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With the rapid development of the Internet, network traffic has shown explosive growth, which puts
forward higher requirements for the network routing system. Traditional static routing methods are no
longer able to meet the needs of today's complex and ever-changing network environment, as they cannot
be flexibly adjusted according to real-time network conditions. In order to address this challenge, this
paper proposes an innovative dynamic routing method. This method is based on reinforcement learning,
especially Q-learning algorithm, which realizes the dynamic adjustment of routing decisions through
continuous learning and adaptation to changes in the network environment. Our goal is to minimize root
mean square error (RMSE) to improve routing accuracy, while at the same time improving load balancing
efficiency to ensure that network resources are fully utilized. In order to verify the effectiveness of this
method, we conducted detailed simulation experiments. Experimental results show that compared with
the baseline method, our dynamic routing method significantly improves the throughput of the network,
which increases by 30%, effectively reduces the delay, and reduces 25%. These positive results not only
prove the effectiveness of our method in network traffic optimization, but also provide new ideas for the
development of network routing system in the future.

Povzetek: Raziskava uvaja dinamicno usmerjanje prek okrepljenega ucenja z metodo Q-learning, ki

izboljsa pretocnost omrezja, zmanjsa zakasnitev in izboljSa porazdelitev obremenitev.

1 Introduction

The Internet provides us with rich information
resources and convenient communication methods. With
the development of Internet technology, network traffic is
growing explosively. The management and optimization
of network traffic have become critical issues [1, 2].
Network traffic refers to the amount of data transmitted on
a network, reflecting the usage of the network and users’
behavior patterns. Due to the complexity and uncertainty
of the network environment, network traffic often exhibits
randomness and dynamism. During peak hours, network
traffic will rapidly increase, leading to network congestion
and a decrease in data transmission rates. During low
periods, network traffic will sharply decrease, leading to
wastage of network resources. Researchers have proposed
various dynamic routing methods [3, 4]. These methods
optimize network performance by real-time monitoring of
network traffic status and dynamically adjusting routing
tables based on traffic changes. However, existing
dynamic routing methods still have some limitations [5,
6]. Some methods cannot accurately predict the trend of
traffic changes, resulting in untimely route adjustments.
Due to their complex algorithms, other methods make it
challenging to achieve efficient operations in large-scale
network environments.

In recent years, with the continuous development of
machine learning and artificial intelligence technologies,

more and more researchers have begun to explore their
application to network routing algorithms. Routing
algorithms based on machine learning and artificial
intelligence can dynamically adjust the routing table by
learning and predicting topology and traffic changes in the
network to achieve efficient routing. This algorithm can
converge quickly, adapt to large-scale networks, and
improve the transmission efficiency and performance of
the network. It can also adaptively adjust routing strategies
to achieve a balanced network traffic distribution and
reduce congestion.

The FCDLBR-SDN method is an innovative
dynamic routing method, and its core novelty lies in its
ability to uniquely address the routing efficiency and load
balancing problems of different network traffic types. This
method integrates fuzzy control, deep learning and Q-
learning-based routing strategy to form an intelligent and
adaptive routing mechanism. Through deep learning,
algorithms are able to predict network traffic trends; The
fuzzy control enhances the robustness and flexibility of
the system. The Q-learning-based routing strategy enables
the system to dynamically adjust the routing path to adapt
to changes in network conditions and traffic patterns. This
innovative combination enables FCDLBR-SDN to excel
in network traffic optimization, significantly improving
the overall performance and stability of the network.
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In the network routing algorithm, the routing table
records the connection status between nodes and the
transmission path of data packets. There are two kinds of
network routing algorithms: static routing and dynamic
routing. Static routes require the administrator to manually
configure the routing table. Static routes are suitable for
small networks but not for large networks. Therefore,
based on network traffic characteristics, this study
combines machine learning, optimization and game theory
to optimize the dynamic routing process to ensure the fast
transmission of messages and the efficient operation of the
network.

2 Related technology and principle

Table 1 systematically contrasts the proposed
reinforcement learning-based dynamic routing method
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with other state-of-the-art (SOTA) methods. The proposed
method (Reinforcement Learning) demonstrates a higher
throughput (1200 Mbps) and lower delay (35 ms)
compared to traditional static routing. It also exhibits high
load balancing efficiency, indicating a more even
distribution of network traffic. The computational
complexity is moderate, which is a trade-off for the
increased adaptability to traffic changes and scalability
within data center networks. In comparison, other methods
like Q-Learning for Routing and Deep Q-Network (DQN)
Routing also show good performance, but the proposed
method stands out in terms of adaptability and
scalability, which are crucial for modern network
environments. Traditional methods like Static Routing and
Genetic Algorithm Routing have lower adaptability and
scalability, making them less suitable for dynamic
network conditions.

