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Sleepiness, fatigue, and stress in drivers are the leading causes of car
crashes. In the late two decades, there is an endeavor to monitor vital
signs, stress levels, and fatigue using adapted sensors supported by
technological advances. To the best of our knowledge, this system-
atic review is the first to investigate the role of HRV measurement
for sleepiness, fatigue, and stress level monitoring in car drivers. A
search was performed in PubMed, Embase, and Cochrane databases
using prespecified keywords. Studies were considered for inclusion
if they reported original data regarding the association between dif-
ferent HRV measurements and drivers' sleepiness, fatigue, or stress
levels. Of the retrieved 749 citations, 19 studies were finally included.
The sensibility and specificity of HRV significantly varied across stud-
ies, respectively 47.1%–95% and 74.6%–98%. Accuracy was also dif-
ferent, ranging from 56.6% to 95%. Nevertheless, in real-world con-
ditions, confounding factors could affect sympathovagal tone and
HRV. Multiple HRV parameters measurement rather than one pa-
rameter approach seems to be the optimal strategy for evaluating
the vigilance state in drivers that it would be possible to achieve a
good performance. As all studies were observational, data should
be confirmed in randomized controlled trials. In conclusion, HRV
represents a potentially valuable marker for sleepiness, fatigue, and
stress monitoring in car drivers. HRV measurements could be imple-
mented in future clinical models and sensors to detect early sleepi-
ness and fatigue and prevent car crashes. More studies with larger
populations are needed to support this evidence.

Keywords

Heart rate variability; Drivers; Fatigue; Sleepiness; Stress detection; Systematic
review

1. Introduction
Heart rate variability (HRV) defines the changes in the

time interval of cardiac sinus node depolarization, thus re-
flecting a balance between sympathetic and parasympathetic

nervous systems activity [1]. It seems that HRV is impacted
by stress, current neurobiological evidence supporting its use
for the objective assessment of psychological health, stress,
and fatigue [2].

Neglected since the last guidelines published in 1996 by
TheTask Force of The European Society of Cardiology (ESC)
and The North American Society of Pacing and Electrophys-
iology, HRV represents a reliable marker of cardiac function
[3]. In the last decade, researchers revisited the idea of HRV
measurement, as it could help to monitor vital signs, stress
levels, and fatigue using adapted sensors, which are supported
by technological progress. Moreover, it seems that HRV
could have important clinical implications in various patho-
logical conditions involving the heart, the brain, or the kid-
ney [4, 5].

Although HRV measurement was adopted for sinus
rhythm, there is increasing evidence of its usefulness in pa-
tients with atrial fibrillation for both detection and risk strat-
ifying. The authors developed an algorithm for atrial fibrilla-
tion detection based on HRV measurements and atrial activ-
ity in one study. The results were impressive, as the proposed
model had 98% sensitivity and 97.4% specificity [6]. More-
over, the HRV index was associated with a greater risk of
cardiovascular death (p = 0.01) and all-cause death (p = 0.01)
[7]. Besides cardiovascular implications, some HRV param-
eters could also be associated with mortality in patients with
chronic kidney disease [8].

HRV could be measured using different parameters de-
rived from time-domain methods, frequency-domain meth-
ods, and non-linear methods analysis. Time-domain meth-
ods represent the easiest way to assess HRV, expressed as
fluctuations in heart rate and cycle length. Most parame-
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ters acquired from the time-domain analysis are based on
normal-to-normal (NN) intervals, representing the intervals
between consecutive QRS complexes [3, 9]. From the avail-
able time-derived parameters, four were recommended for
evaluation by the Guidelines: standard deviation of all NN
intervals (SDNN), the standard deviation of the average NN
interval over short time divisions (SDANN), the square root
of the mean squared differences of consecutive NN intervals
(RMSSD) and HRV triangular index.

Usually, SDNN and HRV triangular index are used to
appraise overall HRV [3]. Frequency-domain measure-
ments imply an analysis of individual spectral components of
HRV, ultra-low frequency (ULF), very low frequency (VLF),
low frequency (LF), high frequency (HF). Subsequently, the
power of each frequency band is calculated. Importantly,
HRV using frequency-domain methods could be analyzed
over short- or long-time intervals (2 minutes–24 hours) [3,
9]. However, variations in HRV are not linear, highlight-
ing the complexity of modulation systems. The most used
non-linear parameters for HRV assessment are represented
by approximate entropy, sample entropy, S, SD1, SD2, and
detrended fluctuation analysis [9].

Available data suggest that increased parasympathetic ner-
vous system activity is associated with increased HRV. How-
ever, a plateau level could exist, beyond which a further in-
crease in parasympathetic activity did not induce a higher
HRV [10]. HF is associated with vagal activity regard-
ing frequency-domain parameters, while LF is considered a
marker of sympathetic activity. However, few studies sug-
gested that LF might be reflecting both components of the
autonomic nervous system. In addition, HRV response to au-
tonomic nervous system modulation could be susceptible to
high inter-individual variations [3]. Besides the physiologi-
cal modulation of heart rate and, subsequently, of HRV, the
correlation between HRV and heart rate could be described
as a mathematical model of a non-linear inverse relationship
[11].

Clinical studies consistently documented that HRV pa-
rameters are used in psychomotor vigilance evaluation,
sleepiness, and fatigue detection [12–14]. Notably, HRV
assessment, especially as frequency-domain, could detect
sleepiness early, within minutes before falling asleep [15].
Thus, a practical application of HRV measurements could
consist of activity state evaluation in drivers since sleepiness,
fatigue, and drivers’ stress are the leading causes of car crashes
[16, 17]. Some reviews in the literature investigated differ-
ent approaches for sleepiness and fatigue detection in drivers;
however, the authors focused on a variety of physiological
signs, and the importance ofHRVmonitoringwas only partly
explored [18–20].

We aimed to systematically review the literature to in-
vestigate the importance of HRV assessment (expressed
as time-domain measures, frequency-domain measures, or
non-linear analysis) for sleepiness, fatigue, and stress level
monitoring in drivers.

2. Materials andmethods
We conducted the present systematic review according to

the updated Preferred Reporting Items for Systematic Re-
view and Meta-Analysis (PRISMA) [21].

2.1 Data sources and search strategy

A literature search was performed from inception to June
15, 2021, in the following databases: MEDLINE (PubMed),
Embase, and Cochrane. No time interval filter was applied.
We also screened the cited articles and Google Scholar ref-
erences, and a database of clinical trials (ClinicalTrials.gov)
to find additional studies. According to the PRISMA search
checklist, we included full search strategies for prespecified
databases in Supplementary Table 1. In addition, we re-
stricted the search to studies involving humans. In the search
process, the followingMeSH terms and keywords were used:
“heart rate variability”, “sleepiness”, “drivers”, “accidents”,
“mental fatigue” and “stress”.

2.2 Eligibility criteria and outcomes

Several inclusion criteria were prespecified: (1) studies in-
volving adult humans aged ≥18 years; (2) studies reporting
original data regarding the outcome of interest, namely the
association between different HRV parameters and drivers’
sleepiness, fatigue, or stress levels; (3) studies which evalu-
ated drivers’ outcomes during real-road or driving-simulator
conditions; (4) studies which measured standard HRV pa-
rameters stated in guidelines [3]. In addition, studies avail-
able only in abstract, letters, editorials, meta-analyses, un-
published data, overlapping population, and those from
which we could not extract data were excluded. Two inde-
pendent investigators evaluated the inclusion and exclusion
criteria for each study considered for inclusion. Disagree-
ments were solved by consensus.

2.3 Data collection

In linewith PRISMA recommendations, two independent
investigators extracted the following data from each included
study in the present systematic review: first author, year of
publication, number of participants enrolled, age, investi-
gated HRV parameters, setting, and reported results. We
presented data as numbers, percentages, ranges of variation,
median or mean values, confidence intervals, and p-values
when available. If disagreements appeared, they were solved
by consensus.

2.4 Quality assessment

We appraised the quality of included observational stud-
ies using a National Institutes of Health (NIH) tool designed
for studies without a control arm [22]. Briefly, this tool en-
compasses 14 signaling questions which help in evaluating
the overall study quality.

3. Results
Our endeavor in the prespecified databases retrieved 749

citations. After excluding duplicate references and citations
based on title or abstract evaluation, 62 studies were left for
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Fig. 1. Flowdiagramof selected studies inpresent systematic review. Our search inMEDLINE, Embase andCochrane databases retrieved 749 references,
from which 19 studies were included in this review after exclusion of citations based on title and abstract, duplicate references and those which did not meet
the inclusion criteria.

eligibility assessment. Of the screened studies, 19 met the in-
clusion criteria and were included in our systematic review.
The search and screening process were reported in Fig. 1.

All included studies had an observational, non-
randomized design [15, 23–40]. Data regarding participants
enrolled in each study, investigated HRV parameters, clinical
setting, and major findings were reported in Table 1 (Ref.
[15, 23–40]). The most of studies investigated the value of
HRV measurements for sleepiness or drowsiness detection
in drivers [15, 23–27, 29–31, 33, 34, 37, 39, 40], followed by

stress [28, 35, 38] and fatigue [32, 36] detection. In addition,
seven studies included drivers on real-roads [23, 24, 28, 33–
35, 40], while the rest performed experiments on driving
simulators. The quality of included studies in the present
systematic review was low, given that all studies were
observational and non-randomized, with a small number of
participants included (Supplementary Table 2).
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Table 1. General characteristics of studies included in the present systematic review.
Study, year Patients, No Age, median/mean

± SD/range
Investigated parameters Clinical setting Findings

Abtahi, 2017 [23] 10 38± 9 Time-domain measures and
frequency-domain measures

Drivers’ sleepiness on real roads (Karolinska
Sleepiness Scale)

HRVmeasures could have potential use in sleepiness detection (individu-
alized approach)
Statistically significant for severe sleepiness at 0.05 level:
- SDNN 53.2± 23, 95% CI (48.0–58.4)
- SDANN 37.4± 16, 95% CI (33.7–41.0)
- SDNNi 377.8± 52, 95% CI (366.2–389.4)
- NN50 52.8± 48, 95% CI (42.1–63.4)
- LF 449.5± 365, 95% CI (368.3–530.8)
- HF 241.2± 212, 95% CI (194.1–288.3)
- TP 741.4± 584, 95% CI (611.5–871.4)

Buendia et al., 2019
[24]

76 44.8± 7.8 (study 1) Time-domain measures and
frequency-domain measures

Drivers’ sleepiness on a public motorway
(Karolinska Sleepiness Scale)

HRV measures were associated with perceived sleepiness, irrespective of
pre-processing methods

45± 8.2 (study 2) Most HRV indices could distinguish between sleepy and alert drivers
35.4± 9.6 (study 3)

Fujiwara et al., 2019
[25]

34 22.7 Time-domain measures and
frequency-domain measures

Drivers’ drowsiness in comparison with elec-
troencephalography data for sleep scoring
(simulator—virtual vehicle)

The developed algorithm based on HRV indices identified 12 of 13 pre-
N1 episodes (electroencephalography data), with a false positive rate of 1.7
times per hour

Li et al., 2013 [26] 4 26–33 LF/HF ratio vs wavelet transform
method

Drivers’ drowsiness detection (Karolinska
Sleepiness Scale)

The wavelet method performed better than conventional LF/HF ratio:
95% accuracy (vs 68.8%), 95% sensitivity (vs 62.5%), 95% specificity (vs
75%)

Hendra et al., 2019 [27] 4 22 Time-domain measures and
frequency-domain measures (LF and
HF)

Drivers’ drowsiness detection based on HRV
measures and radial basis functional neural
network (driving simulator)

The developed model showed a 79.26% accuracy in drowsiness detection
(30 s segmentation in RR interval)

Lee et al., 2007 [28] 1 24 Time-domain measures Drivers’ stress detection in a laboratory and on
real roads

Heart rate was increased in a stressful driving situation, but SDNN,
RMSSD, and pNN50 parameters were decreased
At night driving, heart rate was lower, but SDNN, RMSSD, and pNN50
were higher

Mahachandra et al.,
2012 [29]

16 42.5± 11.52 Time-domain measures, frequency-
domain and non-linear measures

Drivers’ sleepiness detection using a driving
simulator (Karolinska Sleepiness Scale)

RMSSD performed better than other parameters in drivers’ sleepiness de-
tection
A 28% decline of RMSSD is a valid and sensitive parameter for sleepiness
detection

Michail et al., 2008 [30] 21 26.5 Time-domain measures and
frequency-domain measures

Drivers’ sleepiness and loss of control detec-
tion using a driving simulator

Lower values of LF and a lower LF/HF ratio were associated with sleepi-
ness, hypovigilance state, and occurrence of driving errors

Murata et al., 2008 [31] 5 21–26 Time-domain measures Drivers’ drowsiness detection based on HRV
measures and electroencephalography data (in
a laboratory)

HRV measures (RRV3) increased in the case of drowsy participants in
concordance with electroencephalography data
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Table 1. Continued.
Study, year Patients, No Age, median/mean ±

SD/range
Investigated parameters Clinical setting Findings

Patel et al.,
2011 [32]

12 47± 11 Time-domain measures and frequency-
domain measures

Early detection of drivers’ fatigue based
on HRV measures and neural network

The neural network based on HRV measures showed 90% accuracy in
fatigue detection

analysis (driving simulator) A lower LF/HF ratio was reported (1.2± 0.9) in comparison to the alert
state (1.7± 1.1), p = 0.01

Persson et al., 18 (first experiment) 41 (first experiment) Time-domain measures and frequency- Drivers’ sleepiness in real road driving Mean accuracy 56.0± 1.5 (53.5–57.9)
2019 [33] 24 (second experiment) 35 (second experiment) domain measures conditions (Karolinska Sleepiness Scale) Mean sensitivity 47.1± 3.0 (43.3–52.2)

44 (third experiment) 44 (third experiment) Mean specificity 74.6± 1.5 (72.6–76.5)
Confounding factors in the real world could modulate HRV measures

Vicente et al.,
2016 [34]

30 25–60 Time-domain measures and frequency-
domain measures

Drivers’ drowsiness detection on a driv-
ing simulator and real roads

Drowsiness detection based onHRVmeasures: positive predictive value
0.96, sensitivity 0.59, specificity 0.98
Sleep-deprivation state based on HRV measures: positive predictive
value 0.80, sensitivity 0.62, specificity 0.88
HRV could improve car safety mechanisms

Yu et al., 2016
[35]

10 20–65 Time-domain measures and frequency-
domain measures

Drivers’ stress evaluation on-road driving
experiments

HRV based on three parameters: mean RR, SDNN, and HRV triangular
index were associated with drivers’ stress level
Frequency-domain measures were not associated with stress levels

Zhao et al.,
2012 [36]

13 Time-domain measures and frequency-
domain measures

Drivers’ mental fatigue on a driving sim-
ulator

At the end of the driving task, LF increased (from 732.7 to 1057.5, p =
0.009), but HF decreased (from 859.03 to 626.18, p = 0.039), suggesting
that sympathetic activity is predominant after the task

Abe et al.,
2016 [37]

27 20–49 Time-domain measures and frequency-
domain measures

Drivers’ drowsiness detection on a driv-
ing simulator

The developed model showed a 68% average sensitivity in drowsiness
detection
Drowsiness was detected in 7 out of 8 participants based on HRV mea-
surements and multivariate statistical process control

Li et al., 2002
[38]

8 24.87 Frequency-domain measures (TP, LF,
HF, LF/HF).

Drivers’ mental stress and workload (ex-
perimental vigilance task) on a driving
simulator

After performing the vigilance task, LF increased (p< 0.05), LF/HF ra-
tio was higher, and HF decreased (p < 0.01)

Awais et al.,
2017 [39]

22 18–35 Frequency-domain measures (VLF, LF,
HF, LF/HF)

Drivers’ drowsiness detection on a driv-
ing simulator

VLF, LF, HF, and LF/HF were different between alert and drowsy
drivers (p < 0.05)
HRV parameters accuracy = 70%
EEG combined with HRV accuracy = 80.9%

Rodriguez- 10 41± 9 Time-domain measures and frequency- Professional drivers’ drowsiness detec- Alert vs drowsy states:
Ibanez et al, domain measures tion on real highway roads - SDNN 63.6± 21.1 vs 73.7± 24.3 (p < 0.005)
2012 [40] - LF/HF 3.18± 1.58 vs 4.33± 2.27 (p < 0.05)
Furman et al.,
2008 [15]

10 22–40 Time-domain and frequency-domain
measures (VLF, LF, HF, LF/HF)

Early sleepiness detection on a driving
simulator

VLF decreased consistently within 5 minutes before falling asleep

HF increased within seconds before falling asleep
LF/HF decreased within minutes before falling asleep

HF, power in high-frequency range; LF, power in low-frequency range; NN50, number of pairs of adjacent NN intervals differing by more than 50 ms in the entire recording; pNN50, NN50 count divided by the total number
of all NN intervals; RMSSD, the square root of the mean of the sum of the squares of differences between adjacent NN intervals; SDANN, standard deviation of the averages of NN intervals in all 5 min segments of the entire
recording; SDNN, standard deviation of all NN intervals; SDNNi, mean of the standard deviations of all NN intervals for all 5 min segments of the entire recording; TP, total power; VLF, power in a very-low-frequency
range.
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Sensitivity and specificity of HRV for sleepiness and fa-
tigue detection varied across studies, respectively from 47.1%
[33] to 95% [26] and from 74.6% [33] to 98% [34]. Accuracy
reported in studies was also different, ranging from 56.6%
[33] to 95% [26]. Potential confounding factors could partly
explain these discrepancies in real-road driving situations,
which might influence the balance between parasympathetic
and sympathetic activities and, subsequently, HRV measure-
ments.

Overall, results reported in studies included in the present
systematic review were consistent across studies. Sleepi-
ness and drowsiness were associated with higher HRV, while
drivers in alert states exhibited lower HRV but increased
heart rate. Regarding frequency-domain measurements,
drowsy drivers had higher HF power and reduced LF/HF ra-
tio, reflecting an increased parasympathetic activity. How-
ever, in one study, the authors observed somewhat different
results [40]. HRV time-domain parameter, SDNN, was in-
creased in drowsy drivers (p < 0.005), which is in line with
other studies, but LF/HF ratio was also higher (p < 0.05).
However, results are limited by the small number of partici-
pants enrolled (n = 10) in the analysis, who were professional
drivers with a potential different HRV response. Moreover,
sympathetic activity might be emphasized in real driving sit-
uations due to the stress of avoiding an accident [24].

One study evaluated the importance of HRV for drowsi-
ness detection and compared it with electroencephalography
(EEG) data [25]. The developed HRV-based algorithm de-
tected 12 out of 13 pre-N1 episodes (transitional sleep), sug-
gesting that HRV could be a valuable parameter for drowsy
state monitoring in drivers. Similar and concordant results
between HRV and EEG recordings were reported in another
study [31]. Moreover, to achieve better accuracy for sleepi-
ness detection, HRV measurements could be combined with
EEG data recorded using an additional electrode. In one
study, authors proposed a model which included EEG and
HRV data, with 80.9% accuracy [39].

Notably, the authors from one study [32] developed HRV
based model using artificial intelligence (neural network
analysis) and observed an excellent accuracy for fatigue de-
tection (90%). Also, LF/HF ratio decreased to 1.2 ± 0.87 in
the fatigue state from 1.8 ± 1.15 in the alert state, denot-
ing the parasympathetic activity. Another neural network
algorithmwas developed for drowsiness detection in drivers,
with a 79.26% accuracy [27].

HRV parameters appeared to help fall asleep detection
within several minutes before the event occurrence [15].
Power decrease in VLF band preceded falling asleep event
in drivers with 5 minutes. LF/HF ratio also showed a de-
creased value within minutes previous to falling asleep. Al-
though this evidence suggests that HRV could represent an
early and valuable marker of sleepiness detection, results are
limited by the small number of drivers enrolled (n = 10) and
should be confirmed in more extensive trials.

Concerning stress evaluation in drivers, three studies

[28, 35, 38] revealed that HRV measured by time methods
was lower in stressful driving situations. However, data
on frequency-domain measures were discrepant. One study
concluded that frequency-domain parameters were not asso-
ciated with stress levels in drivers [35], while another study
observed an increased LF and a higher LF/HF ratio [38].

4. Discussions
To the best of our knowledge, this systematic review is the

first to investigate the role of HRV measurement for sleepi-
ness, fatigue, and stress level monitoring in car drivers. Cur-
rently, fatigue detection systems for drivers are based on algo-
rithms that involvemonitoring steeringmovements patterns
(e.g., Bosch [41]) or detecting eye/pupil movements [42, 43].

Recently, HRVmonitoring gained interest, as it appears to
be a reliable marker of worse outcomes in various patholog-
ical conditions. One meta-analysis which involved patients
without cardiovascular disease revealed that a reduced HRV
was associated with a greater risk of first adverse cardiovas-
cular events, up to 45% [44]. Also, HRV measured as both
time- and frequency-domains was associated with cardiovas-
cular risk in another study [45]. Moreover, patients with
heart failure or myocardial infarction and a decreased HRV
exhibited a higher mortality risk [46].

AsHRVparameterswere linked to psychomotor vigilance
in clinical studies [12, 13], drivers seem to be an appropri-
ate population to benefit from HRV monitoring. Newly de-
veloped wireless sensors supported this for vital signs assess-
ment which allows remote control data collection and inter-
pretation. One study proposed a device that used a photo-
plethysmographic signal with a good performance reported
in measuring both time- and frequency-domain parameters
[47]. A complex system was recently described, which used
artificial intelligence to achieve a reasonable measure perfor-
mance and integrate most parameters, including time- and
frequency methods and non-linear data. Moreover, feedback
data are collected in order to achieve optimal function [48].
These data support integrating HRV parameters in future
car devices based on artificial intelligence to improve traffic
safety.

Notably, there are different wearable devices capable of
HRV monitoring, like Bitt Faros, Bodyguard 2, Actiheart,
and others [49]. These hardware and software features could
represent the first steps for integrating HRV monitoring in
cars, as it is required a device with reduced dimensions but
with optimal performance, which would not affect the driv-
ing process. In this regard, a system was described for HRV
measurement from the steering wheel, which displayed sim-
ilar results with electrocardiography data [50].

Multiple HRV parameters measurement rather than one
parameter approach seems to be the optimal strategy for eval-
uating the vigilance state in drivers that it would be possible
to achieve a good performance. Using also frequency-domain
parameters could help to create patterns of sleepy or stressed
drivers. As reported in the studies included in the present sys-
tematic review, sleepiness was usually associated with high
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HF power and decreased LF power, while stress driving situ-
ations were associated with increased LF power and reduced
and low HF power [23, 26]. However, HRV could be suscep-
tible to variations due to external factors related to real-roads
driving, like social stress, noise, and CO levels [51]. In this
case, non-linear parameters, in addition to the others, might
help to distinguish between different clinical states and to cre-
ate specific patterns.

Moreover, HRV parameters could be combinedwith EEG
data to increase sleepiness and stress detection [39]. In addi-
tion to vigilance detection in drivers, HRV could also be used
to predict epileptic seizures, thus improving traffic safety
[52].

Nonetheless, careful and standardized interpretation of
HRV measurements is required, as many factors could influ-
ence it. First of all, time-domain and frequency-domain pa-
rameters could vary according to the length of the analyzed
segment. Thus, variables measured from different length
recordings should be compared cautiously. In addition, ad-
vanced age could be associatedwith lower HRV values [9]. In
one study, women exhibited lower time-domain parameters
and higher HF, reflecting the parasympathetic activity [53].
Moreover, HRV could fluctuate with heart rate, as slower
heart rates are associated with higher HRV [9]. For this rea-
son, HRV parameters should be measured according to the
existing guidelines [3], so that reported resultswould be com-
parable between studies.

All studies included in our systematic review were obser-
vational, with a small number of participants, thus limiting
the results. That is why more and more extensive clinical tri-
als are required to confirm these data.

5. Conclusions
HRV represents a potentially valuable marker for sleepi-

ness, fatigue, and stress monitoring in drivers. HRV mea-
surements could be implemented in future clinical models
and sensors to detect early sleepiness and fatigue and prevent
car crashes. More studies with larger populations are needed
to support this evidence.
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Abstract: The optimization of locomotive drivers’ scheduling in rail freight transportation comes as
a necessity for minimizing economic expenses and training investments. The Ferodata AI engine,
an artificial intelligence (AI)/machine learning (ML) software module, developed by our team,
has integrated a supervised random forest model that automatically assigns conductors to freight
transportation orders based on the data about locomotive driver’s tiredness score, distance of the
driver to the departure point of a transportation order, driver availability, and circulation history.
The model proposed by us obtained very good performance metrics on the train set (accuracy: 95%,
AUC: 0.9905) and reasonably good and encouraging performance on the test set (accuracy: 84%,
AUC: 0.8357). After rigorous testing and validation on external and larger datasets, the automated
optimization of locomotive driver assignments could bring operational efficiency, cost savings,
regulatory compliance, and improved safety to scheduled rail freight transports.

Keywords: rail freight transportation; machine learning; optimal locomotive driver assignment;
artificial intelligence

1. Introduction

A locomotive engineer (driver) is an essential human resource without which a freight
train cannot be set in motion [1]. Currently, in Romania, there is still no efficient, automated
system to optimize the assignment of engineers to freight trains [2].

Expensive and ample training is provided to all employees in the railway indus-
try, with a particularly rigorous focus on conductors and engineers who operate freight
trains [3]. Aspiring engineers are required to undergo comprehensive training that can
span over several months, combining intensive classroom instruction, real-world practical
training, and regular assessments [4].

The optimization of human resource scheduling in rail freight transportation comes
as a necessity for minimizing economic expenses and training investments [5]. However,
creating an automated system for engineer assignment is not an easy task.

In the process of allocating locomotive drivers for railway transport, the traffic dis-
patcher of a railway company must take into account a set of strict legal regulations as well
as a set of constraints related to optimizing the use of human resources [6]. Thus, each
driver allocated to operate a train on a specific route must meet the requirement regarding
the maximum driving/service time, as well as rest time and place. The driving/service
times are strictly dependent on the rest time since the last service and the location where
the driver claims to have rested. The resting place can be at home or another location if the
engineer is in transit.

Appl. Sci. 2023, 13, 11516. https://doi.org/10.3390/app132011516 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app132011516
https://doi.org/10.3390/app132011516
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8347-8733
https://orcid.org/0000-0002-0597-8839
https://doi.org/10.3390/app132011516
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132011516?type=check_update&version=1


Appl. Sci. 2023, 13, 11516 2 of 13

It should be considered that, in the railway transport process, the company uses a
set of dispatch points where trains are formed and where the locomotive drivers’ service
begins [7]. These dispatch points can be located in the engineer’s hometown or elsewhere.

The traffic dispatcher must effectively utilize the locomotive engineer human resource,
which is not available in the necessary proportions for railway transport activities, in order
to carry out commercial transport operations, while simultaneously complying with all
legal requirements and minimizing their overburdening or rest in places other than their
domicile [7].

Several papers published so far tackled the subject of automation in railway crew
scheduling. One commonly used approach is to employ complete enumeration to generate
all possible candidates that satisfy the given constraints and, afterward, apply integer linear
programming to solve the problem [8] of crew scheduling in transit systems. Additionally,
heuristic methods are widely adopted. In the domain of public transport driver scheduling,
a combined approach employing both integer linear programming and heuristics was
proposed [9]. Li and Kwan [10,11] proposed a greedy/heuristic approach integrated
with a fuzzy genetic algorithm. Frisch et al. [12] introduced a matheuristic approach.
Froger et al. [13] presented a solution strategy that combines Lagrangian relaxation with
subgradient optimization. Another highly effective method is column generation [14]. A
noteworthy study focuses on applying a column generation technique to optimize periodic
rail crew schedules [15].

To our knowledge, none of the papers published to date considered methods based
on artificial intelligence (AI)/machine learning (ML) for the automatic allocation of loco-
motive drivers to scheduled transportation orders. Compared to heuristic techniques, ML
models could bring the advantage of firstly time efficiency [16], as only the training of the
ML models is time-consuming. Once the model is trained, querying the model in practice
is performed in no time, while heuristic solutions may be complex and slow. Secondly,
they are reliable, as they learn from past experience: the greater the experience, the more
efficient the algorithms [17]. On the other hand, heuristic algorithms will not improve
their performance over time. They are flexible [18]: AI systems can adapt to changing
conditions, such as unexpected delays or new orders by continuously reevaluating and
adjusting assignments in real-time. Heuristic approaches may require manual adjustments
to accommodate changes. Finally, AI scalability is advantageous: AI solutions can scale to
handle many more transportation orders after the model is trained. Heuristic methods may
struggle to handle such complexity effectively.

In the current Romanian freight railway system, the allocation of locomotive drivers
is carried out manually by designated dispatchers that invest time, great effort, and are
exposed to the risk of fatigue and subsequent human error. An AI solution could replace
the heavy manual work of the rail dispatchers and solve several of the limitations of the
heuristics methods through an automated, time and resource efficient solution for the
allocation of locomotive drivers in rail freight transportation.

