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Editorial

In an era where technology continues to redefine the boundaries of research and innovation, this
issue of our journal presents a vibrant collection of interdisciplinary studies that reflect the diversity
and dynamism of contemporary scientific inquiry. Spanning fields such as artificial intelligence,
environmental monitoring, digital healthcare, education technology, and sustainable
development, the 12 papers included in this edition showcase groundbreaking methodologies and
practical applications that promise to shape the future of both academia and industry.

There is a critical challenge in aquaculture—the prediction of seawater temperatures with limited
training data. By leveraging transfer learning, the authors demonstrate how accurate predictions
can be achieved even with small datasets, offering a practical and efficient tool for farmers to
mitigate the risk posed by abnormal temperature fluctuations. Their findings hold great promise
for sustainable marine farming practices, particularly in data-scarce environments [1].

In the realm of medical imaging, there is an advanced method for the automatic 3D segmentation
of brain tumors using optical scanning holography and active contour modeling. This innovative
approach not only minimizes human error but also enhances diagnostic precision, making it a
valuable asset for computer-aided diagnosis systems in neuro-oncology [2].

The architecture of RetePAIoT, is a public loT network in the Emilia-Romagna region. By enabling
seamless integration and sharing of data from thousands of sensors, the authors propose a robust
and scalable system that empowers public administrations and private users alike. The work lays
a foundational framework for region-wide loT deployment with an emphasis on interoperability
and data accessibility [3].

Focusing on medical informatics, there is an automated ICD coding system powered by deep
learning and enhanced by GPT-4. The hierarchical classification model efficiently addresses the
complexity and scale of ICD coding tasks, showing how Al can streamline healthcare
documentation and improve clinical workflows with greater speed and accuracy [4].

Switch-mode power supplies a predictive maintenance model for aluminum electrolytic
capacitors, incorporating functional data analysis and fuzzy logic. This research contributes
significantly to the field of reliability engineering by offering a precise and adaptable approach to
monitoring component degradation under variable conditions [5].

The human-robot interaction, proposed a multimodal system that integrates verbal commands
with gesture recognition for precise task execution. By combining skeleton tracking and hand
gesture detection with natural language processing, the system enables intuitive and efficient
communication with robots, enhancing automation in service and industrial contexts [6].

By introducing two novel algorithms—one based on tree search and the other on trie-like graphs—
the authors succeed in significantly reducing computational complexity, offering more practical
solutions for personalized recommendation systems and customer satisfaction analysis [7].

The effectiveness of the MIMOSYS voice analysis system in detecting depression among
Vietnamese speakers. By correlating voice-derived vitality scores with established psychological
scales, the research offers compelling evidence for the system’s potential in non-invasive mental
health monitoring, paving the way for broader linguistic and cultural validation [8].

Addressing safety in domestic environments, there is a smart LPG monitoring system that merges
IoT and business intelligence. Through automated data collection and real-time alerts, the model



reduces the risk of gas leaks while demonstrating high user satisfaction. Its practical deployment
across mobile and web platforms highlights its accessibility and real-world impact [9].

There is a big data maturity models tailored for SMEs, emphasizing the need for scalable and
adaptable frameworks in the digital transformation journey. The study identifies existing gaps and
proposes directions for developing new models that align with the resource constraints and
operational realities of small and medium-sized enterprises [10].

The energy management landscape of ASEAN countries is analyzed with a focus on regional
cooperation, policy frameworks, and sustainability initiatives. The authors identify critical
challenges and propose policy recommendations to enhance energy security and support the
region's transition toward a low-carbon economy, making it a timely contribution to environmental
policy literature [11].

The integration of augmented reality with educational robotics through the ASCAT-AR system.
Targeted at STEM education, the study shows that students using AR-assisted learning tools
perform better and are more engaged compared to traditional methods. This paper exemplifies
how immersive technologies can revolutionize learning experiences and boost student outcomes
in engineering and programming education [12].

This edition brings together a multifaceted collection of research that addresses pressing global
challenges through technological innovation, analytical rigor, and practical application. Whether
it's through the enhancement of healthcare diagnostics, the safeguarding of energy and
environmental systems, or the reimagination of education through immersive technology, each
paper contributes meaningfully to the advancement of its respective field. We hope these studies
will inspire further research, spark interdisciplinary collaboration, and inform evidence-based
practices in academia, industry, and policy-making
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Aquaculture is one of the most important industries worldwide, and most marine products
are produced by aquaculture. On the other hand, the aquaculture farmers are faced on the
challenge of damage to marine products due to abnormal seawater temperatures. Research
on seawater temperature prediction have been conducted, but many of them require a large
amount of training data. Collecting seawater temperature data is not easy, and it takes an
enormous time to introduce in new aquaculture farms. Therefore, the purpose of this study
is to predict seawater temperature even with a small amount of training data for about one
vear. In this paper, we propose a seawater temperature prediction model using transition
learning. The proposed model also attempts to improve the prediction accuracy by
considering the difference in water depth between observation points. The results of the
evaluation experiment showed that the prediction accuracy can be improved by transfer
learning when learning with a small amount of data. In addition, we also confirmed that
adding water depth values to the input layer may not lead to improved prediction accuracy

for transfer learning.

1. Introduction

Aquaculture is one of the most important industries supporting
the world's food supply. Since around 1990, fisheries production
has been on a flat trend, while aquaculture production has
continued to increase. As a result, the share of aquaculture in the
total production of the seafood industry has increased. In 2021, the
production from mariculture was approximately 70 million tons,
accounting for about 32% of the total production of the fisheries
and aquaculture industry [1]. This is due to growing demands for
edible seafood in the world. Global consumption of edible seafood
is increasing and has almost doubled in the last 50 years. Also in
Japan, aquaculture is an important industry. The followings are
statistical data on the aquaculture industry in Japan. In 2022, the
production from mariculture was about 910,000 tons, accounting
for about 23% of the total production of the seafood industry [2].
Its production value was 521.1-billion-yen, accounting for about

*Corresponding Author: Murakami Haruki, Nagoya Institute of Technology,
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33% of the total. These indicate that aquaculture is an
indispensable industry in Japan.

Under these circumstances, one of the problems facing
aquaculture farmers is the damage caused by abnormal seawater
temperatures. If seawater temperature is not properly controlled, it
can increase the risk of fish disease infection [3] and decrease feed
efficiency [4]. To prevent such damage, aquaculture farmers need
to accurately predict seawater temperatures and protect marine
products in advance by moving rafts. However, temperature
prediction requires years of experience and a wealth of knowledge.
Furthermore, it’s getting more difficult to predict seawater
temperatures due to global warming and severe weather changes.
From these, water temperature management is a heavy burden for
aquaculture farmers. To make these temperature management
more sustainable in the future, it is necessary to provide seawater
temperature predictions based on collected temperature data that
can be used by anyone.

Although seawater temperature prediction is an active area of
research, this is currently limited to prediction of sea surface
temperature (SST) [5, 6]. One of the factors that SST prediction
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has been actively conducted is the abundance of SST datasets
provided by satellite imagery [7]. SST prediction is used in many
fields, such as marine meteorology and weather forecasting, but it
is not suitable for the seawater temperature prediction required by
aquaculture farmers. In aquaculture, the depth at which fish are
reared depends on the type of product and the size of the fish tank.
It may be appropriate to keep at a depth of several 10 meters. As
seawater temperature changes with depth, it is necessary to predict
using seawater temperature data from each depth. This means that
abundant sea surface temperature datasets are not available, and it
is necessary to measure temperatures at several depths at each
location. However, since these data are measured using dedicated
observation equipment, it is not easy to collect sufficiently at each
aquaculture farm. Therefore, in this study, we propose and
implement a seawater temperature prediction model that provides
sufficient prediction accuracy even with a small amount of data for
about one year.

2. Related Works

In this chapter, we introduce related studies on the prediction
of seawater using measured water temperature.

In [8], the authors proposed a method based on an
autoregressive model. In this method, each observation point is
classified by cluster analysis, and a principal component analysis
is conducted using the water temperature anomalies within each
group. By autoregressive predicting using the calculated first
principal component, the method enables prediction up to three
months ahead. However, because they focus on a wide area such
as the entire coastal area, it is difficult to predict water
temperatures in a narrow area within an aquaculture farm.

In [9], the authors proposed a method for predicting water
temperature in aquaculture areas. In this method, water
temperature in the aquaculture area is obtained in real time by
installing several small and inexpensive buoys, called ubiquitous
buoys [10]. Nevertheless, it is necessary to install a large number
of buoys because the prediction range covers a wide area of several
kilometers.

In [11], the authors proposed a method that uses meteorological
data in addition to measured water temperature data. In this method,
sea temperature at multiple depths and data provided by the Japan
Meteorological Agency are collected. Using these data as features,
a random forest is used to make predictions for each depth. In the
evaluation experiment, it was shown that using not only
temperature but also wind speed improves the accuracy of the
prediction. However, they did not predict for the next day or later.
According to authors in [12], aquaculture farmers need to predict
water temperatures up to one week ahead within an error margin
of 1°C.

The authors in [13, 14] proposed a method that predicts over
multiple time periods. In this method, in addition to a model that
predicts up to the next day, a model that predicts daily mean water
temperatures up to one week ahead is provided. These models are
capable of long-term prediction using Gated Recurrent Unit
(GRU) [15]. Evaluation experiments showed that the models were
able to prediction with higher accuracy than existing methods.
However, they required a large amount of training data, about 9
years. It is not easy to prepare such data, and it will take time to
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introduce them to a new farm. To solve the above issues, we
develop a seawater temperature prediction method that meets the
needs of aquaculture farmers even with a short period of data.

3. Proposed Method
3.1. Subject Data

In this study, we use measured sea water temperature data and
meteorological data to create a prediction model. From previous
studies [11, 13, 14], it is clear that in addition to seawater
temperature data, it is effective to combine this data with
meteorological data for learning. In this section, as an example of
the seawater temperature and meteorological data used in the
proposed model, details of the data collected in this study are
described.

First, the seawater temperature data is described. we prepare a
dataset of seawater temperature collected at five points throughout
Japan. Figure 1 shows the observation points of seawater
temperature in this study. The latitude and longitude of Gokasho is
(34.3461°N, 136.7050°E), Matoya is (34.8807°N, 136.8807°E),
Ago is (34.3071°N, 136.8038°E), Goshoura is (32.2910°N,
130.2370°E), and Otaru is (43.1904°N, 140.9951°E). As Japan is
located in the Northern Hemisphere, it is generally hot in the south
and cold in the north throughout the year. Similar trends are
observed not only with air temperature but also with seawater
temperature. To demonstrate that the proposed model can be used
universally throughout Japan despite these trends, data from
various locations are used.

Figure 1: Five observation points of seawater temperature [16]

Table 1 shows the water depths and periods for which seawater
temperatures are measured at each point. Under the conditions
shown in Table 1, seawater temperatures are measured hourly at
each point. At Gokasho, Ago, and Matoya, data are available for
about 16 years from 2007 to 2022. On the other hand, Goshoura
and Otaru have only about 8 years of data from 2012 to 2020,
which means that the amount of data at each point varies. Seawater
temperatures are measured simultaneously at three or four depths,
which vary point site to point.
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Table 1: Measurement conditions for seawater temperature

Point Depths (m) Period
Gokasho 0.5,2,5,8 07/02/28 ~ 22/02/28
Ago 0.5,2,5,8 07/03/20 ~ 22/02/28
Matoya 0.5,2,5,8 07/03/20 ~ 22/02/28
Goshoura 1,3,10 12/04/01 ~ 20/01/20
Otaru 1, 10,20 12/04/01 ~ 20/03/02

Next, the meteorological data is described. We prepare
temperature and wind speed data from the meteorological
database provided by the Japan Meteorological Agency [17]. We
use these data measured at the nearest observation stations to the
points shown in Figure 1. The periods of these data are set to be
the same as the periods in which the seawater temperatures are
measured at each point.

3.2. Effects of Depth on Seawater Temperature

In this section, we discuss the effects of different water depths
on seawater temperature. Figure 2 shows the daily mean seawater
temperature at each depth in Ago in 2015. From this graph, the
difference in water temperature for each depth in Ago during the
winter (December to February) is small. On the contrary, during
the summer (June to August), the difference in water temperature
for each depth is large. Seawater temperature tends to decrease
with depth in summer. Specifically, the water temperature
difference in winter is within 2°C, while that in summer ranges
from 2 to 9°C.

30.0

— 05m
o
25 A — sm

— 8m

Temperature (°C)

Iz
=

12.5

2015.01 201503 201505 201507 2015-09 2015-11 2016-01
Figure 2: Mean daily seawater temperature at each water depth in Ago (2015).

In summary, the water temperature difference with depth in
summer is larger than that in winter, and the larger the water depth,
the lower the water temperature in Ago. This tendency is also
observed at the other four points. For example, in Gokasho, the
water temperature difference in winter is within 2°C, while the
water temperature difference in summer ranges from 1°C to 8°C.
In Otaru, the water temperature difference in winter is within 2°C,
while the water temperature difference in summer can be as high
as 5°C.

As shown in the previous section, seawater temperatures were
measured at different depths at each point. This is because the
appropriate water depth for aquaculture is different at each point.
The depth depends on the type of marine products to be raised and
the surrounding climate.
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From the above, it is necessary to account for the difference in
seawater temperature associated with the water depth between
points. With this in mind, the proposed model is presented in the
next section.