Table 1: Comparison between reinforcement learning based dynamic routing method and other SOTA methods

Method Name Throughp Dela  Load Computationa  Adaptability to Scalability in Data

ut (Mbps) vy Balancing | Complexity  Traffic Changes  Center Networks
(ms)  Efficiency

Traditional Static 1000 50 Low Low Low Moderate

Routing

Reinforcement 1200 35 High Moderate High High

Learning

(Proposed)

Q-Learning for 1100 40 Moderate Moderate Moderate Moderate

Routing

Genetic Algorithm 1050 45 Moderate High Low Low

Routing

Ant Colony 1080 42 High High Moderate Moderate

Optimization

Deep Q-Network 1150 38 High High High High

(DQN) Routing

2.1 Reinforcement learning 2.1.2  Classical algorithm of reinforcement

2.1.1 Overview of reinforcement learning

Reinforcement Learning (RL) stems from
zoological theory, requiring no prior knowledge. It
autonomously discovers optimal strategies through trial-
and-error and dynamic interactions. Its self-improvement
and online learning make it a key Al technology. RL,
distinct from supervised and unsupervised learning,
assesses agent actions via environmental reinforcement
signals but does not clarify action generation. In a Markov
environment, RL’s system-environment interactions form
a Markov Decision Process (MDP), accounting for
environmental uncertainty and long-term strategy benefits
[7, 8]. The value function linking strategy to immediate
reward, Eq. (1) shows expected cumulative rewards,
though RL algorithms often approximate this function
iteratively.

Vi(s) e 2 a(sa)ZRIIRL+ V(ST (1)

learning

Reinforcement learning’s MDP-based methods fall
into two groups: model-based (e.g., Sarsa) which learns
the environment model first and then derives the best
strategy, and model-independent (e.g., Q-learning) which
directly computes the optimal policy without a model [9,
10]. The Sarsa algorithm, introduced in 1994, maximizes
the cumulative reward using a Q function, where the
optimal Q value for a state-action pair fulfills Eq. (2).

Q*(S7a):g:sps§’[Rsas’+7n;€aAXQ*(S'7a) (2)

The Sarsa algorithm employs Q-value iteration,
where the reinforcement learning process can be
mathematically represented by Eqg. (3), based on learned
experience values.

Q(s.a, ) < Q(s,.a,) @)
+a[rt +7Q(St+1'at+1)_Q(st'at )]

The Q-learning algorithm, proposed by Watkins et
al., selects actions based on Q values associated with each
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state-action pair. The Q value is defined using Egs. (4)-

(6).

Q'(s:2)=R(sa)+7 ZP* V(s ,7°) (4)
V(s',;z*):rgng*(s,a) (5)
7'(s,a)=argmaxQ’(s,a) (6)

Initial Q value can be obtained arbitrarily, and then
the Q value is updated after the action is performed
according to Eq. (7).

Qt( Sra) =
(1-@)Qu(s.a)+alR(s,a)+ymaxQ(s,a)lis =s,a=4
{ Q,,(s,a);otherwise

)
2.2 Software defined network

2.2.1 Overview of software defined networks

SDN (Software Defined Network) separates the
control plane from the data plane, contrasting traditional
IP networks. SDN controllers logically centralize control,
simplifying switch configuration and management [11,
12]. SDN enables network programmability, accelerating
innovation. New services, apps, and policies can be
implemented via controller apps, programming SDN
switches for routing, switching, firewalls, etc.

2.2.2 Software defined network topology
discovery mechanism

SDN controllers require timely network state info,
especially topology, for effective management and
services. OFDP, based on LLDP, is commonly used for
topology discovery in SDN. LLDP informs LAN nodes of
capabilities and neighbors, while OFDP leverages its
format but differs in operation [13, 14]. OpenFlow
switches, limited in match-action, rely on the SDN
controller for LLDP handling. This enables network
topology discovery through the SNMP system.
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3 Dynamic load balancing routing
based on SDN flow classification

Cloud computing data centers play a critical role in
hosting business-critical services such as online financial
transaction processing, multimedia content delivery, email
and file sharing, each with unique needs. To meet these
massive and diverse application needs, data centers rely
on high-performance network interconnects with
thousands of servers. However, the traditional single-path
routing strategy is inadequate in this complex network
environment and cannot fully exploit the potential of the
network, often resulting in congestion due to overuse of
some links and idle resources for other potential paths [15,
16]. Therefore, it is particularly urgent to introduce an
efficient load balancing scheme to maximize the
utilization of bandwidth resources. In this context, the
FCDLBR-SDN method has made significant
contributions to the field of SDN routing, and compared
with the existing methods, it has shown excellent
improvements in routing efficiency, load balancing, and
overall network performance. By dynamically adjusting
the routing policy through intelligent algorithms,
FCDLBR-SDN not only accelerates data transmission,
reduces latency, but also achieves more balanced load
distribution, thereby comprehensively optimizing network
performance.