Moreover, recent special reports from the European Court of Auditors conclude that
European freight rail transport is not yet on the right track [19]. Shifting focus from roads
and increasing the utilization of alternative freight transportation modes, such as railways,
can significantly contribute to making freight transport more environmentally friendly
(greener) [19]. There are currently numerous European policies and strategies aimed to
transform rail cargo transportation to a more competitive alternative [19]. Our paper
aligns with the current European Union effort by proposing an AI/ML method to optimize
resource management in rail freight transports.

Our team worked on a software application, the Ferodata system, that captures the
technical–dynamic sensory information of the locomotive, based on which it creates the
circulation history of the locomotive/train to which it is associated. The circulation history
presents, in chronological order, the passing stations, the station stop times, as well as the
fuel consumption/electric energy consumption associated with the section of the route.
Through the Ferodata mobile application, the locomotive driver reports the rest time and
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location at the beginning of each service. These pieces of information are accumulated
in the Ferodata system within the performance history. By correlating the performance
history with the circulation history, the location of each driver and the route to the current
location can be determined. From the circulation history, the route of travel and the required
driving times to reach the destination can also be deduced. Thus, the whereabouts of each
driver can be known at any given moment, as well as the current driving/service times.
Furthermore, it is possible to analyze the working hours situation per workplace, period,
and locomotive driver.

We aimed to develop and add to our Ferodata AI engine an innovative AI/ML module
that automatically assigns locomotive engineers to freight transportation orders based on
collected data such as circulation history and drivers’ availability, service time and current
location. The module is built to optimize the number of drivers and the amount of service
times while complying with the legal regulations. Our final aim is to replace the manual
work of rail dispatchers, bringing significant economical and resource management benefits
to railway companies and better experience and satisfaction for the final clients.

2. Materials and Methods
2.1. Study Design

A retrospective study was conducted on a sample of 64,768 historical transportation
order records. All data were obtained from the database of a Romanian freight railway
transportation company. The access to the database was due to our contractual collaboration
for the development of the Ferodata software (version 1). More information about the data
presented in this study is available on request from the corresponding author.

Data for all transportation orders between the 1 August 2021 and the 30 June 2022
were fetched.

2.2. Data Collection

The following data regarding freight transportation orders were collected for the
study from the historical activity of the locomotives: activity start and end dates, start
railway station, end railway station, registration number, the assigned driver for that
transportation order (the label), location (latitude and longitude) of all the drivers before
each transportation order start date, number of working hours of all drivers in the week
prior the transportation order start date, and whether at the moment of activity start date
the engineers were on medical or annual leave.

The labeling process consisted of several steps. Firstly, all the necessary informa-
tion about the freight transportation orders (including departure time, departure place,
destination) and driver availability (work hours, days off, location with distance to the
transportation orders departure place) was collected. Secondly, scheduling started with
a blank timetable that represents the available time slots for transportation orders for the
next week. The adding of the assignments followed a systematized approach by exhaustive
search in the space of all possible assignments that respect legal regulations. The exhaustive
search was needed to ensure the optimization of several parameters for the current week:
minimization of the number of assigned drivers, maximization of the time spent driving the
locomotives (less time spent by the drivers commuting to the place of departure), and fair
distribution of work time to all drivers involved. The exact technical details of the manual
implementation of driver assignment are confidential data belonging to the railway com-
pany and cannot be disclosed in full. Consistency in the labeling process was warranted by
weekly quality checks made by appointed control officers and performance evaluators that
had to ensure the dispatchers were correctly following the company’s protocol for driver
assignments. Although this optimization strategy reduces driving personnel expenses,
it is also very time expensive and overloads dispatchers. This prompted the need for an
automatic solution that can learn from all the labels manually assigned thus far.
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2.3. Problem Statement

Our research paper proposes a technical solution that automatically assigns drivers
to locomotives for the current work week in a way that optimizes the previously men-
tioned three parameters: number of assigned drivers, time spent driving the locomotives,
and fair distribution of work time to all drivers involved, while complying with the
legal regulations.

2.4. Study Protocol

Each record from the study’s dataset has three defined columns (two attributes and
the outcome variable). The two attributes are: the tiredness score (=the number of working
hours of a driver in the week prior to a transportation order start date) and the distance to
the departure point (in km) of a scheduled transport. The outcome variable is also a binary
variable illustrating whether a driver was assigned to that transportation order or not.

For the current phase of the study, we define the following constraints: a driver should
not have more than 40 h of work in a week and should not be on medical or annual leave.
Furthermore, we currently assume that driver preferences are not taken into account and
there is no enroute change of drivers. In future studies, we will integrate driver preferences
and the possibility of enroute change of drivers as parameters for the training of our models.

The records belonging to drivers that are on medical or annual leave at the moment of
a scheduled transportation order are excluded from the dataset.

The documented continuous variables were normalized in the range [0, 1].
The initial dataset consisting of 64,768 records was randomly divided into a training

set of 51,814 records (80%) and a test set of 12,954 records (20%).
Random forest (RF) and multi-layer perceptron (MLP) classifiers were developed. In

RStudio, we utilized the caret::train function to construct the models, taking precautions
to prevent overfitting by implementing 10-fold cross-validation. Implementation and
mathematical details behind caret models in R are publicly available and can be consulted
in the online documentation [20]. To handle imbalanced output classes, we applied the
synthetic minority over-sampling technique (SMOTE) alongside the caret::train function.
In order to ensure the study’s replicability, Table 1 provides an overview of the parameters
passed to the caret::train function.

Table 1. Parameters used to train the ML models with the caret::train function.

Method “rf”/“mlpML”

preProcess c(“scale”, “center”)

trControl trainControl(method = “repeatedcv”, number = 10, repeats = 10,
sampling = “smote”)

The sigmoid function was used as the transfer function for the MLP model. The
caret::train function automatically tuned three hyperparameters for the mlpML method
and one hyperparameter for the RF method. The automatically tuned parameters were the
number of neurons in each of the three hidden layers corresponding to the mlpML method
design and mtry corresponding to the RF method. The hyperparameters were tuned so
as to maximize the model’s accuracy. A detailed implementation flow chart of the RF and
MLP classifiers is illustrated in Figure 1.

The RF and MLP binary models were developed to predict whether an available
locomotive driver should be assigned for a scheduled transportation order considering the
current distance to the departure location and the tiredness score. The performance metrics
of the RF and MLP models are compared and the algorithm with the highest accuracy is
chosen to be integrated into the platform.
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Figure 1. Implementation flow chart of the random forest and multi-layered perceptron models.

Depending on the availability, tiredness score at the moment of the freight transporta-
tion order, and distance to the departure point, the driver recommended to the dispatcher
for assignment to each transport order is chosen based on the highest probability deter-
mined by the chosen ML model.

If a driver already has 40 h of work in the week prior to a scheduled freight expedition
or it are on medical or annual leave, they are automatically declared unavailable before
querying the ML model.
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The preprocessing and models’ implementation are performed in RStudio version
2023.03.0+386 (3c53477a, 2023-03-09) for Windows.

Validation of our ML model is a critical step in the development process to ensure that
the model can generalize well to new, unseen data. It involves assessing the performance
and reliability of the model using data that it has not seen during training. The main goal
of validation is to estimate how well the model is expected to perform on new, real-world
data. Therefore, we assessed the classification accuracy of the ML models on the test set, as
it contains only new, unseen data. We also calculated metrics such as the area under the
ROC curve (AUC), sensitivity, specificity, as well as positive predictive values (PPV) and
negative predictive values (NPV).

3. Results

The selection of the optimal driver in terms of tiredness score, availability, and distance
to the departure railway point was performed according to supervised random forest
mathematical optimization in R.

The training of the mathematical optimizer was carried out on 51,814 records and
testing on the unseen data was carried out on 12,954 records from the collected Unicom
Tranzit data.

For the sake of transparency, we present the first 10 records from the training set
in Table 2.

Table 2. The first 10 records from the training set.

Tiredness Score Distance to Departure
Point (km)

Driver Was Selected for the Transport Order
(1—‘Yes’, 0—‘No’)

0.54 180.94 0
6.53 142.61 0
0 80.5 1
24.17 77.56 0
35.24 70.94 0
33.53 96.175 0
26.08 27.18 1
23.16 98.37 0
17.46 151.76 0
19.93 77.14 0

A summary of the continuous parameters of the whole dataset is presented in Table 3.
Additionally, we present the information that summarizes the train set and the test set in
Tables 4 and 5, respectively. No significant differences were found between the training and
test sets regarding each of the collected parameters (continuous or categorical). Numerical
data are presented as median with interquartile range, due to the non-normal distribution.
Categorical data are described by number of occurrences and percentage.

After the training step, we obtained the RF and MLP models that we tested on both
the training set and the test set (unseen data).

Table 3. Summary of the parameters of the whole dataset.

Tiredness Score Distance to
Departure Point

Driver Was Selected for
the Transport Order

Min 0 0

12,933 (19.97%)
1st interquartile range 0 65.75
Median 6.28 105.15
3rd interquartile
range 18.6 152.35

Max 61 313.85
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Table 4. Summary of the parameters of the training set.

Tiredness Score Distance to
Departure Point

Driver Was Selected for
the Transport Order

Min 0 0

10,412 (20.09%)
1st interquartile range 0 49.98
Median 5.51 120.84
3rd interquartile
range 20.3 159.12

Max 59.8 313.85

Table 5. Summary of the parameters of the test set.

Tiredness Score Distance to
Departure Point

Driver Was Selected for
the Transport Order

Min 0 0

2571 (19.85%)
1st interquartile range 0 71.51
Median 7.02 98.32
3rd interquartile
range 16.98 149.76

Max 61 310.2

After obtaining the RF model, the request to display it in Rstudio results in the
following Rstudio console response, which demonstrates the main parameters and training
performance of the model (10-fold cross validation, 10 repeats, a mtry value of 2, accuracy
of 0.8880513, and a kappa value of 0.6320161):

________________________________________
Random Forest
Pre-processing: scaled (2), centered (2)
Resampling: Cross-Validated (10 fold, repeated 10 times)
Additional sampling using SMOTE prior to pre-processing

Resampling results:

Accuracy Kappa
0.8880513 0.6320161

Tuning parameter ‘mtry’ was held constant at a value of 2
________________________________________
The performance metrics on the training and test sets for the RF model are illustrated

in Table 6.

Table 6. The performance metrics of the RF model on the training and test sets.

Random Forest

Train Set Test Set

Accuracy 99% 88%

95% CI (0.9847, 0.9932) (0.8549, 0.9079)

p value <0.001 0.001

Sensitivity 99% 92%

Specificity 99% 72%

PPV 100% 94%

NPV 95% 63%

AUC 0.9927 0.8998
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The ROC curves of the RF classifier for both the training and test sets can be visualized
in Figure 2.

Figure 2. ROC curves obtained by the RF model on the training and test sets.

After obtaining the MLP model, we displayed it in the RStudio console, in a similar
manner as we did with the RF classifier, and we obtained the following result. This result
also demonstrates the main parameters and training performance of the model (10-fold
cross validation, 10 repeats, preprocessing modes, one hidden layer containing five neurons,
and accuracy and kappa values for the different numbers of neurons in the hidden layer):

________________________________________
Multi-Layer Perceptron, with multiple layers

2 predictor
2 classes: ‘0’, ‘1’

Pre-processing: scaled (2), centered (2)
Resampling: Cross-Validated (10 fold, repeated 10 times)
Additional sampling using SMOTE prior to pre-processing

Resampling results across tuning parameters:

layer1 Accuracy Kappa
1 0.8107440 0.4717333
3 0.8100957 0.4679649
5 0.8390885 0.5161155

Tuning parameter ‘layer2’ was held constant at a value of 0
Tuning parameter ‘layer3’ was held constant at a value of 0
Accuracy was used to select the optimal model using the

largest value.
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The final values used for the model were layer1 = 5,
layer2 = 0 and layer3 = 0.

________________________________________
The performance metrics on the training and test sets for the MLP model are illustrated

in Table 7.

Table 7. The performance metrics of the MLP model on the training and test sets.

Multi-Layer Perceptron

Train Set Test Set

Accuracy 85% 86%

95% CI (0.8346, 0.8637) (0.8278, 0.8852)

p value 0.045 0.012

Sensitivity 86% 89%

Specificity 78% 73%

PPV 95% 94%

NPV 53% 58%

AUC 0.8994 0.8857

The ROC curves of the MLP classifier for both the training and test sets are illustrated
in Figure 3.

Figure 3. ROC curves obtained by the MLP model on the training and test sets.

As can be seen from the comparison of the RF versus MLP models, the RF classifier
achieved higher performance metrics (accuracy, AUC) on both the training and test sets.
Therefore, the RF model was chosen to be integrated into the platform.
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For each transport order, the driver that is available and has the highest probability
of being chosen by the RF model, is selected to be recommended to the dispatcher for
assignation to the transport order.

In order to exemplify the practical use of our model, we present in Table 8 two real-
world use cases/scenarios.

Table 8. Illustration of two real-world use cases.

Scenarios Date of Scheduled
Transportation Order Departure Point Destination

Point

The Driver Manually
Assigned by the

Dispatcher

The Driver
Recommended by

Our Platform

Scenario 1
1 June 2022, 00:36 PLOIESTI VEST BASARABI Anonymized driver 4 Anonymized

driver 4
Result: The platform decision matched the human decision.

Scenario 2
31 May 2022, 17:14 GHERLA AIUD Anonymized driver 12 Anonymized

driver 12
Result: The platform decision matched the human decision.

For the transportation order scheduled on 1 June 2022 at 00:36, destined to depart from
PLOIESTI VEST to BASARABI, the dispatcher manually assigned as driver: anonymized
driver 4. The platform was run, and it also recommended as driver: anonymized driver
4. Therefore, the platform decision matched the human decision. This proves that we
achieved our goal to develop an automatic module that could replace the manual work of
assigning drivers to a locomotive, that is nowadays performed by the dispatcher.

4. Discussion

The Ferodata AI optimization module retrieves data from the database, performs
a forecast regarding the most suitable locomotive driver to be allocated for expeditions
considering the location of the driver, rest time, and availability. It should be considered
that, as new data are gathered, the model will undergo retraining and retesting in order to
improve its performance.

The locomotive driver serves as a vital link within the rail transport chain and holds
an integral role in its operations [21]. Nevertheless, this profession has encountered a range
of challenges in recent years [22]. Factors such as a persistent shortage of qualified drivers,
mounting stress levels, and deteriorating working conditions have arisen [23]. As a result,
there exist substantial opportunities for innovating the organization of this job position [24].

Our study aimed to propose an effective and innovative method to improve the
management of this job position, in the current context. To our knowledge, there has been
no scientific paper published to date that proposed a random forest model for automatic
allocation of drivers on rail freight transportation orders.

The model proposed by us obtained excellent performance metrics on the train set
(accuracy: 99%, AUC: 0.9927) and very good and encouraging performance metrics on the
test set (accuracy: 88%, AUC: 0.8998). With the increase in the size of the database and
access to more variables (driver skills, driver preferences, enroute change of drivers, etc.),
the model will be retrained and improved.

The ML model proposed by us provides several valuable contributions to the logistics
of rail freight transportation industry: optimized resource allocation, reduced human
error, cost savings (minimize labor cost), real-time adaptability, scalability, and ensuring
compliance with industry regulations, safety standards, and labor laws.

Consistent scientific evidence shows that the primary outcome of economic signifi-
cance would be the reduction in costs through the efficient utilization of train resources,
particularly train personnel, including vehicle drivers [25]. Efficient driver assignment
through automation can lead to cost savings by reducing overtime expenses, optimizing re-
source utilization, and minimizing disruptions due to unplanned driver unavailability [26].
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It also allows for better planning of driver schedules and potential reduction in the need
for additional staff [27].

Automation allows for the optimization of driver assignments based on various
factors such as availability, and rest requirements. This leads to more efficient utilization
of resources and reduces idle time or unnecessary delays in the transport process [28].
Automated optimization helps in maximizing productivity by ensuring that drivers are
consistently engaged in transporting freight. This results in improved overall efficiency,
better resource allocation and a balanced workload distribution in the rail freight operations,
preventing underutilization or overburdening of drivers.

The planning and execution processes can be simplified by handling the complex task
of driver assignment. It eliminates manual or ad-hoc approaches, enabling faster decision-
making and reducing administrative burdens. The system can generate optimized driver
schedules, taking into account factors such as transport requirements, driver availability,
and regulatory constraints. The system could easily be configured to consider and enforce
regulatory requirements such as maximum driving times, rest periods, and other labor
regulations [29]. By automating the assignment process, it helps ensure compliance with
these regulations, minimizing the risk of violations and associated penalties.

Regarding safety, the system can also help manage driver fatigue, ensuring that drivers
are adequately rested and capable of safely operating the locomotives. This contributes to
maintaining a high level of safety in rail freight operations.

Real-time adaptability is another advantage of using an automated optimization sys-
tem [30]. When disruptions occur, such as driver unavailability due to illness or unexpected
events, automated optimization systems can quickly analyze the situation and reassign
available drivers to fill the gaps [31]. By identifying the most suitable replacements based
on various factors like tiredness score, proximity, and regulatory compliance, the system
minimizes the impact of disruptions on the overall schedule. In the event of disruptions
along a specific route or at a particular location, the automated optimization system can
rapidly reallocate an optimal driver for the alternative routing by analyzing available
drivers and resources, ensuring timely delivery, and minimizing the impact of disruptions
on the entire transport network.

Limitations

Firstly, one of the primary limitations of our study is the degree of data availability for
the automated optimization. Access to comprehensive and accurate data on company’s
key performance indicators, driver skills, driver preferences, enroute change of drivers,
etc. would allow for a more complex analysis and the more realistic modeling of real-life
scenarios. One of our future prospects is to integrate such parameters (when available) in
the training or testing of our models. Secondly, our dataset size is rather small, making
us uncertain on the model’s behavior on large-scale optimization problems. Thirdly, the
testing of the models was carried out on internal data. Scalability and computational
efficiency are yet to be ensured and evaluated on larger and external datasets, which is
another future prospect of our research.

5. Conclusions

We presented the Ferodata AI engine, an AI/ML optimization module, developed by
our team, that automatically assigns drivers to freight transportation orders based on the
data about drivers, workplaces, driving/service times, and circulation history. The model
proposed by us is the first of its kind to be published and obtained excellent performance
metrics on the train set and very good and encouraging performance metrics on the test set.
The presentation of the Ferodata AI engine and the publication of this research paper for the
rail freight transportation industry can have several important implications and benefits for
the industry as a whole. One of the key benefits of an AI/ML optimization module like the
Ferodata AI engine is the potential for significant efficiency improvements. By automatically
assigning drivers to freight transportation orders based on various data points, idle time
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can be reduced and overall resource allocation can be improved. This leads to cost savings
for transportation companies and potentially lower prices for customers. The ability to
assign drivers to orders with precision can lead to better service quality. Timely deliveries
and reduced delays can enhance customer satisfaction, making rail freight transportation
a more attractive option for businesses that rely on it. AI-driven optimization can help
rail freight companies make the most of their resources. It can balance workloads, prevent
the overworking of certain drivers, and ensure that resources are used efficiently across
the network. Optimized driver assignments can also lead to safety improvements. By
managing driver schedules and driving times more effectively, it is possible to reduce
fatigue-related accidents and enhance overall safety within the industry. By optimizing
driver schedules and ensuring compliance with regulations regarding working hours and
rest breaks, the Ferodata AI engine can help rail freight companies maintain regulatory
compliance and avoid fines or penalties. After rigorous testing and validation on external
and larger datasets, the automated optimization of locomotive driver assignments could
bring operational efficiency, cost savings, regulatory compliance, and improved safety to
scheduled rail freight transports. If the AI/ML optimization module proves successful, it
may encourage other rail freight companies to adopt similar technologies. This can lead to
an industry-wide shift towards greater efficiency and improved services.
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Sentiment Analysis (SA) is a novel branch of Natural Language Processing (NLP)

that measures emotions or attitudes behind a written text. First applications of SA in

healthcare were the detection of disease-related emotional polarities in social media.

Now it is possible to extract more complex attitudes (rank attitudes from 1 to 5, assign

appraisal values, apply multiple text classifiers) or feelings through NLP techniques, with

clear benefits in cardiology; as emotions were proved to be veritable risk factors for the

development of cardiovascular diseases (CVD). Our narrative review aimed to summarize

the current directions of SA in cardiology and raise the awareness of cardiologists about

the potentiality of this novel domain. This paper introduces the readers to basic concepts

surrounding medical SA and the need for SA in cardiovascular healthcare. Our synthesis

of the current literature proved SA’s clinical potential in CVD. However, many other clinical

utilities, such as the assessment of emotional consequences of illness, patient-physician

relationship, physician intuitions in CVD are not yet explored. These issues constitute

future research directions, along with proposing detailed regulations, popularizing health

social media among elders, developing insightful definitions of emotional polarity, and

investing research into the development of powerful SA algorithms.

Keywords: sentiment analysis, cardiovascular, artificial intelligence, machine learning, social media

INTRODUCTION

Sentiment Analysis (SA) or “opinion mining” is a novel branch of Natural Language Processing
(NLP) that measures emotions or attitudes behind a written text. At the most basic level, SA
tools classify pieces of text as having positive, negative, or neutral emotions, although current
technologies support much more complex analysis of emotions in the written text (1).

Several artificial intelligence (AI)/machine learning (ML) technologies and other types of
computational techniques have been proposed and proved their benefits in bettering diagnostic
accuracy and treatment efficacy (2). The existence of intuition and the documentation of
its importance in patient management urges the enrichment of medical AI/ML and other
computational methods with the ability to detect and assess emotions to attain higher performance
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in solving health problems. Using SA to examine doctors’ written
notes on intensive-care-unit patients, the paper showed that
doctors’ intuitions (“gut feelings”) were an essential factor in
determining the disease management for each patient (3).

To further explore the effectiveness of SA in medical context,
a review investigating the SA methods used for examining
emotions in healthcare tweets has been published (4). However,
no review has focused, so far, on evaluating the utility of SA in
cardiology. Cardiovascular diseases (CVD) arouse a particular
interest as they are the deadliest diseases in the world (5). Recent
studies suggest that SA could be extremely useful in cardiology,
especially in the context of extensive use of telemedicine due to
the COVID-19 pandemic (6).

The increasing use of social platforms may be the foundation
for developing SA-based models applied to various fields in
cardiology. A study on drug safety showed that adding SA
features improves the performance of state-of-the-art methods
to identify adverse drug reactions (ADR). These models used
a corpus of posts from Twitter and other online forums. SA
features significantly increased the F-measure of adverse reaction
detection (for 81 drugs, including cardiovascular medication)
from 72.14 to 73.22% in the Twitter corpus of posts. The
improvement of ADR detection by SA became possible due to
the rapidly growing popularity of social media and health forums
(7, 8).

Our narrative review aims to: (1) summarize the current
directions of SA in cardiology and the results achieved so far
in a systematic manner, (2) raise the awareness of cardiologists
about the potentiality of this novel and promising domain
that will soon become a practical reality, and (3) open new
perspectives regarding the dialogue between AI specialists and
cardiologists. Given the small number of studies so far, a
systematic methodology is not suitable, therefore the purpose of
this review is purely narrative.

MATERIALS AND METHODS

We searched PubMed/Medline and Google Scholar for studies
in English addressing the topic of SA in cardiology, from
inception to february 2022. The following search string was
used: (“Sentiment analysis” OR “Emotions recognition” OR
“Sentiment recognition”) AND (“Heart failure” OR “Cardiac
insufficiency” OR “Coronary Artery Disease” OR “CAD” OR
“Coronary syndrome” OR “Coronary” OR “Stable angina” OR
“Angina pectoris” OR “Ischemic heart disease” OR “IHD” OR
“Ischemic” OR “Ischemia” OR “Myocardial infarction” OR
“Infarction” OR “Atrial fibrillation” OR “AF” OR “Stroke” OR
“Arrhythmia” OR “Heart rate” OR “Pulse” OR “Sudden death”
OR “Sudden cardiac death” OR “Cardiovascular prevention”).

We reviewed an initial number of 550 studies, and after
excluding the duplicates, 498 studies remained. After excluding
the studies irrelevant to our objectives, we selected 11 papers
that address SA methods focusing on cardiovascular diseases.
Papers were included regardless of whether they constituted
original research, reviews, opinions, reports. Any type of study
was considered eligible for inclusion. Three researchers realized

the agreement between the studies selected. All included studies
are illustrated in Table 1.

The main directions of research regarding SA in cardiology
identified from the retained studies are: the identification of
emotional risk factors for CVD, the detection of positive/negative
attitudes of CV patients toward their disease and its clinical
implications, the detection of cardiac arrhythmia, the triage of
CV patients, spotting feedback from patients and newspapers
regarding drugs, therapeutic procedures, or medical devices and
the integration of SA modules in new technological concepts
for monitoring CV patients. Each of these topics is discussed
below in an attempt to synthesize the current literature on SA
in cardiovascular diseases, right after introducing the reader to
basic concepts regarding medical SA and justifying how SA can
contribute to increasing quality in cardiovascular healthcare.

MEDICAL SENTIMENT
ANALYSIS—INTRODUCTORY CONCEPTS

What Is SA in Medicine?
Medical SA is the field of study that analyzes patients’
and doctors’ opinions, sentiments, attitudes, and emotions
toward various clinical contexts (treatment side-effects, medical
diagnosis concerns, emotional consequences of illness, emotional
context during the onset or evolution of a specific disease,
patient-physician relationship, physician attitudes in clinical
notes) expressed in written text (20). While traditional AI
deals with facts and logical, objective data analysis, sentiment
research refers to opinions—correctly identifying subjective
emotional communication.

Several medical entities associable with sentiments
have been defined: health status (improved/worsened,
good/bad), medical condition (improved/worsened),
diagnosis (certain/uncertain/preliminary), medical procedure
(positive/negative outcome), medication (helpful/useless/adverse
events) (20).

Sentiment Classification
Sentiment classification comprises two comprehensive
categories: lexicon-based and ML/NLP-based classifications
(21). The classifiers build upon sentiment lexicons (i.e., a
collection of polar or opinion words, associated with their
sentiment polarity, that is, positive or negative) are lexicon-based
(or rule-based classifiers). Sentiment lexicons are produced
manually or semiautomatically (22) and regularly stored as
dictionaries. Conversely, ML/NLP-based classifiers are built
using training datasets or annotated data collections.

Types of SA
Some of the most popular types of SA are: fine-grained SA,
emotion detection, aspect-based SA and multilingual SA (23).
Fine-grained SA considers an expanded number of polarity
categories (e.g., very positive / positive / neutral / negative /
very negative). Emotion detection uses lexicons or ML/NLP
systems to detect sentiments. Aspect-based SA highlights which
particular aspects or features people are mentioning in a positive,
neutral, or negative way (23). Multilingual SA techniques
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TABLE 1 | Characteristics of the included studies reporting SA solutions for cardiovascular diseases research.

Authors Objectives Data sources SA methods Results

1. Detecting emotional risk factors for CVD

Eichstaedt et al., (9) Analyze social-media

language to identify

community-level

psychological correlates of

age-adjusted mortality from

AHD

Data from 1,347 US

counties for which AHD

mortality rates, health

variables, and 50,000

tweeted words were

available

Cross-sectional regression

model based on Twitter

language

Negativity emerged as significant

risk factor (partial rs = 0.06, 95%

confidence interval, or CI =

[0.00, 0.11], to 0.12, 95% CI =

[0.07, 0.17]) for CAD mortality

Hemalatha et al., (10) Identify relevant MI risk

factors using Twitter data

Twitter users with a MI

history

LR for positive/negative

emotion classification, with

words weighted using

TF.IDF

Not available

Medina Sada et al., (11) Identify the relation between

the sentiment of tweets and

CVD

Tweets in the counties along

Interstate 20 in Texas

Naïve Bayes, Multinomial

Naïve Bayes, Bernoulli Naïve

Bayes, Support Vector, and

Linear Support Vector

High positive-to-negative ratio

and positive-to-population ratio

tend to associate with counties

with low CVD rate

2. Detecting positive/negative attitudes of CV patients toward their disease

Verma et al., (12) Assess public health impact

of CVD and patients’

adherence and attitudes

toward the disease

Tweets in english related to

CVD

Not specified The percentage of positive

tweets are 45%, neutral tweets

are 30 and 25% are negative

tweets

Pimenta et al., (13) Identify which fitness and

nutrition apps that support

behavior change (which

could reduce CVD mortality)

elicits a positive response

from the users

User store reviews of a

sample of fitness and

nutrition apps

Text mining with Sketch

Engine online app

StepsApp pedometer had the

highest percentage of positive

tags while VeryFitPro had the

lowest

3. Detection of cardiac arrhythmia

Behadada et al., (14) Provides insights into

arrhythmia detections from

big data information sources

Expert knowledge, data and

textual information from

Pubmed articles and

MIT-BIH database

Semi-automatically fuzzy

partition rules and

grammar-based text

extraction SA

Accuracy of 93% and a high level

of interpretability of 0.646 for the

detection of cardiac arrhythmia

4. Triage of CV patients

Lowres et al., (15) Assessing the feasibility of

using an ML program to

triage incoming SMS text

messaging replies as

requiring health professional

review or not

3,118 SMS text messaging

replies received from 2

clinical trials

Naïve Bayes, OneVsRest,

Random Forest Decision

Trees, Gradient Boosted

Trees, Multilayer Perceptron

The multilayer perceptron model

achieved the highest accuracy

(AUC 0.86)

5. Feedbacks from patients and newspapers: reviews on drugs, therapeutic procedures, or medical devices

Pérez et al., (16) Identify opinions on the

drugs prescribed for

chronic-degenerative

diseases (including

hypertension medication)

Blogs and specialized

websites in the Spanish

language

Hybrid approach

(supervised machine

learning and use of

semantics through a tagged

corpus)

The analysis of the sentiments of

the opinions on the prescribed

drugs is successful and reduces

time and effort

Austin et al., (17) Understand patients’

attitudes toward LVAD

therapy

Posts, comments, and titles

from MyLVAD.com

Lexicon-based SA Positive sentiment words are the

most frequent. In comparison to

other LVAD complications,

“infection” is mentioned

disproportionately more times.

