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�
Introduction

1.1. General Introduction
The increase in infection rate among health care workers (HCW) at hospitals can be reduced by the use of

remote screening techniques [1] [2]. Effective implementation of a remote screening prototype involves com-

bining different techniques to screen for potential indicators of infection.

Vital Signs as Infection Indicators

Physiological activities occurring within the human body can be understood through the screening and mea-

surement of vital signs [3]. Vital signs include heart rate, blood oxygen saturation, respiratory rate, blood

pressure and body temperature. Each of these vital signs corresponds to the functioning of a system of essen-

tial organs in the body. The coronavirus disease 2019 (COVID-19) disease most commonly causes an elevated

body temperature (fever) and abnormal breathing amongst infected individuals, and screening these symp-

toms provides valuable initial information regarding potential infection [4].

Types of Screening Techniques

Vital signs screening methodologies are broadly divided into contact-based and non-intrusive systems. Con-

ventional methods to measure vital signs have mostly been contact-based. Contact-based sensors, electrode-

based measurement systems, pulse oximeters and implantable sensors are some examples of such technolo-
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gies currently having widespread use across the global healthcare sector [5]. These systems face a boom-

ing commercial demand, making companies like Fitbit, Apple and Garmin develop products integrated with

sensing technologies [6]. Inherent problems faced by these contact-based screening systems include slow-

moving advancement due to numerous hurdles like elaborate legal compliance and multi-level trials (for

implantable technologies), battery requirements, the accuracy of the data detected and patient subjectivity.

Compared to contact-based screening systems, remote non-intrusive screening technologies come with ad-

vantages of extreme ease in implementation and large-scale utility. They maintain an aseptic status through

the screening process and can be used in places with high contamination risk such as hospital wards, where

distancing in necessary and contamination during measurement of vitals poses a risk[1]. They are also rela-

tively easy to deploy across different clinical and non-clinical environments [7].

Automated System for Non-Invasive Screening

Currently, remote screening methodologies need to overcome certain limitations including inefficient multi-

subject screening, expensive hardware and factors hindering accuracy in order to be an effective vital sign

screening system that can aid in the determination of COVID-19 infection. Hospitals currently employ work-

ers to screen potentially infected patients with close-proximity technology, which significantly compromises

their safety, leading to a spike in infections amongst hospital workers. Hence, there is an urgent demand to

develop a robust remote high throughput, multi-symptom screening system. The system should be able to

screen subjects at different distances and ambient temperatures automatically.

1.2. Problem Overview - Clinical Need for Remote Screening

Hospitals have an urgent need for non-invasive vital signs monitoring as there has been a spike in infections

amongst hospital workers, causing widespread concern. Remote screening systems would significantly re-

duce the risk that most workers currently face while using close-proximity screening, which exposes them

significantly to the infection [8]. Studies have shown that infection rates among clinical workers have spi-

ralled, which impedes their capacity to execute tasks [1]. The increase in infection rate is attributed partly to

close range screening technology during patient influx in clinics. The goal is to reduce exposure to the disease

by installing a remote screening setup. Current elevated skin temperature (EST) screening solutions exhibit

problems with measurement accuracy. They utilize fixed distance measurement techniques to measure skin

temperature. Screening requires the removal of facial articles like glasses which does not fall within effec-

tive health standards. Currently, subjects require to wear masks which pose additional challenges for facial

detection and SFTQJSBUPSZ rate measurement.
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1.3. Thesis Objectives
It is necessary to evaluate the exact symptoms that need to be screened to screen subjects in clinics for vital

signs. An integrated system implementation for the execution of the technology is essential for implemen-

tation. This requires an extensive analysis of hardware and software requirements followed by integration of

the different modules. The project is focused on the development of a multi-symptom screening setup which

would utilize IR camera technology for the screening of elevated skin temperature and abnormal respiratory

rate.

1.4. Structure of the Thesis



�
Background Information and System

Infections in the body can be detected by screening vital signs like body temperature and breathing pat-

terns. The scope of this project requires utilising facial temperature measurement from subjects to evaluate

the different vital signs. It is necessary to identify an optimum region of interest (ROI) from the face, which

can measure absolute temperature for elevated skin temperature screening and temperature changes in the

area around the mouth and nostrils to screen for abnormal breathing among subjects. The screening sys-

tem implementation requires effectively choosing hardware and software, understanding the working of IR

radiation, developing a compensation model for better accuracy, and a technique for abnormal respiration

screening. The system outline consists of an overview of the five major blocks (hardware, communication,

image processing, screening and user display) that are used for implementing the prototype.