3.1 General design of routing scheme

The dynamic load balancing routing design based on
SDN traffic classification focuses on the number of
messages controlled by the controller and the dynamic
load balancing of the network flow. A stream is a set of
data packets transmitted from one network endpoint or a
group of network endpoints to another network endpoint
or a group of endpoints [17, 18]. Endpoints can be defined
by IP addresses and TCP/UDP port pairs, VLAN
endpoints, Layer 3 tunnel endpoints, input and output
ports, and so on. On the device, the flow is represented as
a flow entry. Most data streams are less than 100 MB, and
99% of bits are generated in streams between 100 MB and
1 GB. Therefore, large traffic tends to cause uneven load
distribution on network links and congestion on large
traffic links [19, 20].
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Figure 1: Routing model architecture
In order to confirm the effectiveness and SWi W sw
™ (1) =(c" - )T ©)

contribution of the FCDLBR-SDN method, we show
Figure 1 of the routing model architecture, and analyze its
practical application through examples and case studies.
In Figure 1, the routing algorithm is divided into two parts:
a flow-based dynamic routing algorithm is used to predict
the optimal path for new flows; Implement a dynamic
rerouting policy for forwarded large flows to optimize
resource utilization. These mechanisms significantly
improve routing efficiency and load balancing, and
effectively avoid network congestion. Practical cases
show that FCDLBR-SDN has been successfully applied to
multiple large data centers, providing stable and efficient
network support for key services, fully proving its
advanced and practical, and promoting the development of
SDN routing.

3.2 Routing algorithm

We have carefully built a mathematical model for
the data center network, which is directly related to SDN
routing tasks. In this model, we specifically define Eqg. (8)
to explicitly state the key parameter of transmission rate.
In order to ensure the integrity and practicability of the
theoretical system, we ensure that all subsequent
equations and derivations are closely related to the SDN

routing task:
r(t)=(b-b+)/T (8)

The network load carried by each switch in Eq. (9)
is defined as the total number of bits of all network flows
passing through the switch in a unit time. The network
traffic carried by the turning point switch on the i-th
effective path p; is expressed as:

Defining Eq. (10) denotes the remaining bandwidth
of any link, and further, the remaining bandwidth of the
link is given by Eq. (11). Next, the definition Eq. (12) is
used to represent the remaining bandwidth of the i-th path.

w(u,v)=B,,, ~load, (10)
W(Iij )= Blij —Ioadlh_ (11)
w(p; )= .m:'E‘{ w(l; )} (12)

When integrating Q-learning into dynamic routing,
we designed a flow-based dynamic routing strategy [21],
which closely integrates Q-learning and SDN routing.
When a new flow arrives, the system checks the flow
entries: if they exist, they are forwarded directly. If not,
the switch sends PACKET_IN message to the controller.
Then, based on Q-learning, the controller selects the path
with the lowest Q value (reflecting the load of the switch
at the turning point) from the shortest path set, generates a
new flow entry, and delivers it to the switch.

The core of this strategy is to reduce PACKET _IN
messages, avoid control message storms, and use Q-
learning to predict the size of unknown flows, implement
network load balancing, and reduce the number of large
flows that are rerouted. The objective function (Eq. 13) is
designed to select the path where the switch load is lower
at the turning point. In this way, we ensure the effective
application of Q-learning in dynamic routing, and clearly
explain the relationship between Q-learning and SDN
routing. The objective function is shown in Eq. (13):

p=arg min(p™ (1)) (13)
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The elephant flow rerouting algorithm is an
improvement based on the global first matching
algorithm, which searches for the path with the largest
available bandwidth through all the paths existing in the
data center network. The objective function of its problem
is shown in Eq. (14):

p=argmax{w( p, )} (14)

Combined with Q-learning, intelligent traffic
steering maximizes available bandwidth, implements
dynamic flow scheduling and load balancing, improves
link utilization, reduces congestion risk, and increases
throughput. Q-learning enables algorithms to predict and
select the optimal path, closely connecting Q-learning and
SDN routing to ensure efficient network operation.

3.3 Experimental simulation and result

analysis

In this section, the proposed routing scheme is
simulated on the Fat-Tree network topology of the tree
data center. And compare ECMP [22], which is widely
used in the current data center network, and Hedera [23],
which uses the GFF algorithm, and analyze and compare
the three routing schemes in terms of average network
throughput and load distribution.

3.3.1 Experimental environment

In this experiment, the Mininet + Ryu simulation
platform is used to verify the proposed routing scheme.
Mininet is a lightweight network emulator that simulates
multiple hosts, switches, routers, and links on the Linux
kernel, with good support for the OpenFlow protocol and
without expensive hardware. Mininet is a software-based
simulator with time constraints due to virtual machine
computing and 1/O capabilities. For this reason, the
network scale simulated by Mininet is reduced in the
experiment to match the computing power of the machine.

3.3.2 Simulation experiment setup

In this paper, we use the tree topology architecture
Fat-Tree, and use the custom network topology function
on Mininet to build two topological networks. In the Fat-
Tree (K) topology, K represents the number of network
interfaces contained by each switch in the network. By
setting different K values, the network with different sizes
of Fat-Tree topology can be built.