3.3. Seawater Temperature Prediction Model

The seawater temperature prediction model proposed in this
study is an extension of the long-term prediction model proposed
in [13,14] by using transfer learning [18], in which water depth
values are included in the input layer. This approach aims to solve
the problem of the huge amount of train data required by
conventional models. In addition, it aims to consider differences in
water temperature due to differences in water depth.

Transfer learning is a machine learning approach which applies
the knowledge obtained in the source domain to learn in the target
domain [19]. In this study, the domain refers to the observation
points of seawater temperature. A series of learning is performed
in the source domain, and then the learned model is re-learned in
the target domain. For this reason, transfer learning has the
advantage that it can learn efficiently even if the amount of data in
the target domain is small.

Figure 3 shows an overview of the proposed seawater
temperature prediction model. The structure of the proposed model
is based on Recurrent Neural Network (RNN) [20], which is
suitable for time-series forecasting. The proposed model has a
three-layer structure consisting of an input layer, a hidden layer,
and an output layer, each of which is described separately below.

<1 Re-Learning
Source Domain Source Domain

Water Depth Sea Water Water Depth Sea Water

Temperature
Depth values|

Wind Speed Level3

|| Weather Weather

Input

Level1 || Level2
Layer Depth values|

Level 3

Temperature Level1 || Level2 ||[f Temperature

Wind Speed

| | | | | | |

Transfer

Hidden

Depth values GRU GRU
Layer

Depth values GRU GRU

| | | |

Prediction Result

Output

Prediction Result
Layer

Figure 3: Overall diagram of the proposed model.

In the input layer, two types of time-series data, seawater
temperature data and meteorological data, and the water depth
values at which seawater temperature measured are input. Since
seawater temperature does not change rapidly in a short period of
time, the most recent data for the prediction target date is important.
Therefore, we use the daily mean seawater temperature and
meteorological data for the last seven days. As meteorological data,
we use daily mean air temperature and maximum and minimum
wind speeds. To account for the effects of multiple depths, we also
included seawater temperatures at depths other than the prediction
target as an input. As mentioned in the previous section, the depths
measured are different at each point, and water temperatures vary
depending on the water depth. This means that when performing
transfer learning, it is necessary to consider the difference in the
water depths between the source and target domains. Therefore, in
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the proposed model, the water depth values are added to the input
layer.

In the hidden layer, we use GRU, which was also used in the
model by the authors in [13,14] Conventional RNNs have two
problems: gradient vanishing problem and weight collision, which
make it difficult to learn long-term features. On the other hand,
GRU has a reset gate and an update gate, and can select a choice
of information. This makes it possible to store old information, and
thus it can be applied to problems that requires long-term
dependence to be considered. In the proposed model, seawater
temperature data and weather data are input into another GRUs to
be learned separately. The results processed by each GRU and the
water depth values are combined, and then passed to the output
layer.

In the output layer, the results from the hidden layer are
converted to prediction results. As a prediction result, seven days
of daily mean seawater temperatures up to one week ahead are
output. In the proposed model, this series of learning is performed
at points with sufficient seawater temperature data, and then the
learned model is used to re-learn at the prediction target points with
only a small amount of data.

4. Experiment
4.1. Common experimental setup

In this study, we conducted two evaluation experiments to
demonstrate the effectiveness of the proposed model. The first was
a comparison experiment of accuracy with and without transfer
learning (Experiment 1). The second was a comparison experiment
of accuracy with and without the input of water depth values
(Experiment 2). This section describes the experimental setup
common to both experiments.

Table 2 summarizes the details of the data used in the two
experiments. Of the five observation points, we set Gokasho,
Matoya, and Ago as the source domain, and Goshoura and Otaru
as the target domain. Three different water depth values were set
at each point. The period of train data for the source domain was
eight years, the target domain was one year, and the test data was
one year. Because the daily mean seawater temperature changes
with a cycle of one year, we chose one year for the period of train
data for the target domain. In addition, by setting the period of train
data for source domain to eight years, the amount of train data used
at the target domain reaches the amount of train data used by the
authors in [13,14].

Table 2: Data used in evaluation experiments.

Point Depth Period of Period of
values [m] train data test data
Gokasho| 0.5,2,5 |10/01/01 ~17/12/31
Ago 0.5,2,5 [10/01/01 ~17/12/31
Matoya | 0.5,2,5 [10/01/01 ~17/12/31
Goshoura| 1,3,10 [18/01/01 ~18/12/31{19/01/01 ~19/12/31
Otaru 1,10,20 |18/01/01 ~18/12/31|19/01/01 ~ 19/12/31

As evaluation items in the two experiments, we calculated
Mean Absolute Error (MAE) and the percentage of predictions
with errors more than 1°C. In this study, the standard value was set
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to 1°C to meet the needs of aquaculture farmers for an error less
than 1°C.

4.2. Experiment I

In this section, Experiment 1 concerning transfer learning is
presented. The purpose of Experiment 1 is to evaluate whether
transfer learning is valid for the seawater temperature prediction.
Therefore, the proposed model with transfer learning compared
with a model learned only with the train data for the prediction
target points without transfer learning. The results of Experiment
1 are shown in Tables 3 and 4. Table 3 shows the results when the
prediction target point is Goshoura, and Table 4 shows the results
when the prediction target point is Otaru. The vertical axis of the
table represents the source domain, and the horizontal axis
represents the prediction target water depth. The values on the left
of the table represent MAE [°C] and the values on the right
represent the rate of errors above 1°C [%].

Table 3: Results of Experiment 1 in Goshoura

sg;‘;clfl 1m 3m 10m
none 0.5357C, 14.5% | 0.669°C, 23.3% | 0.605°C, 21.1%

Gokasho | 0.293°C,3.3% | 0.256°C,2.5% | 0.258°C,2.7%
Ago 0.426°C,7.7% | 0.345°C,4.4% | 0.296°C, 3.6%

Matoya | 0.330°C,3.3% | 0.280°C,3.3% | 0.272°C, 3.3%

Table 4: Results of Experiment 1 in Otaru

Source

domain 1m 10m 20m
none 0.725°C,27.1% | 0.799°C, 31.8% | 0.941°C, 38.6%

Gokasho | 0.608°C, 17.5% | 0.493°C,10.1% | 0.497°C,9.9%
Ago 0.482°C,9.3% | 0.416°C,6.8% | 0.473°C, 10.1%

Matoya | 0.495°C, 10.1% | 0.534°C, 12.9% | 0.483°C, 10.4%

First, Table 3 shows that when the source domain was 'none’,
meaning without transfer learning, MAE ranged from 0.535°C to
0.669°C and the rate of errors above 1°C ranged from 14.5% to
23.3%. In contrast, with transfer learning, MAE ranged from
0.256°C to 0.426°C and the rate of errors above 1°C ranged from
2.5% to 7.7%. These results indicate that the proposed model has
better prediction accuracy than the model without transfer learning
for both evaluation items. The average MAE for each depth was
roughly halved for all source domains, and the average rate of
errors above 1°C for each water depth was less than one-third for
all source domains.

Next, Table 4 shows that without transfer learning, MAE
ranged from 0.725°C to 0.941°C and the rate of errors above 1°C
ranged from 27.1% to 38.6%. In contrast, with transfer learning,
MAE ranged from 0.416°C to 0.608°C and the rate of errors above
1°C ranged from 6.8% to 17.5%. Compared with the model
without transfer learning, the average MAE for each depth was
about one-half for all source domains, and the average rate of
errors above 1°C for each water depth was approximately one-third
for all source domains.

In conclusion, Experiment 1 indicated that the prediction
accuracy can be improved by transfer learning, regardless of
4
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whether the prediction target point is Goshoura or Otaru, where
only about one year of seawater temperature data is available. In
transfer learning, prediction accuracy is improved when data from
the source and target domains have similar characteristics. As the
accuracy increased in transfers to various regions of Japan, the
proposed model has the potential to be used in a wide range of
aquaculture farms of the country.

4.3. Experiment 2

In this section, Experiment 2 on inputting water depth values
is presented. The purpose of Experiment 2 is to evaluate whether
water depth values are effective features for improving accuracy in
transfer learning. Therefore, the proposed model adding water
depth values to the input layer compared with a model that does
not use water depth values as input. The results of Experiment 2
were shown in Tables 5 and 6. Table 5 shows the results when the
prediction target point is Goshoura, and Table 6 shows the results
when the prediction target point is Otaru. The vertical axis of the
table represents the source domain and whether or not a
bathymetric value was input, and the horizontal axis represents the
prediction target water depth. The values on the left of the table
represent MAE [°C] and the values on the right represent the rate
of errors above 1°C [%].

Table 5: Results of Experiment 2 in Goshoura

Depth Sourc.e Im 3m 10m
values | domain
Gokasho || 0.312°C,3.3% | 0.260°C, 2.7% | 0.276°C, 3.0%
none Ago 0.426°C, 9.3% | 0.347°C,4.9% | 0.278°C, 3.6%
Matoya | 0.340°C,3.8% | 0.275°C,3.0% | 0.274°C, 3.3%
Gokasho || 0.293°C, 3.3% | 0.256°C, 2.5% | 0.258°C, 2.7%
input Ago 0.426°C, 7.7% | 0.345°C, 4.4% | 0.296°C, 3.6%
Matoya | 0.330°C,3.3% | 0.280°C,3.3% | 0.272°C, 3.3%
Table 6: Results of Experiment 2 in Otaru
Depth | Source 1m 10m 20m
values | domain
Gokasho || 0.518°C, 13.2% | 0.448°C, 8.8% | 0.485°C, 9.9%
none Ago 0.467°C, 9.3% | 0.504°C, 11.2% | 0.577°C, 14.5%
Matoya | 0.422°C,7.7% | 0.429°C,9.0% | 0.545°C, 11.5%
Gokasho || 0.608°C, 17.5% | 0.493°C, 10.1% | 0.497°C, 9.9%
input Ago 0.482°C, 9.3% | 0.416°C, 6.8% | 0.473°C, 10.1%
Matoya | 0.495°C, 10.1% | 0.534°C, 12.9% | 0.483°C, 10.4%

First, Table 5 showed that when the depth values were 'none',
meaning without water depth values input, MAE ranged from
0.260°C to 0.426°C and the rate of errors above 1°C ranged from
2.7% to 9.3%. On the other hand, with depth values input, MAE
ranged from 0.256°C to 0.426°C and the rate of errors above 1°C
ranged from 2.5% to 7.7%. These results indicated that adding
water depth values to the input layer led to almost no change in
MAE and a slight improvement in the rate of errors above 1°C.

Next, Table 6 showed that without water depth values input,
MAE ranged from 0.422°C to 0.577°C and the rate of errors above
1°C ranged from 7.7% to 14.5%. On the contrary, when depth
values were input, MAE ranged from 0.416°C to 0.608°C and the
rate of errors above 1°C ranged from 6.8% to 17.5%. Adding water
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depth values to the input layer resulted that the average MAE for
each depth was smaller when the source domain was Ago, while
larger when it was Goshoura or Matoya. However, whether these
prediction accuracies improved or declined, the changes were
slight.

Experiment 2 indicated that some combinations improved
prediction accuracy, adding water depth values to the input layer.
However, regularity between source domains and the prediction
target water depth could not be confirmed. Moreover, the degree
of changes in accuracy was also marginal. From these results, it
was not sufficient to add water depth values to the model input to
learn the water depth differences between the source and target
domains.

At this point, Table 5 for Goshoura and Table 6 for Otaru were
compared in the proposed model. Looking at MAE at the
prediction target water depth of one meter, Goshoura is lower than
Otaru by 0.056°C to 0.315°C. At other depths, similar results were
found. These means that the prediction accuracy is higher when
the target domain is Goshoura than Otaru. Focusing on the latitude
of the five observation points, Gokasho, Ago and Matoya are about
34°C and Goshoura is 32.2910°N, while Otaru is at 43.1904°N,
which is significantly different from the other points. In addition,
looking at the currents in the surrounding sea, Otaru is on
Tsushima Current, whereas the other points are on Kuroshio
Current. Thus, it was found that the two differences mentioned
above changed the similarity of the data in the source and target
domains. These differences in latitude and nearshore currents
could have changed the similarity of the data in the source and
target domains. The reason why the prediction accuracy did not
improve with the addition of water depth input was thought to be
due to the above two differences. Therefore, it is necessary to
consider not only depth differences, but also differences in latitude
and ocean currents between points in order to further improve
prediction accuracy.

5. Conclusion

What is needed in the aquaculture industry is seawater
temperature prediction from several meters down a few dozen
meters. However, these data are not sufficient because they are not
easy to collect. The objective of this study is to enable highly
accurate prediction of seawater temperature even for points with a
small amount of data. Therefore, we proposed and implemented a
prediction model using transfer learning, in which a model that has
been learned with data from other points is re-learned with data
from the target point. In addition, to account for the depth
differences between the two points used in the transfer learning,
we added water depth values at which seawater temperature was
measured to the input layer.

In the evaluation experiment, it was shown that transfer learning
improves the prediction accuracy even for points with only about
one year of seawater temperature data. We also showed that the
accuracy of transfer learning was not improved by simply adding
water depth values to the input layer.