2.1. Skin Temperature - Theory, Location Choice
The skin temperature is dependent on the body’s heat control process and varies depending on location in

the body. The skin temperature is correlated to the body temperature depending on its location.

2.1.1. Human Body Thermo-regulation

Human body temperature is controlled internally primarily by the endocrine system and hypothalamus in

the brain [9]. In addition to this, there are processes like convection, conduction, evaporation and radiation

that causes changes in temperature seen in Fig 2.1.

6
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Figure 2.1: An illustration of the various processes (convection, evaporation, radiation and conduction) by which heat is lost to the
surrounding from the skin.

The majority of the body’s heat loss is due to radiation, which is a loss in the form of infrared (IR) radiation

[10]. Heat transfer involves the exchange of thermal energy between different medium. There are generally

two different types of temperature that are used while referring to the human body temperature. One is the

core body temperature and the other being the skin surface temperature. The core body temperature remains

relatively constant and does not vary a lot. The skin surface temperature varies depending on the respective

location and environmental conditions. The core body temperature is maintained in the central part of the

body where the major organs are located. The core body temperature is around 36 ±C to 38 ±C for healthy

individuals. There is a temperature difference between the body and the environment, which results in heat

being dissipated into the environment [11]. The skin is broadly divided into three layers: epidermis, dermis

and fat layer [12]. The corresponding anatomic diagram of the skin is shown in figure 2.2.

Figure 2.2: The anatomical illustration of the skin (taken from [13]).

The blood from the core of the body travels through the blood vessels around the body. The body’s heat

balance is maintained depending on the amount of blood flow to the skin’s arteries. Using this heat is suc-

cessfully lost to the environment. The skin surface temperature is correlated with the core body temperature

[14]. In the envisioned application, the goal is to estimate the skin surface temperature.
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2.1.2. Heat Transfer from Skin

Loss of heat by radiation from the skin is mainly in the form of IR [15]. The net rate of heat transfer by radiation

is related to both the object’s temperature and its surrounding temperature. The net rate of heat transfer by

radiation (nrate) at a particular ambient temperature (Tamb) for a surface area (A) can be explained by the

equation 2.1 [16].

nr ate = ≤ .A. æ.(T 4
ski n °T 4

amb) (2.1)

here Tskin is the skin surface temperature and ≤ is the emissivity of the surface. Human skin practically be-

haves like a blackbody (≤ = 1 in the LWIR region) and this is used consistently with the experiments in the

project [17][18][19].

2.1.3. Evaluation of Elevated Skin Temperature Region of Interest

The ROI for measuring temperature is of prime importance for IR thermography, and different studies have

evaluated the accuracy and viability of temperature measured from different regions of the face [20]. Since

each ROI has advantages and disadvantages, a thorough assessment is necessary before proceeding onto a

permanent ROI choice. An ROI at an horizontal angle of less than �0± is most accurate, and the maximum

temperature value is the most effective method of measuring ROI temperature [21].

The ear canal, inner canthus, inner mouth and specific side face region close to the temporal artery have

the highest correlation with core body temperature [22]. The ear’s geometric construction (cylindrical) en-

ables it to serve as a radiation trap, making it an ideal temperature measurement zone. Heat radiation from

the tympanic membrane is effectively emitted through the ear [23]. The inner canthus lies directly over im-

portant arteries that provide higher blood flow and heat transfer, and skin in this region is less exposed to

environmental factors. Inner mouth temperature preserves heat and is directly representative of the core

body temperature. The facial region on the side of the face has similar characteristics to the inner canthus

regarding skin and artery presence. Temperatures from different ROI is shown in Fig 2.3.
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Figure 2.3: Temperature measurements of different ROIs of the face of 10 subjects (data taken from [24]). The ear canal and inner
canthus are seen to be the most accurate areas for detection.