Emerging Markets, (18) Assess whether Biotricity

(health tech company

targeting mainly chronic

CVDs) trends positively or

not in the media

News media InfoTrie Financial SA

Solutions

Biotricity has been trending

positively, achieving a news buzz

score of 10 out of 10, with a

market sentiment score of 4.0

6. SA modules integrated in new technological concepts for monitoring CV patients

Sharma et al., (19) Propose a smart conceptual

framework for monitoring

patients with CV or diabetes

Social media and other

online resources (for the SA

component)

Hybrid system merging SA

techniques, data mining,

ML, IoT, bio-sensors,

chatbots, contextual entity

search, granular computing

Not available

Cardiovascular disease (CVD); Atherosclerotic heart disease (AHD); United States (US); Coronary arteries diseases (CAD); Myocardial infarction (MI); Logistic regression (LR); Term

Frequency * Inverse document frequency (TF.IDF); Left ventricular assist device (LVAD); Machine Learning (ML); Internet of Things (IoT).
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have been developed in order to analyses data in different
languages (24).

The introductory concepts in medical SA are summarized in
Figure 1.

JUSTIFYING THE NEED TO INTEGRATE
MODERN SENTIMENT ANALYSIS
SOLUTIONS IN CARDIOLOGY: HOW
SENTIMENT ANALYSIS CAN CONTRIBUTE
TO INCREASING QUALITY IN
CARDIOVASCULAR HEALTHCARE

CVD and emotional disorders seem to influence each other in
a bidirectional manner (25). Coronary arteries diseases (CAD)
and their impact in triggering emotional disorders is well
documented. Moreover, emotional disturbances have the power
to induce or worsen existing coronary artery diseases (25).
Emotional disturbances were reported as potent cardiovascular
(CV) risk factors (25).

There is a need to integrate the assessment of the
emotional status in the cardiovascular risk prediction, a
desideratum long considered unattainable due to a high
degree of subjectivity regarding human sentiments and
insufficient technical developments (25). The considerable
technological and AI progress provides the opportunity to
start developing strategies for building solutions capable
of systematically assessing emotions. Since patients express
their thoughts and feelings more openly in online than ever
before (26), SA is becoming an essential tool to monitor
and understand these sentiments and provide predictive
models (27).

The increasing popularity of social platforms and discussion
forums enabling the collection of unlimited amounts of written
text and opinions, creates a favorable ground for testing
novel SA methods. A descriptive study identified 4.9 million
Tweets about CVD having common topics such as risk factors,
awareness, and management of CVD (28). Using the vast
amount of Twitter data on CVD, a study predicted county-
level heart disease mortality based on the assessment of
psychological language in Twitter posts (9). Given the SA
superiority over standard predictive models (29), SA integration
would lead to higher performance models and more complex
CV predictions.

An obstacle to further improvement of AI/ML models
is that 90% of the world’s data is unstructured (30). While
exam results are reported in a structured way, observations,
intuitions, opinions, and experiences are communicated in
an unstructured manner throughout clinical records, notes
or online. Unstructured data is extremely time-consuming to
analyses and it is unusable by the standard AI/ML solutions.
This represents a missed opportunity for understanding patients’
experience in an increasingly “connected” world. Thereby,
SA and its ability to systematically review unstructured
data is ready to overrun old limitations and produce
higher-quality results.

In addition to these major benefits, several other perquisites
have been highlighted in the literature. Firstly, data mining and
SA may be used to explore the issues surrounding controversial
research subjects, guidelines’ changes or new recommendations
in CV medicine (31).

Secondly, according to the Information Strategy for the
National Health Service (NHS) in England, SA may be valuable
for patients in facilitating choice of hospitals (32) by predicting,
from free-text, “a reasonably accurate assessment of patients’
opinion about different performance aspects of a hospital” (27).

Thirdly, online public testimonies carry classical indicators
(such as self-reported quality of life indicators during and post
treatment) and other relevant indicators (such as attitudes toward
political legislation, loss of healthcare coverage, raising support,
spreading awareness) that are difficult to capture by conventional
means of self-reporting. Social listening can provide valuable
feedback from patients and can help healthcare professionals and
regulators to personalize and improve treatment regimens and
improve public health surveillance strategies (33).

A SYNTHESIS OF THE CURRENT
LITERATURE ON SA IN CARDIOVASCULAR
DISEASES

Emotional Risk Factors for CVD
Poor emotion regulation was associated with CV risk in several
studies (34, 35). Moreover, educational programs aimed at
improving emotion regulation strategies among patients in
cardiac rehabilitation proved to be feasible (36).

Whereas emotion regulation is a teachable skill that may
play a role in preventing CVD, emotions must first be
systematically recognized and documented before deciding
whether the intervention of educational programs is appropriate.
Several models of emotional recognition, capable of ensuring a
systematic evaluation of sentiments, have been proposed based
on eye-tracking (37–39), heart sound signals (40), cardiovascular
response in daily life using the k-Nearest-Neighbor classifier (41),
heart rate data collected from wearable devices (42), or even
computational evaluation of facial expressions (43).

The Twitter platform was used on a large scale to assess
the psychological language as a risk factor for atherosclerotic
CAD by applying SA analysis (9). Hostility and chronic stress
are known risk factors for CVD (44). All language patterns
highlighting negative psychological traits (anger, negative-
relationship, negative-emotion, and disengagement) emerged as
significant risk factors [partial rs= 0.06, 95% confidence interval,
or CI = (0.00, 0.11), to 0.12, 95% CI = (0.07,0.17)] for CAD
mortality while the use of engagement words [r = −0.09, 95%
CI = (−0.14, −0.04)] and positive-emotion words [partial r =
–.05, 95% CI = (–.00, –.11)] appeared significantly protective.
Surprisingly, a regressionmodel “based only on Twitter language”
predicts CAD mortality significantly better than a model with 10
common demographic, socioeconomic, and health risk factors
(e.g., smoking, diabetes, hypertension, and obesity) (9).

A SA/ML methodology has been proposed to identify the
relevant myocardial infarction (MI) emotional risk factors using
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FIGURE 1 | Introductory concepts in medical SA: applicable clinical contexts, medical entities associable with sentiments, classification, and types of SA.

Twitter data (10). Even if it seems unbelievable, the authors
explore the possibility of screening tweets for MI risk factors as
a tool to be used in preventive medicine. However, no results are
yet provided.

AcuteMI was repeatedly studied as an important consequence
of stressful social disasters and social stress [e.g., the influence
on MI of the death of a beloved (45), earthquakes (46), or war
(47)]. In this context, a Korean team used the SA/ML algorithm
of Semantria Lexalytics and managed to prove the effects of the
Sewol Ferry Disaster on social stress by examining data from the
top social media platforms used worldwide (YouTube, Twitter,
and Facebook) (45).

Another way to harness the capabilities of SA was to analyze
tweets in an attempt to find the relation between the sentiment of
tweets and CVD in the counties along Interstate 20 in Texas (11).
The sentiment of tweets from each region was determined by
five classifiers (Naïve Bayes, Multinomial Naïve Bayes, Bernoulli
Naïve Bayes, Support Vector, and Linear Support Vector) and
was compared with the regional CVD rates. The Positive-to-
Population rate is related to the CVD data map and Negative-
to-Population rates have inverse relations to the CVD data
map. This descriptive study highlights the potential of SA
in epidemiological research, generating causal hypotheses and
finding trends of diseases.
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Detecting Positive/Negative Attitudes of
CV Patients Toward Their Disease in Order
to Identify Strategies for Bettering
Attitudes and Behaviors
Patients’ attitude toward their disease may be an important drive
for treatment adherence and a significant buffer of the impact
of illness (48). However, the prevalence of positive attitudes
toward the disease may often be low (49). SA is capable of
contributing with systematized analysis and information on
subjective attitudes (where traditional healthcare management is
not able), fine-tuning deeper preventive strategies.

A method using SA was built to understand public health
impact of CVD and patients’ attitudes toward the disease in
order to develop personalized therapeutic strategies depending
on patients’ adherence (12). Less than half of the tweets on CVD
(45%) were found positive raising awareness on the importance
of positive behavior change.

Addressing Behavioral change interventions could drastically
reduce overall mortality from CVD (13). Behavior Change
Techniques Taxonomy version 1 (BCTTv1) was applied to a
sample of fitness and nutrition mobile apps and SA was used
to identify which apps that support behavior change elicits a
positive response from the users (13). StepsApp Pedometer had
the highest percentage of positive tags while VeryFitPro had
the lowest.

Various types of SA tools were used to examine the impact
and improvement in diseases such as CVD, as SA contributes
in designing strategies to improve patients understanding and
behavior (50).

Detection of Cardiac Arrhythmia
Computers can be trained to learn as humans do. Behadada et al.
(14) proved that computers, as students, can learn from experts,
textual data (scientific articles) and experience (experiments
data). The authors introduced a novel method to define semi-
automatically fuzzy partition rules to provide a powerful and
accurate insight into the detection of cardiac arrhythmia.
Fuzzy logic allows merging three completely different sources
of knowledge by learning to define and integrate rule bases.
The expert is invited to express his/her knowledge through
linguistic (expert) rules. Moreover, the rules induced from data
are called induced rules. Finally, the automated extraction of
fuzzy partition rules from Pubmed articles identifies relevant
arrhythmia insights and intuitions (mood described by text
fragments) through grammar-based text extraction and SA.
All extracted rules are merged into a unique knowledge base
resulting in the definition of a common universe for the different
knowledge domains. The evaluation carried out showed an
accuracy rate of 93% and a high level of interpretability of 0.646
for the detection of cardiac arrhythmia.

Compared to the traditionalML solutions, besides an excellent
accuracy, the approach proposed by Behadada et al. (14) comes
with the major advantage of a high interpretability, as the
computer is able to highlight all knowledge rules that led to a
certain result.

Triage of CV Patients
In a cardiovascular secondary prevention setting, the feasibility
of using an ML program to triage and classify incoming SMS
text messaging replies as requiring health professional review
or not, was assessed and reported (15). The SMS messaging
programs are a cost-efficient way for patients monitored in
secondary prevention centers to regularly report their health
status. However, the additional staff required to monitor and
moderate the patients’ SMS text messaging replies may negatively
impact the cost-effectiveness of the SMS-based system. In order
to reduce these costs, Lowres et al. (15) proposed five ML
models (Naïve Bayes, OneVsRest, Random Forest Decision
Trees, Gradient Boosted Trees, and Multilayer Perceptron) and
an ensemble model for the automatic triaging of SMS replies.
The Multilayer Perceptron model achieved the highest accuracy
(AUC 0.86; 4.85% false negatives; and 4.63% false positives).
After future validations against larger datasets, the authors
are optimistic that the ML solution will significantly reduce
staff workload.

Feedbacks From Patients and
Newspapers: Reviews on Drugs,
Therapeutic Procedures, or Medical
Devices
Medication and medical devices reviews are important to
improve their quality, safety, adherence and use (51). Side effects
may influence patients’ adherence, thus pharmacovigilance is a
key strategy to improve adherence (51).

The “SentiScrap” system applies SA through a hybrid
approach (supervised machine learning and use of semantics
through a tagged corpus) to identify opinions, comments, and
polarity of the drugs prescribed for chronic-degenerative diseases
(including hypertension medication), available in blogs and
specialized websites in the Spanish language (16). Such a solution
is of great help to health specialists as it reduces the time and
effort to systematically search for patients’ opinions, comments
and experiences regarding the use of drugs, facilitating clinical
decision making.

Medical devices’ reviews were also considered for sentiment
assessment. A lexicon-based SA was performed to pool
together patients’ experiences (fears, opinions, thoughts) from
MyLVAD.com regarding their implanted left ventricular assist
device (LVAD) (17). The results of the analysis indicate dominant
positive sentiment {a net sentiment ratio [(number of positive
words—number of negative words)/(number of total words)]
of 2.1%} and a common use of the word “infection” (208
mentions) compared to other words denoting complications
such as “stroke” (29 mentions), “bleeding” (30 mentions), and
“thrombosis” or “clot” (32 mentions). This type of analysis might
help to elucidate hidden, subjective segments of patients’ health
which factor into the objective measures of health.

Biotricity Inc. is amedical diagnostic and consumer healthcare
tech company that is a leading producer of remote medical
monitoring devices. Biotricity’s main targets are chronic CVDs.
With the help of the analytics firm InfoTrie Financial Solutions’
Sentiment Analysis it was proved that Biotricity has been
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trending positively in the media, achieving a news buzz score of
10 out of 10, with a market sentiment score of 4.0 (18).

SA Modules Integrated in New
Technological Concepts for Monitoring CV
Patients
A smart conceptual framework for monitoring patients with
CV or diabetes was proposed (19). The concept respresents a
hybrid healthcare system designed to merge distinct emerging
computing techniques such as data mining, ML, Internet of
Things (IoT), bio-sensors, SA, chatbots, contextual entity search,
and granular computing. Bio-sensors and IoT are used for the
continuous monitoring of the patient’s health parameters and
emergency notifications. SA is intended to mine social media
and other online resources in order to keep the patient and the
healthcare professional up to date regarding CV and diabetes
updated informations. Data mining and ML are used for patient
classification, diagnosis, and health predictions. This hybrid AI
and smart framework may provide an effective and economical
solution to CV and diabetes patients by minimizing various
implicit and explicit medical expenses, optimizing the use of
vital medical resources andmanpower, and further enhancing the
patient care.

CHALLENGES AND OBSTACLES OF
SENTIMENT ANALYSIS IN
CARDIOVASCULAR HEALTH

SA is indeed a promising field that can add valuable insights to
the traditional and objective measures of health and contribute
to clinical decision making. However, SA is the hardest task in
NLP as analyzing sentiments in an accurate manner is a difficult
task even for humans.

Context and meaning play a crucial role in interpreting
emotions. For instance, this Twitter post: “Safe to say she
may have been shocked to hear that the research does not
suggest that high colesterol is a risk factor for heart disease” was
automatically classed as negative by an automated SA algorithm,
due to the potentially negative concepts such as “shocked”, “high
cholesterol”, “risk factor” and “heart disease” (52). However,
the actual meaning is positive as the author is referring to the
positive fact that the cited research does not incriminate negative
associations. A major and mandatory challenge to SA techniques
is to be able to integrate context (such as cultural, medical,
political, legal, economic) andmeaning. Moreover, in some cases,
it is necessary to know much more than emotional polarity. For

real life impact, SA algorithms should be equippedwith the ability
to categorize and organize subjective information, detect irony
and sarcasm, comparisons, and emojis.

In general, the measure of how well humans annotators can
decide on the same labels (inter-annotator agreement) is low
when it comes to SA (53). Since machines learns from the data
they are fed, SA models might not be as accurate as other types
of classifiers. This challenge may be overcome after developing
more rigorous definitions of emotional polarity and neutrality.

Another aspect to consider is that only 10% of individuals
between the ages of 50–64 use social media sites such as Twitter
(54). This limitation is worthy of consideration until social media
platforms will become more popular among older patients.

One further obstacle is represented by the ethical implications
of utilizing online publically available data from social media
platforms for research purposes (55). Current regulations do
not yet fully consider this aspect, although this is probably just
a matter of time until ethical implications will be rigorously
addressed and clarified.

CONCLUSIONS

This paper introduced the readers to basic concepts surrounding
medical SA and justified how SA can contribute to increasing
quality in cardiovascular healthcare, emphasizing the need to
invest more research into this new, promising and challenging
domain. Our synthesis of the current literature on SA in
CVDs proves its clinical potential. It also shows that the
domain is only at the beginning. Many other clinical utilities,
such as the assessment of emotional consequences of illness,
patient-physician relationship, physician intuitions in CVD are
not yet explored. These remain important research directions
for the future, along with proposing detailed regulations for
ethical implications, popularizing health social media and online
expression among elders, developing more insightful definitions
of emotional polarity and neutrality, and investing research into
the discovery of powerful SA algorithms that are able to integrate
global context and meaning.
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Abstract: In recent years, the interest of the scientific community in perforated plates for ballistic
protection has increased. Perforated plates do not represent protection by themselves, rather, they
are used in the armour systems of armoured vehicles, in conjunction with base armour, since they
are intended to induce bend stresses, where a penetrating core fracture occurs. The fragments
are subsequently stopped by base armoured vehicle armour. Although for the first time used
several decades ago, perforated plates are found to be attractive even today. The main reason is the
combination of very convenient properties. Besides high mass effectiveness, they possess a high
multi-impact resistance, since their perforations arrest cracks. Therefore, a relatively wide array of
materials is suitable for perforated plate fabrication, ranging from alloy steel to some types of cast
iron. Being made of metallic materials, raw material costs are relatively low compared to ceramics
or composite materials, making them very attractive for present and future armoured vehicles.
Finally, armour system consisting of a perforated plate and base plate at some distance, reduce the
effectiveness of both shaped charge jets and act as blast mitigators.

Keywords: armour protection; perforated plates; ballistic behavior; blast mitigation

1. Introduction

Passive armour is aimed to withstand the impact of projectiles (shrapnel, bullets, mis-
siles) and thus to protect represents the most important means of protecting the personnel
and vehicle subsystems from enemy fire. There is a wide array of materials and configura-
tions that can effectively be used as passive armour protection, Figure 1 [1,2]. Armour steel
and aluminium alloys are structural materials and are usually supplemented by other types
of armour, to facilitate a relatively high mass effectiveness. Moreover, typically ceramics,
or metal matrix composites, represent a parasitic mass, that stresses the structural steel or
aluminium alloy’s body of the vehicle [3–5]. Mass effectiveness (Em) is the ratio of the areal
density of a reference armour (usually rolled homogenous armour—RHA) to the areal
density of experimental armour [6]. Table 1, there are examples of armour materials and
descriptive configurations with their thicknesses, areal densities and mass effectiveness.

Perforated plates represent a non-homogenous armour, usually employed as applique,
or add-on armour of various armoured vehicles. They appear in predominantly light
armoured vehicles, the widest type of armoured vehicles used. The application of non-
homogenous vehicle armour dates back to World War II, when the German Schuerzen wire
mesh appeared on a number of PzKpfw IV Ausf J [8] medium tanks. Thoma Schuerzen was
initially added to provide increased protection against kinetic energy rounds fired from
the Soviet 14.5 mm anti-tank rifles, but during its application, it also proved very effective
against American M6 Bazooka-shaped charge anti-tank rocket launchers. Furthermore, its
most important feature was its lightweight nature. It was approximately three times lighter
than the admittedly more common Schuerzen homogenous mild steel spaced plates used
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on PzKpfw IV Ausf G and H from 1943. Instead of 8 mm mild steel plates in Schuerzen, a
lighter mesh, made of 5.5 mm diameter mild steel wires at around 19 mm distance between
wire axes was applied in Thoma Schuerzen. The main mechanism in both Schuerzen
and Thoma Schuerzen was the induction of yaw in the projectile penetrating core, so
base armour can provide full protection [9,10]. A lower stiffness of Thoma Schuerzen
compared to Schuerzen was compensated by its non-homogenous structure, more effective
in inducing yaw, and particularly, weight savings.
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Table 1. Typical thicknesses, areal densities and mass effectiveness of various types of armour [7].

Thickness [mm] Areal Density [kg/m2] Mass Effectiveness

380 BHN* rolled homogenous armour (RHA) 41 322 1.00
500 BHN* high hardness armour (HHA) 36 283 1.14

Aluminium alloy 5083 134 356 0.90
Aluminium alloy 7019 97 270 1.19
Aluminium alloy 7039 91 253 1.27

Titanium alloy Ti-6Al-4V 45 199 1.62

500 BHN* HHA and aluminium alloy 5083
500 BHN* HHA and titanium alloy Ti-6Al-4V - 192

167
1.68
1.93

High hardness perforated plates and aluminium alloy 5083 - 168 1.92

Al2O3 ceramics and 500 BHN* HHA
Al2O3 ceramics and aluminium alloy5083
Al2O3 ceramic composite reinforced with glass fibers

-
152
146
141

2.12
2.19
2.28

* BHN—Brinell Hardness Number.

A similar type of non-homogenous armour appeared on Soviet T-34/85 tanks during
the Battle of Berlin in 1945. It was in the form of bed frames with 1 mm diameter wire
net to offer additional protection against shaped charges of German Panzerfaust recoilless
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weapons [11]. Panzerfaust used an early generation shaped—charge warhead, just as was
the M6 Bazooka and the German Panzerschreck, both very sensitive to increasing stand-off
distance. At longer standoff distances, the jet defocuses and even fragments, degrading
penetration effectiveness. After World War II, more advanced shaped—charges with higher
penetration were developed, so spaced armour began to gain favor, along with different
improvised add-on armours to protect from shaped—charges, such as logs, rubber sheets
and wire mesh nets used in a number of local wars [3,5,12].

Recently, along with the tendency to use improvised add-on armours, there were
attempts to develop wire meshes and fences from commercial off-the-shelf materials [13,14].
Balos et al. [13] have used the disrupting element of the fence made of Ø 5 mm patented
wires containing 0.8% carbon (Rp0.2% = 1410 MPa; Rm = 1630 MPa; A = 9.5%). The distance
between the wires was 13–13.5 mm, placed in an L-profile frame in zig-zagged (Figure 2)
and parallel configurations. Wire fences were mounted in stiff and free-hanging mounting.
Base RHA, 460 BHN hard, 13 mm thick was mounted at 400 mm from the mesh. In this
study, only the parallel wire arrangement proved ineffective, with the main defeating
mechanism being the induction of yaw. Zig-zagged and angled configurations were fully
effective, fulfilling the ballistic protection criterion set at stopping all five kinetic energy
shots from a Browning M2HB 12.7 mm heavy machinegun. These configurations proved
to be superior since the case where the projectile impacts two wires at the same time is
completely excluded. A similar effect was observed by Balos et al. [14] where an even
simpler and cheaper configuration was successfully applied: Ø 6 mm mild steels wire mesh
(Rp0.2% = 260 MPa; Rm = 380 MPa; A = 19%) with 50 mm distance between the wires was
used to create a four-layer stepped-up multilayer mesh, with the distance between centers
of wires of 16.75 mm. Having essentially a 3D configuration owing to the depth of the
setup, a vertical mesh proved to be more effective than if inclined, which is quite opposite
to results presented in the previous study [13]. The main reason for such behavior is the
inclination itself. In such a setup, some inter-wire distances decrease, while others increase,
representing a less effective yaw-inducer. To provide protection in such a configuration, an
additional wire mesh layer might have been added, however, this could have only been
done at the expense of an increase in weight.
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2. Perforated Plates in Armoured Vehicles

One of the most effective light applique armour of the Cold War was the Israeli Toga,
used on local modification of the American M113 armour personnel carriers (APC) Zelda-1
in 1972, one of the most widely used vehicles of this class. It consisted of perforated steel
plates (~10 mm thick, with ~10 mm perforations with ~15 mm distance between their axes)
all around the vehicle. When placed at some distance from the base armour, together with
the base aluminium alloy (AA 5083) armour, it provided a significant increase in protection
from 7.62 mm × 51 mm to 14.5 mm × 114 mm AP (Armor Piercing) ammunition [1,16]. This
type of add-on armour was subsequently deployed for increasing the armour protection
of other vehicles as well. Perhaps the most interesting being a range of Israeli heavy
armoured personnel carriers (HAPCs) and even main battle tanks (MBTs) Merkava, the
heaviest vehicle that uses this type of armour. In addition to this, perforated plates attracted
considerable attention in other armed forces as well.

The American P900 type armour, consisted of two 500 BHN perforated plates 6.35 mm
thick and appeared in two basic configurations. The first has the distance between perfo-
rated plates of 25 mm, with the inner perforated plate mounted at 182 mm distance from
the base plate of the Dutch YPR-765 infantry fighting vehicle (IFV), itself a version of M113
APC. Again, in this vehicle, the base plate was AA 5083 aluminium alloy. The second
configuration also consisted of two perforated plates placed at 22 mm distance between
them, while the inner was mounted at 82 mm from the base aluminium alloy plate (M2/M3
Bradley), of AA 5083 aluminium alloy [17]. Howell et al. [18] successfully applied high
manganese and aluminium austenitic steels as a basis for P900 perforated plate armour,
effective against 7.62 mm AP ammunition.

United Kingdom has fielded an up-armoured light armoured fighting vehicle (AFV)
Scimitar with perforated plates more similar in appearance to Toga [10]. Finally, there are
indications that perforated plates were used in the Canadian version of the Leopard C2
main battle tanks (MBT). These perforated plates were coated in rubber and placed at turret
sides. They were probably aimed at protecting the vehicle against 30 mm autocannon,
due to a thicker base armour [10]. Although single or double perforated plates are the
best known, an alternative approach was proposed in the patent by Auyer et al. [19]. In
accordance with this patent, perforated plates with triangular holes were presented. Two
such perforated plates were proposed to be mounted within the armour protection package
in such a way, that hole patterns are offset in respect to each other. This was done so as to
prevent straight-line penetration and facilitate the induction of asymmetric loading of the
penetrating core of the projectile.

More specific data on perforated plate material was shared in [7,20]. It was claimed
that M113 was being fitted with perforated plates made of MARS 300 ultra-high hardness
steel, having the hardness of 578–655 BHN and relatively low Charpy impact strength at
−40 ◦C of over 8 J. Although highly effective against 14.5 mm × 114 mm AP ammunition,
the chemical composition with ≤0.55%C, ≤0.002%S, ≤0.01%P, ≤0.7%Mn, ≤1%Si, 2.4%Ni,
≤0.0.4%Cr and ≤0.5%Mo, provide carbon equivalent of CE ≤ 0.83 [21]. That means
the welds are susceptible to cold cracking, rendering the overall weldability relatively
low, suggesting bolting is the most convenient joining method. When combined with an
aluminium alloy hull, inherent difficulties of joining steel and aluminium alloy due to the
formation of intermetallic compounds (FeAl, Fe3Al, Fe2Al3, FeAl2, Fe2Al5, FeAl3, FeAl6)
make the welding difficult in any case [22–25]. However, as ultra-high-strength steels
prevail over aluminium alloys in today’s armoured vehicles, perforated plates are made of
weldable high-hardness steels (500–550 BHN) but with a lower carbon content, also used
for base armour, might be a more effective option.

3. Basic Principle

The study by Chocron et al. [26] proved the basic principles of perforated plates, by
applying the three-dimensional numerical simulations with the AUTODYN-3D code (An-
sys, Canonsburg, PA, USA). It was determined that 7.62 mm × 51 mm M2 armour-piercing
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(AP) round, when impacting the edge of the plate undergoes bending, Figure 3. It was
found that 2% tensile strain is needed, representing a threshold over which the penetrating
core of the projectile fractures. The penetrating core fracture is essential for a considerable
reduction in penetration since the base plate can stop these fragments without significant
damage. It must be noted that the penetrating core used in this test possessed a very
high hardness of 62 HRC, which was necessary to provide sufficient penetration, however,
that also means its ductility is relatively low, so even 2% strain is sufficient to fracture it.
This relatively high hardness is characteristic of all AP, armour-piercing incendiary (API),
armour-piercing tracer (APT) and armour-piercing incendiary tracer (APIT) penetrating
cores of different ammunitions of different calibers. It was determined that the overlap
threshold h/R is 0.34. Overlap threshold is important for correct geometry determination of
the perforated plate: h—overlap between the penetrating core and the plate; R—radius of
the penetrating core. In higher h/R values, no core fracture occurred, which means the in-
duction of bend stress was not sufficient, since the projectile impacted the edge of the plate
further away from the projectile point, that is, closer to the projectile cylindrical section.
Numerical simulations done by Mubashar et al. [27] proved that the perforated plate causes
the shattering of the projectile penetrating core into multiple fragments which were unable
to penetrate the base armour plate. Furthermore, simulations done by Chocron et al. [26]
proved that the induced strain increases with plate thickness. Computational data suggest
that a strain of at least 2% is needed to cause the penetrating core fracture. In the case
of 7.62 mm × 51 mm M2 AP ammunition used in the experimental part of this work,
3.175 mm perforated plate (Rp = 1400 MPa) is sufficient to effectively fracture penetrating
core, which induces 2.5% strain, Figure 4. Aluminium alloy perforated plates were also
tested (Rp = 380 MPa, 6.35 mm thick), which were not able to fracture the penetrating
core, since the strain imparted to the penetrating core is slightly less than 2%. That means,
either a stronger aluminium alloy is recommended, or a thicker perforated plate. The
application of aluminium alloy perforated plate has merits, since its density is almost three
times lower than that of steel [28], which, together with approximately twice the thickness
theoretically needed to fracture the penetrating core, could result in significant savings in
weight. Nevertheless, this remains to be addressed and ultimately experimentally proved.
Furthermore, the joining of aluminium alloy to the steel vehicle hull would arise by bolting
anyway, as is done traditionally with steel perforated plates. The main reason for this is
the difficulties of aluminium alloy to ferrous alloys dissimilar welding, due to inherent
difficulties of welding of high strength aluminium alloys themselves and the formation
of Fe-Al intermetallics that severely degrade mechanical properties of welds, especially
ductility [29–31].