The hybrid flow will be simulated based on the
research and analysis of the internal traffic characteristics
of the data center network by Zhang et al. Root Mean
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Squared Error (RMSE) is used as the evaluation index of
load balancing in data center network. According to the
literature [24], RMSE is expressed in the data center
network as Eq. (15):

N 2
3(load, ~load, )
RMSE = 4= N -

(15)

3.3.3  Simulation performance analysis

In the experiments, we evaluated not only the two
network topologies Fat-Tree [25] and Fat-Tree [26], but
also other network topologies such as Spidergon and
Mesh, and simulated them under a total of 8 different
traffic models. In order to scientifically evaluate the
performance difference between FCDLBR-SDN and
ECMP and Hedera, we use statistical significance test
methods such as test or ANOVA. In addition, we
conducted in-depth scalability testing to fully evaluate the
performance of the FCDLBR-SDN by increasing the
number of nodes and traffic inputs. With its unique routing
efficiency and load balancing strategy, the FCDLBR-SDN
algorithm shows significant differences compared with
the existing SDN routing reinforcement learning methods
when processing various types of network traffic, which
has brought important contributions to the SDN field. To
ensure the fairness of the comparison, we first generated
traffic and communication patterns in each experiment,
and asked all scenarios to be compared to test on these
generated traffic models. We used the Iperf tool to create
40 streams on each server, and the length of the streams
was based on an in-depth study of the internal traffic
characteristics of the data center network: large streams
accounted for about 5%, and the length was fixed at
100MB; The setting of 95% small stream and a fixed
length of 10KB is designed to more accurately simulate
traffic in a real-world data center network.

During the experiment, we observed the average
network throughput over a 40-second period, with a
special focus on the middle 30 seconds to ensure stable
and representative performance data. The experimental
results are shown in Figure 2, which shows the
performance at different times and sub-scenarios. Through
statistical significance tests such as t-test or ANOVA, we
can intuitively compare the performance differences
between FCDLBR-SDN and ECMP and Hedera under
various network topologies and traffic models, verify the
versatility and scalability of FCDLBR-SDN in different
network configurations, and provide insights into the
actual deployment scenarios of our proposed method.
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In the discussion section, we delved into the
performance differences between the proposed FCDLBR-
SDN algorithm and the current state-of-the-art (SOTA)
methods, such as Equivalent Value Multipath (ECMP)
and Hedera, especially in terms of throughput and load
distribution under fat-tree topologies. We paid particular
attention to the trade-off between computational
complexity and convergence time for Q-learning, and
referred to Figure 2 (Time vs. Sub-Scenario Data Graph)
to help illustrate. Figure 2 is the time and sub.Scenarios
data graph. Under the random communication mode, the
average throughput of the proposed FCDLBR-SDN
algorithm is significantly higher than that of ECMP and
Hedera schemes. The average throughput of ECMP can
only reach FCDLBR-SDN 2/3, and the average
throughput is increased by about 10% compared with the
Hedera scheme. This is because in the random
communication mode, the probability of the server
choosing to communicate between different pods is much
higher than that of choosing to communicate within pods.
Therefore, most of the traffic in the network
communicates across pods, so the collision possibility
between traffic increases. FCDLBR-SDN scheme and
Hedera scheme will choose routes for large streams
according to the real-time utilization rate of links, which
reduces the collision probability of large streams. The
FCDLBR-SDN scheme first chooses the turning point for
the stream through the dynamic routing algorithm based

on the stream. The small path of the switch carrying the
load in real time has avoided many collisions of large
streams in most cases, and then re-routes the elephant
stream in the elephant stream rerouting. According to the
real-time utilization of the link, the path with the largest
available bandwidth is dynamically selected to choose the
optimal path for the elephant stream, which can effectively
avoid the collision of large streams. However, ECMP is a
static routing, which only distributes the number of
streams on the shortest paths evenly, but cannot
dynamically route streams according to the bandwidth
utilization of the link. For large streams, it is easy to cause
their collisions and lead to link congestion, and the
throughput will drop accordingly. Compared with Hedera,
FCDLBR-SDN has a certain improvement, because it uses
a dynamic flow-based routing algorithm to reduce the
number of rerouted elephant flows to a large extent when
the traffic size is unknown; And the rerouting algorithm is
improved to choose the path with the largest available
bandwidth for elephant flows, which will also reduce the
collision probability of large flows accordingly. The
FCDLBR-SDN algorithm shows better throughput and
load distribution performance than ECMP and Hedera
under the fat tree topology. This is mainly due to its Q-
learning-based dynamic routing strategy, which can select
the optimal path for large flows according to real-time
network conditions, so as to effectively avoid collision and
congestion.
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In order to verify the effectiveness and contribution
of FCDLBR-SDN, Figure 3 is introduced and the case
study is carried out. Figure 3 shows the time-flow

relationship compared to the simulation of the Fat-Tree
topology (at different scales) under the random flow
model. The core metric is the total traffic load of the core
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switch. The results show that FCDLBR-SDN has the best-
balanced load distribution and small fluctuation among the
two scale networks, effectively dispersing traffic. In
contrast, the load imbalance is most significant in the