In the future, to solve the above issue, we aim to improve
prediction accuracy by considering factors such as differences in
latitude and ocean currents. Then, we aim to improve the
generalization performance of the model to provide seawater
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temperature predictions that meet the demands of more types of
aquaculture farmers in more regions.
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This paper presents a method for automatic 3D segmentation of brain tumors in MRI using
optical scanning holography. Automatic segmentation of tumors from 2D slices (coronal,
sagittal and axial) enables efficient 3D reconstruction of the region of interest, eliminating
the human errors of manual methods. The method uses enhanced optical scanning
holography with a cylindrical lens, scanning line by line, and displays MRI images via a
spatial light modulator. The outgoing phase component of the scanned data, collected
digitally, reliably indicates the position of the tumor.The tumor position is fed into an active
contour model (ACM), which speeds up segmentation of the seeding region. The tumor is
then reconstructed in 3D from the segmented regions in each slice, enabling tumor volume
to be calculated and cancer progression to be estimated. Experiments carried out on patient
MRI datasets show satisfactory results. The proposed approach can be integrated into a
computer-aided diagnosis (CAD) system, helping doctors to localize the tumor, estimate its
volume and provide 3D information to improve treatment techniques such as radiosurgery,
stereotactic surgery or chemotherapy administration. In short, this method offers a precise
and reliable solution for the segmentation and 3D reconstruction of brain tumors,

facilitating diagnosis and treatment.

1. Introduction

A brain tumor is a mass of abnormal cells involved in a chaotic
process of somatic driver mutations [1,2], where they cause
various symptoms and increase the risk of brain damage. In fact,
the secondary tumor infiltrates neighboring healthy tissues and
proliferates within the brain or its membranes, making it critical to
determine its shape and volume to ensure effective management of
patients in the early stages of cancer. Magnetic resonance imaging
(MRYI) is the most commonly used non-invasive imaging modality
for brain tumor detection [3—5]. MRI uses radio waves and a strong
magnetic field to create a series of cross-sectional images of the
brain. In other words, the 3D anatomical details of a tumor are
represented as a set of parallel 2D cross-sectional images.
Representing 3D data as projected 2D slices results in a loss of
information and can raise questions about tumor prognosis. In
addition, 2D slices do not accurately represent the complexity of
brain anatomy. Therefore, interpretation of 2D images requires
specialized training. Therefore, volume reconstruction from
sequential parallel 2D cross-sectional slices is a necessity for 3D
" Corresponding Author: Abdennacer EL-OUARZADI, Université Moulay Ismail,
a.clouarzadi@edu.umi.ac.ma
https://dx.doi.org/10.25046/aj090402

tumor visualization, In 2013, the authors in [6] proposed an
improved interpolation technique to estimate missing slices and
the Marching Cubes (MC) algorithm to mesh the tumor. For
surface rendering, they applied the Phong shading and lighting
model to better compute the tumor volume.

The 3D reconstruction of tumors first requires an appropriate

segmentation of the region of interest. This 3D reconstruction

helps radiologists to better diagnose patients and subsequently
remove the entire tumor when surgical intervention is considered.
Techniques presented in [7,8] are based on preprocessing, image
enhancement, and contouring prior to reconstruction. In 2012,
authors in [9] used a technique based on phase-contrast projection
tomography to calculate the 3D density distribution in bacterial
cells. In addition, an approach proposed by [10] in 2019 provides
a technique for segmenting brain tumors in the 3D volume using a
2D convolutional neural network for tumor prediction. Authors in
[11,12] conducted a comparison between conventional machine
learning based techniques and deep learning based techniques. The
latter are further categorized into 2D CNN and 3D CNN
techniques. However, the results of techniques based on deep
convolutional neural networks out perform those of machine
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learning techniques. As for the authors in [13,14], they introduced
a two-stage optimal mass transport technique (TSOMT), which
involve stransforming an irregular 3D brain image into a cube with
minimal deformation, for segmenting 3D medical images.
Automatic segmentation of a brain tumor from two-dimensional
slices (coronal, sagittal, and axial), facilitated by convolutional
neural networks [15], significantly aids in delineating the region of
interest in 3D.

Conventional holography was invented by [16] in 1948 during
his research to improve the resolution of electron microscopes.
This invention evolved in the 1960s with the advent of lasers, and
holograms were recorded on plates or photosensitive films based
primarily on silver ions that darkened under the influence of light.
With the progress of high-resolution matrix detectors, digital
holography was generalized in 1994 by the authors in [17], paving
the way for numerous applications: holographic microscopy [ 18—
20], quantitative phase imaging [21-23], color holography [24-26],
metrology [27-29], holographic cameras [30], 3D displays [31-
34], and head-up displays [35,36]. Authors in [37] were the first to
use phase-shifting holography to eliminate unwanted diffraction
orders from the hologram. They introduced spatial phase shifting
using a piezoelectric transducer with a mounted mirror [38], and
slight frequency modifications of acousto-optic modulators
(AOMs) [39-41]. The latter technique is closely related to
heterodyne detection methods.

Optical Scanning Holography (OSH) is considered an
intelligent application for processing the pupil interaction. The
pupil interaction scheme was implemented using optical
heterodyne scanning by Korpel and Poon in 1979, and the use of
an interaction scheme in a scanning illumination mode was
developed by Indebetouw and Poon in 1992. By modifying one of
the twolenses relative to the other (specifically, one lensis an open
mask and the other is a pinhole mask) and defocusing the optical
system, in 1985 author in [42] developed an optical scanning
system capable of holographically recording a scanned object. This
technique led to the invention of optical scanning holography.
OSH has various applications, including optical scanning
microscopy, 3D shape recognition, 3D holographic TV, 3D optical
remote sensing, and more.

Early work on preprocessing in the OSH system dates back to
1985. Later, it was shown that placing a Gaussian annular aperture
instead of a flat lens is useful for recovering the edge of a cross-
sectional image in a hologram [43,44]. In 2010, authors in [45]
demonstrated that by choosing a pupil function such as the
Laplacian of the Gaussian, the performance of the method is an
efficient means to extract the edge of a 3D scanned object by the
OSH system. The authors in [46] proposed a 1D image acquisition
system for auto stereoscopic display consisting of a cylindrical lens,
a focusing lens, and an imaging device. By scanning an object over
a wide angle, the synthesized image can beviewed as a 3D
stereoscopic image.

The aim of this paper is to propose and develop a fully
automatic 3D segmentation of brain tumors from magnetic
resonance images. The proposed model is based on the same
principle as our previous articles [47,48] and specifically for the
segmentation of high and low grade glioblastoma brain tumors. To
achieve this goal, the following contributions are made:
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» Proposing a fully automated 3D method for brain tumor
segmentation from MRI image sequences.

» Improving the conventional optical scanning holography
technique by exploiting the properties of the cylindrical lens to
optimize the scanning process and shorten the holographic
recording process.

» Transitioning active contour theory from semi-automatic to
fully automatic status with reliable tumor detection.

» Perform tests to demonstrate the effectiveness of our method
using the well-known BraTS 2019 and BraTS 2020 databases.

2. Materials And Methods
2.1. Data used

The database of brain tumor images used in this study was
obtained from the Medical Image Computing and Computer
Assisted Intervention (MICCAI) 2019 and MICCAI 2020
Multimodal Brain Tumor Segmentation Challenges, organized in
collaboration with B. Menze, A. Jakab, S. Bauer, M. Reyes, M.
Prastawa, and K. Van Leemput. It includes 40 glioma patients,
including 20 high-grade (HG) and 20 low-grade (LG) cases, with
four MRI sequences (T1, T1C, T2, and FLAIR) available for each
patient. The challenge data base contains fully anonymized images
collected from the ETH Zurich, the University of Debrecen, the
University of Bern, and the University of Utah. All images are
linearly co-registered and craniocaudally oriented. Institutional
review board approval was not required as all human subject data
are publicly available and de-identified [1,3].

2.2. Methodology

Figure 1 shows the optical scanning holography system used in
our method. A laser beam of frequency o isshifted in frequency to
v and y+Ay by Acousto-Optic Modulators (AOM) 1 and 2,
respectively. The beams from the AOMs are then collimated by
collimators BE1 and BE2. The out going beam from BE2 is
considered as a plane wave of frequency o+y+Ay, which is
projected onto the object by the x-y scanner. Our novel method
involves the integration of a cylindrical lens L1 into the chosen
imaging system, which provides a cylindrical wave at ®+Q that is
projected onto the object. A focusing lens is also used to capture a
large number of elementary images containing extensive parallax
data. These elemental images are transformed into a matrix of
elemental images, where each captured elemental image
corresponds to a vertical line in ray space [46]. Using this linear
scanning technique, object images are captured in a single pass
rather than point-by-point, and the shape of the surface is adjusted
after each iteration, saving computational time. Accordingly, after
appropriate sampling for viewing conditions, we achieved fully
automatic segmentation through the improved algorithm and
arrangement of color filters. This allowed the transformation of
two-dimensional element images into Three-Dimensional (3D)
images, as shown in Figures 5 and 6.
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Figure 1: Schematic setup of the optical scanning holography (OSH).

The x-y scanner is used to scan the 3D object uniformly, line
by line. As a result, each scan line of the object corresponds to a
line in the hologram at the same vertical position. Along each scan
line, Photo-Detectors PD1 and PD2 are used to capture the optical
signal scattered by the object and the heterodyne frequency
information AQ as a reference signal, respectively, and convert
them into electrical signals for the lock-in amplifier. The in-phase
and quadrature-phase outputs of the lock-in amplifier circuit
produce a sine hologram, H_sin (X, y), and a cosine hologram,
H_cos (%, y), to achieve a complete 2D scan of the object, as shown
below:

N-1
H(X' Y) = HCOS (X! Y) + jHSin(X! Y) = Hk(X! y; Zk)
k=0
With :
: ko . [ko(x* +y?)
i = f {mx,y; 2)|* * o sin [T dz = Hyin (xy)

. Ko ko(x* +y?)
Is = f {lT(X: y z)|? * oz cos [T dz = Heos xy)

2.3. Detection

Tumor contours are typically identified by fast pixel transitions,
which indicate a significant change in information, while slow
variations are eliminated by differentiation. Several methods are
used for contour detection, including derivative methods based on
evaluating the variation at each pixel by searching for maxima
using a gradient or Laplacian filter.

The optical system in Figure 1 provides an output showing the
distribution of both the phase and quadrature component of the
heterodyne current. We will focus only on the phase component to
extract the phase current after scanning the object images line by
line. The maximum values characterizing this output are referred
to as the peaks of the phase component.

Figure 2 illustrates how the initial contour C(i, j) is extracted
from the peaks of the phase component maxima obtained from the
optical scanning holography (OSH), i.e., the maximum of the
intensity ic with:

Ko ko (x2 +y?)
] = . 2 .
ic = f {|T(X, y;2)|° * 5rey S0 [—22 dz
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Contours delineating these maxima are drawn, resulting in regions
that designate the position of the tumor within the tumor tissue.

Figure 2: Preliminary extraction of the initial contour Ci inside the tumor tissue by
OSH-based phase component peaks.

The output results of the Optical Scanning Holography(OSH)
optical process are implemented numerically to extract the
following parameters:

* C: the center of the tumor.
* L: the amplitude of the peak of the phase component.

* Ci: the initial contour formed using the principle illustrated in
Figure 2.

Figures 3 and 4 provide examples of phase component peaks
obtained using the OSH method.

olololdldl b
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Figure 3: In-phase component peaks at the proposed OSH method's tumor position:
examples of image slices (Axial, Coronal, Sagittal) from MICCAI 2019 database.
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Figure 4: In-phase component peaks at the proposed OSH method's tumor position:
examples of image slices (Axial, Coronal, Sagittal) from MICCAI 2020 database.

2.4. Segmentation and 3D Reconstruction

The segmentation of brain tumors using the active contour
approach has received increasing attention. In this article, a fully
automated active contour approach based on the OSH technique is
proposed. This approach requires significant computational time.
However, this technique allows a contour to be iteratively
deformed to divide an image into several meaningful regions.
Whitaker was able to reduce the computational time in his efficient
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Sparse Field Method algorithm by accurately representing the
target surface. In this method, each point of the target surface is
processed, compared with the initialization curve, and updated
after each iteration.

The novelty of our research is to apply the OSH technique by
integrating a cylindrical lens into our system to improve the
detection phase in terms of precision and acquisition time by
processing the image of the region of interest line by line (line-by-
line scanning).

It is true that the calculation of the terms of the active contour
energy, as shown below, has allowed us to achieve an exact and
precise segmentation of brain tumors. However, this segmentation
is conditioned by the choice of an initial contour Ci,j, which gives
it a semi-automatic nature :

Ei,j = B |I - Mi,j|2 +Y |I - mi_j|2

In our work, we have proposed a model of active contours
combined with the OSH approach, which enables us to address the
issue of manual supervision in selecting the initial contour,
especially for complex tumor shapes. We have achieved, through
the use of the maximum phase current of the OSH, which
corresponds to the initial contour of the active contour model, an
improvement in the detection of tumor tissue contours. By adding
the term"a. C; ;"derivedfrom the OSH technique, we were able to
automate our model :

Ei,j = . Ci,j + B |I - Mi'jlz + Y- |I - mi']-|2

This article builds upon previous work in the field of 3D
reconstruction, primarily by combining it with enhanced detection
and segmentation techniques. Indeed, this new technique improves
the computational efficiency and precision in selecting the pixels
that are crucial for reconstructing 3D object shapes.

The results of reconstructing 3D object images from a real patient
dataset are presented in Figures 5 and 6.

Figure 5: 3-D reconstruction results of real patient data from the MICCAI 2019
database.

3. Experimental Results

3.1. evaluation of detection phase

To extract brain tumors accurately, it is essential to reliably
determine the parameter L (where L represents the maximum peak
of the phase component). That's why we studied the values of L on
different MRI images from Brats-2018 and Brats-2019 containing
tumor tissues.

WWwWw.astesj.com

Figure 6: 3-D Reconstruction results of real patient data from the MICCAI 2020
database.