Oral temperature is considered the closest to the core body temperature and used as a reference while

comparing other regions. Ear canal temperature and inner canthus temperature of the eye are highly cor-

related to core body temperature. The temperature at the nostrils are highly variable due to respiration and

cannot be characterised for screening. Accessibility, in terms of camera viewing angle, to some of these ROIs

is extremely low, making them unsuitable for measurement. Additionally, most established facial detection

technologies do not identify the ears of subjects or side-face profile, making automatic tracking of such re-

gions unfeasible.

Regions described above, except for the canthi, encounter camera coverage issues due to their location,

making them unfeasible for screening. Commonly worn articles like eyeglasses, sunglasses, headphones and

face masks make some regions less suitable for screening. The forehead is a widely used ROI for detection as

it has the best camera coverage in terms of face angle of viewing and does not suffer from article obstruction

but has a low correlation with body temperature [25]. Removal of facial articles while screening hinders in-

fection control protocols and causes widespread implementation problems in the current scenario. For front

face features, automatic detection of forehead temperatures offers the best balance between accuracy and

accessibility. The forehead is chosen as the best region for temperature measurement from table 2.1.
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Part Position Impediments Correlation Accessibility Environmental Interference

Ear Side Face Ear-accessories Very High Low Low
Inner Canthus Front Face Glasses High Medium Low

Forehead Front Face None Medium High High
Temple Side Face Glasses High Low High

Nose Front Face Mask Low Low High
Mouth Front Face Mask Low Low Low

Eye Front Face Glasses Medium Medium High

Table 2.1: ROI review of the various parts on the face with a list of impediments to the camera view, body temperature correlation,
environmental interference and accessibility (in terms of camera view)

2.1.4. Measurement Location for Elevated Skin Temperature screening

The superficial temporary artery region was chosen as the intended location of temperature measurement

on the forehead as it has the closest correlation with core body temperature [26]. This correlation makes it

the highest temperature region on the face. The superficial temporal artery is also free of thermoregulatory

stimuli that cause blood vessel changes [27]. Most of the prominent superficial artery area is found to be

within the top 50% of the forehead [28]. Figure 2.4 illustrates the anatomy of the face with the superficial

temporal artery.

Figure 2.4: The superficial temporal artery location is shown in the photo [29]. The frontal branch of the superficial temporal artery’s
unique presence across the face ensures its visibility at different angles.

2.2. Respiration - Theory, Location Choice
The following section illustrates the theory for respiration and explains the respiration theory and heat trans-

fer mechanism.
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2.2.1. Heat Transfer from Nose

Heat transfer from the nose occurs due to different heat flow components [30]. The convective heat transfer

from the nose occurs as a result of airflow over the inner nasal cavity (explained in equation 2.2 [31]).

Qconv = k.Anasal .(Tamb °Tnasal ) (2.2)

here k is the heat transfer coefficient, Anasal is the internal surface area of the nasal area being transferred,

Qconv is the net heat transfer inside the nose as a result of air movement,Tenv is the environmental tempera-

ture, Tnasal is the nasal temperature. The observed heat transfer at the nose is the result of the radiated heat

at the nostrils (shown in equation 2.3 [30]).

Qr ad = ≤.æ.Ac .(T 4
nose °T 4

c ) (2.3)

here Tnose is the nose temperature, Tc is the surrounding temperature. The change in heat energy in the

area leads to air temperature change, which is indicative of the respiratory cycle [30].

2.2.2. Evaluation of Respiration Region of Interest

Breathing measurement from an IR camera is done by utilising temperature values from the nasal region.

Current health laws mandate the compulsory wearing of masks in public facilities. Measurement of temper-

ature values (for breathing rate) can still be carried out even though the ROI (nose) is covered.

2.2.3. Measurement Location for Abnormal Respiration Screening

The landmark features from the retina face framework (seen in section 2.15) can be directly used to find the

location [32]. There are two feasible approaches: bounding box based and landmark based. The landmarks

enable easier tracking of the respiration ROI. The ROI is manually annotated around the respiration zones

(nose and mouth). The temperature readings from this region are used for respiratory rate abnormality de-

tection. An example of the region is shown in figure 2.5 below.
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2.3. Theory

2.3.1. IR Radiation

Electromagnetic radiation consists of alternating electric and magnetic fields that travel at the speed of light

[33]. Sinusoidal EM waves are functions of time and position and with a definite wavelength and frequency

[34]. These waves comprise the EM spectrum, such as visible light, IR, X-rays and gamma rays. The energy of

the photon (E) increases with an increase in the frequency of radiation shown in equation 2.4 [35].