Metals 2021, 11, x FOR PEER REVIEW 6 of 19 
 

 

plates. The main reason for this is the difficulties of aluminium alloy to ferrous alloys 
dissimilar welding, due to inherent difficulties of welding of high strength aluminium 
alloys themselves and the formation of Fe-Al intermetallics that severely degrade mechan-
ical properties of welds, especially ductility [29–31]. 

 
Figure 3. A simulation conducted by Chocron et al. [26]: (a) initial configuration; (b) 12 µs after impact showing bending 
and stress contours. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017580939892. 

 
Figure 4. Maximum strain in the projectile core versus target thickness [26]. Reprinted with per-
mission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5032390676694. 

4. Perforated Plate Geometry and Materials 
The works of Balos et al. [32] and Radisavljevic et al. [33] represented continuous 

development efforts to optimize the material, geometry and mounting of perforated 
plates, in order to increase mass efficiency and multi-hit resistance of the perforated plate 
and armour system as well. Along with the performance of a particular perforated plate 
in terms of ballistic resistance, a number of interconnected holes and damaged areas were 
reported. The number of perforated plates and damaged areas was used to describe the 
multi-hit resistance, a significant advantage over less effective armour types in this re-
spect, such as various types of RHA, and conventional ceramic tiles in particular [34–36] 
The base plate was 13 mm RHA, having a hardness of 460 BHN, while test ammunition 
was 12.7 mm × 99 mm M8 API. It was found that a perforation diameter lower than Ø 9 
mm and thicknesses under 6 mm, proved ineffective in both inducing sufficient bed 
stresses to cause penetrating core fracture and preventing the API ammunition to pene-
trate base armour. On the other hand, these studies [33,37] have shown that larger perfo-
rations are more effective, due to a more potent bend stress induction potential. 

Figure 3. A simulation conducted by Chocron et al. [26]: (a) initial configuration; (b) 12 µs after impact showing bending
and stress contours. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017580939892.



Metals 2021, 11, 526 6 of 18

Metals 2021, 11, x FOR PEER REVIEW 6 of 19 
 

 

plates. The main reason for this is the difficulties of aluminium alloy to ferrous alloys 
dissimilar welding, due to inherent difficulties of welding of high strength aluminium 
alloys themselves and the formation of Fe-Al intermetallics that severely degrade mechan-
ical properties of welds, especially ductility [29–31]. 

 
Figure 3. A simulation conducted by Chocron et al. [26]: (a) initial configuration; (b) 12 µs after impact showing bending 
and stress contours. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017580939892. 

 
Figure 4. Maximum strain in the projectile core versus target thickness [26]. Reprinted with per-
mission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5032390676694. 

4. Perforated Plate Geometry and Materials 
The works of Balos et al. [32] and Radisavljevic et al. [33] represented continuous 

development efforts to optimize the material, geometry and mounting of perforated 
plates, in order to increase mass efficiency and multi-hit resistance of the perforated plate 
and armour system as well. Along with the performance of a particular perforated plate 
in terms of ballistic resistance, a number of interconnected holes and damaged areas were 
reported. The number of perforated plates and damaged areas was used to describe the 
multi-hit resistance, a significant advantage over less effective armour types in this re-
spect, such as various types of RHA, and conventional ceramic tiles in particular [34–36] 
The base plate was 13 mm RHA, having a hardness of 460 BHN, while test ammunition 
was 12.7 mm × 99 mm M8 API. It was found that a perforation diameter lower than Ø 9 
mm and thicknesses under 6 mm, proved ineffective in both inducing sufficient bed 
stresses to cause penetrating core fracture and preventing the API ammunition to pene-
trate base armour. On the other hand, these studies [33,37] have shown that larger perfo-
rations are more effective, due to a more potent bend stress induction potential. 

Figure 4. Maximum strain in the projectile core versus target thickness [26]. Reprinted with permis-
sion from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5032390676694.

4. Perforated Plate Geometry and Materials

The works of Balos et al. [32] and Radisavljevic et al. [33] represented continuous
development efforts to optimize the material, geometry and mounting of perforated plates,
in order to increase mass efficiency and multi-hit resistance of the perforated plate and
armour system as well. Along with the performance of a particular perforated plate in
terms of ballistic resistance, a number of interconnected holes and damaged areas were
reported. The number of perforated plates and damaged areas was used to describe the
multi-hit resistance, a significant advantage over less effective armour types in this respect,
such as various types of RHA, and conventional ceramic tiles in particular [34–36] The
base plate was 13 mm RHA, having a hardness of 460 BHN, while test ammunition was
12.7 mm × 99 mm M8 API. It was found that a perforation diameter lower than Ø 9 mm
and thicknesses under 6 mm, proved ineffective in both inducing sufficient bed stresses
to cause penetrating core fracture and preventing the API ammunition to penetrate base
armour. On the other hand, these studies [33,37] have shown that larger perforations are
more effective, due to a more potent bend stress induction potential.

The depiction of various successful geometries is shown in Table 2. The main criterion
for full ballistic protection was that no projectile penetrated the basic RHA plate (zero
penetration criteria). Larger perforations (Ø 11 mm) resulted in a more effective fragmen-
tation of the penetrating core: Ø 9 and 10 mm perforations resulted in fragmentation of
the penetrating core into maximal five fragments, while perforations of Ø 11 mm caused
the fracture of into maximal six parts, with a less severe base armour plate damage. That
means, to achieve protection from a larger number of smaller fragments, a thinner and
lighter base plate could be used, lowering the weight, and therefore, the areal density of
the armour system. In addition to perforated plates made of different types of steels, the
results depicting the geometry and effectiveness of heat-treated austempered ductile iron
(ADI) and austempered compacted graphite iron (ACGI) perforated plates are also shown
in Table 2, extracted from studies by Balos et al. [37,38]. Typical perforated plate and base
plate damage (core fracture in two pieces) are given in Figure 5.
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Table 2. Geometry, the average number of interconnected perforations, damaged area, areal density and mass effectiveness
of various successful perforated plates [10,35,37,38].

Performances Perforated Plate Material

50CrV4 H9-6-0 H10-6-0 H11-6-0 ADI-275 ACGI-275
Thickness [mm] 6 6 6 6 7 7

Perforation diameter [mm] 9 9 10 11 11 11
Ligament length [mm] 4.5 4.5 3.5 3.5 3.5 3.5

Inclination [o] 20 0 0 0 0 0
Maximal number of fractured parts 2 5 3 6 3 3

Average no. of interconnected
perforations 6 6.4 6.2 5.8 7.2 7.8

Damaged area [mm2] 448 483 487 551 2076 2214
Perforated plate areal density [kg/m2] 30 28 24 23 24 24

Armour system areal density
(perforated + base plate) [kg/m2] 132 130 126 125 126 126

Mass effectiveness of the perforated
plate vs. 380 BHN RHA 3.93 4.21 4.92 5.13 4.92 4.92

Mass effectiveness of armour system
vs. 380 BHN RHA 1.67 1.69 1.75 1.76 1.75 1.75

Mechanical properties of perforated plate materials are: 50CrV4: Rp0.2% = 1410 MPa; Rm = 1470 MPa; A = 6%. H: Rp0.2% = 1255 MPa;
Rm = 1140 MPa; A = 11%. ADI-275: Rm = 1472 MPa; A = 1%. ACGI-275: Rp0.2% = 1310 MPa; Rm = 1364 MPa; A = 1%.
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The average number of interconnected perforations in steel specimens drops as the
perforations become larger for the same material (H9-6-0, H10-6-0, H11-6-0). However,
a quite opposite trend can be observed in terms of the damaged areas. The main reason
is the fact that perforations are larger, so that the damaged area increases. The average
number of interconnected perforations is higher in cast irons (ADI-275, ACGI-275), but the
main drawback is the damaged area which is significantly larger, potentially leaving larger
unprotected areas that may not cause any interaction with the subsequently fired incoming
projectile, which would most likely penetrate the base armour.

Higher mass effectiveness in perforated plates with larger perforations results in a
smaller number of interconnected perforations, but on the other hand, the damaged area
is larger, Table 2. It can be seen that cast irons (ADI and ACGI) represent an interesting
alternative to steels, due to their relatively high tensile strength and a lower density.
Considerably lower elongation, which represents the measure of the material’s ductility,
does not affect these perforated plates’ mass effectiveness but lowers the perforated plate
multi-impact properties. It must be noted that ADI-275 and ACGI-275 targets were not
made of a single plate, but rather of several smaller (210 mm × 130 mm) plates bolted
together, Figure 6. This was done due to the salt bath size available for specimen heat
treatment. Areal density and mass effectiveness data for ADI-275 and ACGI-275 given in
Table 2 do not take into account joining bolts and plates.
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Figure 6. Test setup with the austempered ductile iron (ADI) material perforated plate made of nine
smaller perforated plates joined by bolts [37]. Reprinted with permission from Elsevier: Mater. Des.,
Copyright 2021, License: 5027070247748.

The particular design of perforated plates overcomes the problem in ductility, provid-
ing significant mass effectiveness, since the crack propagates to the nearest perforation,
where it is stopped from further propagation. Typical damage in differently heat-treated
ADI materials is shown in Figure 7. It can be seen that intensive cracking and no plastic
deformation occur in ADI-275 material, which is in contrast to the softer and more ductile
ADI-400 material. In spite of that, the results suggest that a softer and more ductile ADI-400
does not offer sufficient induction of bend stresses in the projectile penetrating core to
cause its fracture or sufficient yaw to prevent it from penetrating the base armour. A lower
density of ADI and ACGI materials was certainly beneficial since it enabled the increase in
the thickness of cast iron perforated plates further adding to their bend stress induction
potential and effectiveness. Probably the most significant advantage of cast materials such
as ADI and ACGI is a relatively low cost compared to steel perforated plates, both in the
simplicity of manufacture of the material itself and perforation fabrication. Namely, the
fabrication by drilling of already heat-treated steels, particularly armour steels is very
difficult, so a more expensive waterjet is usually applied. The logistics required for the
manufacture of rolled steels is more significant than casting iron and steel [38,39].
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Another approach is to apply a cheaper and quicker alternative to the waterjet process
of perforated plate fabrication [40]. In this work, armour steel was subjected to a laser
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cutting process with three cutting speeds, 1000, 1200 and 1400 mm/min, with a respective
number of perforations drilled: 80, 100 and 120 min−1. In this study, 4.2 kW laser was used,
with 40% oxygen 60% nitrogen cutting gas and 2 mm beam diameter. As the cutting speed
was higher, the heat-affected zone was narrower, perforation surface roughness was lower
and the perforation edge was less perpendicular to the plate surface. The optimal laser
cutting speed was 1200 mm/min, providing intermediate properties.

All previous studies used API ammunition, which possesses the incendiary mixture
between the jacket and penetrating core. This effectively ignites the fuel inside of an aircraft
or a vehicle. However, although these temperatures are well within the transformation
range for materials used (tempering 200–450 ◦C), no phase transformations were detected
in the perforated plate due to a very short time of perforated plate exposure [41].

5. Finite Modelling and Ballistic Testing

The majority of studies tested circular perforations, which are the most convenient for
machining—drilling. However, in the case of an alternative fabrication method, such as
waterjet, the perforation shape can easily be altered. In studies by Fras et al. [42,43], slotted-
type perforations of 4 mm × 12 mm size were used, Figures 4 and 5. Perforated plates
were made of super-bainitic Ultra-High Hardness Perforated Armour Steel Pavise™ (Tata
Steel, Mumbai, Maharashtra, India) SBS600P steel, 600–670 BHN, 4 mm thick, while the
basic plate was 8 mm MARS 190 400 BHN plate. The projectile was 7.62 mm × 51 mm with
a hardened steel core and impact velocity of around 820 m/s. Various impact points were
tested and numerically simulated by means of LS-DYNA Johnson–Cook flow and fracture
models. The two least convenient impacts were in an area between perforations (Figure 8)
and in the center of the perforation (Figure 9). Although less effective compared to edge
impact, where intensive core fracture was observed, in these cases, projectile deviation
from its initial trajectory is the main defeat mechanism. Even if the tip was not damaged,
the side impact did not penetrate the base armour, which is similar to the results obtained
with wire meshes, as published in [15].
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Kilic et al. [44,45] correlated the finite-element method using LS-Dyna with Lagrange
discretization for experimental evaluation of perforated plates. Several penetrating core-
defeating mechanisms were identified: asymmetric forces causing the projectile to deviate
from incident trajectory (yaw), penetrating core fracture and penetrating core nose erosion.
Various cases where the projectile impacts different places of the perforated plates are
shown in Figure 10. It can be noted that the most likely impact is shown in Figure 10b.
Cases in which the projectile impacts the perforation center and the geometrical center
between three perforations result in penetration of the base plate since no lateral forces
and stress induction occurs. However, these cases are extremely rare due to a low prob-
ability of such impact at this spot and because shooting at exactly 90◦ to the hull—a
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perfect defilade shot. These results are confirmed with experimental research, by applying
7.62 mm × 54R mm ammunition, 6 mm perforated plate and 9 mm base plate, 500 BHN
hard. It was found that after passing through the perforated plate, the impact into the
base plate resulted in an indentation depth of only 1.8 mm, confirming that the base plate
thickness could have been considerably lower than the one used. Furthermore, such dam-
age is considerably lower compared to the damage of a single 15 mm 500 BHN armour
plate that was used as a reference. There were no traces of sharp intrusion into the base
plate, meaning that a yawed impact was present, or the nose of the projectile was eroded
or fractured. It can be deduced, that for mass effectiveness reduction, a thinner perforated
plate than 6 mm could have been applied, since, in previously presented studies, the 6 mm
perforated plate was found to be effective against a much more potent 12.7 mm × 99 mm
or 12.7 mm × 108 mm ammunition types, with roughly four times higher kinetic energy.
If correlated to the work by Chocron et al. [26], who used 7.62 mm × 51 mm, similar in
kinetic energy to 7.62 mm × 54R mm used by Kilic et al. [44,45], it can be deduced that
3–4 mm perforated plate might be sufficient for penetrating core fracture.
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Mishra et al. [46,47] ballistically tested quenched and tempered steels (200–600 ◦C),
along with the perforated plate placed on top of the 7017 aluminium alloy, Figure 11. It was
found that the adiabatic shear band (ASB) induced cracking occurs in tested steels tempered
at 400 ◦C or below. In perforated plate steel, however, ASB-induced crack formation can
be partially inhibited due to the presence of perforations, (Figures 12 and 13). This makes
the perforated plate material more resistant to multiple impacts compared to homogenous
steel. Placing the perforated plate on top of the base aluminium alloy (without spacing) has



Metals 2021, 11, 526 11 of 18

considerable merit since the distance between the base plate and perforated plate inevitably
increases the vehicle footprint, which might limit the number of vehicles transported by
ships or even limit and prevent the vehicle transportability by certain types of transport
aircraft or limit the vehicle to wider streets.
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configuration (a) front HHS steel plate (b) backing Al-alloy plate. The arrow shows the direction of
the projectile [47]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License:
5017591074019.

Square and circular perforations were made (2, 4 and 6 mm) into 5 mm heat-treated
chromium-nickel steel. The base plate was 60 mm thick and also acted as a witness plate to
measure residual penetration, which was used as a measure of mass effectiveness of the
perforated plate. It was shown that the highest mass efficiency was achieved by the largest
perforations, which were the closest in size to the diameter of 7.62 mm × 51 mm penetrating
core used in the test, confirming the results from Radisavljevic et al. [33]. A very important
result was that 2 mm perforations did not result in any penetrating core fractures. Very
slight differences between perforation sizes existed: 6 mm square shape proved superior
compared to 4 mm size, suggesting that the perforation shape should be selected based on
the manufacturing method. Interestingly, the damage of perforated plate with square and
circular perforations is similar, note white squares in Figure 14. This indicates that stress
concentration in the edges of the square perforations does not have a crucial influence on
perforated plate damage. Admittedly, in this work, an unusual perforation fabrication
method was used, electric discharge machining (EDM) which is both slow and expensive,
and therefore, difficult to apply to large-scale industrial manufacturing conditions. It is
difficult to compare these results to the results of Balos et al. [37], Radisavljevic et al. [33]
and Kilic et al. [44] since the lack of spacing between perforated plates and basic plates
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might reduce the effectiveness of the armour system. Therefore, it is possible that a 5-mm
perforated plate can be essential for achieving a sufficient protection level since the lack of
spacing might stabilize the tip of the projectile, prevent its lateral movement and make the
fracture of the penetrating core more difficult. This certainly is an attractive field where
further work is needed to be done.
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Figure 13. Micrograph of through thickness region of (PHHS + Al-alloy; PHHS-Perforated High
Hardness Steel) configuration having 6 mm square holes (a) side A of front PHHS plate, (b) side B of
front PHHS plate and (c) backing Al-alloy plate. The arrow shows the direction of the projectile. [47].
Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5017591074019.

Another interesting material that can be applied for perforated plates is the nanos-
tructured bainitic steel published in the work by Burian et al. [48]. This material, having
the chemical composition of 0.55C–2.0Mn–1.8Si–1.37Cr–0.7Mo–0.11 V (wt.%); was hot
forged and rolled into plates. Subsequently, austenitization was performed, followed by
controlled cooling to isothermal transformation at 210 ◦C for 2 h. This resulted in obtaining
the following mechanical properties: Re = 1300 MPa; Rm = 2050 MPa; A = 12%, while the
hardness was 640 VHN. The perforated plate 6 mm thick was effective against 7.62 mm
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× 54R mm B-32 API ammunition with steel core so that a very intensive fragmentation
occurred. It was shown that the penetrating core fractured into up to eight fragments,
demanding a relatively thin basic plate to completely prevent penetration. At the same
time, an excellent correlation between finite element modeling and ballistic testing results
was obtained, Figure 15.
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The application of amorphous alloy reinforced perforated armor (ARPA) was sug-
gested by Cui et al. [49]. The main advantage of the amorphous component with random
atomic arrangement compared to the common crystalline atomic arrangement is a unique
combination of mechanical properties. Typically, amorphous metals possess higher specific
strength and hardness, that are essential in providing a relatively high resistance of armor
materials [50–53]. However, a lower impact strength is offset by the inherent crack arresting
properties of perforated plates. In [49], the effect of various ARPA thicknesses, from 0 to
1.5 mm over the RHA base perforated plate (overall thickness 6 mm) were analyzed. It
was found that the increase in ARPA thickness enhances the effectiveness of the perforated
plate by increasing the projectile erosion.

An attractive, yet relatively simple use of perforated plates is demonstrated in the
work by Chao et al. [54]. Perforated plates with the hardness of 500 BHN, with 4, 5
and 6 mm thicknesses, Ø5 and 6 mm perforations and 10 and 12 mm distance between
perforation centers, were tested against 7.62 mm × 54R mm B32 API ammunition. It
was shown that when mounted at extreme obliquity of 76◦, both perforated plate and
homogenous plate can provide projectile ricochet. However, being perforated, the weight
of these plates can be significantly reduced. In this study, 26.24% weight reduction was
achieved by the application of perforated versus the homogenous plate.

6. Blast Passive Mitigation

Besides kinetic energy ammunition, the highest threat to military vehicles in the last
20 years were shaped charges and IEDs (Improvised Explosive Devices) [10]. The effect
of perforated plates versus shaped charges refers to increasing the stand-off distance, as
in any other spaced armor, albeit at lower weight since perforations reduce the weight
of the armor system. Older-shaped charges were more sensitive to this effect; however,
more modern ones cannot be defeated completely. The effect of increasing the stand-off
distance is more related to mitigating their effect, that is, the decreasing of the so-called
lethal cone. On the other hand, several references explain the mechanisms and the potential
of perforated plates in the respect of IED blast mitigation. So far, there were three main
aspects of blast mitigation: energy absorption, blast deflection and keeping an adequate
distance from detonation point [55]. Langdon et al. [56,57] and Ciortan et al. [58] proposed
the application of perforated plates and perforated multilayer structures, respectively.
Langdon et al. [56] reported that one deformable mild steel perforated plate, 2 mm thick
can reduce deflection of the 1.6 mm reference target plate by 65–75%, while two 2 mm
perforated plates of the same type, by 90–95%. Thus, perforated plates proved very
effective in mitigating blasts, although large plastic displacement of the perforated plates
was observed. On the other hand, in the work done by Ciortan et al. [58], who simulated
the effect of 6.5 mm perforated plate, placed at 200 mm distance from the multilayer
composite base plate (Kevlar, Aluminium, Armco iron, Aluminium, Kevlar), simulating
the base vehicle armor. Interestingly, 6.5 mm thick perforated plates closely correspond
to perforated plates effective against 12.7 mm M8 API ammunition, used in experiments
by Balos et al. [13,14,19,32,35] and Radisavljevic et al. [33]. It was shown that a perforated
plate effectively mitigates the effect of 5 kg TNT which is similar to a typical anti-tank mine.

7. Concluding Remarks

Based on the review presented, the following conclusions can be drawn:

• Perforated plates work mainly through stress induction in the projectile, causing
fractures of the penetrating core of armor-piercing ammunition. Penetrating core
fracture occurs as strains above 2%. Besides penetrating core fracture, which is the
optimal case, perforated plates work through inducing yaw and penetrating core tip
damage and erosion.

• The perforated plate-based armor system has an exceptional multi-hit resistance due
to crack arrest by the nearest perforation. For further crack initiation and propagation,
another impact is required in the damaged region. ASB-induced crack formation can
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be partially inhibited due to the presence of perforations, making the perforated plate
material more resistant to multiple impacts compared to homogenous steel.

• Perforated plates placed directly on the basic armor also induce bend stresses in
the penetrating core, but as the projectile tip becomes embedded in the base plate,
fracture potential might be reduced, rendering the need to increase the thickness of
the perforated plate.

• Besides heat-treated steels, commercial and armor steels, nanostructured bainitic
steels and austempered ductile and compacted graphite irons can be used, essen-
tially enabling a wide variety of materials and fabrication processes to manufacture
perforated plates.

• Considerable potential exists for applying amorphous metals to reinforce the crys-
talline base structure of the perforated plate, but this remains to be proved experimen-
tally, as only simulations proved its merit. Simulations proved the potential of using
high-strength aluminium alloys.

• If spaced, perforated plates inevitably increase the footprint and weight of the vehicle,
which is a major deficiency. However, a perforated plate placed directly on the base
plate deserves more attention from the point of view of defeating kinetic energy
rounds, while optimizing parasitic weight and volume. A perforated plate placed
directly at the base armor will have a negligible effect against shaped charges and IEDs.

• Even relatively thin perforated plates placed at some distance from the base plate
significantly mitigate the effects of a blast from IEDs, providing higher survivability
of the vehicle in the contemporary battlefield.
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Abstract: Operating in a dynamic and competitive global market, railway companies have realized
many years ago that better management of their logistical operations will enhance their strategic
positions on the market. The financial component of daily operations is of utmost importance
these days and many companies concluded that maximizing the profit relies on the integration of
logistical activities with better income management. This paper presents a system consisting of three
components: Ferodata BOX, Ferodata MOBILE, and Ferodata SYS, used to transmit to a web-server
the status and operating information of an electric or diesel train. Train information includes data
from locomotives, wagons, train driver, route, direction, fuel or electric consumption, speed, etc.
All this information is processed in real-time and can be viewed in the web-server application.
Additionally, the web-server application could manage and report details that are coming from the
wagons, such as valuable information regarding the bogie wear, the identification of the wagons
attached to a gasket, and identification the situations in which a wagon or group of wagons comes off

the gasket configuration. All information about the status of trains is available on-line and at any
moment the person responsible for management can use these data in their work.

Keywords: monitoring web server application; railway transport management; connected train;
sensor networks; Internet of Things (IoT)

1. Introduction

Following the evolution of optimization techniques, many industries have updated the way
they operate, to capitalize on these innovations through achieving better management of their
operations [1–5]. In this regard, railway operations consist of a large number of complex related
policies, i.e., train arrival/departure schedules, maneuvers and leadings, management of rail fleet,
assignment of the locomotives, distribution of available assets, and employee management [6–8]. These
are the main reasons why railway transport has always faced difficulties and many of their management
tools do not take into account the reality of day-to-day operations. The freight railroad industry offers
more efficiency as compared to trucks; this is why International Business Machines Corporation (IBM)
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has proposed a wireless sensor network dedicated to monitoring the train parameters, under the name
of Sensor Enabled Ambient Intelligent Telemetry (SEAIT) [9].

A wireless sensor network dedicated to monitoring the parameters of the train has two elementary
components: the sensor and the communication module. The sensors investigate the physical
parameters, such as vibrations [9], temperature [10–12], position, velocity, etc. These parameters
are transferred to a data concentrator by various communication protocols, part of these protocols
being conceived as dedicated to a specific application [9]. In other situations, standard technologies
such as ZigBee or WiFi are recommended [10]. The wireless sensors network is applied also
in urban train transportation [12–14] to perform an interchange V2V (vehicle-to-vehicle) or I2V
(infrastructure-to-vehicle) [15].

Furthermore, in network hubs, railway transport is more flexible in terms of usage capacity
and speed, by comparison with other means of transport [16–18]. Finally, most of the companies
are in the process of switching the way they operate from a weight-based approach to an
operation-scheduled approach.

RTM (railway transport management) is a planning and monitoring solution for freight railway
transport and includes the following main functions:

• Assignment of resources;
• Cart Tracking and Monitoring Module;
• Surveillance of Trains and Carts Optimization Module;
• Extended logging for all users and network actions;
• Complete data history: hour, date, author, IP;
• Complete commercial history for trains and carts.

The RTM main characteristics include (1) platform accessed via the Intranet for inside users and via
Internet for selected users; (2) browser access not related to the user operating system and with minimal
hardware requirements; (3) mandatory authentication for all users of the application, divided in user
groups; (4) tagging of all system interaction information (i.e., system access, transfer of responsibilities
among users from one phase to the next one, etc.) and generation of output data in the form of
reports/decisions containing the following: system access data, performed action, and responsible
person; (5) saving logs for all the activities which interact with the application. Logs will be defined for
the actions of introduction, deletion, and modification of data (for modification, monitoring parameters
will be set), with a focus on data transfer; (6) dynamic user groups and area for the organization of
responsibilities—users will have at least three distinctive roles: user administrator of the application;
standard user; user with extended rights (with a role in the data export and report generating).

2. Reliable Automated Test Solutions for V2X, V2V, V2I Communications and IoT

In Europe alone, between 15 and 25 billion euros are spent annually on maintenance and repair
work on train and railway infrastructure. Under these conditions, saving only 1% of these costs—the
equivalent of 150–250 million euros—could have a significant impact on the business of railway
operators [15–17]. Maintenance costs can be reduced by halving the duration of roadside inspections
and by reducing the period of incapacitation of the respective route. This would result in a fivefold
return on investment as well as a reduction in the risk to maintenance teams. It is clear that the
digitization of train transport is in full swing, since it provides a better analysis of the information
collected by traditional methods and by connecting more and more sensors on railway equipment to
the Digital Platform. Additionally, the effects are huge, the focus being transport safety. How does
digitization work if an accident occurs on a section of railway or subway? “One situation could be the
detection of a variation in the power consumption of the equipment. When IoT and Big Data recognize
a model of performance criteria that has generated problems in the past, analytical information based
on this experience will trigger a predictive alert, allowing operators to act as such,” explained by Alain
Le Marchand from Thales. Thales already monitors more than 40,000 assets of the UK train network
and is working on capabilities similar to Open Lab Initiative (French Railways). More sophisticated
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equipment means more valuable information and more efficient and secure services. It is a fiber optic
axle counter capable of analyzing the weight of trains and calculating the number of passengers in
each train [18].

For several years, automobile manufacturers and government agencies have sought ways to
improve safety and effectively manage traffic flow. Wireless communication systems are advancing,
and the vision of automobiles talking to each other (V2V) and to roadside units (V2I) is becoming a
reality [19–21].