We observe that the values of L in the case of tumors are
significantly separated from those of healthy brain tissue. We also
notice that all the maxima of the phase components provided by
the OSH process, used for tumor detection, fall within the range
[300;350], while for healthy tissue, they are in the interval
[100;150].

400 T T T T L (Healthy Braing)
L {Brains with Tumors)
1 350 [ 1
L e
gE
100 A Al A A e AL A
0 100 200 300 400 500 600 700 8OO 900 1000

Number of Images

Figure 7: Distribution of the L parameter in the healthy and tumorous brain image
slices (Axial, Coronal, Sagittal).

3.2. Evaluation of segmentation phase

Figure 8 displays box plots for the sensitivity, Dice score,
specificity, and Hausdorff distance obtained by our method on the
Brats-2019 and Brats-2020 datasets. The performance of our
method is compared to that of the Geodesic Active Contour (GAC)
model, Localized Active Contour (LAC), and Cuckoo-driven
Active Contour (ACCS) models. We note that the performance of
the proposed methodis the most satisfactory in terms of
segmentation versus the other methods compared, particularly in
terms of sensitivity, specificity and Dice score. The statistical
computation time of the most relevant steps of our algorithm per
MRI image is given in figure 9.

Hausdorf distance

Figure 8: Boxplots of evaluation scores: Dice, sensitivity, specificity and hausdorff
distance for the four approaches examined.
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Figure 9: Boxplots of evaluation scores: evaluation time for the four approaches
examined.

3.3. Evaluation of reconstruction phase

The data in tables (1 and 2) enable us to obtain the tumor
volume for each patient with very respectable accuracy, making it
easier to estimate the degree of cancer. These tables also provide
useful information such as brain volume and mean intensity for
each patient label (brain label and tumor label).

Table 1: 3-D Segmentation results of real patient data from the BRATS 2019
database.

Patients Labels Voxel count | Volume (mm®) | Intensity Mean £SD
Patient 1 Clear Lébel 8812 673 8.812673 x10° 32.4629 + 76.7841
Label with tumor | 115 327 1.15327 x10° 434.7898 + 75.9586
Patient 2 Clear Label 8908 742 8.908742 x10° 31.0648 + 66.3003
Label with tumor | 19 258 1.9258 x10* 424.8549 + 65.4917
Patient 3 Clear Lgbcl 8896 112 8.896112 x10° 24.4006 + 649036
Label with tumor | 31 888 3.1888 x10* 451.9312 + 57.2040
Patient 4 Clear Lébel 8 893 509 8.893509 x10° 36.5984 + 90.5500
Label with tumor | 34 491 3.4491 x10* 1137.5650 +202.0132
Patient 5 Clear Lébel 8 874 450 8.874450 x10° 34.4983 + 78.4227
Label with tumor | 53 550 5.3550 x10* 432.8664 + 75.4400
Patient 6 Clear Label 8 815463 8.815463 x10° 31.0447 +£74.2778
Label with tumor | 112 537 1.12537 x10° 451.1814 + 65.6239
Patient 7 Clear Lgbcl 8 800 705 8.800705 x10° 21.7560 + 56.5531
Label with tumor | 127 295 1.27295 x10° 305.4569 + 57.3601
Patient 8 Clear Lébel 8 872 783 8.872783 x10° 29.3676 + 68.4357
Label with tumor | 55217 5.5217 x10* 334.1023 +48.2186
Patient 9 Clear Lébel 8920 644 8.920644 x10° 11.8151 +32.1527
Label with tumor | 7 356 7.356 x10° 198.0174 + 38.5634
Patient | Clear Label 8911678 8.911678 x10° 23.9592 + 59.2099
10 Label with tumor | 16 322 1.6322 x10* 454.6847 + 83.4070
Patient | Clear Label 8900 834 8.900834 x10° 35.1428 + 75.6676
11 Label with tumor | 27 166 2.7166 x10* 344.4761 + 46.2303
Patient | Clear Label 8 833 615 8.833615 x10° 64.3847 +39.4228
12 Label with tumor | 94 385 9.4385 x10* 580.9401 + 36.3711
Patient | Clear Label 8 876 743 8.876743 x10° 68.8470 + 153.2978
13 Label with tumor | 51 257 5.1257 x10* 698.3368 + 120.9774
Patient | Clear Label 8 698 867 8.698867 x10° 25.9308 + 57.5036
14 Label with tumor | 229 131 2.29131 x10° 304.6895 + 70.7478
Patient | Clear Label 8 778 460 8.778460 x10° 44.1679 +112.9932
15 Label with tumor | 149 540 1.49540 x10° 442.8497 + 45.4427
Patient | Clear Label 8 801 474 8.801474 x10° 18.6908 + 43.6618
16 Label with tumor | 126 526 1.26526 x10° 241.1445 + 36.7579
Patient | Clear Label 8690 176 8.690176 x10° 16.6104 + 39.7039
17 Label with tumor | 237 824 2.37824 x10° 213.0597 +45.3580
Patient | Clear Label 8 833 752 8.833852 x10° 16.8981 +43.7038
18 Label with tumor | 94 248 9.8248 x10* 270.6864 +44.3378
Patient | Clear Label 8 699 808 8.699808 x10° 16.7930 + 41.8654
19 Label with tumor | 228 192 2.28192 x10° 227.5470 + 37.6771
Patient | Clear Label 8902 965 8.902965 x10° 47.3972 + 115.0547
20 Label with tumor | 25 035 2.5035 x10* 477.4638 + 28.0403

Table 2: 3-D Segmentation results of real patient data from the BRATS 2020
database.

Patients Labels Voxel count | Volume (mm®) | Intensity Mean £SD

Patient 1 Clear Label 8796585 8.796585 x10° 32.0395 + 76.2065
Label with tumor | 131415 1.31415 x10° 413.8778 + 90.8952

Patient 2 | Clear Label 8899672 8.899672 x10° 30.7910 + 65.7704
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Label with tumor | 28328 2.8328 x10* 384.8039 + 81.0838
Patient 3 Clear Lgbcl 8880808 8.880808 x10° 25.9012 + 63.8240
Label with tumor | 47192 4.7192 x10* 4079188 + 80.5098
Patient 4 Clear L:{bel 8875910 8.875910 x10° 35.4049 + 86.3327
Label with tumor | 52090 5.2090 x10* 968.9609 + 299.9311
Patient § Clear Label 8863102 8.863102 x10° 34.2085 + 78.1643
Label with tumor | 64898 6.4898 x10* 402.7914 + 81.2011
Patient 6 Clear Label 8794503 8.794503 x10° 30.4320 + 73.2910
Label with tumor | 133497 1.33497 x10° 425.5790 + 84.9031
Patient 7 Clear Lgbcl 8828307 8.828307 x10° 22.3986 + 57.6266
Label with tumor | 99693 9.9693 x10* 327.0939 + 44.3143
Patient 8 Clear L:{bel 8777055 8.777055 x10° 21.3723 +53.5396
Label with tumor | 150945 1.50945 x10° 347.9547 + 73.5984
Patient Clear Label 8859507 8.859507 x10° 29.0185 + 67.8758
Label with tumor | 68493 6.8493 x10* 320.2008 + 54.0278
Patient | Clear Label 8856743 8.856743 x10° 30.1615 + 71.5588
10 Label with tumor | 71257 7.1257 x10* 410.5989 + 110.6990
Patient | Clear Label 8852777 8.852777 x10° 41.6819 + 100.7240
11 Label with tumor | 75223 7.5223 x10* 568 0779 + 103.8634
Patient | Clear Label 8825129 8.825129 x10° 70.7885 + 174.1385
12 Label with tumor | 102871 1.02871 x10° 761.5829 + 89.2313
Patient | Clear Label 8811475 8.811475 x10° 19.5354 +43.5697
13 Label with tumor | 116525 1.16525 x10° 226.5449 + 29.4236
Patient | Clear Label 8829255 8.829255 x10° 17.1114 + 39.8459
14 Label with tumor | 98745 9.8745 x10* 223.5896 +27.5731
Patient | Clear Label 8907363 8.907363 x10° 41.1899 +100.3383
15 Label with tumor | 20637 2.0637 x10* 405..570 + 35.2389
Patient | Clear Label 8781794 8.781794 x10° 19.6149 + 45.3264
16 Label with tumor | 146206 1.46206 x10° 243.5090 + 39.3731
Patient | Clear Label 8852596 8.852596 x10° 17.1913 + 45.4955
17 Label with tumor | 75404 7.5404 x10* 279.9906 + 49.1193
Patient | Clear Label 8831696 8.831696 x10° 37.5604 + 103.4473
18 Label with tumor | 96304 9.6304 x10* 390.8695 + 40.2213
Patient | Clear Label 8823355 8.823355 x10° 75.8865 + 180.9212
19 Label with tumor | 104645 1.04645 x10° 649.1030 + 55.8957
Patient | Clear Label 8829763 8.829763 x10° 9.3929 + 32.4282
20 Label with tumor | 98237 9.8237 x10* 229.8103 + 44.2263

4. Conclusion

The aim of this article is to develop a 3D reconstruction and
quantification approach to facilitate physician surgical planning
and tumor volume calculation. The three-dimensional model of
the brain tumor was reconstructed from a given set of two-
dimensional brain slices (axial, coronal, and sagittal). In the slices
containing tumors, the improved Optical Scanning Holography
(OSH) method helped us to extract the maximum component in
phase, and at the same time an Active Contour Model (ACM) was
applied to this area of interest to perform a faster segmentation of
the region corresponding to the tumors in each slice. We obtained
satisfactory results with different active contour models with
different similarity parameters on database images (BRATS 2019
and 2020), compared to several state-of-the-art brain tumor
segmentation methods.

The application of this method does, however, present a
number of limitations. Firstly, integration with existing diagnostic
and processing systems can pose challenges, particularly with
regard to the compatibility of data formats and communication
protocols. In addition, the quality and resolution of MRI images
are crucial to the success of the method. Low-quality images can
result in imprecise segmentation and inaccurate 3D reconstruction,
compromising the accuracy and clinical utility of the method.
Therefore, high-quality images and resolution of integration
issues are essential to maximize the effectiveness of this approach
in a clinical setting.

To improve this method, it is necessary to validate its efficacy
more widely and robustly in a variety of clinical settings. In the
future, it will be necessary to refine the technology for greater
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accuracy, improve the quality of MRI images, and ensure
seamless integration with other tools for diagnosing and treating
brain tumors by resolving data compatibility issues. These efforts
will open up new prospects for research and innovation in this
field.
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RetePAloT of Emilia-Romagna region is an loT Public Network, financed by Emilia-
Romagna Region and developed by Lepida Scpa, where citizens, private companies and
Public Administrations can integrate free of charge their own sensors of any type and
anywhere in the region. The main objective of the project is to provide a facility to
implement the loT paradigm, receiving data potentially from thousands of different sensors
from the territory and to make them available to their owners and, in aggregate or
anonymous form, to Public Administrations for their institutional purposes. In this context
the interpretation of payloads sent by sensors, i.e. the extraction of the values measured by
sensors, as well sharing them with all authorized subjects. are fundamental aspects that
present a significant complexity due to the variety and unplannable context of the project.
This paper illustrates the model and the architecture of a solution for the automatic
extraction of values potentially coming from thousands of different sensors, which therefore
requires a high level of flexibility, robustness and scalability as well as different methods

for sharing them with third parties, depending on purposes and technical level required.

1. Introduction

As illustrated in the original paper [1], in 2019 LepidaScpa
launched a project, financed by Emilia-Romagna Region, called
retePAloT, aimed at covering the entire regional territory with a
LoRaWan network [2], offering an IoT infrastructure to both
Public Administrations and to private citizens or companies to
connect their own sensors.

Several actors are participating to this project, with different
roles:

e LepidaScpA is in charge of the development and the
maintenance of the IoT infrastructure: gateways, server
network, included the web platform for the management of
sensors, their data and users;

e Municipalities have to provide free of charge places of
installation of gateways and to advertise the initiative on their
own territory;

e Municipalities have to provide free of charge places of
installation of gateways and to advertise the initiative on their
own territory;

e End users (both public and private) have to purchase sensors.
Type and model of sensors can be any, but users have to
provide LepidaScpa with information on those not yet present
in the catalog, to be update. Users, in fact, have also to register
their own sensors into retePAIoT network, through retePAloT
web interface [3], specifying the correct brand and model of
sensors, from which decoding rules of payload of sensors
messages depend.

The main objective of the retePAIoT project is to make
available a free of charge IoT regional network to Public
Administrations as well as private users or companies, to facilitate
the installation of their own sensors, collecting data from the
territory and making them available to owners of the sensors and
to Public Administrations for their institutional purposes [4]. This
means that the measurements sent by the sensors integrated in the
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public IoT network, retePAIoT, can be consulted both by owners
of the sensors, but also, anonymously or in aggregate form, by the
Public Administrations interested in exploiting the data coming
from the regional territory. This important goal is possible only if
the retePAloT project, in addition to facilitate the installation and
the collection of data sent by the sensors, also provides their
decoding, i.e. the extraction of the measured values, making them
usable, through appropriate interfaces, both to the owners of the
sensors and to the Public Administrations.

To encourage the use of the retePAIoT project by all interested
public and private users, no limits have been set to the types,
models and brands of sensors that can be used. For this reason, the
catalogue of the sensors that can be registered in retePAloT is
constantly updated upon users request with new models and types.