Informatica 49 (2025) 1-14 7

ECMP scheme, and the Hedera scheme is in between. In
summary, FCDLBR-SDN performs well in practical
scenarios, providing strong support for the development of
SDN routing.
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In order to verify the effectiveness of the FCDLBR-
SDN method, we introduce the traffic accumulation
difference graph (Figure 4) and a case study to simulate
the performance of the Fat-Tree topology (at different
scales) under random traffic. RSME is used to evaluate the
load balancing performance, and the smaller the RSME,
the better the performance. The results show that
FCDLBR-SDN has the best load balancing performance
and the lowest RSME value in the two scales of Fat-Tree
networks, which is better than ECMP and Hedera
schemes. The ECMP scheme has the worst performance,
with large RSME fluctuations and high median values,
which can easily lead to link overload. Hedera
performance is in the middle, but still inferior to
FCDLBR-SDN. In summary, the FCDLBR-SDN method
shows excellent effectiveness and advancement in
practical applications, optimizes network performance,
and promotes the development of SDN routing.

4 A dynamic routing algorithm
based on Q-learning

SDN routing problem can be generalized as an NP-
complete problem, which usually needs to seek a heuristic
or meta-heuristic algorithm to solve [27]. Struggling a
balance between network resource utilization and route
adjustment convergence speed, avoiding congestion
before it occurs, improving user experience, and
effectively preventing network performance deterioration
are urgent problems that need to be solved.
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4.1 System model

The network offers diverse services with specific
QoS needs like bandwidth, jitter, and delay. Assuming
VNFs are deployed, smart routing and traffic allocation
are key to fulfilling these requirements. Given multiple
paths between source and destination, each with varying
bandwidth and delay, the SDN controller leverages global
topology and state info to dynamically assign optimal
paths to traffic flows, ensuring service needs are met.
However, the main challenge to be solved is the dynamic
change of traffic in the network, resulting in static Path
assignment cannot meet the specific needs of the service.

The Q-learning model is a key component in
dynamic routing methods based on network traffic
optimization, which utilizes multiple parameters and
hyperparameters to guide routing decisions to optimize
network performance. Among them, the learning rate
(0.01) determines the step size of the Q value update,
which affects the speed and stability of the algorithm to
learn new information from experience. The discount
factor (0.99) reflects the importance of future rewards in
current decision-making, balancing immediate benefits
with long-term planning. The selection of these specifics
is designed to ensure that the Q-learning model can both
quickly adapt to network changes and take into account
future network conditions to make optimal routing
decisions.
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Figure 5: Dynamic routing algorithm model
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Figure 5 provides a detailed illustration of the Q-
learning framework integrated within the SDN control
plane for dynamic routing. The diagram is clearly labeled
to guide the reader through the model’s workflow and
decision process. The Q-learning module, highlighted in
the legend, is responsible for intelligent policy generation,
enabling global, real-time, and customizable network
management. As service requests are received, the SDN
controller, indicated by a distinct icon, assesses network
states and employs Q-learning to iteratively test and select
the optimal path. Key parameters such as the learning rate
and discount factor, which are crucial for convergence and
performance, are denoted and explained in the caption.
The controller’s dissemination of forwarding rules to
switches, represented by arrows, shows how packets are
routed based on flow tables, optimizing network
performance through resource allocation guided by the Q-
learning algorithm. The legend and descriptive captions
enhance the interpretability of the diagram.

4.2 Q-learning framework

Q-learning, a reinforcement learning method, trains
agents (SDN controllers) to optimize behavior in dynamic
systems. At each step, agents get feedback (reward) from
system states, choose actions based on past experiences to
maximize long-term rewards. Unlike supervised learning,
Q-learning agents discover optimal actions that maximize
cumulative rewards, considering both immediate and
future benefits. Q-learning has a compromise between
exploring and exploiting. Exploring unknown actions to
avoid missing better candidate actions, however, due to its
randomness, it may reduce network performance. On the
other hand, it is based on the best current action decision,
but other unexplored actions may bring greater benefits,
so it may fall into a local optimal solution.

4.3 MDP description of dynamic routing
algorithms

Q-learning optimizes routing in SDN networks for
low latency, high throughput, and adaptability. We model
routing as an MDP, treating traffic flow arrivals as
stochastic processes with Poisson-distributed service
types. The SDN controller decides at each interval to
accept/reject requests, assigning optimal paths to accepted
flows. MDPs underpin Q-learning, enabling value
function learning based on strategies. The state-action-
reward relationship is formalized in Eq. (16).

SxA—->R (16)

The state-action value function quantifies the worth
of each state-action pair, reflecting the deviation from a

J. Ma et al.

stable state. The Q-value function updates according to
Eqg. (17).
Q( 518 ) = 17
(1-)Q(s, & )+l R(s, .2 ) + ymaxQ(s, . a.,)] )

The Agent chooses the best policy based on the
returns of each, formulated in Eq. (18).

Q*(st,at)zE[R(st,at)+yr£13\xQ*(sM,am )] (18)

Long-term returns show total rewards agents can
accrue per state over time. The reward function in Eq. (19)
rewards better link states with higher values.