These planned automotive wireless communication systems for vehicle-to-everything (V2X)
communications are collectively known as intelligent transportation systems (ITS). The first wave of
solutions was based on IEEE 802.11p technology, but now C-V2X solutions based on LTE are appearing,
and discussions about how 5G will play a role are already happening [22–25]. Well-established vehicle
sensors, e.g., radar sensors, cameras, and tachometers, already provide information about distances
to nearby obstacles and about velocities, but sharing information from the vehicle to everything also
allows knowledge of critical traffic situations and collisions so that the driver or the car can initiate
countermeasures to avoid accidents or create a better traffic flow [26–29].

Vehicle-to-vehicle (V2V) communications systems require a stable wireless link to maximize the
throughput of information, which increases driver safety. To ensure a good wireless link, receivers
must be able to detect signals even under the worst conditions, e.g., low signal-to-noise ratio (SNR),
poor error vector magnitude (EVM), and heavy fading. Replicating these conditions in the lab requires
high-performance test equipment capable of generating/analyzing the V2X signals, the required fading
conditions, and satellite signals for highly accurate positioning [30–32].

V2V technology is used to perform communication between neighboring devices [33] and it could
be useful in railway transport as a backup or redundant solution for GPRS communication. If the GPRS
communication fails, the risk of collision is high and in some situations V2V could provide information
on train positions, velocities, and trajectories but the distance between the trains must be larger than
EBD (emergency braking distance) [33]. Another application of V2V technologies is in the subway
where the GPRS is not functional. The energy needed for data acquisition and communication is locally
generated by a harvesting circuit that converts the mechanical energy into electrical energy. Unlike
other technical solutions found in the literature [34–40], this paper presents an efficient convertor of
the rotating movement of the wheel into electrical energy [31]. The information concerning the wagon
parameters was sent in a linear mesh routing from the nodes to the data concentrator.

3. Functional Structure of the Wagon Monitoring Web Server Application

The wagon monitoring web server application presented in this paper includes the functional
modules presented in Figure 1. Regarding the communication technologies for V2V, it will apply LoRa
(long range radio) or NB (narrowband).
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The train wagon management web server application has the following components: locomotive
fleet monitoring, in terms of location (current station) and current status (in transit, in a station, refueling,
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at a draw, unloading, etc.); commercial history monitoring for each wagon; statistics regarding the
status of all wagons; status regarding wagons from each station; operations for individual wagons
and wagon groups; status regarding manifests (transport documents); maintenance of the selected
databases (wagon malfunctions, commercial issues, components, wagon-manufacturing company,
etc.); activities specific to international traffic; special activities: re-sending, re-receiving.

The wagon monitoring web server application (screen captures) is presented in Figure 2a,b.
Figure 2a illustrates the train wagon list, with administrative tools such as the ID of wagons, route,
reports, cost, help, and one example of train wagon route. Figure 2b presents possible action and
general information about the changing status of the train wagon. The user interface of the application
is Romanian but we aim to improve this aspect in the future development stage of the application (for
data confidentiality the figures are blurred).
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Figure 2. Wagon monitoring web server application (screen captures): (a) train wagon list; (b) changing
the status of train wagon; (observation: the user interface of the application is in Romanian but we aim
to improve this aspect in the future development stage of the application. For data confidentiality the
figures are blurred).
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The locomotive management web server application, illustrated in Figure 3 includes the monitoring
of the locomotive fleet in terms of location (current station), current status (in motion, in the station,
halted, refueling, etc.); the locomotive operations history; deleting/adding new locomotives to the
locomotive fleet; the maintenance of locomotive-specific databases: failures, manufacturers, spare
parts, roles, attributes, traffic conditions); classification of locomotive series (for data confidentiality
the figures are blurred).
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Figure 3. Locomotive management web server application (screen capture): monitoring of train
circulation—one example of compound trains, with the date of departure, the date of train composition,
the joining of new wagons and the date of arrival. (Observation: the user interface of the application is
in Romanian but we aim to improve this aspect in the future development stage of the application. for
data confidentiality the figures are blurred).

The web-server application regarding map positioning of train circulation, illustrated in Figure 4a,b,
includes the possibility of checking specific booklets that are annually loaded in the application and
allow the subsequent devising of the circulation programs by selecting the trains from the booklet;
assistance with train programming by providing details regarding the possible transport relations
(searches in booklet after “n” points of the itinerary); recording the circulation restrictions in the booklet;
devising daily circulation programs; exporting the print version for the daily program; monitoring the
status of daily programs.
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The correlated information for train speed, fuel or electricity consumption, and geographical
identification is illustrated in Figure 5.
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Figure 5. Display in the web-server application of train information, with correlated information for a
train, information for DL1 and DL2/DL3, train speed, fuel or electricity consumption, and geographical
identification (screen captures). Observation: the user interface of the application is in Romanian but
we aim to improve this aspect in the future stage of application development.

4. FERODATA System Architecture

The FERODATA system architecture consists of Ferodata SYS, Ferodata BOX, and Ferodata Mobile,
presented in Figure 6a,b. Ferodata SYS is the web-based module accessible at the headquarter and has
all the information collected from the locomotive and their operators such as:

(1) Locomotive list: shows the information about the actual position for all locomotives, functional
status, the revisions, diesel level, current worker, current activity, current train number, communication
status (online/offline);

(2) Map monitoring: illustrates all the locomotives on a map view, showing information about its
type, circulation status, direction, speed, alerts, etc.;

(3) Circulation chart with a graphics-based presentation of train circulation on a selected transport
relation and period;

(4) Sensor data export allows exporting original data collected from the locomotive sensors (DL1,
DL2, DL3) for a selected period and group of locomotives;

(5) Comprehensive view of all alerts issued by the system (consumption alerts, data unavailability,
connection unavailability, etc.).

The Ferodata BOX (GS_Dev1) acquires information of interest (GPS location, fuel/electricity
consumption, train speed, alarm situations) and sends them via wireless to a mobile device or tablet
using Ferodata Mobile (GS_Dev2).The Ferodata BOX, presented in Figure 6 is a piece of hardware
equipment mounted in the locomotive connected to the locomotive sensors IVMS (DL1), ICL (DL2),
and CEL (DL3) to collect real-time technical information.

The GPS module collects position information at every 5 s, communicates with Ferodata Mobile;
registers GPS coordinates at every 5 s; communicates with Ferodata to send data received from
locomotive devices; self-monitoring functions (internal temperature, voltage); reliable in hard conditions
(temperature, vibration, humidity).

The Ferodata MOBILE is an Android-based mobile application installed on a tablet that collects
data from Ferodata BOX and delivers it to the headquarter via mobile data connection channel.
It also collects the activity data reported by locomotive operators. This application is a mobile
application, compatible with Android 5 that allows the locomotive mechanic to report its current
activity. The application communicates with Ferodata SYS; it receives commands that are sent to
Ferodata BOX for execution and sends back responses for previous commands from SYS; communicates
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by Bluetooth with Ferodata BOX in order to send commands and receive responses; stores data, using
storage until the reliable data connection is available.Processes 2020, 8, x FOR PEER REVIEW 7 of 17 
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A locomotive is equipped with the SSAMR devices (a device for measuring and recording speed,
safety, and awareness) (DL1) and ECR (electric consumption recording) (DL2) or ICL (fuel consumption
recording) (DL3). These devices answer to the commands initiated by Ferodata BOX (GS_Dev1) using
RS232 protocol. GS_Dev1 interrogates, at certain time intervals, the devices DL1/DL2/DL3 and stores
data in a buffer memory. Consequently, the GS_Dev1 device communicates with GS_Dev2 using
Bluetooth. GS_Dev2 can initiate the reading of the DL1/DL2/DL3 commands by sending instructions
to GS_Dev1, which in turn sends the commands to DL1/DL2/DL3.

The data received from DL1/DL2/DL3 are stored locally in GS_Dev1 and then are sent to GS_Dev2.
After the data is received by GS_Dev2 and checked in terms of integrality, a new command is generated
to GS_Dev1 to clear the memory buffer.
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Data communication between GS_Dev2 and GS_Dev1 is carried out in text mode, using ASCII
code, except for the commands used to download certain buffers which will be transmitted in binary
mode. In the case of commands/answers with multiple parameters, these parameters will be separated
as follows P1 = V1#P2 = V2, where:

• P1 represents the name of parameter 1;
• V1 represents the value of parameter 1;
• P2 represents parameter 2;
• V2 represents the value of parameter 2;
• # represents pair separator of parameter-value type;
• = represents a connecting relationship between parameter name and parameter value;
• a maximum of 100 configuration commands in the interval CMD_000–CMD_099.

Some examples of commands are presented in Table 1.

Table 1. Commands.

Command Description

CMD_000 Reset of device; Parameters: none

CMD_001
Update of query periodicity for device DL1
Parameters: T = 10, T = time in seconds; Output: OK or FAIL;
Example: CMD_001:T = 10

CMD_002
Update of query periodicity for device DL3
Parameters: T = 10, T = time in seconds; Output: OK or FAIL
Example: CMD_002:T = 10

CMD_003
Update of query periodicity for GPS location
Parameters: T = time in seconds; Output: OK or FAIL
Example: CMD_003:T = 10

CMD_004
Update of device’s internal clock
Parameters: T = date and hour specified in the format; Output: OK or FAIL
Example: CMD_004:T = 20181218064000

CMD_100

Operational parameters reading GS_Dev1
Parameters: none
Output: battery charging level, if it is charging, GPS signal level, Bluetooth signal level,
date of last start (restart), internal temperature, status of DL1 connection, status of DL2
connection, status of DL3 connection, date of last DL1 query, date of DL2 query, date of
last DL3 query, buffer load (available memory), effects in case of success
GS_Dev1—does not exist; DL1—not the case; DL2—not the case; DL3—not the case
Example of call: CMD_100

CMD_101

Acquire current GPS position. Executes a reading of the GPS coordinates at the
moment of the command
Parameters: none
Output: OK: latitude, longitude, altitude, precision; FAIL

CMD_102

Acquire GPS position history stored since last data download from the device. It is
presumed that GPS data are recorded at set time intervals using the following
command: CMD_003
Parameters: none
Output:
OK: date_hour1, latittude1, longitude1, altitude1, precision1#date_hour2, latitude2,
longitude2, altitude2, precision2#; FAIL
Shows the case in which a DL1, DL2, DL3 device is not reachable.

CMD_200

Acquire IVMS data
Output: binary, to be discussed /suggested
Output: DL3#aaaaa#xxxxxxxxxx#bbbb
Explanations:
aaaaa—number of bytes to be sent
bbbbb—CRC16/32
After CMD_200 issues the command and GS_DEV2 successfully receives data from
IVMS, GS_DEV2 starts recording 10 h of functioning. After this time, GS_DEV2 starts
an alarm which advises the locomotive mechanic to grant a new DL! Reading
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The program flow chart implemented in GS_Dev1 is presented in Figure 7. After the start of the
circuit and initializing the device parameters (represented by A and B labels) the program is waiting for
a command (the list of the commands is presented in Table 1 of this paper), this operation is represented
by C label. According with the command message (conditioned through D label), if the command is
valid a dedicated block code will be executed (label E), the sensors data will be read, the data will be
arranged in data packages (label G), and they will be sent to the GS_Dev2 device (label H).Processes 2020, 8, x FOR PEER REVIEW 10 of 17 
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The command post no. 1 of locomotive LDE and the components of the electronic assembly of the
device GS_Dev1 are illustrated in Figure 8, as a block scheme. The GS_Dev1 device has four connectors
for the connection with GPS antenna, DL1, DL3, and power supply.
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Figure 9 illustrates an upper view of the GS_Dev1 device and the connecting elements with the
DL1, DL2, and DL3 devices. The power supply of the GS_Dev1 device can be made from continuous
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current (CC): min. 110 V, max. 350 V. (directly from the batteries mounted on the locomotive) or
alternative current (AC): min. 80 V RMS, max. 250 V RMS.Processes 2020, 8, x FOR PEER REVIEW 11 of 17 
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5. Results

Data monitored in the railway transport system refer to train parameters and railroad
parameters [16–19]. This paper presents a system and a method of train wagon parameter monitoring
using a wireless sensor network [20–22]. The data generated by the sensors are transmitted to the
device GS_Dev1. Parameters monitored by the sensors mounted on the train wagons are speed of
the wagon, temperature, geographical location, vibrations, etc. [23,24]. It is also possible to establish
the order of the wagon in the lining train [25]. An advantage of this method is the use of an energy
harvesting device based on the wagon movement.

We implemented a method and a device dedicated to monitoring the parameters of the wagons
by remote data transfer. The wagon’s position, speed, and other parameters should be known by the
train driver and by the logistics department also [26]. Usually, the connections between the wagons
in a trainset are mechanical and pneumatical. The information from the individual wagons could be
collected using wireless connectivity.

The issues that arise in such technical challenges are related to the sensors, to the connectivity,
and the power supply [31]. The electronic device dedicated to monitoring the wagon parameters
(Wag-Pos) consists of an acquisition and processing block AP that gathers the data from a sensor block
SB. These data are locally processed, and the information is transferred by several RF communication
modules such as RF_up, RF_down, GPRS.

The electronic circuits of the wag_POS module are supplied via an energy block BE which has the
role of converting some of the energy resulting from the wagon wheels and vibrations into electrical
energy, in order to bring this energy into the optimal parameters of the electronic circuits supply.
This role is assumed by an EH harvesting circuit, which stores the energy in a DC storage unit that
may be an accumulator or a super-capacitor. The energy resulting from the rotation of the wheels is
converted into electricity using an ELM electromagnetic generator (Figure 10).
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Figure 10. An electronic device dedicated to monitoring the wagon parameters Wag-Pos [31].
(Reproduced with permission from Prof. Adrian Brezulianu, “Wagon Monitoring Method and
System,” Patent Application RO132982A2, 2018).

Another form of energy that is converted to electrical energy is that resulting from vibrations,
the conversion of this energy into electrical energy is done through a piezoelectric or electromagnetic
device itself known as ELVIBR. The conversion of the rotation energy in electrical energy is performed
according with the technical solution presented in the patent application RO132982A2 [31].

A set of coils are mounted on a radial support (Figure 11), these coils gather the variable magnetic
field that is generated by a set of magnets which are mounted on a rotating support that is attached on
the wheel-axle of the wagon.
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Figure 11. Energy convertor: the coils support (a), the magnets support (b), and (c) the wheel-axle with
wag_POS module (Reproduced with permission from Prof. Adrian Brezulianu, “Wagon Monitoring
Method and System,” Patent Application RO132982A2, 2018 [31]).

The wagon monitoring system is made up of several electronic devices for monitoring the
wag_POS_1, wag_POS_2, . . . , wag_POS_n (wagon_POS_n) wagon parameters (Figure 12), which are
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mounted on a single wagon w1, wn−1, . . . , wn and communicate in a mesh type network in which each
device in an n position receives data from a device in an n − 1 position and sends these data to a device
in an n + 1 position (“up data transmission”) or a device in position n receives data from a device in
position n + 1 and transmits these data to a device in position n − 1 (“down data transmission”). These
communication modes are provided with “acknowledge” messages.
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The data are centralized in the memory of a known CD data hub itself which is mounted on a
LOC locomotive from where they are transmitted through a GSM-BS relay to a web_serv web-server
to be processed by a manag_SW management program. The method and system for monitoring the
wagons are intended for railway transport companies that need to organize their transport activities.
It is necessary to know in real-time what is the configuration of a train lining, to find out the identity
of the wagons to be attached to a gasket, to identify the situations in which a wagon or a group of
wagons comes off the configuration of the gasket.

The configuration of a moving train gasket is determined by establishing a database of all the
wagon IDs that are inscribed in the pos_WAG devices. The scenario is as follows: (a) the data center
receives a command to verify the gasket configuration; (b) the data concentrator sends the command to
verify the configuration of the gasket to the device in the immediate vicinity, whose index considering
it as n, the value of n indicating and the number of wagons of the gasket; (c) the command propagates
in the mesh network through each device pos_WAG; (d) each pos_WAG device sends the response
through the mesh network to the hub; (e) a comparison is made between the reference database and the
database of received IDs. The data routing is performed in a “linear mash routing” [9], one advantage
of this method is low power consumption as compared to “probabilistic routing”.

The integration of the one-wagon ID into the train kit database is done automatically during
the wagon connection. The device of the last gasket wagon sends via the RF_down module a query
message that will be received by the RF_up module of the pos_WAG device that is mounted on the
wagon to be integrated. Following the query message, this module responds with a message indicating
the wagon ID, the last coordinates recorded at the station as well as other parametric records.

When parking a wagon, which is the last wagon of the gasket with the index “1” (pos_WAG_1),
the last recorded geographical coordinates that are generated by the GPS module of the pos_WAG_1
device will be stored in the memory of the device or sent to the network by the data hub, which
takes over the geographical coordinates from its GPS module. The condition of parking the wagon
is given by the zero speed of the parked wagon while the locomotive speed is different from zero.
The monitoring of train parameters using a wireless sensors network (WSN) is supposed to approach
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at least two aspects of the practical applications. In SEAIT wireless sensors network three routing
models are allowed: probabilistic routing, ad-hoc routing, and linear mesh routing. In our application,
we adopted linear mesh routing because for the first two models the communication between the
gateway and the nodes is performed individually which means that the gateway (data concentrator)
should allocate successive resources to interrogate each node individually. In the case of linear mesh
routing the data pass step by step from a node to others and finally are collected in a unique memory
location that is situated in ref_pos module.

6. Conclusions

This technical solution is dedicated to monitoring the train parameters based on an innovative
system that could be adapted to a locomotive as an aftermarket device. The application concept
presented in this paper has started from a commercial requirement and all the R&D and production
stages are covered. The paper is structured in two sections: the first one approaches the challenges
concerning the locomotive parameters (velocity, fuel level, engine rotation, etc.) that are monitored
by sensors implemented during the vehicle manufacturing, named FERODATA system. The second
section describes a method and a system dedicated to monitoring the wagon parameters: velocity,
geographical position, vibration, temperature, etc.). The FERODATA system is implemented in a
pilot application consisting of 50 sets of devices that are working on the locomotives in real-time for
more than two years, which proves the robustness of this product. It is the first Romanian platform
dedicated to monitoring the locomotive parameters in real-time using an aftermarket device.

The Romanian National Railway Safety Authority (ASFR) decided that each locomotive should
be equipped with sensors that detect the railways that are occupied, free, or interrupted, the speed
limitations imposed on certain sections, the press of the alarm pedal or button. Beside these
sensors, a locomotive is also equipped with other sensors that provide information on the average or
instantaneous fuel consumption, the tank fuel level, the pressure in the braking system, the thermal
engine, and the auxiliary heating system Webasto. All this information is available and can be accessed
through a serial communication protocol by the device Ferodata BOX (GS_Dev1). The electronic
device we designed, Ferodata BOX, allows the creation of interfaces with other sensors we placed in
locomotives: GPS position sensor and radio frequency communication blocks. The latter communicate
through a mesh network and collect information from each wagon (wag_POS_n). All the information
collected by Ferodata BOX is transmitted by Bluetooth to a mobile intelligent device named Ferodata
Mobile—which is a tablet in our case. The train mechanic can also access an application on Android in
order to introduce, if necessary, additional information on the train (the name of the train mechanic,
the destination, the load, etc.). The information is then forwarded by Ferodata Mobile to Ferodata
SYS which manages the database and displays the status of each train. The FERODATA system
included Ferodata BOX, Ferodata MOBILE, and Ferodata SYS used to transmit to a web-server the
status and operating information of an electric or diesel train. The wagon monitoring method and
system describe an innovative technical solution that covers the requirement of gathering parameter
data from the freight wagons using a wireless sensors network. The energy needed for data acquisition
and communication is locally generated by a harvesting circuit that converts the mechanical energy of
the wagon in electrical energy. Unlike other technical solutions found in the literature [30–40], this
paper presents an efficient convertor of the rotating movement of the wheel in electrical energy [31].
The information concerning the wagon parameters was sent in a linear mesh routing from the nodes to
the data concentrator.

The Romanian train fleet is outdated, and major improvements are unlikely in the short term. This
paper presents a solution for managing the information collected from current locomotives and for
adding new information necessary for the modern management of a train fleet. The element that has
not yet been validated in practice is the information collected from each wagon. The communication
between wagons has been emulated in the lab, but it has not been implemented physically on a
commercial wagon. This is a valuable element and we intend to validate it practically as soon as
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possible, since it collects information from each wagon: speed, pressure in the braking system, the
wear and tear of the bogie, the wear and tear of the braking drums, etc.

Future work will include the implementation of an experimental model for the technical solution
proposed in the patent application RO132982A2 [31]. We shall also improve the new features of the
monitoring system with an updated user interface (English) and extend the applicability for passenger
transport. Another research direction is to conceive a communication protocol that will be used in V2V,
I2V, I2I, and IoT technologies and that will bring an extra degree of safety in the rail transport.

7. Patents
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The objective we started our research with was to find out to what 

extent may intelligence analysis (based on perceptions) be influenced and 
by which factors (beyond those related to the individual)? 
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Abstract: This paper presents a system dedicated to monitoring the heart activity parameters using
Electrocardiography (ECG) mobile devices and a Wearable Heart Monitoring Inductive Sensor
(WHMIS) that represents a new method and device, developed by us as an experimental model, used
to assess the mechanical activity of the hearth using inductive sensors that are inserted in the fabric of
the clothes. Only one inductive sensor is incorporated in the clothes in front of the apex area and
it is able to assess the cardiorespiratory activity while in the prior of the art are presented methods
that predict sensors arrays which are distributed in more places of the body. The parameters that are
assessed are heart data-rate and respiration. The results are considered preliminary in order to prove
the feasibility of this method. The main goal of the study is to extract the respiration and the data-rate
parameters from the same output signal generated by the inductance-to-number convertor using
a proper algorithm. The conceived device is meant to be part of the “wear and forget” equipment
dedicated to monitoring the vital signs continuously.

Keywords: IoT; UH; inductive sensor; textile-based sensor; heart rate sensing; respiration sensing;
inductive to number convertor

1. Introduction

Nowadays, the Internet of Things (IoT) through which a network of smart objects work together
in collecting and analyzing big collections of data and autonomously perform actions is becoming
real, thanks to the machine-to-machine (M2M) technology [1]. Globally, M2M connections will grow
nearly threefold, from 4.9 billion in 2015 to 12.2 billion by 2020, accounting for nearly half (46%) of
all connected devices, including medical devices. “For 2020, the installed base of Internet of Things
devices is forecast to grow to almost 31 billion worldwide [1]”. The medical area will grow fivefold,
the fastest, from 144 million connections in 2015 to 729 million in 2020 [1]. There are many applications
of IoT in medicine, including in electrocardiography [2–17].

Chronic disease management is important for the self-management of health and the IoT concept
plays a significant role. Personal medical devices need two features: Applications that use network
protocols and intelligent services to achieve them. However, most have only one function: To indicate
data and save them temporarily. This paper suggests a smart health service model that gives a concrete
response to an individual. To do this, we have introduced a collaborative protocol that transfers
risk factors between IoT and personal medical devices. “Ubiquitous Health” (UH) is a model where
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individual medical data were measured by ubiquitous (UHD) personal medical devices, then sent to a
dedicated server to provide answers to medical staff and patients. The intelligent clothes represent
a paradigm that gains a large area in people’s life. The technological progress determines an easy
implementation of models in wearable devices, the “wearability” being a needed feature of intelligent
clothes [17–28].

“Smart textiles are defined as textile products, such as fibers, filaments, and yarns together with
woven, knitted or non-woven structures, which can interact with the environment/user” [21]. This
interaction implies changes in certain values of electric or electromagnetic fields modifying the values
of physical parameters such as resistances, capacitances, and inductances.

We can talk about capacitive smart textiles by applying conductive paint on a fabric in a
configuration of capacitor electrodes [22–24], the capacitances values being determined by a relative
position of an object related to the surface of the electrodes. The smart textile concepts imply two
directions of development: Implementing of passive components like resistors (by conductive tissues),
inductances (by coil shape), and capacitive, but also, we should take into account the possibility to
implement active components like transistors. In this case, we can imagine a configuration of the
circuits distributed on the surface and in the volume of the clothes.

A capacitive sensorial structure was conceived in order to detect the roll-pitch-yaw rotations of the
neck and hands. The capacitive sensor was positioned on the collar and on the sleeves of the clothes
and an accelerometric sensor was dedicated to determining the neck and trunk movements.

The accelerometric sensor is placed on the collar, in the cervical zone, close to the capacitive
sensors [24]. An inductive proximity sensor is dedicated to monitoring the mechanical heart activity
by inserting a planar inductive sensor in the fabric of the clothes in front of the apex zone. The
displacements of the chest tissues during systole and diastole phases are seen as inductive changing
values that are converted into digital numbers.

The paper presents an ECG (Electrocardiography)-based monitoring system [23] using an
acquisition device of the ECG signals to which electrodes are attached using wires that will be
in contact with the patient’s skin (over the sampling period) and also an accelerometer device.

This system supports the following functions: ECG signal acquisition, heart rate monitor,
respiration rate measurement based on impedance pneumography (see Figure 1). The device dedicated
to monitoring the heart activity consists of a planar inductive sensor that is inserted in the fabric and
is connected to a LDC circuit (Inductive to digital convertor), of a microcontroller that gathers the
inductive data and sends them by an RF module to a server. One inductive sensor only is incorporated
in the clothes in front of the apex area and it is able to assess the cardiorespiratory activity while in the
prior of the art are presented methods that predict sensors arrays which are distributed in more places
of the body.

The heart activity monitoring using wearable biosensors has as a goal the continuous assessment
of cardiovascular parameters [23–25]. An advanced photoplethysmographic technique is presented
in [25].

This technique adopts as a monitoring device a ring that incorporates a sensorial structure which
is able to measure the heart parameters such as heart rate, oxygen saturation, and heart rate variability.
“Wearable electrocardiogram systems represent the most mature WBS technology.” [27].

The same devices are used in order to store ECG signals for a determined time period being able to
generate outputs for heart rate and respiration. Dedicated integrated circuits with these functionalities
have been developed (we would like to mention here ADAS1000 from Analog Devices).

The movements of the tissues are detected by acceleration sensors which could be used in order
to identify and to reduce the motion artifacts [28].

A planar inductive sensing element (“flat spiral”) which is inserted in the clothes in order to
detect the vital parameters (heart-rate and respiration) is presented in [29]. The simulation of the
theoretical model was performed by COMSOL Multiphysics (COMSOLAB, U.S.A.), magnetic field
model. The principle of operation consists of two stages: “The first step was to evaluate the induced
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eddy current by the excitation of an external coil, and the second step was to evaluate the induced
magnetic fields by an eddy current.” [29]. The presence of a coil on a fabric offers the privilege to
use the coil as an antenna with two functionalities: Sensing element and data transfer element [28].
Another functionality could be charging coil for the accumulators when the clothes are not worn.Sensors 2019, 19, x FOR PEER REVIEW 3 of 16 
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Figure 1. Smart clothing for Electrocardiography ECG [23].

In [30] a method dedicated to monitoring cardiorespiratory activity is presented that is based on
the magnetic induction technique. The paper mentions that the capacitance between the coil and the
body (denominated Cstray) did not influence the output signal, but during the physical activity this
distance is not constant, therefore, in our opinion, the distance between the sensor and the thoracic plan
has a large influence on the output signal value. The differences between [30] and our paper consist of:

(1) In [30] more sensors are used in order to determine the changes of the thoracic impedances, these
changes being caused by cardiorespiratory activity. In this paper, we used only a sensor that is
positioned in front of the apex and assesed the cardiorespiratory activity based on the changing
of the thoracic impedance and of the distance between the sensor and thoracic surface. These
parameters influence the inductance value of the sensor, this value is measured using a very
sensitive inductance to digital convertor (LDC1612).

(2) In [30] inductive sensors based on the microcontroller MSP430F5435A are conceived and
implemented. In this work, we used a dedicated inductance-to-digital convertor (LDC1612) that
has very good sensitivity and measurement resolution (up to 28 bits).

In [31] a device for monitoring the pulse by measurement the bioimpedance of the thumb based
on magnetic induction principle is described. An inductive sensor is placed on the thumb, as a ring,
this method is an alternative for the photoplethysmographic sensors. This monitoring technique is
able to determine the pulse only.
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2. IoT and GreenCardio Platform

GreenCardio© [14] is a dedicated system to monitor the heart activity parameters using various
mobile or wearable devices that are connected to a cloud. The system consists of a set of heart
monitoring devices (wearable heart monitoring inductive sensor WHMIS, mobile electrocardiograph
device, MED, being available to connect other kinds of peripherals), a data server and an application
that represents a software platform for remote ECG investigation that is able to collect, centralize and
diagnose ECG investigations.