It is important to underline that other LoRaWan networks exist
in Europe and around the world which are public and free and
which allow different types of sensors to be integrated by different
users. An exemplary case is the TTN network, The Thing Network
[5], which, in addition to being widespread in Europe, especially
in France, and in the world, constitutes a global network for the
integration of both sensors and LoRaWan gateways. But while
both networks, TTN and retePAloT, share the primary purpose of
providing a network infrastructure that is accessible to anyone at
no cost, promoting innovation and widespread adoption of IoT
technology, retePAIoT has the additional and fundamental
objective to use the data collected by the sensors.

This purpose is not only peculiar to the retePAIoT network,
compared to other public ones, which normally delegate it to single
users, but it involves a series of onerous activities such as
knowledge, cataloguing, validation, description of the
measurements and the corresponding units within the Data Base of
all integrated sensors, as well as the implementation of a new
architecture for the automatic extraction of data from the messages
sent by the sensors, which constitutes the real added value and
aspect innovative of the solution presented in the original paper [1]
and in this one.

In this paper it will be highlighted the importance, the critical
issues and the automatic solution adopted for the decoding of the
payloads and for the extraction of the data within a complex
scenario such as an IoT public network like retePAloT and some
different methods and interfaces to share them to different users,
according to their needs.

For this purpose, this paper starts form a brief overview of the
state of the art of some useful management features offered by
ChirpStack [6], that is the open LoRaWan server network used to
manage retePAloT network, and on which the model and
architecture of the solution proposed in this paper is based. The
rest of this paper is organised as follows: the third section briefly
illustrates the main architecture of the Internet of Things public
network, retePAloT; section IV describes the structure of the
centralized database, with particular reference to the fundamental
extension of sensors registry tables introduced to resolve
criticalities and to guarantee the requirements of payload decoding
service; section V focuses on the new architecture implemented to
automatically decode payloads sent by sensors, based on a new
feature made available by ChirpStack, its logical flow, closely
based on sensors database model extended, and the relevant goals
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and advantages that it achieves respect the original one [1]; section
VI describes different interfaces made available by retePAloT
network to share data to different users and objectives; section VII
describes a significant use data case, and the last one summarises
the main results achieved by retePAIoT network.

2. The State of the Art

ChirpStack is an open-source platform for managing and
monitoring LoRaWan networks. It provides a modular software
suite that enables network operators, developers and end users to
build and manage scalable and reliable LoRaWan networks.
ChirpStack Application Server is a module of ChirpStack that
manages loT applications, allowing developers to create and
manage custom applications to analyze and interact with data from
LoRaWan devices. In particular, the 'device profile' and the
'application’ are two entities, managed by the Application server
module, which respectively allow to specify the communication
and configuration settings of the devices and to manage a specific
IoT application or use case within the ChirpStack platform.

Starting from ChirpStack version 3.0, decoding rules of
payloads devices have been associated to the 'device profile' entity
instead of the ‘application’ one, making it possible to avoid
duplication of decoding rules in the very common cases in which
devices of the same type were used in applications associated to
different users.

The new positioning of the payload decoding function
constitutes the opportunity to provide the decoding of the payloads
of the various devices directly within the ChirpStack, in place of
an external module, using directly the javascript code, normally
provided by the devices manufacturers, instead of requiring the
development of different software modules, as implemented in the
first release of retePAIoT [1]. ‘Application' is now only a logical
entity that allows network operators to create and to manage
customized IoT applications according to the specific needs of
different use cases and users, relatively, for example, to different
modalities to share data of devices associated with other external
systems. The two entities ‘device profile’ and ‘application’
managed by ChripStack in last releases are at the base of improved
model and architecture of retePAIoT platform, for the extraction
and the sharing of the data, that are two fundamental aspects for
the use of sensors data, which constitutes the final objective of
retePAloT and, in general of all IoT networks.

3. retePAloT Network Architecture

The basic architecture of a public network for the internet of
things like retePAIoT is shown in Fig.1, where main components,
sensors, gateways and network server, and types of connections
are highlighted: the black line represents an internet connection,
the violet line a Lepida fiber connection, the dotted line a
communication based on wireless LoraWan protocol, whose
specifications can be found in [7].

One or more LoraWan gateway are installed in each
participating municipality, and represent the meeting point
between two types of communication: on the one hand, through
the LoraWAN protocol, they receive the data coming from the
users sensors, on the other they are connected to one of the fiber
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points of access of the Lepida Network, allowing the sensors
messages to reach the LoraWan server.

Figure 1: Architecture of internet of things public network, retePAloT

This server is a virtual machine hosted in one of the four
Regional Data Centers managed by LepidaScpA [8], and it
undertakes the registration of sensors in the network and the
subsequent establishment of encrypted sessions through which
payloads are transmitted. The software installed for the
management of the protocol is the open source LoRa Server
ChirpStack [6].

Every user must register himself and the sensors, for which he
is responsible or owner, through the web portal, another virtual
machine in the same Datacenter where the LoRaServer is hosted.

The lack of a communication standard shared between all IoT
devices is a problem whose solution strongly depends on the
technology and the scope in which you are working [9], [10], [11].
The major criticality addressed in this paper arises from the need
to postpone the decoding process with respect to that of messages
reception, in order to better comply with the nature of the
retePAIoT network which is free, open to any brand and model
that users may require and mindful of the decoupling between raw
and processed information.

In the following paragraphs, the architectural and functional
aspects to save sensors payloads and to interpret and extract their
data and different methods to share them will be examined in
depth, because, as already highlighted, they constitute essential
services of the project that present some elements of complexity
which require not only a critical and in-depth analysis, but it also
deserves a specific focus, that this paper intends to highlight,
together with the solution devised and implemented to resolve
them.

4. Extended DataBase

The database of retePAloT network is an Oracle relational
database that allows to manage both sensors and users data and to
store the payloads and the values of the measured quantities, as
shown in Figure 2, as already illustrated in a previous paper [3].

The next one [1], instead, focused on extension of some tables
of the database provided for the description of the sensors, 'sensor’,
and for saving of their messages, ‘sensor-value’, which became
necessary to deal with some cricities related to the decoding
process. In this paragraph it is considered useful to summarise the
critical aspects that made it necessary and above all the advantages
that derived from it.
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The problems that managers of retePAloT network have to
face and have to solve in retePAIoT scenario are basically three:

1. check of the correctness of the brand and the model specified
by the user for a sensor, through the comparison between the
format of expected payload and that of payloads actually
received

2. description of all measures, provided by a sensor, in ‘sensor-

measure’ table, according to sensor brand and model

3. implementation of the rules for extracting and storing the
values from payloads for every new type, brand a model of a
sensor
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Figure 2: DataBase schema of retePAloT

These problems imply that it is not possible to ensure that a
sensor has been completely described within the database, through
the specification of the corresponding measurements neither the
payload decoding service is active at the very moment in which its
payloads start to arrive.

To cope with these problems and guarantee the correct
decoding of the payloads at any later time without any loss of
information, an extension of two tables, 'sensor' and 'sensor-value'
tables, which respectively contain the details of all the sensors
registered on the PAIoT network and all payloads received by
sensors, was provided:

‘sensor’ table:

e instance (integer, default = 0)

e interpretation (boolean, default = false)
‘sensor-values’ table:

e interpreted (boolean, default = false)

The 'sensor.instance= (' field indicates that the correctness of
the model and brand specified by the user for the sensor has not
yet been verified and that, in particular, within the database, in the
'sensor-measure' table the sensor corresponding measures have not
been described yet.

The 'sensor.interpretation = false' field indicates that the sensor
payloads cannot be decoded yet, either because the sensor has not
yet been instantiated, 'sensor.istance = 0', or because the decoding
rules of the specific sensor have not been implemented yet.
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The sensor-value.interpreted=false' field keeps track of the
payloads already received from the network server and stored
within the database in the 'sensor-value' table, but not interpreted
yet.

The extension of the 'sensor.instance' field allows to complete
the description of the corresponding measurements of a sensor at
any time after the registration and only thereafter the validation of
the corresponding model.

The extension of the 'sensor.interpretation' field allows to
postpone the decoding of the payloads until all the conditions that
make it possible are verified:

e consistent description of the sensor corresponding measures
within the database in the 'measure’ table, corresponding to
’sensor.istance’ = 2

e availability of the rules for extracting the corresponding values
in the decoding module ‘sensor.interpretation = true’

Finally, the extension of the 'sensor-values’ table with the
‘interpreted' field allows to keep track of the received and stored
payloads, which have not yet been decoded and to be able to do
that at any subsequent time, without losing any information.

5. Decoding Modules Improvement

As already explained in the original paper [1], in retePAloT
platform the process of receiving, decrypting, saving and
interpreting messages sent by sensors via the LoRaWan network is
carried out by ChirpStack network server and two main modules:
‘archiver payload' and ‘decoder’. In the original release [1],
however, the 'archiver payload' module had only the task of saving
the messages decrypted by the network server into ‘sensor-value’
table, completely delegating the extraction of the corresponding
values to the asynchronous 'decoder' module, when all the
conditions necessary for decoding payloads i.e. description of the
sensor measurements within the database (sensor.istance = 'true')
and the implementation of the payload decoding rules
(sensor.interpretation="true'), had been verified. The need to
provide an asynchronous 'decoder' module capable of decoding
payloads in a phase following the reception of the messages, is
intrinsic into the complex and unplannable scenario in which the
public network RetePaloT operates and has been also maintained
in the advanced solution illustrated in this paper. The possibility
offered by the new versions of ChirpStack of inserting the payload
decoding code into the ChirpStack ‘device profile’ for each
different type of sensor has the big advantage of exploiting the
javascript code normally provided by the sensors manufacturers,
optimising its development and maintenance.

The advanced solution presented in this paper provides the
possibility of decoding the payloads of the messages both in
synchronous mode by the ChirpStack server, once the
configuration of the new sensors in retePAIoT is fully operational,
and in asynchronous mode, as a robust and flexible mechanism for
recovering all the messages received and not yet decoded or even
for the re-execution of the message decoding phase in case of need
to correct any decoding errors.

It is important to underline that, for each type of sensor, the
advanced solution presented in this paper uses the same decoding
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code implemented in the correspondent ‘device profile’ both in the
synchronous and asynchronous mode. To this end, the
asynchronous 'decoder' module has been modified so that, for each
record in the 'sensor-value' table to be decoded, it recalls the
decoder code foreseen for the 'device profile' assigned to the
device sending the message. In the second release, therefore, the
asynchronous decoding of the messages process has been
improved regarding the following two aspects:

o entrusting the network server with the real-time decoding of the
messages coming from the sensors already associated with a
profile and already validated and described (sensor.instance =
2 and sensor.interpretation = true)

o taking charge of the decoding only of those messages not still
interpreted by the network server (‘sensor-value.interpreted =
'false'), but using the same javascript code specified in the
ChirpStack devices profiles, once it has been made available

In the new release of retePAIoT the process of managing
messages received by ChirpStack network server works as follow

(Fig.3):

sensors
messages

Asynchronous
decoder module

ChirpStack

instance=2
interpretation=1
interpreted=0

Archiver Payload

decoded payload
data !

instance=2
interpretation=1 Oracle
DB
J N

Figure 3: Decoding improved modules data flow
5.1. “archiver payload” module

This module, always running, via the mqtt protocol performs a
subscribe on the queue with topic "application" of the LoRaWan
ChirpStack network server.

When the network server receives a frame from a device
registered on its network database, it decrypts the message, it packs
all the information of the frame, both the payload and transmission
metadata (i.e. SF, RSSI, SNR, ect.) into a json format and it
publishes them on the internal mqtt server. If for the device, that
has sent the message, is associated a ‘profile device’ for which is
provided also a decoder java script code, that knows how to
analyse, parse and extract the values from the hexadecimal data of
the payload, the server network also extracts the values contained
in the payload, adding them to the published json data.
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The callback function registered for the ‘onMessage’ event of
the topic ‘application’ is invoked in the "archiver module", that
receives the json of the message just published from the server
network as an argument and it provides to save the content, i.e.
payload and metadata transmission of the message in ‘sensor-
value’ table of the database and, if present and sensor.istance = 2
and sensor.interpretation=true, also moves the decoded data, in
‘measure value’ table. In this case the field ‘sensor-
value.interpreted’ of the record just saved in table ‘sensor-value’ is
set to ‘true’, meaning that the payload has already been interpreted,
otherwise to ‘false’.

5.2. “decoder” module

‘Decoder’ module is an asynchronous module that queries the
database by joining the ‘sensor’ and ‘sensor-value’ tables, in order
to retrieve all and only payloads which still need to be interpreted,
for which the decoder is now available and whose measurements
are now described within the database, that satisfy, therefore, the
following correspondents conditions, expressed in the ° where’
clause:

o sensor-value.interpreted=0
e sensor.interpretation=1
e sensor.istance=2

It should be highlighted that, in case of crash of the ‘decoder’
module, the ‘sensor-value.interpreted’ flag remains set to zero: this
does not involve loss of decoded data, since the payloads can
always be reprocessed asynchronously at any later time. The same
applies in case one of the above conditions (instance,
interpretation) is not satisfied at the moment of first processing but
changes afterwards. Additionally it becomes possible to reprocess
the payloads as many many times as needed in case of errors or
updates in the decoder javascript.