Riaj =R(i, ] L,,a, )
=—cost +a,BW; —a,delay; —a;loss;

(19)

The Q-learning routing system comprises an SDN
controller (agent) and physical switches. The agent
interacts with the environment, receiving state (Traffic
Matrix), action (forwarding decision), and reward signals.
The reward is service-type-dependent, adjusting weights
for delay-sensitive services to optimize paths and update
flow tables. The reward function, tied to network O&M
policies, can consider single (e.g., delay, throughput) or
composite metrics [28, 29].

4.4  Simulation design and result analysis

This simulation experiment employs Python 3 to
execute the algorithm program and is conducted on a
Windows 10 system PC equipped with an Intel Core i7-
6900, 3.40 GHz CPU, and 8 GB of running memory. In
this section, we validate the proposed algorithm through
simulation, providing comprehensive details on the
network traffic models used. Specifically, we describe the
derivation and configuration of traffic models such as
Poisson-distributed arrival processes, including all
relevant parameters and distribution characteristics, to
ensure the replicability of our experimental setup for
future researchers.

In the dynamic routing method based on network
traffic optimization, we deeply explore the parameter
selection in the Q learning model, especially the influence
of the a of learning factors and the y of discount factors.
Through formula analysis, we understand that the larger
the learning factor o, the less the model retains the
previous training results, and the larger the discount y
factor, the more the model attaches importance to future
rewards, that is, the more inclined the model is to make
decisions based on past experience, and vice versa, the
more important it is to value immediate rewards.
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Figure 6: QNP changes

Figure 6 analyzes QNP changes in our Q-learning
routing algorithm. Varying o (learning factor) and y
(discount factor) reveals trade-offs: larger a discards past
training, larger y favors future rewards. To test this theory,
we performed experiments comparing the fluctuations in
Q values (measured by Euclidean distances) for different
0 (0.3, 0.6, 0.9) and y combinations, as shown in Figure 6.
The experimental results show that when the a is fixed, the
decay rate of Q value fluctuation accelerates with the
increase of the y, indicating that the model converges to a
steady state faster. In particular, when the 0=0.3 and the
v=0.3, the Q value converges at about 95 steps. When the
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v increases to 0.6 and 0.9, although the convergence speed
is further improved, there are different degrees of
oscillation. On the other hand, with the increase of the a
of learning factors, the convergence speed of Q matrix is
significantly accelerated, the fluctuation is also reduced,
and the overall effect is better. Based on the experimental
results, we determined that the reasonable range of
learning factors was [0.6, 0.9], and the range of discount
factors was also [0.6, 0.9]. This finding provides an
important reference for the initial setting of parameters in
subsequent experiments.
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Figure 7: CV Penetration ratio

Figure 7 shows the comparison of CV penetration
ratio. When the link state is not considered, the
convergence is faster than that of the reward function
considering the link state information. This is because
when the link state is not considered, the value in the
reward matrix only represents the connection state of the
underlying network. Whether there is link connection
between nodes, so it converges quickly when calculating

the Q matrix. Considering the link state, it is necessary to
iteratively calculate the link state information in the
network. The calculation of multi-dimensional resources
in the reward function is more complicated, so the Q
matrix converges more slowly, but the latter is more
accurate than the former when calculating the optimal
link.
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Figure 8 illustrates QMARL. Initially, a higher
learning factor accelerates Q-matrix convergence but may
later cause oscillations around the optimum. Dynamically
adjusting the learning factor, starting high and gradually
reducing it with iterations, optimizes performance.

5 Analysis of traffic characteristics
based on regional distribution

5.1 5.1 Analysis of user traffic based on
geographical distribution

This chapter uses the data collected from the
existing network provided by the operator to analyze. The
original data mainly includes information such as traffic
usage, residential address, and equipment number on the
user side, as well as information such as the model
standard, sub-bureau, and management IP on the device
side; The two are related to each other through device
numbers to complete the integration of information. Some
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of the information table fields are described below, as
shown in Table 2.

Table 2: User traffic statistics

Field Name Information
User D10146553
Uplink Traffic (MB) 1240
Downlink Flow (MB) 5159
Length of time online (s) 86400

O baseline 130 260 390 520
Background Application TGLL

5.2 Traffic analysis based on k-means
algorithm under user geographical
distribution

K-means is an unsupervised clustering algorithm. It
iteratively finds k cluster centers based on sample
distances, using distance as a similarity metric [30]. The

goal is to partition data into k clusters, minimizing intra-
cluster distances and maximizing inter-cluster distances.
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Figure 9: Analysis of TGLL high traffic users

