarily identify the content of the mail, and takes the name “ISOE 2021
Python”, this being the name of the software for the inner space estimation. Addi-
tionally, “Message” contains the entire content of the e-mail, indicating that it is
an automatic message from the software and indicating the occupancy level in the
interior zone. As “Security Protocol” the Transport Layer Security or TLS protocol
is configured, which allows the confidentiality of the information contained in the
message, as well as the authentication of the message. Finally, in “Port” the port 587
is defined, as this is the one supported by the vast majority of servers and guarantees
security in the sending.
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TABLE 2. PARAMETERS FOR CONFIGURATION AND NoTIFICATION Via E-MaIL

Parameter Value

From Server e-mail address
Password Server e-mail address password
To Customer/indoor space manager E-mail address
Subject ISOE 2021 Python
Message “THIS IS AN AUTOMATIC ALERT MESSAGE SENT FROM PYTHON”
Security protocol Transport Layer Security TLS
Port 587

Source: own elaboration.

System efficiency

The measurement of the efficiency of the computational tool is performed in two
stages. First, the efficiency of the image processing for the detection of people is de-
termined, which ends up influencing the occupancy estimation. Equation 5 shows
how the detection accuracy (DA) is determined, in which Pp, indicates the number of
people in the area that the system was able to detect, Pnp, indicates the people that
were not detected in the area, and Np, indicates the actual number of people in the
area.

DA (%) = (;-Z)Z + (%f)z 100 (5)

Currently, most of the systems that estimate the occupation of interior space are
based on the measurement of CO, concentration levels, with approximations gene-
rated by the sensing that is executed with varying times of at least one minute. The
proposed system is based purely on computer vision applying tools based on ima-
ge processing, which, being a different technology than the conventional for these
applications, eliminates the use of sensors for measuring CO, levels and estimates
the percentage of occupation of the indoor space by automatic counting. Likewise,
the system developed for indoor space occupancy estimation based on image pro-
cessing is compared with a conventional occupancy estimation system based on CO,.
The systems are compared with respect to the speed of execution, as well as the time
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in which the system determines the intervention of a person in the area of interest,
and the hit rate in the occupancy estimation. The method used for the compari-
son of the techniques is a prioritization matrix, in which the factors mentioned are
weighted against each other initially with respect to the level of importance, taking
values of 1/10, 1/5, 1, 1, 5, 10, as very unimportant, unimportant, equally important,
more important and much more important respectively. Table 3 presents the initial
weighting of parameters for the prioritization matrix. For an indoor occupancy es-
timation system, the most important parameter is the implementation cost as 65.23
% of the final consolidation, followed by the hit rate with 21.73 %, and the speed of
detection with 13.04 %.

TABLE 3. PARAMETER WEIGHTING FOR THE PRIORITIZATION MATRIX

Speed of Identify

. Hitrate Sum Factor
execution new person

Detection time X 1 1/5 1.2 0.1304
Hit rate 1 X 1 2 0.2173
Implementation cost 5 1 X 6 0.6523

Source: own elaboration.

RESULTS

Figure 3 represents the general architecture of the system. Initially, the Raspberry Pi
camera is shown connected via the CSI (Camera Serial Interface) communication bus
to the Raspberry Pi 3B+ board. On this, the image processing is executed using main-
ly the OpenCVv computer vision package under the Python programming language.
Once the video images have been processed, the respective occupancy estimation
notification is sent via Internet connection and applying the Simple Mail Transfer
Protocol (SMTP) to an address previously stipulated in the programming. Likewise,
the final processing can be visualized through HDMI-VGA connection of the Rasp-
berry Pi 3B+ to a monitor. At the power supply level, the Raspberry Pi is connected
via an adapter to 3.3 V in direct current, while the monitor is connected to 110 V in
alternating current.
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Source: own elaboration.

FiGURE 3. SYSTEM ARCHITECTURE FOR INDOOR OCCUPANCY ESTIMATION.