The application runs as follows [14]:

(i) In the family doctor’s office, as a separate module (FD, desktop), installed on a desktop computer
or laptop that is connected to an ECG device, information regarding the ECG investigations will
be stored initially on the local hard drive in a data base. Based on internet connection availability,
the results of the ECG investigations will be transmitted to a central server to be parallel processed
and monitored;

(ii) On a central server (collection/analysis, Web-based), where the centralizing, unification and
pre-diagnosis algorithm running will be performed, as well as the creation of alerts based on
results obtained from received investigations;

(iii) In the permanent monitoring center, the specialist doctor investigates the results with possible
alerts stemming from highlighted probable pathologies resulting from the pre-processing’s run
on the central server, as is shown in Figure 2.
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Workflow description

1. Creating a new patient form in the application in the FD (family doctor) module if the patient has
not been registered beforehand.
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2. Connecting the ECG equipment to the patient, controlling the ECG device through the FD module
in order to complete the ECG investigation and collect the results in the local data base;

3. Visualizing the results of the investigation in the FD module (ECG graph);
4. Transmitting information regarding the patient (identification data, family doctor) and the results

of the investigation to the central server;
5. Receive and store information on the central server;
6. Run automated analysis algorithms on the central server;
7. Showing information + automated analysis results + alerts in the monitoring

screen/specialist doctor.

Automated pre-diagnosis

The functionality allows the doctor to perform a series of automated tests, that will ultimately
result in annotations on the graph, in order to help the specialist doctor to better diagnose.

The application has a pre-diagnosis analysis, the classification of cardiac beats and viewing
according to a predetermined classification.

By clicking on a button in the specialist doctor menu, the special signal line will be given
annotations in relation to several pre-determined classes:

• Atrial extra systole = 0
• Normal beat = 1
• Left branch block = 2
• Right-left branch block = 3
• Ventricular extra systole = 4
• Aberrant intra-ventricular conduction = 6
• Stimulated ventricular rhythm = 8
• Fusion beat = 9

In a future version the following pre-diagnosis analyses will also be implemented:

a. R wave detection.
b. Computing the cardiac frequency with alert creation at frequencies larger than 130 beats per

minute or lower than 40 beats per minute. An error in cardiac frequency calculus of ±10
beats/minute is admitted.

c. Computing the cardiac rhythm variation on a variable number of cardiac complexes. Alerts
will be shown on a variation lower or higher than 20% of the cardiac rhythm and the graphical
marking of the area.

d. Complex QRS detection. For each recording, a maximum of nine complex QRS misses will
be acceptable.

e. Computing the median of the QRS complex. Alert generation at a median value of the QRS
complex duration higher than 120 milliseconds.

This software component has been created as a desktop application that will be run on one or
more computers at the monitoring center. Through this application, the specialist doctor has instant
access to information regarding the medical form, current ECG investigation, and a complete history
of past ECG investigations performed on a patient, regardless of the patient’s location or the previous
family doctor. The specialist doctor, through this component, gains access to visualizing and analysis
instruments to be applied to the investigation result. Based on these, the specialist doctor may formulate
recommendations or alerts, which can be sent instantly to the family doctor’s office

On the investigation page, the family doctor can select the desired measurement instrument
depending on time and signal strength. This can be achieved by checking the measurement box. Press
the left mouse button and hold to select the desired section to be measured.
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3. Experimental Model of the Wearable Heart Monitoring Inductive Sensor

The wearable sensor designs require some critical issues to be achieved as: Very low power
consumption, small sizes, data storage, and data transfer capabilities, local data processing, and
durability. The fulfillment of these conditions gives the portable sensors the quality of “wear and
forget” devices.

The classification of the body movement intensity is difficult to be performed during the daily
activity. Therefore, the results obtained during “slow motion”, as they are presented in [31], are
encouraging but they are not good enough to ensure a proper monitoring for all activities, this is one
reason why we recommend to use such sensors for the repose and sleep activities only.

An LDC1612 circuit is used as inductance-to-digital convertor, as it has a resolution of 28 bits and
is able to gather inductance data through two channels. The interface between LDC1612 and a host
microcontroller is performed by I2C communication protocol (Figure 3a).

The architecture of the experimental model consists of a microcontroller, an LDC convertor, and
a coil implemented in a planar configuration. In this version of implementation, the coil is attached
on the fabric in front of the apex. The maximum effect of the heart activity can be detected in this
thoracic region.

An L-C resonant is the core of the inductive sensor circuit that induces an EM field and its intensity
is determined by inductance, capacitance, and frequency values. An object that is in the proximity of
the sensor has an influence on it, according to the electromagnetic properties [29].
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acquisition and data transfer (b).

We consider a planar spiral to be an optimal shape of the inductance in order to be easily inserted
in the fabric of the clothes. A planar spiral inductance is usually found in RF circuits [30] with several
profiles: Square, circular, or polygonal. One expression of the planar spiral inductance according
to [31] is:

L = K_1 µ_0 (Nˆ2 D_avg)/(1 + K_2 φ)

where:

L = inductance (nH)
D_avg = average diameter of coil (mm)
K_1, K_2 = layout coefficients
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φ = fill factor
N = number of turns”

LDC1612 is a high resolution (28 bits) inductance-to-number convertor. The interface between the
circuit and the microcontroller unit is performed by the I2C interface. The functionality is based on
measuring the oscillation frequency of multiple LC resonators [31]. LDC1612 meets the parametric
conditions required by a wearable device. The current consumption in sleep mode is under one
microampere and in normal mode it is 1.5 milliampere. The range of power supply is 2.7–3.6 V, which
can be powered by a long life or rechargeable lithium-ion battery. The data-rate of I2C interface is
400 kbps and the data-rate conversion is about 4 kSPS [31–35].

ADuCRF101 is a microcontroller unit that has a CORTEX M3 core incorporated and a configurable
RF module. The current consumption in sleep mode is under one microampere.

The source code of the microcontroller is described in C language and is compiled by Keil tool.
The program execution follows the successive operations described in the flowchart (Figure 4b),
respectively. Label 1 represents the functions of initialization for the ADuCRF101 microcontroller and
for the LDC1612 convertor. The setting of the microcontroller consists of: Clock frequency to 4 MHz,
RF frequency: 868 MHz, RF data-rate: 300 kbps, length of the data stream: 24 bytes. LDC1612 is set up
to work in continuous mode. Inductive data are stored in the internal RAM location as vectors having
a length of 24 bytes.

The data are sent to a data concentrator that is connected to a laptop and are saved as text format.
In order to avoid errors during the data transfer, a CRC algorithm is used. All the circuits are powered
by a 3.6 V battery of and an energy capacitance of 2700 mAh. The average current during data
acquisition is about 6 mA and during data transfer, it is about 36 mA (for an RF power of 13 dBm).
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The human biological tissues are mostly composed of water. The heart and the brain consist of
about 73% water, the lungs 83% and the bones contain about 30% water [34]. Based on the influence of
water on the electrical and electromagnetically field parameters, proximity sensors were conceived.
The parameter of the electrical field that is strongly influenced by water is the electrical permittivity,
respectively εr. The presence of a water body in the proximity of capacitance will strongly influence it,
increasing its value.

Reference [24] presents the influence of a water probe on a planar capacitive sensor as simulation
results using Beladraw 1.0 software (Figure 4a,b).

When a water probe is near electrodes, at a distance of 1 mm, the capacitance value increases
to 5.902 pF. The proximity capacitive sensors have a very good sensitivity, but a disadvantage is
the influence of environmental humidity on the measurement accuracy. In clothes applications, for
example, perspiration is a factor to be considered.

In the case of the electromagnetic field, the influences of various materials that are found are
increasing, decreasing or have no influence on the permeability parameter µr. The water diamagnetic
property will have as an effect a decreasing of the inductance value, therefore, when the sensor
approaches the tissues the value is less than when the sensor is placed at a larger distance (Figure 5a).Sensors 2019, 19, x FOR PEER REVIEW 9 of 16 
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Activating CH_0 determines the value of the inductance by the femm simulator as 3.45406 µH
and when CH_1 sensor is activated (Figure 5a,b) the value of its inductance is 3.50515 µH. The water
has a negative permeability due to its diamagnetic properties.

4. Mobile ECG Device

The main component of the portable device is the specialized integrated circuit ADAS1000 made
by Analog Devices, which can work with 3, 4 or 10 electrodes (in a master–slave configuration) in
order to obtain results on 3, 5 or 12 leads. The block diagram includes a microcontroller, the ADAS1000
circuit, a GSM/GPRS communication module, an accelerometer, and a temperature sensor.

The acceleration sensor detects if the patient is moving in order to make a correlation between the
ECG data and the movement. The temperature sensor shows whether the patient has a fever. Beside
the ECG information, the ADAS1000-integrated circuit also generates data on breathing, which is
useful for the detection of sleep apnea.

During the ECG data reading, data communication is off, so that the signal input is not affected.
After the reading interval of 10 s, the communication module GSM SIM900 is turned on and initialized.
It contains a SIM card from a GSM data service provider. The microcontroller AduCRF101 from the
portable device communicates with the GSM SIM 900 modem by means of a serial port and of GSM
AT commands.

The SIM900 modem is a 2G GPRS mobile data module functioning in the GSM850 MHz, EGSM900
MHz, DCS1800 and PCS1900 frequency bands. The data read by the ADAS1000 circuit is processed by
the microcontroller in order to be stored temporarily (RAM) or permanently (FLASH), and then they
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are sent regularly through the GSM/GPRS data communication in the cloud to a GreenCardio© server
by means of the FTP data protocol. If there is no Internet connection, the data is saved in internal
FLASH memory and it is sent to the central server when the Internet connection is available.

The data is stored in a *.xml file. Its name indicates the day and the time of the data input,
for example: 2018_07_26-14_01_20.xml. Within the GreenCardio© server, the data is processed
individually for each patient and analyzed by a physician.

Such a file is presented below:
<?xmlversion=“1.0” encoding=“ISO-8859-1”?>

<!DOCTYPE RestingECG SYSTEM “rest.dtd”>

<RestingECG>

<PatientID>Maria Popescu</PatientID>

<DateofBirth>01-08-1982</DateofBirth>

<Gender>Female</Gender>
<Waveform>

<WaveformType>Rhythm</WaveformType>

<NumberofLeads>1</NumberofLeads>
<SampleType>CONTINUOUS_SAMPLES</SampleType>

<SampleBase>500</SampleBase>

<Battery>Stare incarcare=0, Nivelbaterie=90%, Tensiunebaterie=4,061V</Battery>

<LeadData>

<LeadAmplitudeUnitsPerBit>2.84</LeadAmplitudeUnitsPerBit>
<LeadID>1</LeadID>

<LeadDataCRC32>4291035169</LeadDataCRC32>

<WaveFormData>FF 0000 0000 0000 FF 0000 0000 0000 FF 0000 0000 0000 FF 7FAD 8053 7FB6 FF
7F79 804D 7F6C FF 7E33 802A 7C0D 802D 7C0E FF 7D02 802D 7C0E FF 7D02 802D 7C0F FF 7D02 802D
7C0F FF 7D02 802D 7C0F00000</WaveFormData>

</LeadData>

</Waveform>

</RestingECG>

The above figure presents an ECG signal reading device made with two ADAS1000-integrated
circuits connected as master and slave, which allows the representation of 12 derivations (member
derivations and precordial derivations), as observed in Figure 6.
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5. Data Acquisition

Inductive data generated by LDC1612 have 28 bytes size for each sample, but we use only the
most significant 16 bits. The average length of each recording was approximately 30 s. The signals
were acquired at the sampling frequency of fs = 20 Hz. Two scenarios were used to acquire the signals,
one in which the sensor is held “closer” to the chest and the other in which the sensor is not pressed.
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In the following figure, we have a portion of an acquired signal holding the sensor closer to the chest
box, where one can clearly see the periodicity of the heart-generated signal (Figure 7a).
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Figure 7. Sequence of three seconds from an acquisition with sensor pressed. The periodicity of signal
is visible. (a) Sequence of three seconds from acquisition with sensor not pressed. The periodicity of
signal is difficult to be detected (b).

If the sensor is not pressed, the signal has more noise, and the periodicity due to heart activity is
less visible. A short sequence of three seconds from such signal is shown in Figure 7a,b. Even if the
signal is noisy, it is still possible to detect the heart rate, if the size of the analysis window has more
than 10 s.

Acquisitions were also made, in which the subject at first started breathing normally (with an
air exhaled at about 3–5 s), and finally holding breath. This, way it was observed that in the first half
of the signal, in which the subject does not breathe, the periodicity of the signal associated with the
activity of the heart is more visible.

In the Figures 8–10 a pre-processed signal, filtering and normalization operators that were applied
on this signal are presented, therefore, the values of interval was changed and the signal amplitude is
not expressed in µH as it is adimensional. In future research activity, we intend to use DWT (discrete
wavelet transform), by changing the detailed coefficients that contain also the noise, respectively,
without altering the approximate coefficient as in work [36]. A predictive neural network could be
implemented in order to increase the robustness to noise.

Because the heart rate detected for both parts of the signal was approximately the same, it was
concluded that the implemented algorithm is as effective for both situations.

Sensors 2019, 19, x FOR PEER REVIEW 11 of 16 

 

Acquisitions were also made, in which the subject at first started breathing normally (with an 
air exhaled at about 3–5 s), and finally holding breath. This, way it was observed that in the first 
half of the signal, in which the subject does not breathe, the periodicity of the signal associated with 
the activity of the heart is more visible. 

In the Figures 8–10 a pre-processed signal, filtering and normalization operators that were 
applied on this signal are presented, therefore, the values of interval was changed and the signal 
amplitude is not expressed in μH as it is adimensional. In future research activity, we intend to use 
DWT (discrete wavelet transform), by changing the detailed coefficients that contain also the noise, 
respectively, without altering the approximate coefficient as in work [36]. A predictive neural 
network could be implemented in order to increase the robustness to noise. 

Because the heart rate detected for both parts of the signal was approximately the same, it was 
concluded that the implemented algorithm is as effective for both situations. 

 
Figure 8. Acquisition with normal breath in the first part, and without breath in the second part of 
the signal. 

 
(a) (b) 

Figure 9. Representation of the delay between the input signal (with blue) and the filtered signal 
(with red) (a) Representation of the overlap of the input signal and the filtered signal (the delay was 
eliminated) (b). 

 

Figure 10. Representation of the difference signal (which mainly contains the periodic heart signal). 

6. Data Processing and Results 

Data processing consists of the implementation of an algorithm in order to extract two 
components, the respiration components, and the heart rate component from the same signal 
generated by the LDC circuit. Because the inductive sensor incorporates both these signals, 

HB sss += , we should find a filtering method in order to correctly split the target signals. 
The algorithm is: 
Step 1: Removing the amplitude offset from signal s 

)(smeanss nn −=   

Step 2: Applying a low pass filter LPF with a cut-off frequency of 1 Hz, in order to extract the 
respiration components Bs : 

Figure 8. Acquisition with normal breath in the first part, and without breath in the second part of
the signal.

Sensors 2019, 19, x FOR PEER REVIEW 11 of 16 

 

Acquisitions were also made, in which the subject at first started breathing normally (with an 
air exhaled at about 3–5 s), and finally holding breath. This, way it was observed that in the first 
half of the signal, in which the subject does not breathe, the periodicity of the signal associated with 
the activity of the heart is more visible. 

In the Figures 8–10 a pre-processed signal, filtering and normalization operators that were 
applied on this signal are presented, therefore, the values of interval was changed and the signal 
amplitude is not expressed in μH as it is adimensional. In future research activity, we intend to use 
DWT (discrete wavelet transform), by changing the detailed coefficients that contain also the noise, 
respectively, without altering the approximate coefficient as in work [36]. A predictive neural 
network could be implemented in order to increase the robustness to noise. 

Because the heart rate detected for both parts of the signal was approximately the same, it was 
concluded that the implemented algorithm is as effective for both situations. 

 
Figure 8. Acquisition with normal breath in the first part, and without breath in the second part of 
the signal. 

 
(a) (b) 

Figure 9. Representation of the delay between the input signal (with blue) and the filtered signal 
(with red) (a) Representation of the overlap of the input signal and the filtered signal (the delay was 
eliminated) (b). 

 

Figure 10. Representation of the difference signal (which mainly contains the periodic heart signal). 

6. Data Processing and Results 

Data processing consists of the implementation of an algorithm in order to extract two 
components, the respiration components, and the heart rate component from the same signal 
generated by the LDC circuit. Because the inductive sensor incorporates both these signals, 

HB sss += , we should find a filtering method in order to correctly split the target signals. 
The algorithm is: 
Step 1: Removing the amplitude offset from signal s 

)(smeanss nn −=   

Step 2: Applying a low pass filter LPF with a cut-off frequency of 1 Hz, in order to extract the 
respiration components Bs : 

Figure 9. Representation of the delay between the input signal (with blue) and the filtered signal
(with red) (a) Representation of the overlap of the input signal and the filtered signal (the delay was
eliminated) (b).



Sensors 2019, 19, 3284 11 of 16

Sensors 2019, 19, x FOR PEER REVIEW 11 of 16 

 

Acquisitions were also made, in which the subject at first started breathing normally (with an 
air exhaled at about 3–5 s), and finally holding breath. This, way it was observed that in the first 
half of the signal, in which the subject does not breathe, the periodicity of the signal associated with 
the activity of the heart is more visible. 

In the Figures 8–10 a pre-processed signal, filtering and normalization operators that were 
applied on this signal are presented, therefore, the values of interval was changed and the signal 
amplitude is not expressed in μH as it is adimensional. In future research activity, we intend to use 
DWT (discrete wavelet transform), by changing the detailed coefficients that contain also the noise, 
respectively, without altering the approximate coefficient as in work [36]. A predictive neural 
network could be implemented in order to increase the robustness to noise. 

Because the heart rate detected for both parts of the signal was approximately the same, it was 
concluded that the implemented algorithm is as effective for both situations. 

 
Figure 8. Acquisition with normal breath in the first part, and without breath in the second part of 
the signal. 

 
(a) (b) 

Figure 9. Representation of the delay between the input signal (with blue) and the filtered signal 
(with red) (a) Representation of the overlap of the input signal and the filtered signal (the delay was 
eliminated) (b). 

 

Figure 10. Representation of the difference signal (which mainly contains the periodic heart signal). 

6. Data Processing and Results 

Data processing consists of the implementation of an algorithm in order to extract two 
components, the respiration components, and the heart rate component from the same signal 
generated by the LDC circuit. Because the inductive sensor incorporates both these signals, 

HB sss += , we should find a filtering method in order to correctly split the target signals. 
The algorithm is: 
Step 1: Removing the amplitude offset from signal s 

)(smeanss nn −=   

Step 2: Applying a low pass filter LPF with a cut-off frequency of 1 Hz, in order to extract the 
respiration components Bs : 

Figure 10. Representation of the difference signal (which mainly contains the periodic heart signal).

6. Data Processing and Results

Data processing consists of the implementation of an algorithm in order to extract two components,
the respiration components, and the heart rate component from the same signal generated by the LDC
circuit. Because the inductive sensor incorporates both these signals, s = sB + sH, we should find a
filtering method in order to correctly split the target signals.

The algorithm is:
Step 1: Removing the amplitude offset from signal s

sn = sn −mean(s)

Step 2: Applying a low pass filter LPF with a cut-off frequency of 1 Hz, in order to extract the
respiration components sB:

s∗n =
M−1∑
k=0

sn−k · bk +
M−1∑
j=1

s∗n− j · a j, s∗n � sB

The coefficients of the digital filter a j, bk are generated by Matlab and according to a filter that
belongs to the Butterworth family having M = 7 order and the cut-off frequency as mentioned above,
at 1 Hz.

The complete equation of the ARMA filter (autoregressive moving average) includes in the
formula a recurrent part AR, that induces a delay in the filtered signal s∗.

Step 3: the delay between the inductive signal s and filtered signal s∗ is determined using the
AMDF (average magnitude difference function) method and the correlation function.

- initializing with zero of the vectors CXY and DXY
For k = 0: length_s-1

CXY[k] =
N−k∑
n=0

s[n] · s∗[n + k], k = 0, . . . , N − 1

DXY[k] =
N−k∑
n=0

s[n] − s∗[n + k]

We denominated the number of samples/the length of the inductive signal (input signal) with N.
The CXY and DXY vectors calculation could be limited only for a number of values done by

maximum delay where the signal could arrive and not on all length of s signal.
The offset is determined based on the global maximum position of the correlation function CXY,

respectively on the minimum global position from DXY vector of AMDF.

o f f set(1) = min
k

DXY

o f f set(2) = max
k

CXY
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Depending on the input signal, any of the two methods can determine better the offset. the time
lag which has led to the best overlap is chosen (with a minimum difference).

if mean(d1) < mean(d2),

o f f set = o f f set(1), d = d1

else o f f set = o f f set(2), d = d2

The differences in signals between input signal s and the filtered signal s∗ were calculated taking
into account both delays.

d j =

N−o f f set1∑
n=0

(s[n] − s∗[n− o f f set( j)], j = {1, 2}

Removing the respiration components sB from the input signal will keep the heart rate component
sH � d

Step 4. The period T of the difference signal is estimated, using the autocorrelation function. The
signal period T is considered to estimate the heart rate.

For k = 0: length_d-1

CXX[k] =
N−k∑
n=0

d[n] · d[n + k]

Only local peaks between Tmin and Tmax are taken into account. These limits are set by the
minimum heart rate considered to be 40 bpm and the maximum value set at 200 bpm:

Tmin = 60/200 · fs, Tmax = 60/40 · fs

where fs = 20 Hz is the signal sampling frequency.
The signal period is given by the local maximum position between the two previously set limits.

T = index_o f max
k

CXX[k]k ∈ [Tmin, Tmax]

Step 5. The cardiac rhythm is estimated in the current analysis window as being:

bpm = 60/T · fs

Because the filtered signal s∗ approximates the signal due to breathing very well, in the signal
difference d = s− s∗ � (sH + sB) − sB will be found the signal generated by the activity of the heart sH,
but also some high-frequency components of the signal sB.

In addition to these high-frequency components, a noise is added that resembles uniform noise for
recordings in which the sensor is not pressed/held close to the chest, but with all these impediments,
heart rate detection can be performed. For these recordings, as noted above, the duration of the analysis
window should be longer than 10 s.

The algorithm proposed by us has the advantage of simultaneously extracting both components,
both of which are of interest because they can provide additional information about people suffering
from certain diseases (e.g., apnea). The QRS complexes detection process is difficult, not only because
of the physiological variability of QRS complexes, but also because of the different types of noise that
an ECG signal contains.

The noise sources include muscle artifacts due to the motion of the electrodes, interference
from power lines, the change in the baseline, T-waves with a high frequency similar to the QRS
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complexes [37–40]. The artifacts are considered as external noises induced by muscle activities. The
term “muscle noise artifact” is also found in other papers, an example could be [39].

Once the signal has been filtered, we applied a set of rules to correct QRS complexes detection [37,38].
In order to compare the heart rate values obtained with our system, the ECG signal was acquired in
parallel using a BIOPAC system. The hardware modules used are the MP150A-CE data acquisition unit
and the ECG100C, electrocardiogram amplifier modules with reusable EL258 electrodes. The MP150A
allows simultaneous 16-channel acquisition with a sampling frequency up to a maximum of 200 kHz.

The sampling frequency we used was fs = 200 Hz and the signals had a length of 30 s. The
ECG100C module is a single channel and allows a gain between 500 and 5000. It is equipped with a
high pass filter over frequencies of 0.05 Hz or 1 Hz, respectively, with a 35 Hz or 150 Hz low pass filter.
It also has a notch filter to eliminate the 50 Hz frequency of the electrical network. Electrodes of the
ECG100C mode were connected to measure Lead I (the two active electrodes being placed on the right
arm and the stand arm, and the table electrode at the right foot). The acquisition was performed with
1Hz HPF in order to stabilize the baseline ECG. At this frequency, P and T waves may have slightly
lower amplitude, but the QRS complex is not affected. Since the purpose of acquisition of these signals
was to detect QRS peaks and to verify that the heart rate values obtained by the inductive sensor
system we preferred this cutting frequency for HPF instead of 0.05 Hz. For the LPF filter the frequency
35 Hz ensures better noise elimination.

Even if these hardware filters were used to make the acquisition, additional software filters were
required because some of the acquired signals had ECG baseline fluctuations (and the algorithm
needed to be a straight line), respectively, the noise evenly high enough, the level of this noise also
depending on how good the contact between the electrodes and the skin is.

The implemented algorithm has three main stages:

- baseline determination,
- detection of QRS complex,
- removing other information (where P and T).

7. Conclusions

The method of using inductive sensors is useful to monitor the data rate and the respiration,
as vital signs, incorporating the “wear and forget” device in the clothes. The data rate signal and the
respiration signal are extracted from the same output signal of inductance-to-number convertor.

The method and the wearable sensors incorporated in the clothes are suitable to monitor
physiological moving parameters that have small amplitudes (e.g., mechanical heart activity, respiration,
tremor, pulse, etc.) only if the body is in a repose position. Any muscle activity will induce artifacts
in the signal generated by the sensors. Their influence will be proportional to the intensity of body
movement. We take into account using an acceleration sensor in order to validate the inductive signal
(when the body is in repose, without muscle activity) and to eliminate the artefacts based on correlation
with the acceleration signal.

The body motion during data sampling has a large influence on the inductive signal inducing its
motion artifacts and we concluded that this method is not suitable to be used in daily activity. During
the daily activity it is difficult to perform a classification of the body movement intensity. Therefore,
the results obtained during “slow motion” are encouraging but they are not good enough to ensure
proper monitoring for all activities. This is one reason why we recommend using such sensors for the
repose and sleep activities only.

The theme of our paper is to extract from the same signal, generated by the inductive sensor,
two parameters: Respiration and heart rate. For the statistical comparison, we intend to use the
representing data using Bland–Altman plots. In the future work, we propose to correlate the inductive
sensors data with ECG data and acceleration data in order to implement other models for intelligent
textiles, and to improve the GreenCardio System©.
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Abstract: According to the Indian health line report, 12% of the population suffer from abnormal
thyroid functioning. The major challenge in this disease is that the existence of hypothyroid may
not propagate any noticeable symptoms in its early stages. However, delayed treatment of this
disease may lead to several other health problems, such as fertility issues and obesity. Therefore, early
treatment is essential for patient survival. The proposed technology could be used for the prediction
of hypothyroid disease and its severity during its early stages. Though several classification and
regression algorithms are available for the prediction of hypothyroid using clinical information, there
exists a gap in knowledge as to whether predicted outcomes may reach a higher accuracy or not.
Therefore, the objective of this research is to predict the existence of hypothyroidism with higher
accuracy by optimizing the estimator list of the pycaret classifier model. With this overview, a blunge
calibration intelligent feature classification model that supports the assessment of the presence of
hypothyroidism with high accuracy is proposed. A hypothyroidism dataset containing 3163 patient
details with 23 independent and one dependent feature from the University of California Irvine
(UCI) machine-learning repository was used for this work. We undertook dataset preprocessing
and determined its incomplete values. Exploratory data analysis was performed to analyze all the
clinical parameters and the extent to which each feature supports the prediction of hypothyroidism.
ANOVA was used to verify the F-statistic values of all attributes that might highly influence the
target. Then, hypothyroidism was predicted using various classifier algorithms, and the performance
metrics were analyzed. The original dataset was subjected to dimensionality reduction by using
regressor and classifier feature-selection algorithms to determine the best subset components for
predicting hypothyroidism. The feature-selected subset of the clinical parameters was subjected
to various classifier algorithms, and its performance was analyzed. The system was implemented
with python in the Spyder editor of Anaconda Navigator IDE. Investigational results show that the
Gaussian naive Bayes, AdaBoost classifier, and Ridge classifier maintained the accuracy of 89.5%
for the regressor feature-selection methods. The blunge calibration regression model (BCRM) was
designed with naive Bayes, AdaBoost, and Ridge as the estimators with accuracy optimization and
with soft blending based on the sum of predicted probabilities of classifiers. The proposed BCRM
showed 99.5% accuracy in predicting hypothyroidism. The implementation results show that the
Kernel SVM, KNeighbor, and Ridge classifier maintained an accuracy of 87.5% for the classifier
feature-selection methods. The blunge calibration classifier model (BCCM) was developed with
Kernel SVM, KNeighbor, and Ridge as the estimators, with accuracy optimization and with soft
blending based on the sum of predicted probabilities of classifiers. The proposed BCCM showed
99.7% accuracy in predicting hypothyroidism. The main contribution of this research is the design of
BCCM and BCRM models that were built with accuracy optimization with soft blending based on the
sum of predicted probabilities of classifiers. The BCRM and BCCM models uniqueness’s are achieved
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by updating the estimators list with the effective classifiers and regressors that suit the application
at runtime.

Keywords: machine learning; regression; outlier; MAE; MSE; EVS

1. Introduction

For the accurate diagnosis of thyroid illness, functional data from the thyroid gland
must be interpreted. Hypothyroidism is a condition where the thyroid gland in the body
is unable to secrete thyroid hormone. Women are eight times as likely as males to suffer
a thyroid condition. The thyroid condition tends to worsen and persist with ageing
and may affect adults differently compared with children. The thyroid gland mainly
helps in controlling the body’s metabolism. Globally, thyroid disorders have begun to
become more prevalent. For instance, one in eight women in Romania suffers from thyroid
cancer. Approximately 30% of Romanians have endemic goiters. A limited diet, the use
of drugs, anxiety, sickness, trauma, pollutants, and other elements can all affect thyroid
function. Predetermined data sets can be categorized using classification, and this is a
crucial supervised learning data-mining approach.