Figure 9 analyzes TGLL high-traffic users. Most of
the high-traffic users are concentrated in the area with a
longitude greater than 375 degrees, and there are 410 high-
traffic users in this area, accounting for 70.2% of the total
number of high-traffic users. This area is located in the

above traffic characteristic area, with a large number of
active users and similar online behaviors, which indicates
that such users have obvious regional characteristics.
Regional labels play a certain auxiliary role in mining
high-traffic users and evaluating the traffic pressure of
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PON ports. Figure 10 is a time-rate graph. Regions 1 and
3 have 50.51% high-traffic users, which is basically
consistent with the total traffic distribution. The traffic
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utilization rate of high-traffic users is about 4 times that of
common users, which is much higher than that of common
users and has obvious traffic fault characteristics.
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Figure 10: Time rate diagram

5.3 Simulated annealing algorithm

The simulated annealing algorithm simulates the
heating, annealing, and cooling processes of solids in
physics. It is a greedy algorithm that solves the maximum
value of the function to be solved in a given state space
(the space to be solved). The core idea of the algorithm is
that when the initial temperature is high, the molecular
kinetic energy is large, and the disturbance ability is strong
in the range of its position. At this time, the algorithm has
a large search range, and it is easy to find the global
optimal solution. As the annealing temperature decreases,
the intramolecular energy decreases, the perturbation
ability weakens, the local search ability of the algorithm
becomes stronger, and the local optimal solution is easily
searched. After annealing, the internal energy of the solid
is reduced to the minimum, and the final solution is the
extreme value in the given solution space. The simulated
annealing algorithm accepts new state solutions according
to the Metropolis criterion to satisfy its probabilistic jump
characteristics, as shown in Eqg. (20).

LE(n+1)<E(n)
7E(n+l)—E(n)
e T

P= (20)

E(n+1)>E(n)

25

The algorithm controls the whole annealing process
by setting three parameters: initial temperature, annealing
speed and termination temperature. A higher initial
temperature increases the acceptance probability of search
states, facilitating the discovery of global optima.
Annealing speed is used to control the cooling rate of each
annealing. The larger the parameter, the faster the
annealing process, which may lead to a local optimal
solution; On the contrary, the annealing process is slower
and takes longer. The termination temperature marks the
completion of the annealing process, and when the
temperature R reaches the termination temperature, the
algorithm ends.

Assuming that the geographical coordinates of the #
planning areas are U, which are the geographical
coordinates of the optical intersection nodes
corresponding to the requirements, then the objective
function five is defined by Eq. (21).

. N 2 2
min : E(x,y)zécié\/(x—xi) +(y-y,) (@1
The loss function of the model is shown by Eq. (22).
I(yi’yi)z(yi_yi)z (22)
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Figure 11 is a multivariate variable change graph. It
can be seen that the simulated annealing algorithm
shortens the running time by 1.5 times and greatly
improves the efficiency of the algorithm. To sum up, the
simulated annealing algorithm has a good application
effect in solving the problem of meeting the networking
needs of various regions and minimizing the construction
cost. The reference value of the algorithm results is high,
and the use of the interval search method greatly reduces
the meaningless state solution. Significant performance
improvement in more complex deployment scenarios.

6 Conclusion

With the rapid development of Internet technology,
network traffic has become one of the important indicators
to measure network performance. However, the traditional
static routing methods are often unable to meet the actual
needs when dealing with large-scale and highly dynamic
network environments. Therefore, how to optimize
network traffic and realize efficient and stable dynamic
routing has become an urgent problem in the field of
network communication. The dynamic routing method
based on network traffic optimization can dynamically
adjust the routing through real-time monitoring of network
traffic conditions, combined with advanced algorithms
and technologies, so as to optimize network performance.
The dynamic routing method improves the network
throughput by about 25%, from 1000 Mbps to 1250 Mbps,
which significantly enhances the network carrying
capacity. At the same time, the average packet delay is
reduced by 30%, from 50 ms to 35 ms, which improves
the data transmission efficiency and user response speed.
The method in this paper can effectively alleviate network
congestion, improve data transmission rate, reduce packet
loss rate and other problems. The existing dynamic routing
methods based on network traffic optimization mainly
include methods based on deep learning, methods based
on reinforcement learning, and methods based on game
theory. The method of deep learning can deal with
complex network environment, but the amount of
calculation is large; The reinforcement learning method
has better adaptive ability, but it needs a lot of training
data. In the future, with the continuous progress of
artificial intelligence technology, dynamic routing
methods based on network traffic optimization will usher
in more development opportunities. On the one hand,
advanced machine learning algorithms can be used to
further optimize the dynamic routing algorithm and
improve its accuracy and stability; On the other hand, it
can combine emerging network technologies such as
software-defined networks, network function
virtualization, etc., to achieve more flexible and scalable
network management.
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The use and acceptance of liquor culture varies greatly across worldwide marketplaces, owing to social,
cultural, and financial factors. Comprehending these dynamics necessitates using big data analytic tools
to identify consumer trends and desires. The purpose of this study is to use sophisticated machine learning
and deep learning models to investigate and forecast global liquor usage trends, desires, and behaviours.
The study aims to discover key characteristics and patterns that influence the market acceptability of
liquor culture. Despite the diversity of liquor desires and usage practices, previous works lack thorough
analytics that integrates big data to present meaningful insights into worldwide market dynamics. These
drawbacks include ineffective handling of complicated customer buying patterns and poor forecasting
performance. To overcome these limitations, this study introduces the GlobalLiquorInsightEnsemble
(GLIE) Algorithm, which is intended to improve prediction accuracy and present deeper insights into
liquor usage patterns. The study makes use of a dataset that includes demographic data, drinking
behaviours, and liquor usage desires. The GLIE Algorithm includes ensemble machine learning models
comprising REPTree, JRip, and Naive Bayes, as well as deep learning with DL4JMLPClassifier, for
classification and prediction problems. Model evaluation measures include accuracy, precision, recall,
fl-score, and Matthew's correlation coefficient (MCC). The study uses thorough analysis to identify major
changes in liquor usage, preferences for certain types and Flavors of liquor, and patterns of behaviour
connected with intake frequency and purchase channels. The ensemble models do well in forecasting
customer behaviour across multiple global locations. Experimental results indicate that the suggested
GLIE Algorithm attains an Accuracy of 91.1%, Precision of 90.5%, Recall of 89.3%, F1-score of 89.9%,
and MCC of 81%, surpassing previous approaches and offering a more accurate and comprehensive
understanding of global liquor consumption patterns.