Table 4 also presents the programming logic of the system. This includes factors
such as the use of libraries, definition of characteristics for counting and storing the
number of people involved in the video, as well as the configuration for communi-
cation via SMTP protocol. In addition, the requirements to develop the processes of
gray scale conversion, background segmentation, Gaussian filtering, creation of the
structural element, morphological filtering, thresholding, contour generation, vali-
dation of the contours with respect to size and counting of people for the estimation
of occupation and its respective notification are detailed.

TABLE 4. PROGRAMMING Locic oF THE DEVELOPED SYSTEM

1 Import libraries

2 Define minimum width and height dimensions in pixels for detection

Define an error value in pixels to vary the counting line

Define the position of the line for counting

Create vector and counter for storage and counting

Create function for tracking moving objects involved in the main frame

Initialize Raspberry camera

3
4
5
6 Define the maximum number of people in the indoor area
7
8
9

Configure mail addresses and ports for SMTP protocol use.

10 Verify that a signal is being received from the camera

11 If camera signal is received:

12 Convert to grayscale

13 Segmenting the image background by Modeling Gaussian Mix

Continia...
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14,

Apply Gaussian blur filtering

15

Define size and shape of structural element

16

Apply filtering by morphological operation

17

Apply threshold to classify objects in motion as persons or non-persons

18

Generate contours

19

Validate the contours with respect to the minimum width and height values for the
detections.

20

If the value of the contour is equal to or greater than the defined value:

21

Track the object until it reaches the count line.

22

If the tracked object exceeds the test line from left to right:

23

Increase the counter by 1

24,

Else if: if the object passes the test line from right to left:

25

Decrease counter by 1

26

Divide the number of detected persons with the number of allowed persons

27

If the result is less than or equal to 1:

28

Multiply the value by 100 and activate mail notification every 5 minutes with occupan-
cy percentage.

29

Else: activate notification by mail indicating occupancy every 1 minute.

30

Else: Continue, it is an object, but it did not continue moving through the image frame

31

Else: Continue, is not counted as possible person

2

Else: Break, alert on camera communication error

Source: own elaboration.

Additionally, Figure 4 presents the image processing in the interior space. Section
(a) shows the original image, while in (b) and (c) the conversion to grayscale and
segmentation of the image background is presented. Likewise, (d) shows the applica-
tion of the Gaussian smoothing filter, (e) the application of the morphological opera-
tion filter, while (f) shows the thresholding stage with the immersed contour search.
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(e)

Source: Own elaboration.

F1GURE 4. IMAGE PROCESSING FOR OCCUPANCY ESTIMATION IN INDOOR SPACES.

Likewise, Figure 5 shows the notification by e-mail and using the SMTP protocol.
The tests are performed with two of the most popular email domains at present.
Section (a) shows the notification to a Gmail account, while section (b) shows the
notification to an Outlook.com account.
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Source: own elaboration.

FiGURE 5. E-MAIL NOTIFICATION VIA SMTP PROTOCOL.

Figure 6 shows the ratio of times at which the detection of a person in the inner zone
is achieved. The pulse at high (1) indicates the detection of the person, while at low
(0) indicates that the detection was not achieved. In (a) shows the performance in
the morning hours, in (b) the average performance in the afternoon hours, while in
(c) shows its performance in the evening hours. The proposed method (represented
with gray color) presented better behavior in terms of the speed with which a per-
son intervening in the area is detected, since the behavior of the systems based on
CO, levels measurement (represented in black color) generally requires an average
measurement of one minute of the ppm concentration levels in the room. The pro-
posed image processing-based method detects an entrant in 2.15 seconds, while the
CO,-based system reduces its average person detection to 1.74 seconds, but after an
average waiting time of 1 minute.
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F1GURE 6. TIME OF PEOPLE DETECTION AT THE ENTRANCE OF THE INDOOR SPACE.