5.3. The transition to the new architecture

The design of the data flow in steps controlled by flags set in
the database for each sensor and payload was crucial also to allow
for a seamless transition from the previous to the new system
architecture. With the previous design, a php decoder script was
always alert to catch newly stored payloads into the database with
‘sensor-value.interpreted=false’ flag. This software was not
terminated but is being kept running to process the data from those
sensors that do not have a decoder profiled in the ChirpStack server
yet. At the same time, those payloads arriving from sensors with a
profile equipped with a decoder javascript are given a ‘sensor-
value.interpreted=true’ flag before being written to the database in
such a way that the php script of the old architecture will not catch
them up. Conversely, the payloads that have not been decoded
directly by the network server because no code was added to their
sensor profile, are given an ‘sensor-value.interpreted=0’ flag
allowing the payload module to store the raw payload in the
database without attempting to recover the decoded information
and leaving to the php script the decoding task.

The two systems, old and new architecture, are therefore
running at the same time: the old php decoders are progressively
dismissed while new js-decoders are added to the ChirpStack
sensor profiles. No sudden switch from the old to the new system
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was necessary, allowing the administrators to test the new
decoders with ease one at the time.

5.4. Derived measures

It is often useful to compute derived measurements from the
data that has been decoded, for example changes in the unit of
measure or collection of cumulated values. If a description of the
new measures is provided for a sensor in the ‘sensor-measure’
table, the relative information is accessed during the processing of
the payload and a new attribute ‘sensor-values.to_be derived’ can
be set for the payload and stored in the database. This technique
allows to compute derived measurements for flagged payloads at
any subsequent time employing asynchronous scripts with no
waste of computing resources.

6. Data sharing interfaces

There are different ways to provide users of the retePAloT
network with access to the transmitted data, both in real-time and
at a later time. They consist in taking advantage of the mgqtt
functionalities, in creating push integrations and offering restful
API interfaces.

To exploit the mqtt features, a new instance of mqtt server has
been created and made available on a public ip address. The public
mgqtt server is tightly and bidirectionally linked with the private
mgqtt instance of ChirpStack by means of the mqtt bridge (Fig.4):

(R) Shared topics
\\
(R)‘i% MQTT MQTT P maTT
private instance Bridge public instance
|~
R
Gateways and ChirpStack

LoRa Devices
Figure 4: Public and Private instance of MQTT server

The mqtt bridge configuration requires to specify the topics
that are to be shared; in this way, any message published on any of
these topics on one of the mqtt instances is immediately sent to the
other. The user, who has previously been provided with personal
login credentials (username, password), has simply to connect to
the public instance and subscribe to any desired topic. The login
credentials are needed to profile the users in order to restrict the
access only to their own data and keep all data private. Besides, the
implementation design of dividing the devices into groups of
‘applications’, as defined on the ChirpStack application server,
allows for simple and immediate management of data sharing with
all authorized users. This solution highlights the advantage of
using a public mqtt, that is to allow data sharing in a transparent
and secure manner with all and only the authorized users.

It is worth noting that data are published only after having
being decrypted, since the retePAloT network is the owner of the
devices and knows the communication keys for each device; that
must be done immediately upon receiving a message because the
keys are subject to change, ie the device can eventually renegotiate
them at any time both in otaa and abp connection modes.
Moreover, the private mqtt instance of the ChirpStack will receive
all messages from any device that is in communication range of a
gateway belonging to the retePAlIoT network, so it is not unlikely
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that it will receive a message from an unknown device. However,
the public mqtt will receive all and only the messages managed by
the retePAloT network that must be shared. . The availability of a
public MQTT directly connected to the private one allows to share
even very large quantities of data in real time and in row form as
if they were arriving directly from the private MQTT ChirpStack
network server.

In our specific case of the retePAloT network, an additional
integration with an external InfluxDB database has been set up.
For this integration to work, the user is required to notify the
retePAloT administrators for the settings to use. Once the server
configuration is done - which in our case only necessitated editing
a configuration file - the ChirpStack server automatically handles
all the communication steps with the database, dramatically
simplifying the process of acquiring and storing data on the
database side.

InfluxDB is specialized in managing time series, which makes
it a perfect match for IoT applications. When exporting the sensor
data, the only attention should be paid to the building of the json
data block with the prescription given by InfluxDB. In our specific
case the aim of the external application is to monitor and analyse
the information concerning the signal transmission quality,
therefore only this part of data is being shared outside the
retePAIoT and no specific adjustment was required to our json
format. With this feature of the ChirpStack server the whole
process of sharing the information with an external source was
essentially effortless.

The retePAIoT project also offers access to data by means of
the well-known restful APIs. Since APIs work on stored data, they
can fetch measurements only after all of the previous modules have
finished processing the incoming payloads. So far, the retePAloT
projects offers APIs to access the raw data (ie. the unprocessed
message from the sensor) enriched with specific LoRaWan
parameters like the RSSI, the SNR, the spreading factor and the
used fPort as well as APIs to access the decoded value of any of
the measurements of the sensor. The output is generated in the
common json format for ease of use. For security reasons,
moreover, when using the APIs the user must provide his personal
access key in the body of the request. No data will be extracted
without the auth key or if the requested sensor is not owned by the
user identified by the auth key. The use of APIs for data retrieval
is especially indicated for application purposes in the case of a
limited number of sensors involved to exploit the availability of
already decoded measurement values.

7. A significant data use case

Currently retePaloT network is composed by seventy LoRa
gateways, installed in fifty municipalities of Emilia-Romagna
region; it manages almost one hundred type of sensors and their
correspondents decoder through as many 'device profile' and ten
'application' to share data with mqtt interface to as many users; it
integrates more than two-thousand sensors.

In this section a simple but significant use case of data from a
single type of sensor integrated into retePAIoT is presented, which
highlights the ultimate purpose of retePAloT i.e. the use of sensors
data which, in the specific case, concern the support to the
rationalization of water resource.
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Figure.5, in particular, shows a graphic relating to a water
meter installed in a school immediately downstream of the multi-
utility one, which accounts for daily water usage inside the
building. Graphed data immediately highlight any losses,
especially the large ones as in the case focused: the figure shows
that during the first two week-ends, in the base line of the graph,
when schools are closed, the daily consumption of water results
more than seven cubic meters, evidently due to a loss in the piping
system, and corresponding to almost 50% of the actual average
daily consumption. The prompt detection of extra consumptions
led to its subsequent resolution without further unnecessary waste,
as shown in the graphic during following week-ends.

D Spn sen sen

o Sondacotaore scque - QUANTTTA ACQUA PARZIALE [116115]

Figure 5: Graph of water consumption in a school

Figure.6 shows last, but not least, the installation of the water
meter in the school, which by exploiting the LoRaWan interface
and being battery-based, is particularly simple as well as the use of
its data.

Figure 6: Installation of the meter water in the school
8. Conclusions

RetePAIoT is the public IoT network of Emilia-Romagna
region, based on LoRaWan protocol, available for free to all
public and private users interested in installing their own sensors
of any type and for any purpose within the region.

Data generated by the sensors and collected by retePAIoT are
made available through different interfaces, both real-time value
and historical series, to the owners of the sensors, but, in aggregate
and anonymized form, also to the Public Administrations for their
own institutional purposes.

The original paper [1] had already highlighted the critical
issues that the decoding process must manage in a public IoT
network and the flexibility, robustness and scalability of the

19


http://www.astesj.com/

S. Nanni et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 9, No. 4, 14-20 (2024)

solution implemented to solve them. Its evolution, presented in this
paper, adds, however, a significant improvement of the decoding
management of messages, because it based on a new native
functionality of ChirpStack network server, on which retePAIoT is
based, and on the javascript code normally provided by sensors
manufacturers, without the need for new development for each
type of new sensor and in favour of a greater efficiency. In
particular, while the flexibility and robustness aspects of the
solution presented derive mainly from having made the messages
decoding phase asynchronous with respect to their reception, the
evolution presented in this document has a positive impact
especially with regards to the scalability of the service understood
as the ability to manage new types of sensors efficiently in
response to the increase of the market offers, maintaining
unchanged performance, reliability and quality of service. The
scalability is ensured, in fact, not only because, as in the original
version, the management of the decoding modules grows linearly
with the number of sensor types, and not with that of the sensors,
but also because the possibility of using the java script code
enormously reduces the time for the update of the service.

The improved model and architecture of data extraction and the
different interfaces with which they are made available to all users
and to third party platforms not only highlight the main goal of
retePAIoT but they also provide an efficient and effective solution
replicable for all IoT platforms which, like retePAloT, have not
only the objective of providing the collection, transport and storage
of the messages of the sensors, but also that of the extraction of
their data and the sharing for their use.

The data use case described at the end of the paper it’s a
demonstration of the importance of the use of data and therefore of
the process of their extraction and sharing illustrated in this paper.
It also shows how retePAloT is an IoT infrastructure that can
enable efficient and low-cost monitoring of various phenomena,
processes and infrastructures, through which it is possible to detect
and understand certain problems and act consequently to resolve
them.
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In healthcare, accurate communication is critical, and medical coding, especially coding
using the ICD (International Classification of Diseases) standards, plays a vital role in
achieving this accuracy. Traditionally, ICD coding has been a time-consuming manual
process performed by trained professionals, involving the assignment of codes to patient
records, such as doctor’s notes. In this paper, we present an automated ICD coding
approach using deep learning models and demonstrate the feasibility and effectiveness of
the approach across subsets of ICD codes. The proposed method employs a fine-grained
approach that individually predicts the appropriate medical code for each diagnosis. In
order to utilize sufficient evidence to enhance the classification capabilities of our deep
leaning models, we integrate GPT-4 to extract semantically related sentences for each
diagnosis from doctor’s notes. Furthermore, we introduce a hierarchical classifier to
handle the large label space and complex classification inherent in the ICD coding task.
This hierarchical approach decomposes the ICD coding task into smaller, more
manageable subclassification tasks, thereby improving tractability and addressing the

challenges posed by the high number of unique labels associated with ICD coding.

1. Introduction

In healthcare, both structured and unstructured information is
recorded and stored to ensure that all relevant healthcare processes
and patient observations are properly documented. As a key
element of the structured data associated with a specific hospital
visit, medical codes, such as those in the ICD (International
Classification of Diseases) standards [1], are used to accurately
describe the visit and indicate the treatment and diagnoses of the
patient. ICD coding has long been a labor-intensive manual
process performed by trained professionals, requiring meticulous
coding of patient records, including doctor’s notes. In this paper,
we examine how medical codes can be automatically assigned to
reflect the different medical diagnoses a patient may receive during
a hospital visit. Due to the high complexity of healthcare and
medicine, there are thousands of unique ICD codes reflecting a
myriad of diagnoses. Among the globally prevalent standards
currently used in healthcare and healthcare finance, the ICD codes
assigned to a particular hospital visit are highly relevant to the
patient’s healthcare. This code assignment allows healthcare and
finance professionals to accurately communicate hospital visit
information and avoid misunderstandings and inaccuracies in

*Corresponding Author: Haiping Xu, University of Massachusetts Dartmouth,
Dartmouth, MA 02747, Email: hxu@umassd.edu
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billing and treatment [2], [3], [4]. Therefore, medical coding, the
process of assigning the appropriate ICD codes for a specific
hospital visit, is an important step in healthcare.

Typically, doctors write comprehensive notes that contain
important information related to a patient’s visit. These notes,
while containing crucial observations and diagnoses associated
with the visit, are largely written in unstructured natural language.
That is, these notes are kept in a traditional note-taking style, which
is not conducive to communication when compared to highly
specific and universally recognized medical codes. Professionals
known as medical coders are employed to process the unstructured
doctor’s notes into structured lists of medical codes, complete
documentation, and improve record keeping and communication
within the healthcare ecosystem. However, this task is non-trivial
due to the complexity of healthcare, which involves dealing with
countless diagnoses, many of which are highly similar and easily
confused. Introducing automation into the medical coding process
could enhance human performance and help allocate resources to
more critical aspects of healthcare. Nonetheless, ICD coding
automation faces several challenges [2]. As a classification task,
ICD coding requires assigning a unique label to each relevant
diagnosis. In practical scenarios, dozens of unique codes may be
necessary to describe a particular visit, and appropriate codes must
be selected from potentially similar codes that could lead to
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confusion. In addition to the challenges of the classification task
itself, doctor’s notes as input data typically exhibit a number of
characteristics that further complicate the coding task. For
example, the notes do not have a prescribed uniform structure and
are written in natural language, which may vary significantly from
doctor to doctor and from institution to institution. The writing
may include jargon, abbreviations, and typographical errors such
as misspellings. In addition, the notes often span several pages,
listing a variety of information that may or may not be useful in
assigning ICD codes. This means that there is often a large amount
of raw input data, but much of it is not relevant to the specification
of a particular ICD code to a diagnosis.

In this study, we present an automated ICD coding method that
employs a fine-grained hierarchical procedure to predict the ICD
codes to be assigned to a given instance of doctor’s notes. Many
existing approaches to automated ICD coding employ the
following two main steps: first, a vector representation is generated
for the natural language input of the doctor’s notes; second, the
vector is fed into a multi-label classifier that outputs all predicted
ICD codes at once. We refer to methods that employ this popular
strategy as coarse-grained. Unlike the coarse-grained approaches,
which attempt to code the entire doctor’s notes document in one
shot, producing all predicted codes at once [5], [6], [7], we
minimize the complexity of code prediction by performing fine-
grained assignments that locate and target diagnoses individually
within the notes. Using a fine-grained approach, the various code
predictions required to fully code an instance of doctor’s notes can
be made separately, thus constituting a series of less complex
individual classifications [8]. To further support the classification
of a given diagnosis, we use GPT (Generative Pre-trained
Transformer) to derive related concepts for a diagnosis and
identify sentences in doctor’s notes that are semantically related to
the diagnosis. The diagnosis is then combined with the related
sentences to form a fine-grained data point that is now ready for
classification. Since the classifier is responsible for classifying
only one diagnosis at a time, the complexity of classification is
reduced compared to classifying all diagnoses at once with
multiple labels. Furthermore, each fine-grained data point is a
human-understandable footprint that can be reviewed to determine
the evidence used to arrive at the prediction for a particular ICD
code. The proposed approach incorporates a hierarchical classifier
that can further decompose the classification task of a single
diagnosis into multiple steps or subclassifications. For example,
the first subclassification can identify the disease family, and
subsequent subclassifications can become more and more specific
until they reach the ICD code prediction. Furthermore, the design
of the hierarchical classifier is analogous to human decision-
making and ensures a higher level of understandability and
explainability for users in healthcare. The main contributions and
novelties of the paper are summarized as follows:

Implemented a fine-grained ICD coding approach that predicts
one ICD code at a time, thus limiting the complexity of
classification while improving human comprehensibility.