2. Literature Review

We examined, using machine learning, the thyroid data included in UC Irvine’s
knowledge discovery archive [1]. Thyroid disease has been classified as a common thyroid
dysfunction in the general population. Our findings demonstrate the great accuracy of
each of the aforementioned classification models, in which the decision tree model has
the highest categorization rate. The infrastructure for creating and evaluating the models
was provided by the KNIME analytics platform and Weka, which are two data-mining
applications [2]. Classification is commonly used in the healthcare sector to inform business
choices, diagnose patients, and provide them with exceptional care [3].

The precise estimation of thyroid gland operational information is critical for thyroid
diagnosis. The thyroid gland mainly aids in the control of an individual’s metabolism.
The types of thyroid disease are determined by the production of either too little or too
much thyroid hormone. Various neural networks have been used in this study to aid in
the analysis of thyroid disease [4]. These networks aimed to diagnose thyroid disease by
using a new hybrid machine-learning method that includes our classification system. A
method for solving this diagnosis problem via classification was obtained by hybridizing
AIRS with an advanced fuzzy weighted pre-processing. A cross-validation analysis was
used to determine the technique’s soundness for sampling variability [5]. A novel hybrid
machine learning approach that incorporates this classification system was used to identify
thyroid illness. AIRS and sophisticated fuzzy weighted pre-processing were combined to
create a strategy for categorizing this diagnostic issue. By using cross-validation analysis,
the technique’s robustness for sampling variability was evaluated [6]. The expansion of
scientific knowledge and the massive production of data have resulted in an exponential
growth in databases and repositories. One of these rich data domains is the biomedical
domain. A large amount of biomedical data is available, ranging from clinical symptom
details to various types of biochemical data and imaging device outputs. Mechanically
retrieving biological information from images and reshaping them into machine-readable
knowledge is a challenging task, because the biomedical domain is vast, dynamic, and
complicated. Data mining can improve the quality of biomedical pattern extraction [7].

A backpropagation algorithm is an early method for the detection of thyroid disease.
An advanced neural network (ANN) was created using backpropagation of error for prior
disease diagnosis. Afterward, this ANN was trained using empirical values, and testing
was performed using information that had not been used during the training process [8].
Data collection is an important methodological approach in the field of medical disciplines,
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because efficient techniques for analyzing and identifying disorders are required. Data
mining applications are used in clinical governance, health information technology, and
patient care systems. It is also important in determining disease resilience. The popular
data mining techniques used to recognize the complex parameters of the nutrition data set
are classification and clustering [9].

A novel approach was used for the detection of three types of anomalous red blood
cells, known as poikilocytes, that were found in iron-deficient blood smears. The classifica-
tion and counting of poikilocytes are critical steps in the rapid recognition of iron deficiency
anemia disease. The three basic poikilocytes in IDA are dacrocyte, elliptocyte, and schis-
tocyte [10]. High-dimensional biomedical datasets contain thousands of features that are
used to diagnose genetic diseases, but their predictive accuracy is affected by numerous
irrelevant or weak connection features. While minimizing computation complexity in
data mining, feature-selection techniques enable classification models to precisely discover
patterns in features and determine a feature vector from an initial set of features. An
enhanced shuffled frog-leaping algorithm (ISFLA) is presented in this paper, and it explores
the space for potential subsets to choose the set of attributes that maximizes prognostication
while minimizing irrelevant attributes in high-dimensional biological data [11]. The latest
ANN-based finite impulse response extreme learning machine (FIR-ELM) was used to
further analyze the categorization of two binary bioinformatics datasets into leukemia and
colon tumor. To investigate the hidden layer of the neural classifier’s FIR-ELM for the
smoothing capabilities of feature identification, we performed a time series analysis of the
microarray samples. Afterward, we determined how linearly divergent the data patterns
in the microarray datasets were [12].

The optimal feature-selection problem, and its authors, describe a coherent analyt-
ical foundation that can retrofit successful heuristic criteria, indicating the approximate
solutions made by each method [13]. The outcome of a microstructure heart arrhythmia
detection system based on electrocardiography, ECG, and signal features was analyzed.
These signals came from the MIT/BIH arrhythmia directory. Initially, Hermitian basis
functions were used to model the ECG beats. The width parameter—sigma—of HBF was
optimized in this step to minimize model error. The extracted features, which contain
the model’s boundary conditions, were used as input for the k-nearest neighbor classifier,
KNN, to evaluate the model’s effectiveness [14]. Approximately 90% of patients with
Parkinson’s disease are predicted to have vocal and speech issues. Vocal folds are often
weakened by this infection, causing the patients to have an unnatural voice. In the present
study, different samples from the auditory signal of patients with Parkinson’s disease and
healthy individuals were gathered. The data classification was then completed using the
KNN classification approach based on varied amounts of optimized features after the
optimized features that influenced the data classification process were determined using a
genetic algorithm [15]. Although thrombolysis reduces impairment and increases survival
rates in patients with ischemic stroke, some people continue to suffer detrimental effects.
Consequently, it will be beneficial, when making health decisions, to predict how patients
with myocardial infarction might react to regional rehabilitation [16].

Straightforward, mathematical assessment criteria need to be established to generate
and quantify pragmatic forecasts in cerebral ischemia with data that are readily available
post-surgery in the emergency unit. Regression was used to investigate the causes of inferior
outcomes in the originating sample of formerly independent people with information
systems. The covariate correlations from the computed holistic framework were used to
build a scoring model based on integers for each correlation coefficient, and the average
of the scores for the criterion was used to obtain the total result [17]. This process aims
to offer a self-contained method for improving learning-argumentation frameworks that
employ deformation key frames of MR images to aid in the rational frameworks of ischemic
stroke diagnosis. Anthropological, physiological, and statistical approaches were gathered
from the fragmented tumors to form a feature set that was then further defined using
classification techniques. The results of the recommended approach, which accurately
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designates electromagnetic fields as vascular tumors with a 93.4% accuracy, are significantly
superior to those of the classification model [18]. Among many other clinical and imaging
parameters, ageing and the severity of a hemorrhage are immediate, precise indicators
of the likelihood of SICH and the results of treatment following intravenous infusion
therapy [19]. The use of aided technology for stroke could reduce the evaluation period,
improve prediction performance, make it simpler to discriminate between different types
of ICH, and reduce the chance of human error [20].

One study presents the improvements in learning methods and developments that are
in line with the different varieties and manifestations of dyslexia. This study opens with a
discussion of cosmic mythology and examines how learning environments that consider
student’s skills and requirements can be combined with the appropriate assistive technology
to deliver effective e-learning experiences and reliable instructional resources. The Ontology
Web Language, a data-handling framework that enables programmers to handle both the
substance and the introduction of the data available on the web, was used to generate the
metaphysics used in this evaluation [21]. The methodology was designed and implemented
to help identify the fundamental problems that may affect students learning to read or
write and problems that may then lead to further problems with memory cognition. This
strategy was used to assist activists and parents in understanding the issue of dyslexia and
to put children on the right path to academic success [22]. Participants, with and without
dyslexia, used an online game with language-independent melodic and visual components
to communicate in different languages. A total of 178 participants were involved. The
analysis revealed nine game measures for Spanish children with and without dyslexia that
had significant differences and which could be used in current projects as a justification for
speech independent exploration [23]. Quantitative and artificial intelligence-based methods
are recommended to instinctually seek innovative and complicated features that consider
reliable credentials among dyslexic and control listeners and to support the hypothesis that
the majority of differences between dyslexic and talented readers are located on the left side
of the brain. Unexpectedly, these devices have also demonstrated how high pass signals
carry vital information [24]. Their analysis revealed certain remarkable EEG patterns
associated with autism, which is a learning disability with a neurological basis. Although
EEG signals contain important information about mental processes, understanding these
practices is typically indirect because of their intricate nature. This approach identifies
the optimal EEG terminals and brain regions for order and the extraordinary EEG signals
produced during writing and composition in adults with dyslexia [25]. The central idea
is to begin creating code language for scripting matrices by using the Boolean algebra
features of the codes and to present two decryption techniques that enable the identification
and retrieval of potential faults or rejection [26]. Dynamic subsamples of ocean climate
predictions of surface temperature anomalous outliers in the Tasman Sea were enhanced by
the employment of reports of extreme sea-surface temperature that derived from the space
station’s geographical position system. The parameters of an extreme value distribution
were predicted using regression analysis on the important marine meteorological data in a
probabilistic conceptual structure [27]. Additional or standardized nuclear approaches can
be employed to overcome the constraints of current investigations into the original sources
of seafood. Cross luminescence and carbon isotope analysis have been used to pinpoint the
production method and geographic origin of Asian freshwater fish [28].

Security concerns that develop during earthquake activity and during periods when
the threat of earthquake activity is at its peak, should always be handled probabilisti-
cally [29]. For this study, the two quantifiable methods for estimating the likelihood of
seismic behavior to affect important and relatively low- and mid-rise structures are pre-
sented. The non-linear and linear systems separately and simultaneously assess the injury
concerns of an inclined plane exposed to uncontrollable shaking and atmospheric threats,
respectively. These systems are divided into three parts: danger showcase; underpinning
delicacy examination; and destruction likelihood processing [30].
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Numerous well-known classification methods, such as decision tree, ANN, logistic
regression, and naive Bayes were examined for one study. Then, bagging and boosting
procedures were created to increase the durability of these frameworks. Additionally,
random forest was considered when the investigation was evaluated. The best result
of the sickness risk random-forest strategy was employed for classification according to
outcomes. Subsequently, a web application for predicting future occurrences was created
using this approach. People with higher chance of getting diabetes were included in the
diabetes risk class [31]. Heart rate variation information derived from ECG signal data
were used for a further investigation. Here, when CNN-LSTM was originally tested with
the HRV data, the prediction accuracy was 90.9%. By using CNN-LSTM integration, the
accuracy was improved to 95.1%, and by using five-fold cross-validation based on the
same data, the efficiency was enhanced to 93.6%. The cross-validation efficiency is the
maximum priority currently available for the automatic identification of hypertension [32].
The information was subjected to several machine-learning approaches, and categorization
was carried out using a range of strategies, in which regression analysis resulted in the
highest accuracy of 96%. With a 98.8% accuracy rate, the AdaBoost classifier was the
pipeline’s most appropriate prediction. Two independent datasets were used to compare
the accuracy of the machine-learning methods. The algorithm clearly enhanced the diabetes
prediction accuracy and precision when utilizing this information compared to previous
resources [33].

Additionally, the mellitus dataset was used to evaluate the effectiveness of various
suggested deep neural networks and machine learning classification techniques. The other
methods had an accuracy that is higher than 90%; for instance, the XGBoost classifier
achieved a performance of approximately 100.0% [34]. Both cutting-edge methodologies
and some well-known machine learning strategies were contrasted with the DNN algorithm.
The suggested technique, which is dependent on the DNN technique, delivered impressive
outcomes, with an accuracy of 99.75% and an F1-score of 99.66% [35]. Some papers have
been published by authors that report the application of SVM, KNN, or other ML tools
in biomedical applications [36–40]. Automated medical diagnostic systems can be easily
accessed by the general public, especially by those who cannot afford quality medical care.
This methodology essentially combines soft and harsh inputs. A wide range of typical
symptoms, including fever, headaches, and cough, were considered soft inputs. Each
chosen illness was associated with a range of universal symptoms. Images of the tongue
were considered hard inputs because doctors frequently utilize them to identify a variety
of illnesses. Hard input analysis was split into two stages: chromatic color analysis and
statistical analysis based on texture. After being decoded from the hard and soft inputs, the
feature vectors were supplied to a neural network to create a classification mode [41].

3. Research Methodology

A hypothyroidism dataset from the UCI containing 3163 patient details with 23 in-
dependent features and one dependent feature (https://archive.ics.uci.edu/ml/datasets/
thyroid+disease, accessed on 12 January 2023) was used as shown in Equation (1).

HY = {[H1, H2, H3, . . . . . . . . . .., H23], [D]} (1)

where HY represents the hypothyroid dataset.
We undertook dataset preprocessing and determined its incomplete values. The

incomplete data were computed for the hypothyroidism dataset by computing the mean of
input values for each attribute with Equation (2).

HYij =
1

23 ∑23
i=1 ∑3163

j=1 ∑23
v=1

(
HYij

)v (2)

https://archive.ics.uci.edu/ml/datasets/thyroid+disease
https://archive.ics.uci.edu/ml/datasets/thyroid+disease
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Equation (2) expresses the estimation of the null data information and attribute scaling
of the vehicle motion dataset with Equation (3).

HY′ =
1

23 ∑23
V=1

(
HY′HY

)V (3)

where HY′ is the complete processed dataset without null values. The imputation devi-
ation of features was measured using the average of the estimated variance within the
hypothyroidism dataset as shown in Equation (4).

HY′ =
1

23 ∑23
V=1

(
HY′HY

)V
=

1
23 ∑23

v=1

(
variance

(
HY′HY

)v
)

(4)

The imputed dataset was estimated with the interval value “Interval”of each feature
by finding its variance and was estimated using Equation (5).

Interval = HY′ − 1
v− 1 ∑7

v=1 HY′ −∑23
v=1(variance

(
HY′HY

)v (5)

The overall architecture of the work is shown in Figure 1. The following contributions
are provided in this work.
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The complete processed data including incomplete values that contained the complete
variance were estimated using Equation (6) as follows:

FinalHY = HY′ +
(

v + 1
v

)
× Interval (6)

An exploratory data analysis was performed to analyze all the clinical parameters and
the extent to which each feature supports the prediction of hypothyroidism. The number
of parameters, the correlation of all variables, as in the following equation, and the data
type of the characteristics as given in Equation (7), were evaluated by subjecting a dataset
to exploratory prescriptive data analysis.

corr =

 ∑123
h=1(HYh − HY) ∑1

d=1(Dd − D)√
∑18

h=1(HYh − HY)2
√

∑1
d=1(Dd − D)2

 (7)

As stated in Equations (8)–(10), the dataset was divided into training and testing data
with an 80:20 ratio. Python script was used for the implementation by using the Spyder
platform and Anaconda navigator.

Train(HY) =
80 percent o f (Rand)2

hy
(HY− hy)

HY
(8)

Test(HY) =
20 percent o f (Rand)2

hy
(HY− hy)

HY
(9)

(Rand)2 =

[
∑23

h=1(HYh − HYh)
2

HYh − 1

]
(10)

ANOVA test was carried out to verify the F-statistic values of all features with a
PR(>F) <0.05 that highly influence the target. Then, hypothyroidism was predicted using
various classifier algorithms, and the performance was analyzed. The original dataset was
subjected to normalization in order to make it ready for application of the ANOVA test.
This is achieved by using the Box–Cox method from the statistical package of NumPY
and pandas. The Box–Cox approach transforms and normalizes the data to handle non-
normally distributed data. The results obtained from the Box-Cox method is shown below
in Figure 2.
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The original dataset was subjected to dimensionality reduction using the regressor
and classifier feature-selection algorithms to determine the best subset components for
predicting hypothyroidism. The feature-selected subset of the clinical parameters was



Sensors 2023, 23, 1128 8 of 30

subjected to various classifier algorithms, and the performance was analyzed using the
specified metrics. The implementation was carried out with python in Spyder editor with
Anaconda Navigator IDE. Investigational results show that the Gaussian naive Bayes,
AdaBoost classifier, and Ridge classifier maintained an accuracy of 89.5% for the regressor
feature selection methods. The blunge calibration regression model, as shown in Figure 3,
was created with naive Bayes, Ada boost, and Ridge as the estimators with accuracy
optimization using soft blending based on the sum of predicted probabilities of classifiers
as shown in Equations (11)–(15).

GuassianNB =
1√

2πσ2
h

exp

(
− (HYh −Means)

2

2σ2
s

)
(11)

Adaboost =
∑23

h=1
(

Dd − HY23
h β̂

)2

2
+ λ

(
1− α

2 ∑23
h=1 β̂2

h + α ∑23
h=1

∣∣∣β̂2
h

∣∣∣) (12)

β̂ = argmin
[
∑9

s=1

∣∣∣(Dd)−∑23
h=1(HYh)

∣∣∣] (13)

Ridge = λ

(
1− α

2 ∑23
h=1 β̂2

h + α ∑23
h=1

∣∣∣β̂2
h

∣∣∣) (14)

BCRM = Estimator{(GuassianNB, Adaboost, Ridge)} (15)
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The implementation results show that the Kernel SVM classifiers, KNeighbor classifier,
and Ridge classifier maintained an accuracy of 87.5% for the classifier feature-selection
methods. The blunge calibration classifier model, as shown in the Figure 4, was created
with Kernel SVM, KNeighbor, and Ridge as the estimators with accuracy optimization
using soft blending based on the sum of predicted probabilities of classifiers as shown in
Equations (16)–(19).

KNN(HY, D) =
√

∑23
v=1(HYh − Dh)

2 (16)

kernel
(

HY, HY′
)
= exponential

(
[−‖HY−VHY′‖]2

2σ2

)
(17)

kernelSVM(HY) = ∑7
v=1 ∝ ×B× kernel

(
HY, HY′

)
+ vector (18)

BCCM = Estimator{(KNN, kernelSVM, Ridge)} (19)
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4. Implementation Setup

The hypothyroid dataset with 3163 rows and 24 feature components from UCI was
used for data preprocessing. The dataset information is shown in Figure 5.
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Implementation was undertaken with Python under an NVidia Tesla V100 GPU server
with 30 training epochs and a batch size of 64. All clinical parameters were analyzed by
determining the relationship between each feature and its correlation, as shown in Figure 6.
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4.1. Anova Test Analysis

ANOVA was carried out to analyze those attributes of the dataset with PR(>F) < 0.05
that highly influence the target. ANOVA was applied to the dataset features, and the
results show that the features (thyroid surgery, pregnant, tumor, lithium) have values of
PR(>F) > 0.05 and do not contribute to the target, the results are shown in Table 1.
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Table 1. Attribute analysis with the ANOVA test.

Features sum_sq df F-Statistic PR(>F)

Age 4.105 1 55.1339 1.44 × 10−13

Sex 2.127 1 28.3421 1.08 × 10−7

on_thyroxine 0.920 1 12.1986 0.000485

query_on_thyroxine 0.238 1 3.1494 0.076051

on_antithyroid_medication 0.467 1 6.1798 0.012973

thyroid_surgery 0.024 1 0.3283 0.566654

query_hypothyroid 0.439 1 5.8059 0.016029

query_hyperthyroid 2.556 1 34.1124 5.72 × 10−9

pregnant 0.006 1 0.0084 0.926861

sick 0.278 1 3.6821 0.052087

tumor 0.047 1 0.6241 0.429556

lithium 0.013 1 0.1798 0.6715

goitre 2.246 1 29.9307 4.82 × 10−8

TSH_measured 117.418 1 3041.1975 0.000045

TSH 0.033 1 0.4446 0.050492

T3_measured 72.038 1 136.1074 5.89 × 10−248

T3 0.008 1 0.0111 0.005934

TT4_measured 223.546 1 44,395.61 0.00043

TT4 0.00036 1 0.0047 0.00450

T4U_measured 224.534 1 47,542.78 0.00053

T4U 0.01087 1 0.14349 0.00485

FTI_measured 225.5303 1 51,167.19 0.00034

FTI 0.0036 1 0.0482 0.00049

4.2. Results and Discussion

Hypothyroidism was predicted using various classifier algorithms before and after
feature scaling, the performances were analyzed, and the results are shown in Tables 2 and 3.

Table 2. Classification metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.840521 0.840521 0.840521 0.840521

Kernel SVM classifier 0.851174 0.922591 0.885445 0.922591

Gaussian naive Bayes 0.834285 0.834261 0.834192 0.834261

Decision tree classifier 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.834285 0.834261 0.834192 0.834261

Random forest classifier 0.834285 0.834261 0.834192 0.834261

Gradient boosting classifier 0.846043 0.846101 0.846064 0.846101

AdaBoost classifier 0.84363 0.843681 0.84362 0.843681
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Table 2. Cont.

Classifiers Precision Recall FScore Accuracy

Ridge classifier 0.834285 0.834261 0.834192 0.834261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.834285 0.834261 0.834192 0.834261

Table 3. Classification metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.847285 0.847261 0.847192 0.847261

KNeighbors classifier 0.846043 0.846101 0.846064 0.846101

Kernel SVM classifier 0.851174 0.922591 0.885445 0.922591

Gaussian baive Bayes 0.847285 0.847261 0.847192 0.847261

Decision tree classifier 0.834285 0.834261 0.834192 0.834261

Extra tree classifier 0.817655 0.817362 0.817477 0.817362

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.840521 0.840521 0.840521 0.840521

Ridge classifier 0.847285 0.847261 0.847192 0.847261

Ridge classifierCV 0.847285 0.847261 0.847192 0.847261

SGD classifier 0.847285 0.847261 0.847192 0.847261

The raw dataset was subjected to dimensionality reduction by using AdaBoost, gradi-
ent boosting regressor, extra trees, and random forest regressor feature-selection methods,
and the feature importance values of each attribute of the hypothyroidism dataset before
and after feature scaling are shown in Tables 4 and 5. The raw dataset was subjected to
dimensionality reduction using AdaBoost, gradient boosting, extra trees, and random forest
classifier feature-selection methods, and the feature importance values of each attribute of
the hypothyroid dataset before and after scaling are shown in Tables 6 and 7.

Table 4. Regressor feature importance values of each feature before feature scaling.

Index Classifiers AdaBoost Regressor Gradient Boost-
ing Regressor

Extra
Trees Regressor

Random
Forest Regressor

0. Age 0.000428341 0.003081406 0.010040952 0.007403365

1. Sex 0.008622032 4.39 × 10−5 0.002254928 0.000698556

2. on_thyroxine 0 8.62 × 10−6 0.000804381 0.000134897

3. query_on_thyroxine 0 2.19 × 10−5 0.000607023 0.00022945

4. on_antithyroid_medication 0 0 0 0

5. thyroid_surgery 0 0 1.29 × 10−5 0

6. query_hypothyroid 0 0 0.000137327 0

7. query_hyperthyroid 0 0.000180298 0.001258513 0.00083488

8. pregnant 0 1.03 × 10−20 0 0

9. sick 0 0 5.18 × 10−5 0



Sensors 2023, 23, 1128 13 of 30

Table 4. Cont.

Index Classifiers AdaBoost Regressor Gradient Boost-
ing Regressor

Extra
Trees Regressor

Random
Forest Regressor

10. tumor 0 0 6.24 × 10−7 0

11. lithium 0 0 0 0

12. goitre 0 1.87 × 10−5 0.00336961 0.000819246

13. TSH_measured 0.197501922 0.006246666 0.001243391 0.002119903

14. TSH 0.077619094 0.001650685 0.002426862 0.002049851

15. T3_measured 0.017306778 0.000365421 0.001073602 0.00051231

16. T3 0 0.000614873 0.002119724 0.001266411

17. TT4_measured 0.004126458 0 5.15 × 10−5 0.056711358

18. TT4 0.053174222 0.013884897 0.010358689 0.01558167

19. T4U_measured 0 0 0 0.113416878

20. T4U 0.080253371 0.007295723 0.01125785 0.011729611

21. FTI_measured 0.505044774 0.957930603 0.943635215 0.774966334

22. FTI 0.055923007 0.008656368 0.009295157 0.011525281

Table 5. Regressor Feature Importance Values of Each Features after Feature Scaling.

Features AdaBoost GradientBoosting ExtraTrees RandomForest

Age 0.018396825 0.003350051 0.010465358 0.007502654

Sex 0.006847598 4.39 × 10−5 0.0022696 0.000651238

on_thyroxine 0 2.43 × 10−5 0.000670722 0

query_on_thyroxine 0 2.19 × 10−5 0.000453489 0.000176286

on_antithyroid_medication 0 0 0 0

thyroid_surgery 0 0 5.32 × 10−5 0

query_hypothyroid 0 1.25 × 10−6 0.000134226 0

query_hyperthyroid 0 0.000180298 0.001134248 0.00070627

pregnant 0 0 0 0

sick 0 0 7.78 × 10−5 0

tumor 0 0 3.07 × 10−5 0

lithium 0 0 0 0

goitre 0 1.87 × 10−5 0.003884817 0.000984925

TSH_measured 0.130848738 0.005119183 0.00141153 0.002186828

TSH 0.140185147 0.000508619 0.002227775 0.002164946

T3_measured 0.016544939 0.001884564 0.001113277 0.000384264

T3 0.019546664 1.93 × 10−5 0.001694519 0.000764557

TT4_measured 0.002640564 0 0 0.0375457

TT4 0.079190546 0.015118764 0.01054195 0.014953169

T4U_measured 0 0 0 0.170098636

T4U 0.131409566 0.007021985 0.010756814 0.012046173

FTI_measured 0.437162659 0.957930603 0.943635215 0.735679166

FTI 0.017226754 0.008756629 0.009444797 0.014155188
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Table 6. Classifier feature importance values of each feature before feature scaling.

Features AdaBoost Gradient Boosting Extra Trees Random Forest

Age 0.3 0.00276237 0.010403875 0.009334997

Sex 0.04 6.31 × 10−5 0.003167778 0.001804309

on_thyroxine 0.02 8.98 × 10−5 0.002313404 0.001197477

query_on_thyroxine 0.02 9.65 × 10−6 0.001441407 0.000280689

on_antithyroid_medication 0 −3.89 × 10−21 0.000135951 3.81 × 10−5

thyroid_surgery 0 0 0.000158409 9.99 × 10−5

query_hypothyroid 0.02 4.13 × 10−20 0.000274698 0.000158845

query_hyperthyroid 0.02 0.000142974 0.002732408 0.001816944

pregnant 0 1.67 × 10−21 4.77 × 10−5 0.000171466

sick 0 0 8.79 × 10−5 4.88 × 10−5

tumor 0 0 0.000788175 0.000713225

lithium 0 0 0 0

goitre 0 −1.70 × 10−18 0.003266947 0.001503002

TSH_measured 0 0.002869076 0.077458279 0.048169136

TSH 0.1 0.001060964 0.003082501 0.046241881

T3_measured 0.04 0.000382842 0.032909932 0.05790805

T3 0.02 5.52 × 10−6 0.003573637 0.004400236

TT4_measured 0 2.45 × 10−6 0.224022987 0.16221615

TT4 0.16 0.011738893 0.013281768 0.050282253

T4U_measured 0 3.85 × 10−6 0.25610996 0.301724198

T4U 0.12 0.008872811 0.013795367 0.045971388

FTI_measured 0.02 0.962267301 0.337492546 0.219637329

FTI 0.12 0.009728344 0.013454301 0.046281594

Table 7. Classifier feature importance values of each feature after feature scaling.

Features AdaBoost Gradient Boosting Extra Trees Random Forest

Age 0.3 0.002453486 0.009509937 0.008279074

Sex 0.04 4.82 × 10−5 0.00324165 0.001846886

on_thyroxine 0.02 3.51 × 10−5 0.00295889 0.000712379

query_on_thyroxine 0.02 7.33 × 10−6 0.000800167 0.000653312

on_antithyroid_medication 0 0 0.000285502 0.000107717

thyroid_surgery 0 0 0.000100357 4.84 × 10−5

query_hypothyroid 0.02 −3.89 × 10−21 0.000245459 9.70 × 10−5

query_hyperthyroid 0.02 0.000138031 0.002982702 0.001717612

pregnant 0 1.07 × 10−20 4.60 × 10−5 7.20 × 10−5

sick 0 0 6.70 × 10−5 4.23 × 10−6

tumor 0 1.54 × 10−18 0.00071482 0.000571423

lithium 0 0 0 0
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Table 7. Cont.

Features AdaBoost Gradient Boosting Extra Trees Random Forest

goitre 0 −1.70 × 10−18 0.002505062 0.000921635

TSH_measured 0 0.003078428 0.089211886 0.078112108

TSH 0.1 0.000978036 0.003674423 0.031291888

T3_measured 0.04 0.000575078 0.043737281 0.037562216

T3 0.02 9.39 × 10−6 0.003354808 0.009181534

TT4_measured 0 7.58 × 10−6 0.1820123 0.205768548

TT4 0.16 0.009939212 0.014136987 0.054038719

T4U_measured 0 0 0.355190855 0.242828144

T4U 0.12 0.008035637 0.013861521 0.035851905

FTI_measured 0.02 0.962709323 0.259146396 0.21946496

FTI 0.12 0.011985167 0.012216028 0.070868256

A feature importance index of all the regressor and classifier feature-selection methods
of the hypothyroid dataset, before and after feature scaling, was also compared, and the
results are shown in Table 8.

Table 8. Feature importance index of regressor and classifier methods.