Likewise, results are presented regarding the hit rate of the system based on image
processing for the estimation of indoor space occupancy. The system presented an
average hit rate of 94.44 %, with 49 correct detections of persons present in the area,
3 persons not detected out of a total of 52 persons present, and its calculation was
estimated as shown in equation 6. The error rate of 5.56 % is generated by factors
such as non-detection due to shadowing effects of the previous detection. This gene-
rates occlusion in few cases from the line of sight of the video camera located in the

characterized area.
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2

490\* /3
DA (%) = (5) + (ﬁ) x100 =94.44%  (6)

In addition, Figure 7 shows the performance of the hit rate in the tests performed
on the image processing system, and its comparison with systems based on CO, me-
asurement. For the occupancy estimation system based on image processing, the hit
rate ranged from 92 % to 97 %, with an average of 94.44 %. For the system based on
the measurement of carbon dioxide levels, the occupancy estimation hit rate ranged
from 91.50 % to 95.40 %, with an average hit rate of 93.53 %.

D Proposed method ®mCO2-based systems

7%
S6% -
5% 1
4%
93%
2%
21%
S0%
89%

88% o .
Test

Source: own elaboration.

FiGuRre. 7. EFFICIENCY IN THE PEOPLE DETECTION.

Regarding the comparison of the systems taking into account the cost of implementa-
tion, the system based on image processing requires mainly a microprocessor board
as a Raspberry Pi 3B+ embedded system, as well as the Raspberry camera connected
by csSI standard. The market cost of these devices is around USD 75 to USD 80. As for
the system based on the measurement of CO, concentration levels, usually devices
such as the MX1102 data logger are used [27]comfort, well-being and productivity.
Existing IEQ monitoring approaches rely on sensor networks deployed at selected lo-
cations to collect environmental measurements, and are limited in scale and adapta-
bility due to infrastructure cost and maintenance requirement. To enable high-gra-
nularity IEQ monitoring with agile adaption to the dynamic indoor environment, we
propose an “automated mobile sensing” system that dispatches a sensor-rich naviga-
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tion-capable robot to actively survey the indoor space. Data collected in this fashion
is sparse in the joint temporal and spatial domain, and cannot be used directly for
IEQ evaluation. To deal with this special characteristics, we developed a spatio-tem-
poral interpolation algorithm to capture the global trend and local variation in order
to use the data efficiently to reconstruct the IEQ dynamics. We compared the perfor-
mance of the automated mobile sensing with a dense sensor network in a laboratory
where we measured the air-change effectiveness (ASHRAE standard 129, which have
a market cost of approximately USD 600. These devices measure CO, concentration
in the range of 0 to 5000 parts per million (ppm), with NDIR CO, sensor technology
self-calibrated, ensuring accuracy in the measured levels [28]where cheap, fast and
accurate measurement of exhaled CO, vs. time is crucial in the evaluation of lung
and tracheal function during surgical anaesthesia and is an under-used bio-marker
for underlying respiratory conditions. Current detection methods do not adequately
meet these requirements and suffer from considerable cross-talk associated with the
commonly used anaesthetic gas nitrous oxide (N20.

Using the prioritization matrix tool, the proposed method for occupancy estimation
using open-source tools based on image processing is compared to the system based
on CO, concentration level measurement, according to parameters such as detection
speed, detection accuracy and implementation costs. Regarding the speed of detec-
tion of people, the proposed method is 0.41 seconds slower on average at the time of
detecting a new person entering the area, but does not require a wait of one minute.
Therefore, the proposed method allows to know by instantaneous processing the
number of people entering the zone, having better performance than the CO_ -based
system. In terms of average detection efficiency, the proposed method had an avera-
ge hit rate of 94.44 %, while the CO_-based system achieved an average detection hit
rate of 93.53 %. Although the proposed method managed to improve the conventio-
nal method, for the purposes of comparison by prioritization matrix, the techniques
were taken on an equal footing due to their similarity in hit rates. Finally, in terms
of implementation cost, the proposed method manages to reduce by up to 7.5 times
the value of the implementation, so it presents a much better performance with res-
pect to the CO, concentration measurement system.