Demonstrated the feasibility and effectiveness of generative
large language model (LLM) GPT-4 for sentence extraction,
which greatly improves the performance of downstream ICD
code classification.
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Introduced a modular hierarchical approach that leverages
existing ICD code organization to enable high performance of
automated coding when many unique ICD codes must be
considered and improve the human comprehensibility of the
classification results.

The rest of the paper is organized as follows. Section 2
discusses related work. Section 3 presents the fine-grained ICD
coding approach and deep learning architectures used. Section 4
discusses the GPT-powered related sentence extraction technique
used in the fine-grained approach. Section 5 details the automated
hierarchical classification approach using deep learning. Section 6
presents a case study and the analysis results. Section 7 concludes
the paper and mentions future work.

2. Related Work

Prior to the popularization of public datasets such as Medical
Information Mart for Intensive Care III (MIMIC-IIT) [9],
researchers achieved automated medical coding primarily through
the use of rule-based systems. These systems can leverage expert
knowledge and reduce the need for large-scale training data. In [3],
the authors introduced a rule-based system that assigns ICD codes
by analyzing sentence elements in radiology reports. The system
uses production rules that incorporate domain knowledge and
simple logic to draw conclusions about the ICD codes that may be
indicated by the reports. The increasing volumes of electronic
healthcare records (EHR) over time have allowed the application
of methods that require larger amounts of training data. In [4], the
authors developed a method to automatically generate a set of rules
from radiology report data to predict ICD codes. The automatically
generated rules were found to be similarly effective to rule sets
handmade by domain experts, which is an encouraging sign for
medical coding automation. In [5], the authors introduced one of
the first machine learning approaches to automated medical
coding. They applied Naive Bayes-based classifier and established
the viability of machine learning approaches for the medical
coding task.

More recently, the release of large-scale EHR datasets has
enabled the use of deep learning models in automated medical
coding. This increased data availability has motivated researchers
to explore more resource-intensive methods. One generalized two-
step deep learning approach has been successful in automated ICD
coding. In this generic approach, the language in a doctor’s notes
document is first vectorized, and then the entire document is used
as input by a multi-label classifier that predicts ICD codes from the
resulting vector. In [6], the authors introduced a method that
vectorizes the entire document, which is then passed to a
convolutional neural network that outputs the predicted ICD code.
In [10], the authors achieved high performance in the ICD coding
task by exploring various options for the initial vectorization step
and using a BERT-based deep learning classifier for final
classification. However, the large amount of text in doctor’s notes
poses a unique challenge, as the large input can confuse a deep
learning classifier, especially if it is biased toward a limited portion
of the input. To address this challenge, some research efforts have
focused on developing classifiers that can build more complex
representations at multiple levels of analysis, aiming to understand
doctor’s notes in terms of overall conceptual or even sentence-
level complexity [6], [7], [8]. Other research efforts have addressed
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this problem by introducing a labeling attention mechanism in
deep learning methods to produce different document
interpretations for each unique label [11], [12], [13]. While these
methods demonstrated effectiveness and enhanced classification
performance, they also come with limitations. In particular, these
methods employ a two-step strategy known as the coarse-grained
approach. In other words, given a report or doctor’s notes
document, they treat the document as a single input and then
predict all associated ICD codes together. Consequently, these
methods confront a more complicated classification challenge,
where all labels must be predicted from a single classifier input,
and potentially output results that can be difficult for users to
interpret. In contrast, we present a fine-grained ICD coding
approach that targets and predicts one ICD code at a time. To
achieve this, we decompose the automated coding task for doctor’s
notes into a series of single-label classifications. This approach
reduces the complexity of the medical coding process compared to
the multi-label classification method. More specifically, our
approach starts with a diagnosis from doctor’s notes and then uses
GPT-enhanced sentence extraction to identify the sentences that
are semantically related to the diagnosis. This information is
grouped into a fine-grained data point for ICD code prediction,
which can be examined to reveal evidence used by the classifier
for medical coding, thereby improving the explainability and
confidence of predictions.

A number of existing studies have exploited the inherent
relationships between labels, using hierarchical classifiers to make
predictions through a series of classification steps. Hierarchical
classifiers are characterized by specially designed subcomponents
to handle the various decisions required to achieve a complete
classification. These involved decisions are arranged into a
hierarchical tree with each node representing a decision. One way
to implement the hierarchy is to assign a separate subclassifier to
each node of the hierarchy to process the decisions, which is
known as the per-node local classifier approach. In this approach,
the classifiers required for each decision or subclassification can
be specially designed for their particular tasks, and the complexity
of each subclassification can be much lower compared to the single
step in a non-hierarchical classification approach. The per-node
local classifier approach has been used with success in a variety of
classification tasks. In [14], the authors used a local classifier per
node hierarchy for the galaxy morphology classification task.
Their approach used an established taxonomy of galaxy
morphologies to design the local classifier hierarchy. In [15], the
authors proposed a local classifier-based solution for genomic data
classification. Their approach applied multi-label annotation of
examples along several paths of the hierarchy and the results
showed that deeper and more detailed hierarchies could produce
better results. In [16], the authors used a local classifier hierarchy
for the task of protein function classification. In their approach, the
physical and chemical properties of proteins were used to predict
their function in an organism. In [17], the authors employed local
classifiers to classify natural language documents by topic. Their
approach exploited the hierarchical relationships between related
topics and used these relationships to design effective local
classifier hierarchies. In [18], the authors studied the design of
local classifiers at a higher level and investigated the impact of
hierarchical design on classification performance. Their results
showed that their hierarchical classification approach could
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significantly improve classification performance, but the
performance gains would depend heavily on a good hierarchical
design and training parameters. Unlike the above approaches, our
approach is to design a classifier hierarchy by using a taxonomy of
ICD codes to enable the automated coding of diagnoses. In our
hierarchical approach, we first classify the disease type or family
for a given diagnosis, and then attempt to classify specific ICD
codes using subclassifiers in a hierarchical tree.

There have also been some efforts to implement hierarchical
components in a single classifier, which is known as a global
hierarchical classifier. In [19], the authors compared the global
Naive Bayesian classification method with local methods and
found that the global Naive Bayesian classification method has a
performance advantage in the protein function classification task.
In [20], the authors tackled the face recognition task by combining
several techniques, including global hierarchical classification.
Their models included a convolutional component consisting of
layers that could produce successively more complex classification
features. Like hierarchical classification with local classifiers,
using a global hierarchical classifier allows designers to address
specific aspects of classification through hierarchical components.
The resulting global classifier is highly cohesive and easy to train
and apply. However, a global classifier lacks the modularity
provided by the individuality and separability of local classifiers.
Therefore, a global classifier can be difficult to design and it is not
possible to train their hierarchical components in a highly specific
manner to optimize their performance. In contrast, the modular
design in our per-node local classifier approach allows local
classifiers to be reused, repurposed, or rearranged in the hierarchy
or other hierarchies without the need for extensive retraining.
Depending on the nature of the classification task, efficiency can
also be improved by parallelizing the training of multiple local
classifiers. In addition, the use of local classifiers in a hierarchical
architecture allows for more direct decision tracking through the
explicit hierarchical decision tree, whereas the hierarchical
components and decisions of a global classifier reside in the black
box of a single classifier, and thus interpreting the behavior of the
global classifier may be more difficult.

One of the major performance bottlenecks in ICD coding is
extreme labeling bias. That is, some ICD codes are so frequent that
thousands of unique examples may appear in a given dataset, while
other codes may represent rare diagnoses with only a few
examples. Typical deep learning methods require many examples
to learn a given label, and are therefore particularly vulnerable to
label bias introduced by ICD codes. Several recent studies have
specifically addressed the problem of label bias in an attempt to
directly address this key challenge. In [21], the authors used a
debiasing method that first statistically analyzes the model’s
performance to detect bias. Once quantified, the model’s bias for
each class is used to calculate a debiasing factor, which is utilized
to adjust the confidence of the model’s output for each class before
deciding on the final prediction. In addition to deep learning
models, some researchers used fuzzy logic and string matching
techniques to improve the performance of few-shot and zero-shot
ICD coding [22]. After initially identifying the ICD code category
through a deep learning classifier, fuzzy string matching was used
to compute Levenshtein distances between sentences in the
doctor’s notes and the various ICD codes included in the predicted
category from which the final code predictions were selected. In
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[23], the authors explored the use of transfer learning in a related
unsupervised learning task to provide additional learning data for
the deep learning classifier. In their approach, the classifier is
trained not only on labeled examples that can be very scarce
especially for underrepresented ICD codes, but also on completely
unlabeled clinical texts using token-level similarity. In this paper,
we take a hierarchical approach to the ICD coding problem,
building labeling relationships (between different ICD codes) into
the model architecture. This predefined hierarchical structure
leverages the existing knowledge about labels and supports label
classification, even if few examples can be trained. However,
beyond this hierarchical structure and the application of class
weights during training, the problem of label bias is not directly
addressed. Therefore, the above strategies for mitigating label bias
can be used as a complement to our approach in future research.

While LLMs and generative Al are best known for their
generative capabilities through chatbot applications such as
ChatGPT and Microsoft Copilot, they can also be used for more
straightforward tasks like text classification [24], [25]. Most LLMs
have a large internal network whose output is passed through a
specially trained “head” to produce the final desired output. One
way to adapt an LLM to perform classification is to replace the
generative head with a classification head. The network can then
be trained holistically to learn the classification task and fine-tuned
using the existing knowledge to be applied to that task [26]. This
approach has been used in Google’s BERT LLM and its many
variants [27]. In [28], the authors applied several BERT-based
models to influential text classification benchmarks and achieved
state-of-the-art results. Some of the benchmarks involved include
topic classification, sentiment classification, and goods and
services identification. Similar to these methods, we use BERT-
based classifiers with a multiclass classification head to perform
classification tasks. In addition to being used directly for
classification tasks, the generative capabilities of LLM can also be
used to augment or enrich the input data points for other
classification methods. In [29], the authors introduced GPT3Mix,
a method that augments training data by using the generative
ability of GPT-3. In GPT3Mix, GPT-3 combined multiple training
examples to generate a hybrid synthetic training example, and
downstream classifiers trained on GPT3Mix-enhanced data points
showed significant improvement over the baseline model. In [30],
the authors utilized LLM-based text augmentation to improve
classification performance for grant proposal research topics.
Their approach enhances imbalanced training data by targeting
underrepresented classes and generating new training data points
to populate them. In contrast to these methods, our medical coding
approach enriches data points indirectly by using generative
language models. Based on an initial diagnosis concept, we prompt
the model for a set of semantically related terms. We then use these
related terms to mine related sentences from the free text of
doctor’s notes and combine them with the diagnosis to generate an
enriched fine-grained data point to improve training and
classification performance.

3. Fine-Grained ICD Coding Using Deep Learning
3.1. A Novel Approach for Automated ICD Coding

During a hospital visit, healthcare professionals collect and
record various data about the patient. One key record comes in the
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form of doctor’s notes, which are text-based records generated and
maintained by hospital staff. Doctor’s notes typically cover the
entire healthcare process and may involve anything from medical
measurements and observations to patient medical histories and
miscellaneous comments. Some parts of doctor’s notes are loosely
structured, presenting information in bulleted or numbered lists;
while others can be unstructured, presented in common sentences
with agrammatic or misspelled language. Figure 1 shows a text
snippet from a randomly sampled example of doctor’s notes.

Cardiovascular: On telemetry, the patient was noted to have multiple
premature ventricular contractions. These were asymptomatic and not
treated. Due to the sudden episodes of pulmonary edema ...

Figure 1: Text snippet from sample doctor’s notes.