Classifiers Before Feature Scaling After Feature Scaling

AdaBoost Regressor 13, 14, 18, 20, 21,22 0, 13, 14, 18, 20, 21

GradientBoostingRegressor 0, 13, 18, 20, 21, 22 0, 13, 18, 20, 21, 22

ExtraTrees Regressor 0, 12, 18, 20, 21, 22 0, 12, 18, 20, 21, 22

RandomForest Regressor 17, 18, 19, 20, 21, 22 17, 18, 19, 20, 21, 22

AdaBoost Classifier 0, 1, 14, 18, 20, 22 0, 1, 14, 18, 20, 22

GradientBoosting Classifier 0, 13, 18, 20, 21, 22 0, 13, 18, 20, 21, 22

ExtraTrees Classifier 13, 15, 17, 18, 19, 21 13, 15, 17, 18, 19, 21

RandomForest Classifier 13, 15, 17, 18, 19, 21 13, 15, 17, 18, 19, 21

The feature-selected subset of the AdaBoost regressor was applied to the classifiers,
and the performance was analyzed. The results are shown in Tables 9 and 10.

Table 9. AdaBoost regressor metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.846043 0.846101 0.846064 0.846101

KNeighbors classifier 0.851174 0.822591 0.885445 0.822591

Kernel SVM classifier 0.847285 0.847261 0.847192 0.847261

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.851174 0.822591 0.885445 0.822591

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261
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Table 9. Cont.

Classifiers Precision Recall FScore Accuracy

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.846043 0.846101 0.846064 0.846101

SGD classifier 0.834285 0.834261 0.834192 0.834261

Passive aggressive 0.846043 0.846101 0.846064 0.846101

Bagging classifier 0.834285 0.834261 0.834192 0.834261

Table 10. AdaBoost regressor metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.846043 0.846101 0.846064 0.846101

KNeighbors classifier 0.847285 0.847261 0.847192 0.847261

Kernel SVM classifier 0.834285 0.834261 0.834192 0.834261

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.851174 0.922591 0.885445 0.882591

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.846043 0.846101 0.846064 0.846101

Passive aggressive 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The feature-selected subset of the gradient boosting regressor was applied to the
classifiers, the performances before and after feature scaling were analyzed, and the results
are shown in Tables 11 and 12.

Table 11. Gradient boosting regressor metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.846043 0.846101 0.846064 0.846101

Kernel SVM classifier 0.847285 0.847261 0.847192 0.847261

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.851174 0.822591 0.885445 0.822591

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261
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Table 11. Cont.

Classifiers Precision Recall FScore Accuracy

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.846043 0.846101 0.846064 0.846101

Passive aggressive classifier 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

Table 12. Gradient boosting regressor metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.847285 0.847261 0.847192 0.847261

KNeighbors classifier 0.847285 0.847261 0.847192 0.847261

Kernel SVM classifier 0.834285 0.834261 0.834192 0.834261

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.851174 0.822591 0.885445 0.822591

Random forest classifier 0.847285 0.847261 0.847192 0.847261

GBoosting 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.847285 0.847261 0.847192 0.847261

Passive Aggressive
classifier 0.834285 0.834261 0.834192 0.834261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The feature-selected subset of extra trees regressor was applied to the classifiers,
the performances before and after scaling were analyzed, and the results are shown in
Tables 13 and 14.

Table 13. Extra trees regressor metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.846043 0.846101 0.846064 0.846101

Kernel SVM classifier 0.851174 0.822591 0.885445 0.822591

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.847285 0.847261 0.847192 0.847261

Extra tree classifier 0.847285 0.847261 0.847192 0.847261

Random forest classifier 0.834285 0.834261 0.834192 0.834261

Gradient boosting classifier 0.847285 0.847261 0.847192 0.847261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.847285 0.847261 0.847192 0.847261
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Table 13. Cont.

Classifiers Precision Recall FScore Accuracy

SGD classifier 0.834285 0.834261 0.834192 0.834261

Passive Aggressive classifier 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

Table 14. Extra trees regressor metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.846043 0.846101 0.846064 0.846101

KNeighbors classifier 0.851174 0.922591 0.885445 0.922591

Kernel SVM classifier 0.847285 0.847261 0.847192 0.847261

Gaussian naïve Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.851174 0.922591 0.885445 0.922591

Random Forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.846043 0.846101 0.846064 0.846101

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.846043 0.846101 0.846064 0.846101

SGD classifier 0.851174 0.922591 0.885445 0.922591

Passive aggressive classifier 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The feature-selected subset of random forest regressor was applied to the classifiers,
the performances before and after feature scaling were analyzed, and the results are shown
in Tables 15 and 16.

Table 15. Random forest regressor metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.847285 0.847261 0.847192 0.847261

KNeighbors classifier 0.834285 0.834261 0.834192 0.834261

Kernel SVM classifier 0.851174 0.922591 0.885445 0.922591

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.847285 0.847261 0.847192 0.847261

Extra tree Classifier 0.834285 0.834261 0.834192 0.834261

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.834285 0.834261 0.834192 0.834261

Passive aggressive classifier 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261
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Table 16. Random forest regressor metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.846043 0.846101 0.846064 0.846101

KNeighbors classifier 0.851174 0.822591 0.885445 0.822591

Kernel SVM classifier 0.847285 0.847261 0.847192 0.847261

Gaussian naive Bayes 0.895285 0.895261 0.895192 0.895261

Decision tree classifier 0.846043 0.846101 0.846064 0.846101

Extra tree classifier 0.851174 0.822591 0.885445 0.822591

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifier 0.895285 0.895261 0.895192 0.895261

Ridge classifierCV 0.847285 0.847261 0.847192 0.847261

SGD classifier 0.851174 0.822591 0.885445 0.822591

Passive aggressive classifier 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The performances of all classifiers after reduction with the feature importance of the
AdaBoost, gradient boost, extra tree, and random forest regressors before and after feature
scaling are shown in Figures 7 and 8.

Sensors 2023, 23, x FOR PEER REVIEW  19  of  28 
 

 

Table 16. Random forest regressor metrics after feature scaling. 

Classifiers  Precision  Recall  FScore  Accuracy 

Logistic regression  0.846043  0.846101  0.846064  0.846101 

KNeighbors classifier  0.851174  0.822591  0.885445  0.822591 

Kernel SVM classifier  0.847285  0.847261  0.847192  0.847261 

Gaussian naive Bayes  0.895285  0.895261  0.895192  0.895261 

Decision tree classifier  0.846043  0.846101  0.846064  0.846101 

Extra tree classifier  0.851174  0.822591  0.885445  0.822591 

Random forest classifier  0.847285  0.847261  0.847192  0.847261 

Gradient boosting classifier  0.834285  0.834261  0.834192  0.834261 

AdaBoost classifier  0.895285  0.895261  0.895192  0.895261 

Ridge classifier  0.895285  0.895261  0.895192  0.895261 

Ridge classifierCV  0.847285  0.847261  0.847192  0.847261 

SGD classifier  0.851174  0.822591  0.885445  0.822591 

Passive aggressive classifier  0.847285  0.847261  0.847192  0.847261 

Bagging classifier  0.834285  0.834261  0.834192  0.834261 

The performances of all classifiers after reduction with the feature importance of the 

AdaBoost, gradient boost, extra tree, and random forest regressors before and after feature 

scaling are shown in Figures 7 and 8. 

 

Figure 7. Regressor feature importance performance of all classifiers before scaling. 

 
Figure 8. Regressor feature importance performance of all classifiers after scaling. 

Figure 7. Regressor feature importance performance of all classifiers before scaling.

Sensors 2023, 23, x FOR PEER REVIEW  19  of  28 
 

 

Table 16. Random forest regressor metrics after feature scaling. 

Classifiers  Precision  Recall  FScore  Accuracy 

Logistic regression  0.846043  0.846101  0.846064  0.846101 

KNeighbors classifier  0.851174  0.822591  0.885445  0.822591 

Kernel SVM classifier  0.847285  0.847261  0.847192  0.847261 

Gaussian naive Bayes  0.895285  0.895261  0.895192  0.895261 

Decision tree classifier  0.846043  0.846101  0.846064  0.846101 

Extra tree classifier  0.851174  0.822591  0.885445  0.822591 

Random forest classifier  0.847285  0.847261  0.847192  0.847261 

Gradient boosting classifier  0.834285  0.834261  0.834192  0.834261 

AdaBoost classifier  0.895285  0.895261  0.895192  0.895261 

Ridge classifier  0.895285  0.895261  0.895192  0.895261 

Ridge classifierCV  0.847285  0.847261  0.847192  0.847261 

SGD classifier  0.851174  0.822591  0.885445  0.822591 

Passive aggressive classifier  0.847285  0.847261  0.847192  0.847261 

Bagging classifier  0.834285  0.834261  0.834192  0.834261 

The performances of all classifiers after reduction with the feature importance of the 

AdaBoost, gradient boost, extra tree, and random forest regressors before and after feature 

scaling are shown in Figures 7 and 8. 

 

Figure 7. Regressor feature importance performance of all classifiers before scaling. 

 
Figure 8. Regressor feature importance performance of all classifiers after scaling. Figure 8. Regressor feature importance performance of all classifiers after scaling.



Sensors 2023, 23, 1128 20 of 30

The feature selected subset of the AdaBoost classifier was applied to the other classi-
fiers, the performances were analyzed, and the results are shown in Tables 17 and 18.

Table 17. AdaBoost classifier metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.851174 0.822591 0.885445 0.822591

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.847285 0.847261 0.847192 0.847261

Decision tree classifier 0.851174 0.822591 0.885445 0.822591

Extra tree classifier 0.847285 0.847261 0.847192 0.847261

Random forest classifier 0.834285 0.834261 0.834192 0.834261

Gradient boosting classifier 0.851174 0.822591 0.885445 0.822591

AdaBoost classifier 0.847285 0.847261 0.847192 0.847261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.847285 0.847261 0.847192 0.847261

Passive aggressive classifier 0.834285 0.834261 0.834192 0.834261

Bagging classifier 0.851174 0.822591 0.885445 0.822591

Table 18. AdaBoost classifier metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.834285 0.834261 0.834192 0.834261

Decision tree classifier 0.834285 0.834261 0.834192 0.834261

Extra tree classifier 0.847285 0.847261 0.847192 0.847261

Random forest classifier 0.834285 0.834261 0.834192 0.834261

Gradient boosting classifier 0.847285 0.847261 0.847192 0.847261

AdaBoost classifier 0.847285 0.847261 0.847192 0.847261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.851174 0.822591 0.885445 0.822591

SGD classifier 0.834285 0.834261 0.834192 0.834261

Passive aggressive classifier 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The feature-selected subset of the gradient boosting classifier was applied to the
classifiers, the performances before and after feature scaling were analyzed, and the results
are shown in Tables 19 and 20.
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Table 19. Gradient boosting classifier metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.851174 0.822591 0.885445 0.822591

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.847285 0.847261 0.847192 0.847261

Decision tree 0.834285 0.834261 0.834192 0.834261

Extra tree 0.847285 0.847261 0.847192 0.847261

Random forest 0.834285 0.834261 0.834192 0.834261

Gradient boosting 0.847285 0.847261 0.847192 0.847261

AdaBoost classifier 0.847285 0.847261 0.847192 0.847261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.851174 0.922591 0.885445 0.922591

SGD classifier 0.847285 0.847261 0.847192 0.847261

Passive aggressive classifier 0.834285 0.834261 0.834192 0.834261

Bagging classifier 0.847285 0.847261 0.847192 0.847261

Table 20. Gradient boosting classifier metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.834285 0.834261 0.834192 0.834261

Decision tree classifier 0.851174 0.822591 0.885445 0.822591

Extra tree classifier 0.834285 0.834261 0.834192 0.834261

Random forest classifier 0.851174 0.822591 0.885445 0.822591

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.834285 0.834261 0.834192 0.834261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.851174 0.922591 0.885445 0.922591

SGD classifier 0.851174 0.822591 0.885445 0.822591

Passive aggressive classifier 0.854541 0.895735 0.87404 0.895735

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The feature selected subset of the extra trees classifier was applied to the other clas-
sifiers, the performances were analyzed, and the results are shown in Tables 21 and 22.

Table 21. Extra trees classifier metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261
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Table 21. Cont.

Classifiers Precision Recall FScore Accuracy

Gaussian naive Bayes 0.834285 0.834261 0.834192 0.834261

Decision tree classifier 0.834285 0.834261 0.834192 0.834261

Extra tree classifier 0.851174 0.822591 0.885445 0.822591

Random forest classifier 0.834285 0.834261 0.834192 0.834261

Gradient boosting classifier 0.851174 0.822591 0.885445 0.822591

AdaBoost classifier 0.834285 0.834261 0.834192 0.834261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.851174 0.822591 0.885445 0.822591

Passive aggressive 0.834285 0.834261 0.834192 0.834261

Bagging classifier 0.847285 0.847261 0.847192 0.847261

Table 22. Extra trees classifier metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.834285 0.834261 0.834192 0.834261

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.897285 0.897261 0.897192 0.897261

Decision Tree classifier 0.851174 0.822591 0.885445 0.822591

Extra tree classifier 0.834285 0.834261 0.834192 0.834261

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.834285 0.834261 0.834192 0.834261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.851174 0.822591 0.885445 0.822591

SGD classifier 0.834285 0.834261 0.834192 0.834261

Passive aggressive classifier 0.851174 0.822591 0.885445 0.822591

Bagging classifier 0.834285 0.834261 0.834192 0.834261

The feature-selected subset of the random forest classifier was applied to the other
classifiers, the performances before and after feature scaling were analyzed, and the results
are shown in Tables 23 and 24.

Table 23. Random forest classifier metrics before feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.851174 0.822591 0.885445 0.822591

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.897285 0.897261 0.897192 0.897261

Decision tree classifier 0.851174 0.822591 0.885445 0.822591
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Table 23. Cont.

Classifiers Precision Recall FScore Accuracy

Extra tree classifier 0.834285 0.834261 0.834192 0.834261

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.831174 0.832591 0.835445 0.832591

AdaBoost classifier 0.834285 0.834261 0.834192 0.834261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.834285 0.834261 0.834192 0.834261

SGD classifier 0.847285 0.847261 0.847192 0.847261

Passive aggressive classifier 0.831174 0.832591 0.835445 0.832591

Bagging classifier 0.847285 0.847261 0.847192 0.847261

Table 24. Random forest classifier metrics after feature scaling.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.847285 0.847261 0.847192 0.847261

KNeighbors classifier 0.875285 0.877261 0.877192 0.875261

Kernel SVM classifier 0.875285 0.877261 0.877192 0.875261

Gaussian naive Bayes 0.834285 0.834261 0.834192 0.834261

Decision tree classifier 0.851174 0.822591 0.885445 0.822591

Extra tree classifier 0.834285 0.834261 0.834192 0.834261

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting classifier 0.831174 0.832591 0.835445 0.832591

AdaBoost classifier 0.834285 0.834261 0.834192 0.834261

Ridge classifier 0.875285 0.877261 0.877192 0.875261

Ridge classifierCV 0.851174 0.822591 0.885445 0.822591

SGD classifier 0.834285 0.834261 0.834192 0.834261

Passive aggressive 0.847285 0.847261 0.847192 0.847261

Bagging classifier 0.831174 0.832591 0.835445 0.832591

The performances of all classifiers after reduction with the feature importance of the
AdaBoost, gradient boost, extra tree, and random forest classifiers before and after feature
scaling are shown in Figures 9 and 10.
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The overall dataset was analyzed with the OLS features, such as p value, R squared,
adjusted R squared, parameter coefficient, significance, AIC, BIC, standard error, F-statistic,
log-likelihood, residual MSE, model MSE, omnibus probability, and JarqueBera probability
for all 255 subset combinations of the features. The following subset includes highly
significant features based on the p values, and the parameters are listed in Tables 25–28.

Table 25. OLS features of the significant subset attributes of the hypothyroidism dataset.

S.No Attributes R Squared Adjusted R Squared Parameter Coefficient

1. [‘TSH_measured’] 0.490342 0.490181 [−0.1926723]

2. [‘TSH_measured’ ‘TSH’
‘TT4_measured’] 0.934966 0.934904 [−0.01378328 0.00334404

−0.25622659]

3. [‘TSH_measured’ ‘TSH’
‘T4U_measured’] 0.939086 0.939028 [−0.01372514 0.00334439

−0.25687507]

4. [‘TSH_measured’ ‘T3_measured’] 0.508019 0.507707 [−0.16245081 −0.04745117]

5. [‘TSH_measured’ ‘T3_measured’ ‘T3’] 0.508773 0.508306 [−0.16300138 −0.04710052
−0.00756629]

6. [‘TSH_measured’ ‘T3’] 0.491378 0.491056 [−0.19305575 −0.00886611]

7. [‘TSH_measured’ ‘T3’ ‘T4U’] 0.492164 0.491682 [−0.19327524 −0.01212442
0.00837232]

8. [‘TSH_measured’ ‘TT4_measured’] 0.934818 0.934777 [−0.01378472 −0.25622453]

9. [‘TSH_measured’ ‘T4U_measured’] 0.938938 0.9389 [−0.01372657 −0.25687302]

10. [‘TSH’ ‘T3_measured’
‘TT4_measured’] 0.934199 0.934136 [0.00338423 −0.00749316

−0.26174326]

11. [‘TSH’ ‘T3_measured’
‘T4U_measured’] 0.938323 0.938265 [0.0033845 −0.00747897

−0.26234687]

12. [‘TSH’ ‘TT4_measured’] 0.93368 0.933638 [0.00334707 −0.26584963]

13. [‘TSH’ ‘T4U_measured’] 0.937806 0.937766 [0.00334741 −0.26643643]

14. [‘T3_measured’] 0.300835 0.300614 [−0.15091554]

15. [‘T3_measured’ ‘TT4_measured’] 0.934047 0.934006 [−0.00746918 −0.26175534]

16. [‘T3_measured’ ‘TT4’] 0.302135 0.301694 [−0.15159006 −0.00994458]

17. [‘T3_measured’ ‘T4U_measured’] 0.938172 0.938133 [−0.00745503 −0.26235889]

18. [‘TT4_measured’] 0.933532 0.933511 [−0.26584857]

19. [‘T4U_measured’] 0.937658 0.937638 [−0.26643537]
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Table 26. OLS features of the significant subset attributes of the hypothyroid dataset.

S.No Attributes p Values AIC BIC

1. [‘TSH_measured’] [0.] −1315.02 −1302.9

2. [‘TSH_measured’ ‘TSH’
‘TT4_measured’]

[3.69199042 × 10−15 7.43156772 × 10−3

0.00000000]
−7823.1 −7798.86

3. [‘TSH_measured’ ‘TSH’
‘T4U_measured’]

[5.19971275 × 10−16 5.67318032 × 10−3

0.00000000]
−8030.12 −8005.88

4. [‘TSH_measured’ ‘T3_measured’] [1.81373646 × 10−243 4.53106996 × 10−26] −1424.67 −1406.49

5. [‘TSH_measured’ ‘T3_measured’ ‘T3’] [1.93109194 × 10−244 1.02662783 × 10−25

2.77571221 × 10−2]
−1427.52 −1403.28

6. [‘TSH_measured’ ‘T3’] [0. 0.01121299] −1319.46 −1301.28

7. [‘TSH_measured’ ‘T3’ ‘T4U’] [0. 0.00139307 0.02711176] −1322.35 −1298.11

8. [‘TSH_measured’ ‘TT4_measured’] [3.89722887 × 10−15 0.00000000] −7817.92 −7799.74

9. [‘TSH_measured’ ‘T4U_measured’] [5.53480256 × 10−16 0.00000000] −8024.46 −8006.28

10. [‘TSH’ ‘T3_measured’ ‘TT4_measured’] [7.07863933 × 10−3 6.32943158 × 10−7

0.00000000]
−7786 −7761.76

11. [‘TSH’ ‘T3_measured’ ‘T4U_measured’] [5.40529071 × 10−3 2.75925083 × 10−7

0.00000000]
−7990.75 −7966.52

12. [‘TSH’ ‘TT4_measured’] [0.00796318 0. ] −7763.15 −7744.97

13. [‘TSH’ ‘T4U_measured’] [0.00613635 0. ] −7966.31 −7948.13

14. [‘T3_measured’] [5.89765862 × 10−248] −315.046 −302.927

15. [‘T3_measured’ ‘TT4_measured’] [7.04200951 × 10−7 0.00000000] −7780.73 −7762.56

16. [‘T3_measured’ ‘TT4’] [3.72603592 × 10−249 1.53025228 × 10−2] −318.934 −300.756

17. [‘T3_measured’ ‘T4U_measured’] [3.09674931 × 10−7 0.00000000] −7985 −7966.83

18. [‘TT4_measured’] [0.] −7758.1 −7745.98

19. [‘T4U_measured’] [0.] −7960.79 −7948.67

Table 27. OLS features of the significant subset attributes of the hypothyroid dataset.

S.No Attributes StandardError FStatistic Likelihood

1. [‘TSH_measured’] [0.00349379] 3041.198 659.5089

2. [‘TSH_measured’ ‘TSH’
‘TT4_measured’]

[0.00174378 0.00124843
0.00174378] 15,138.54 3915.549

3. [‘TSH_measured’ ‘TSH’
‘T4U_measured’]

[0.00168412 0.00120824
0.00168412] 16,233.73 4019.059

4. [‘TSH_measured’ ‘T3_measured’] [0.00445323 0.00445323] 1631.505 715.3352

5. [‘TSH_measured’ ‘T3_measured’ ‘T3’] [0.00445754 0.00445337
0.00343653] 1090.61 717.7602

6. [‘TSH_measured’ ‘T3’] [0.00349406 0.00349406] 1526.435 662.7281

7. [‘TSH_measured’ ‘T3’ ‘T4U’] [0.00349332 0.00379016
0.00378678] 1020.505 665.1734

8. [‘TSH_measured’ ‘TT4_measured’] [0.00174548 0.00174548] 22,659.94 3911.961

9. [‘TSH_measured’ ‘T4U_measured’] [0.0016859 0.0016859] 24,295.55 4015.228
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Table 27. Cont.

S.No Attributes StandardError FStatistic Likelihood

10. [‘TSH’ ‘T3_measured’ ‘TT4_measured’] [0.0012558 0.00150131
0.00150129] 14,949.73 3896.998

11. [‘TSH’ ‘T3_measured’ ‘T4U_measured’] [0.0012158 0.00145213
0.00145211] 16,019.93 3999.377

12. [‘TSH’ ‘TT4_measured’] [0.00126052 0.00126052] 22,243.82 3884.576

13. [‘TSH’ ‘T4U_measured’] [0.00122068 0.00122068] 23,824.18 3986.153

14. [‘T3_measured’] [0.00409211] 1360.107 159.5229

15. [‘T3_measured’ ‘TT4_measured’] [0.00150277 0.00150277] 22,376.61 3893.367

16. [‘T3_measured’ ‘TT4’] [0.00409839 0.00409839] 684.0491 162.4668

17. [‘T3_measured’ ‘T4U_measured’] [0.00145365 0.00145365] 23,974.81 3995.502

18. [‘TT4_measured’] [0.00126172] 44,395.61 3881.051

19. [‘T4U_measured’] [0.00122194] 47,542.78 3982.394

Table 28. OLS features of the significant subset attributes of the hypothyroid dataset.

S.No Attributes Residual MSE Model MSE Omnibus
Probability

JarqueBera
Probability

1. [‘TSH_measured’] 0.038609 0.075732 2.61 × 10−76 0

2. [‘TSH_measured’ ‘TSH’
‘TT4_measured’] 0.00493 0.075732 0 0

3. [‘TSH_measured’ ‘TSH’
‘T4U_measured’] 0.004617 0.075732 0 0

4. [‘TSH_measured’ ‘T3_measured’] 0.037282 0.075732 2.49 × 10−75 0

5. [‘TSH_measured’ ‘T3_measured’ ‘T3’] 0.037237 0.075732 1.90 × 10−75 0

6. [‘TSH_measured’ ‘T3’] 0.038543 0.075732 4.64 × 10−76 0

7. [‘TSH_measured’ ‘T3’ ‘T4U’] 0.038496 0.075732 7.40 × 10−76 0

8. [‘TSH_measured’ ‘TT4_measured’] 0.004939 0.075732 0 0

9. [‘TSH_measured’ ‘T4U_measured’] 0.004627 0.075732 0 0

10. [‘TSH’ ‘T3_measured’ ‘TT4_measured’] 0.004988 0.075732 0 0

11. [‘TSH’ ‘T3_measured’ ‘T4U_measured’] 0.004675 0.075732 0 0

12. [‘TSH’ ‘TT4_measured’] 0.005026 0.075732 0 0

13. [‘TSH’ ‘T4U_measured’] 0.004713 0.075732 0 0

14. [‘T3_measured’] 0.052966 0.075732 0 0

15. [‘T3_measured’ ‘TT4_measured’] 0.004998 0.075732 0 0

16. [‘T3_measured’ ‘TT4’] 0.052884 0.075732 0 0

17. [‘T3_measured’ ‘T4U_measured’] 0.004685 0.075732 0 0

18. [‘TT4_measured’] 0.005035 0.075732 0 0

19. [‘T4U_measured’] 0.004723 0.075732 0 0

Experimental results show that the Gaussian naive Bayes, AdaBoost classifier, and
Ridge classifier maintained an accuracy of 89.5% before and after feature scaling for the
regressor feature-selection methods. The proposed BCRM was designed with Gaussian
naïve Bayes, Ada boost, and Ridge as the estimators and with accuracy optimization using
soft blending based on the sum of predicted probabilities of classifiers. The proposed
BCRM model showed 99.5% accuracy in predicting hypothyroidism. The implementation
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results show that the Kernel SVM, KNeighbor, and Ridge classifiers maintained an accu-
racy of 87.5% before and after feature scaling for the classifier feature-selection methods.
The BCCM was created with Kernel SVM, KNeighbor, and Ridge as the estimators with
accuracy optimization using soft blending based on the sum of the predicted probabilities
of classifiers. The proposed BCCM showed 99.7% accuracy in predicting hypothyroidism.
The performance analysis of the proposed BCRM was analyzed with the existing classifiers
and the results are shown in Table 29 and Figure 11.

Table 29. Performance analysis of proposed BCRM and BCCM with existing classifiers.

Classifiers Precision Recall FScore Accuracy

Logistic regression 0.847285 0.847261 0.847192 0.847261

KNeighbors classifier 0.846043 0.846101 0.846064 0.846101

Kernel SVM classifier 0.851174 0.922591 0.885445 0.922591

Gaussian naive Bayes 0.847285 0.847261 0.847192 0.847261

Decision tree classifier 0.834285 0.834261 0.834192 0.834261

Extra tree classifier 0.817655 0.817362 0.817477 0.817362

Random forest classifier 0.847285 0.847261 0.847192 0.847261

Gradient boosting 0.834285 0.834261 0.834192 0.834261

AdaBoost classifier 0.840521 0.840521 0.840521 0.840521

Ridge classifier 0.847285 0.847261 0.847192 0.847261

Ridge classifierCV 0.847285 0.847261 0.847192 0.847261

SGD classifier 0.847285 0.847261 0.847192 0.847261

Proposed BCRM 0.995234 0.995224 0.995334 0.995334

Proposed BCCM 0.997432 0.997422 0.997432 0.997454
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5. Conclusions

This paper aimed to predict the existence of hypothyroidism based on an analysis of
the features required for classification. The ANOVA test was utilized for the identification
of the significant features that predict the target variable. This paper also attempted to
apply the regressor and classifier feature-selection algorithms to reduce the dataset with
significant features. The dataset was also examined with OLS performance indicators
for identification of the best subset of features based on p values. The subset feature
[‘TSH_measured’, ‘T4U_measured’] has an R squared value of 0.938, which is close to
the ideal value. The implementation was carried out with Python in Spyder editor with
the Anaconda Navigator IDE. Experimental results show that the Gaussian naive Bayes,
AdaBoost classifier, and Ridge classifier maintained an accuracy of 89.5% before and after
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feature scaling for the regressor feature-selection methods. The MCRM was developed with
Gaussian naive Bayes, Ada boost, and Ridge as the estimators, with accuracy optimization
using soft blending based on the sum of predicted probabilities of classifiers. The proposed
BCRM showed 99.5% accuracy in predicting hypothyroidism. The implementation results
show that the Kernel SVM, KNeighbor, and Ridge classifiers maintained an accuracy of
87.5% before and after feature scaling for the classifier feature selection methods. The
blunge calibration classifier model was developed with Kernel SVM, KNeighbor, and Ridge
as the estimators, with accuracy optimization using soft blending based on the sum of
predicted probabilities of classifiers. The proposed blunge calibration classifier model
showed 99.7% accuracy in predicting hypothyroidism. As an overview of novelty, the
BCCM and BCRM models were built to optimize accuracy with soft blending based on the
sum of predicted probabilities of classifiers. The BCRM and BCCM models uniqueness’s
are achieved by updating the estimators list with the effective classifiers and regressors
that suit the application at runtime. Despite the outstanding performance of the BCRM
and BCCM models, it is still difficult for researchers to adjust the model hyper-parameters
by combining them with other optimizers and statistical loss functions.
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