E = h. f = h.c
∏

(2.4)

here, h is planck’s constant (6.623 x 10-34Js), f is the frequency of the wave, c is the speed of light (3 x 108

m/s) and ∏ is the wavelength. IR radiation ranges from 0.75 um to 300 um in the EM spectrum (seen in Fig

2.6).

Figure 2.6: Representation of the electromagnetic spectrum and IR radiation classification and the associated wavelengths (MedIT,
2011)

The IR spectrum consists of 5 separate regions, the shortwave region from 0.75 to 3 um, the mid-wave re-

gion from 3 to 5 um, the absorption region is 5 to 7 um, the longwave region from 7 to 14 um and the extreme

region from 14 to 300 um. For EST screening, IR cameras are operated in the longwave region. All objects
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with a temperature above 0 K emit IR radiation due to the thermal motion of their molecules. The relation

between energy and temperature is explained by Stefan - Boltzmann’s law. Emissivity is 1 for perfect black-

bodies that absorb all incident EM radiation. For grey-bodies, emissivity is less than one. Stefan-boltzmann’s

approximation for a grey-body is expressed in equation 2.5 [36].

P = ≤.æ.T 4 (2.5)

here P is the total emissive power (W/m2), æ is the stefan boltzmann’s constant (æ = 5.67 x 10-8 W/m2) and T

is the object’s absolute temperature in K. The spectral emission of a black body as described by planck’s law

is seen in equation 2.6 [37].

L∏(T ) = 2hc2

∏5

1

e
hc
æT∏ °1

(2.6)

Here L∏ is the spectral radiance expressed per unit wavelength (W. sr-1. m-3). For temperatures below 500

K, the emission is predominantly in the IR region. The corresponding plot for different temperature peaks is

represented in Fig 2.7.

Figure 2.7: The spectral radiance or intensities at different wavelength. Different temperatures of 350 K, 450 K, 500 K, 600 K and 700 K
are plotted with their intensity peaks at different temperatures. Intensity peaks for measurement of temperatures below 350 K are

focused above wavelengths of 0.75 um.
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2.4. System Outline
The layers are listed in the data flow order from hardware (raw information acquisition) to user display (dis-

play window for understanding vital signs).

A detailed overview of the system blocks are shown in figure

2.12.

The following sections provide an overview of the different blocks used for implementation. The repos-

itories from which the code is used in the different blocks are provided. These were used as references for

implementation of individual sub-blocks in the current system (seen in figure 2.13).
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2.4.1. Hardware and Communication Interface of the System

The hardware and communication sections are combined to provide a better understanding of the data flow.

Environmental Sensor

IR Camera

2.4.2. Image Processing of Thermal Camera Frames

Pre-processing from Camera

The pre-processing section explains the frame acquisition and frame conversion.
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Frame Conversion

The frame conversion block involves using two functions to perform the temperature conversion and the face
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The bounding box and five landmark coordinates are used to find the different vectors. Figure 2.16 shows

the retina face output of a grey-scale image.

ROI Selection

The bounding box height vector is used to segment the forehead and retrieve the temperature values within

the segmented area as a 2d array. With the obtained facial bounding box information seen in figure 2.16,

the next step involves establishing an optimum ROI and measurement method for temperature detection.

In this approach for forehead segmentation, the goal is to segment the forehead region from the bounding

box directly. The partial forehead segmentation is done by dividing the face based on a pre-fixed ratio. The

coordinates from the facial bounding array are used to get the forehead location. The forehead selection

methodology is illustrated in figure 2.17.
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Figure 2.18: The face is generally divided equally into three portions (image adapted from [58]). The portion between the top and D1
constitute the forehead. The portion below D1 to the bottom constitute the remaining part of the face.