Table 5 shows the final decision matrix for the comparison between the proposed
method based on image processing with free software tools, and the conventional
occupancy estimation system based on CO, concentration measurement. The propo-
sed method presented a prioritization of 87.972 %, due to its better performance with
respect to the detection time of a person entering the area, and its low implementa-
tion cost. In addition, its improvement with respect to the detection hit rate. For its
part, the system based on CO, measurement presented a prioritization of 12.028 %.
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TaABLE 5. FINAL COMPARISON MATRIX BETWEEN THE TECHNIQUES
FOR INDOOR Sprack OccupraNcYy ESTIMATION

Detection Detection Implementation

time hit rate costs
Proposed method 0.1253 0.10865 0.64577 0.87972
CO, system 0.0051 0.10865 0.00653 0.12028

Source: own elaboration.

The proposed method is comparable and is shown as an alternative to systems based
on CO, measurement. With respect to the work done by Zhou et al. in which MX1102
data logger sensors were also used, it was possible to equalize the hit rate above 90 %,
and the time in which people are detected was improved, due to their waiting time
for the sampling of CO, concentration data. Likewise, the proposed method impro-
ved the 94 % hit rate in the detections, with respect to that performed by Jiang et
al. [29] with CL11 sensors, where a previous sampling time of one minute is required
for CO, concentration measurement and occupancy estimation. Likewise, with res-
pect to studies using Chauvin Arnoux CA 1510 sensors, a one-minute sampling time
is required for CO, concentration measurement and occupancy estimation. the hit
rate was equaled with an efficiency of more than 90 %, and the time taken to detect
a person was improved, since in some cases even sampling at 15-minute intervals
was required. In addition, with respect to work such as that carried out by Ansanay
[30], the detection rate was equalized with correct detections in more than 90 % of
the cases, and the detection time was improved, since in this case, samples were
taken at 10-minute intervals. Likewise, the proposed method improved considerably
in detection successes compared to that performed by Han et al. [13]especially when
people are the major source of indoor contaminants such as in office buildings. In
this paper, we investigate occupancy estimation methods using a dynamic neural
network model based on carbon dioxide concentration in a space. We conducted an
experiment in a single room to measure carbon dioxide concentration and actual
occupancy continuously in the room. We trained and tested the dynamic neural ne-
twork model TDNN (time-delayed neural network, who initially obtained error rates
of up to 50 %, so they went from a 7-minute sampling to 15 minutes, which is much
higher than the proposed method based on image processing, which almost instan-
taneously achieves the detection of a new person in the area.
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CONCLUSIONS

The characterization of the indoor area allowed from the beginning the attenuation
of the effects generated by shadows and overlapping, as these are factors directly
related to parameters such as incident light level, height and tilt angle at the loca-
tion of the image and video capture device. The developed method was tested with
brightness values between 460 and 895 Ix, values that coincide with standard indoor
and office brightness levels between 300 and 1000 1x. The attenuation of the effects
of shadows can be complemented with variations in the characterization area where
the camera is located by locating it at higher heights than those proposed and with
tilt angles that increase the field of view of the device. Nevertheless, the processing
system based on image processing achieved an average hit rate of 94.44%, mostly
determined by the rate of true positives and negatives in the detection, referring to
the persons actually intervening or not in the main frame of the image (or in the
interior space). In addition, the proposed method considerably reduced the time in
which it counts a person entering the area with respect to conventional CO, occu-
pancy estimation systems, since, the latter, on average, make measurement sweeps
in ranges that vary from 1 to 15 minutes, while, with the image processing and au-
tomatic counting, these times were reduced to 2.15 seconds on average. In addition,
being a technology based on low-cost, high-level hardware tools and open-source
tools, implementation costs are reduced up to 7.5 times. The comparison between
the technology developed for occupancy estimation through image processing and
the CO, concentration measurement system using the prioritization matrix techni-
que, allowed emphasizing relevant parameters for large-scale implementation such
as implementation cost, hit rate and processing speed, and defining a prioritization
between them according to the conditions and needs present in the implementation
environment. Finally, both the technology and the method developed are replicable
in controlled environments where it is required, among others, to improve air qua-
lity conditions and mitigate the effects of the spread of highly contagious diseases
generated by crowds of people.
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