The free-text format of doctor’s notes allows for flexibility and
convenience in covering a wide range of information about the
patient and their hospitalization, but this flexibility comes at a
price. Because of the free-form nature of doctor’s notes, much of
the data they encode is not sufficiently structured and organized to
be used effectively. For example, a doctor may have to flip through
pages of irrelevant patient history to find important details related
to a specific diagnosis; and an external institution such as an
insurance company may not be able to recognize information
related to billing due to the peculiarities of the way it is written.
For this reason, doctor’s notes must be annotated with a set of
highly specific codes that show the exact diagnoses and course of
treatment. This allows other healthcare professionals and external
entities to quickly and directly assess critical information that has
previously been obscured by the difficulties associated with
doctor’s notes. The ICD international standard provides a robust
and extensive set of medical codes used to identify a myriad of
disease diagnoses in healthcare. A version of the standard, ICD-9,
was widely used in modern healthcare, leading to the release of a
number of datasets coded using the standard. Recently, the newer
ICD-10 has been accepted and frequently used by hospitals in the
United States and some other countries. There are several
accessible datasets using the ICD-10 standard, which are used for
a variety of machine learning tasks, including automated ICD
coding. The latest standard, ICD-11, has not yet been widely
adopted, thus the available data using this standard are limited.
However, ICD-11, like its predecessors, greatly expands the code
bases offered by the previous standards and provides an important
research motivation for the topic of automated coding using a large
number of unique ICD codes. Despite the importance of ICD
coding in healthcare, identifying and assigning the appropriate
codes for a given instance of doctor’s notes has been a non-trivial
task. To maintain manageable classification complexity and
enhance ICD coding accuracy, we introduce a novel approach to
automated ICD coding of doctor’s notes using GPT-enhanced text
mining. Figure 2 shows an overview of the key components and
steps of the proposed automated ICD coding approach. As shown
in the figure, we use a fine-grained method, which performs ICD
code assignment as a series of single-label classifications rather
than a single multi-label classification. This means that the
classifier used is only responsible for predicting one ICD code
from a given input, thus reducing the complexity of the ICD code
prediction process. In order to construct the fine-grained data
points used to code a given instance of doctor’s notes, a diagnosis
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needs to be selected from the doctor’s notes and paired with related
sentences from the free text of the doctor’s notes. To mine
sentences related to a specific diagnosis, we derive a set of
diagnosis-related concepts using GPT-enhanced text mining.
Subsequently, we search the free text of the doctor’s notes to mine
sentences that contain one or more of the derived related concepts.
The extracted related sentences are then combined with the
diagnosis to form a fine-grained data point, which is fed into the
fine-grained classifier to generate an ICD code prediction.

text

. related GPT-enhanced
Doctor's Notes D t text minin
diagnoses concepts 9
Sentence Extraction ]
Fine-Grained
Data Points
diagnosis diagnosis, diagnosis,,
dq dy Uy
related sentences related sentences related sentences

: ! | l

Fine-Grained Classifier ]
Code 1 Code 2 Code m

Figure 2: Overview of a fine-grained approach enhanced by GPT-4.
3.2. Fine-Grained ICD Code Assignment

Unlike the fine-grained approach used in this paper, existing
methods typically use coarse-grained techniques for ICD coding.
These methods perform ICD coding through multi-label
classification. That is, given a single input, which is the entire
contents of a doctor’s notes instance, the goal is to produce a set of
outputs, i.e., all appropriate ICD codes for the doctor’s notes
instance. The classification procedure performs only one operation
to process the entire doctor’s notes as a whole and outputs the
predicted ICD codes accordingly. Figure 3 shows an overview of
a typical coarse-grained classification approach.

Doctor's Notes D

text

diagnoses
[ Coarse-Grained Classifier ]
Code 1 Code 2 Code m

Figure 3: Automated ICD coding using a coarse-grained approach.

One of the main disadvantages of coarse-grained methods is
that they can lead to very complex classifications. First, the
classifier has to deal with a large amount of raw data, as the
contents of doctor’s notes can be several pages long. Much of this
information is not useful for a specific ICD code assignment, and
some may be useless for any code assignments, essentially useless
noise. Second, a multi-label classification is inherently difficult,
especially when the number of unique labels to be assigned is
large. The ICD standards currently in use contain thousands of
unique codes, and the code base continues to grow as new versions
are released. Therefore, large-scale ICD coding is considered to be
a difficult classification task with a very large label space. That is,
when the number of unique labels in a multi-label classification
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task is n, then there exist 2™ unique label combinations. The
resulting complexity must be captured by the training data and be
tractable for the classifier architecture, which becomes
increasingly challenging. In contrast, we adopt a fine-grained
approach to ICD code assignment that seeks to avoid the
difficulties associated with a coarse-grained strategy. The key to
the fine-grained approach is to subdivide the ICD code assignment
process down to the individual code level. In other words, rather
than predicting all codes at once, we predict one code at a time
from some “starting point”, namely a diagnosis, in the doctor’s
notes. This shifts the task from a multi-label classification to
single-label classifications, thus limiting the inherent classification
complexity. Since we are predicting one code at a time, there is
also no need to overwhelm the classifier with the full text of the
doctor’s notes, instead using only the text that we believe is
relevant to the current code classification. Thus, fine-grained
classification not only reduces the complexity of the classification
step, but also provides the opportunity to trim or enrich the input
data used to predict each individual code in the medical coding
process.

To facilitate the division of the ICD code assignment task for a
doctor’s notes instance, we can utilize the diagnoses in the doctor’s
notes to mark the presence of codes to be identified. A doctor’s
notes instance typically contains a section of “Discharge
Diagnoses,” which is a delimited list of the most important
diagnoses at the time of a given patient’s visit. Figure 4 shows the
discharge diagnoses from randomly sampled doctor’s notes.

DISCHARGE DIAGNOSES:
- Pulmonary edema

- Congestive heart failure

- Metastatic carcinoma

Figure 4: An example of discharge diagnoses from doctor’s notes.

While the diagnoses provide the initial concepts for assigning
codes to the doctor’s notes, they often lack the specific details
required to determine the assignment of individual ICD codes.
These diagnoses may contain abbreviations, misspellings, or other
incompleteness that preclude precise assignment. Therefore, while
they cannot be used alone to draw conclusions about the ICD codes
needed for a given doctor’s notes instance, they can serve as ideal
starting points for fine-grained classifications. For each diagnosis
in a discharge diagnoses section, we perform a single-label
classification on a different subset of the notes to predict the
corresponding code. After assigning a predicted code to each
diagnosis, the resulting set constitutes the set of predicted codes
for the entire doctor’s notes instance. Let Ffn. be a fine-grained
classifier defined as a function that outputs an array of confidences
for the output classes. Let doctor’s notes D be a 2-tuple (DIAG,
FTXT), where DIAG is a list of diagnoses and F'TXT is the free text
of the doctor’s notes, respectively. The procedure for classifying
an instance D of doctor’s notes using a fine-grained classifier Ffine
is described in Algorithm 1. As shown in the algorithm, each
individual diagnosis in the discharge diagnosis section is combined
with a set of semantically related sentences in the free-text of the
doctor’s notes to form a fine-grained data point dp. The data point
dp is then used as an input to the single-label multiclass ICD code
classifier Fine, which predicts a suitable ICD code. Once all
diagnoses in the doctor’s notes have been processed, the generated
ICD code set is returned as the predicted code set for the doctor’s
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notes. Note that in our fine-grained approach, sentences in the
doctor’s notes are appropriately ignored if they are not relevant for
the classification of a diagnosis. Therefore, our approach utilizes
targeted and useful information for each prediction, enabling the
classifier to predict relevant ICD codes more accurately. In
addition, since the amount of raw text in the doctor’s notes may
pose a problem for a classifier architecture that is limited by the
size of the input, sentence extraction provides yet another key
benefit. By removing irrelevant information, we also limit the
average length of the data points, thereby expanding the scope of
applicable classifiers and training techniques, which were
previously limited by potentially high data volumes. A key
consideration when using a fine-grained approach is how to
identify the subset of doctor’s notes that are relevant and useful for
the classification of a particular diagnosis. Thus, it is critical to
develop an effective method for the inclusion of specific text
passages in doctor’s notes based on their usefulness.

Algorithm 1: Automated ICD Code Assignment

Input: an instance of doctor’s notes dNotes, a single-label
multiclass ICD code classifier Ffine
Output: a set of m predicted ICD codes codeSet, where
m = |dNotes.DIAG]|

Initialize codes = @
for each diagnosis o in dNotes.DIAG:
Extract a set of sentences ¥ from dNotes. FTXT related to a
Let fine-grained data point dp be (a, ¥)
confidences = Fiine(dp)
code = argmax(confidences)
codeSet = codeSet U {code}

end
return codeSet

3.3. Transformer-Based Deep Learning Models

Deep learning models are one of the dominant tools in the field
of Natural Language Processing (NLP) [31]. Deep learning utilizes
deep neural networks to perform tasks that are often difficult to
solve programmatically because they are complex and potentially
poorly-defined. Neural networks are computational architectures
composed of artificial neurons. As shown in Figure 5, an artificial
neuron takes one or more values as inputs and transform these
values to generate an output value. The output value is either sent
to the next neuron or neurons for further computation or as the final
output of the network.

Hidden Hidden Layers
Layer
Inputs Outputs Inputs Outputs
(a) (b)

Figure 5: (a) A traditional neural network with one hidden layer. (b) A deep
neural network with more than one hidden layer.

During the passage through the neural network, the input
values are transformed according to a set of learned parameters
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called model weights. These weights are learned during the
training phase, which optimizes the weights according to some
correctness criteria. For example, a neural network classifier is
trained to predict the true class of a given example, which means
that the network will be optimized towards correct classification.
After training, the network should be able to predict classes with
reasonable classification performance even for unseen examples.
While traditional neural networks contain only one hidden layer of
neurons, limiting the complexity of possible transformations and
resulting performance, deep neural networks use any number of
hidden layers, meaning that arbitrarily complex architectures can
be developed to cope with difficult problems. A comparison
between a traditional neural network and a deep neural network is
illustrated in Figure 5 (a) and (b).

One deep learning architecture that dominates in NLP is the
transformer-based architecture. A transformer-based architecture
is a deep neural network consisting of modules called encoders and
decoders equipped with self-attention mechanisms. These self-
attention mechanisms allow the network to learn and express
relationships between individual tokens (e.g., words) in a natural
language input sequence. At a high level, transformer-based
architectures provide the complexity necessary to capture the way
language changes based upon its context. One example is
homonymy, where the same pronunciation or spelling has different
meanings. For example, “saw” can represent one of two meanings
depending on context. Take this sentence for example: “Patient
reported he saw black spots in his vision,” where “saw” comes
from the verb “see.” In another sentence: “Patient admitted with
injuries related to a power saw,” “saw” is referring to a power tool.
While a more primitive NLP model may assign the same meaning
to both usages of “saw,” the self-attention mechanisms in a
transformer-based deep learning network allow the model to
distinguish between the two uses, resulting in a more robust and
accurate understanding of the language. In essence, self-attention
mechanisms allow the model to process each token (e.g., word) in
the input sequence considering its relations to the surrounding
tokens. When found nearby the word “vision”, “saw” is likely to
refer to eyesight. On the other hand, when “power” is located
nearby, “saw” is likely to refer to power tools. Other words that
may have different meanings include pronouns, i.e., “it,” “they,”
“these,” “those,” and other non-specific nouns used to denote other
nouns. Whereas a more primitive NLP model may make little use
out of such words, self-attention models can decipher the meaning
of pronouns and give them the proper treatment. Figure 6 shows
how an attention-based model can characterize a pronoun that
other models may not understand.

Treatments successful in reducing symptoms but not eliminating them.

Treatments successful in reducing symptoms but not eliminating them:.

Figure 6: An attention-based model considers a pronoun “them” using the context
of the surrounding words.

As shown in Figure 6, the word “them” should not be taken at
face value. Instead, the attention mechanism uses the surrounding
words to modify its meaning to give it a more specific and useful
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characterization. The word “them” attends most strongly to the
word “symptoms” because it is the actual word “them” refers to. It
also attends weakly to “treatments,” a word related to “symptoms”
and attends slightly to the verbs “reducing” and “eliminating,”
both of which act upon the “symptoms” in the sentence.
Transformer-based architectures are characterized by the presence
of transformer encoders and decoders, which are special
architectural modules containing self-attention mechanisms.
Encoders are responsible for converting natural language inputs
into vectors. These vectors, known as encodings, can be used for a
variety of downstream tasks. Decoders work in the opposite
direction, taking encoded vectors as input and converting them
back into natural language tokens (e.g., words). For example, a
question-answer model may first locate the correct answer to a
given question in the semantic or meaning space before using
decoders to generate the natural-language expression of the
answer. In this paper, we explore the automated ICD coding task
using the fine-grained approach described in the previous sections.
In our approach, a fine-grained data point is formed using a
diagnosis and its semantically related sentences. The fine-grained
coding task takes one fine-grained data point (natural language
input sequence) and outputs one ICD code. To accomplish this
task, some essential pre-processing tasks need to be performed,
including lowercasing all letters as well as removing specific dates
and identifiers as they are not useful for the classification task.
Figure 7 shows a fine-grained classifier used to complete the
classification step of the fine-grained ICD coding method.

Fine-Grained diagnosis;

Data Point d;

related sentences

!
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Figure 7: The transformer-based fine-grained deep learning classifier used to
generate final ICD code predictions under the fine-grained approach.

As shown in Figure 7, we tokenize the text by splitting the data
point into a sequence of distinct tokens (e.g., words, suffixes). We
then employ a fine-grained classifier that performs the following
steps: first, tokens are given their initial vector representations or
“embeddings” through an embedding layer. Once the original
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tokens have been converted to embeddings, they are ready to be
encoded. In this case, they are fed into the first encoder, where self-
attention is applied, and the resulting vectors are fed into a feed-
forward neural network that further transforms the vectors. After
passing through the neural network, the vectors are released from
the first encoder and go to the next encoder. In this paper, we use
a BERT-based model that contains a series of 12 encoders. After
the 12 encoders have processed the vectors, the fully encoded
vector is pooled and passed through a fully connected linear layer.
The obtained values are then passed through a Softmax activation
layer to output the final prediction.

In addition to the advantages offered by transformer-based
architectures, contemporary NLP models such as GPT-4 and
BERT benefit greatly from pre-training. That is, they are
extensively trained on very large datasets to gain general
knowledge of the language and its meaning before be