Based on figure 2.18, effective division ratio for segmenting forehead is chosen between 2 and 6 between

D2 and the top of the forehead. Segmentation with the intention that the forehead’s superficial artery areas

had to be covered and that the inner canthus is to be avoided. A ranking of the different indices is done to



2.4. System Outline 23

The corresponding visual representation of the maximum location with the exact pixel location is shown

in figure 2.21.

Skin Temperature Compensation

Compensation of the acquired skin temperature can be done using the model developed in this project (sec-

tion 3.3.5).
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2.7. Elevated Skin Temperature and Abnormal Respiration Screening
Thermal imaging systems are widely used to screen for fever at public places [72]. While COVID-19 is conclu-

sively diagnosed by demonstrating the virus’s presence in a person’s respiratory secretions, the evaluation of

vital signs provides valuable initial information regarding the infection in such respiratory illnesses.

EST Screening

Body temperature is the oldest and most commonly measured vital sign. Abnormal body temperature is a

natural indicator of illness [73]. The body temperature of an individual is maintained through their brain’s
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thermo-regulatory function, which creates additional heat by increasing metabolism in tissues and releases

excess heat into the environment through the skin. A healthy person’s core body temperature lies between 36

±C to 38 ±C. Even within this normal range of human body temperature, fluctuations often occur due to the

intersection of multiple individualistic and common factors including gender, age, time of year and physical

activity amongst others [74]. In this project, the objective is to screen for EST by statistical comparison be-

tween different subjects. Temperature recordings above a defined threshold will indicate the possibility of a

fever. Common practices for defining the threshold involve selecting it as 1 ± above the healthy temperature

baseline [39]. The EST screening technique is done using a moving average filtering technique and compared

against a threshold.

The EST screening output with a single subject is shown in figure 2.33.
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3.3. Distance and Temperature Estimation
Distance estimation is done using the facial image information of the subject (explained in sections 3.3.1 and

3.3.2). The development of the temperature compensation model is shown in section 3.3.5.

3.3.1. Modelling of Distance and Experiments



























�
Conclusions and Future work

The following chapter consists of two different sections that outline the conclusions and future work.

4.1. Conclusions

52







A
Appendix

A.1. General Requirements
The project’s general requirement involves developing an IR thermal imaging system that can be used as a

screening aid for clinicians. To better understand the requirements, they are segmented into two categories

- physiological and technological requirements. The physiological requirements indicate the goals from a

clinical perspective, and the technological requirement gives a system requirement perspective.

The list of requirements is described using MoSCoW analysis

in section A.2.

A.2. Project Requirement Analysis
Functional requirements provide an overview of the physiological and technological implementations that

are essential to the system. Non-functional requirements include other specifics to enhance the system.

A.2.1. Functional Requirements
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FoV Field of View

GenICam Generic Interface for Cameras

GigE Gigabit Ethernet

GPU Graphics Processing Unit

HCW Health care worker

IFOV Instantaneous field of view

IoU Intersection of Union

IR Infrared

IRT Infrared Thermography

MERS Middle-East Respiratory Syndrome
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ML Machine Learning

NMS Non-maximum supression threshold

OpenCV Open source computer vision library

PoE Power over Ethernet

RGB Red, Green and Blue

RH Relative Humidity

ROI Region of Interest

RoM Range of Motion

RR Respiratory Rate

SARS Severe Acute Respiratory Syndrome

SARS-CoV-2 Severe Acute Respiratory Syndrome Corona Virus 2

SDK Software Development Kit

WHO World Health Organisation



List of Symbols

nr ate Net rate of heat transfer by radiation

≤ Emissivity

A Surface area

æ Boltzmann constant

Tskin Skin temperature

Tamb Ambient temperature

Qconv Convective heat transfer

k Heat transfer coefficient

Anasal Internal surface area of nose

Tnasal Inner nasal temperature

Qrad Radiated heat at nostrils

Ac Area of nose

Tnose Nose Temperature

HB Height of bounding box vector

WB Width of bounding box vector

DB Diagonal of bounding box vector

ḊB Diagonal fx of bounding box vector

E Energy of the photon

h Planck constant

f Frequency of the wave

c Velocity of light

66



67

∏ Wavelength

P Total emissive power

T Object’s absolute temperature in K

L∏ Spectral radiance per unit wavelength

S Skin surface of subject

D Detector array of camera

R Distance of object from camera
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