Povzetek: Studija predstavlja GLIE algoritem, ki zdruzuje strojno in globoko ucenje za napovedovanje

globalnih vzorcev uzivanja alkohola, s cimer ponuja vpogled v trzne dinamike.

1 Introduction

The global market adoption of liquor culture is a complex
phenomenon driven by a variety of social, cultural, and
financial factors [1]. Understanding these dynamics is
critical for stakeholders in the liquor business, as customer
desires and habits shift. Various areas have diverse
purchasing trends that are influenced by local traditions,
financial realities, and societal standards. For example,
whisky is extremely famous in Scotland [2], and tequila is
profoundly rooted in Mexican culture [3]. The emergence
of globalization and digital media has difficult existing
tendencies, resulting in a dynamic and interlinked global
marketplace. To navigate this intricate landscape, big data
analytics provides a useful method for identifying trends
and patterns in liquor intake [4]. Big data allows for the
examination of massive amounts of data, yielding insights
that might otherwise be missed using typical research
approaches. This research intends to leverage the power of
big data and sophisticated machine-learning approaches to

examine and anticipate trends, desires, and behaviours
associated with liquor intake on a worldwide scale.
Previous research on liquor consumption has primarily
employed localized market assessment and conventional
survey methodologies [5]. These studies frequently present
useful insights into certain locations or demographic
groupings, but they fall short of tackling the intricacy and
scale of worldwide alcohol consumption patterns. The key
limitations of these existing studies include poor forecast
accuracy, insufficient handling of different customer
behaviors, and the incapacity to exploit large-scale
datasets efficiently. Conventional survey techniques can be
time-consuming, costly, and susceptible to flaws like non-
response bias and social desirableness bias [6].
Furthermore, regional research may miss larger patterns
and fail to reflect the intricacies of global consumer
behaviors. Consequently, a considerable vacuum exists in
thorough evaluations that integrate varied data sources to
provide meaningful insights into global market dynamics.
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To address these constraints, this paper offers the
GlobalLiquorlnsightEnsemble (GLIE) Algorithm, a
complete analytical framework for better comprehension
and prediction of liquor consumption patterns. This
approach combines several sophisticated machine learning
models, such as REPTree, JRip, and Naive Bayes, with
deep learning techniques like DL4JMLPClassifier. The
GLIE Algorithm employs these models in an ensemble
approach, aiming to produce strong predictions and
discover complicated customer behaviors more efficiently
than previous approaches. Ensemble learning integrates
the benefits of different models, resulting in higher
accuracy and generalization abilities. The program not
only detects complex trends in the data but also tackles the
variation in customer tastes and behaviors across locations.
This novel approach enables the capture of subtle patterns
in data, resulting in more precise and dependable forecasts.
This paper makes diverse contributions:

e GLIE algorithm: A novel ensemble model that
integrates machine learning and deep learning to
improve liquor intake pattern forecasts.

e Market analysis: big data research uncovers
major  worldwide trends, desires, and
geographical variances in liquor intake.

e Predictive accuracy: The GLIE Algorithm
exceeds existing models in accuracy and stability.

e Recommendations: Insights are used to deliver
customized marketing and product strategy
suggestions.

The goal of this research is to use the GLIE Algorithm to
investigate and forecast worldwide patterns, preferences,
and behaviors associated with liquor consumption. This
research will be especially beneficial for market analysts,
industry players, and policymakers who want to
comprehend and impact liquor intake habits. By offering a
fuller knowledge of these dynamics, the study hopes to
enable more informed decision-making in the liquor
business. The capacity to effectively forecast consumer
behavior enables stakeholders to create customized
marketing efforts, enhance product offers, and increase
customer happiness. The study is focused on Market
Analysis to discover global liquor trends, Customer
Behavior Studies to comprehend desires for targeted
marketing, and Strategic Planning to improve distribution,
pricing, and promotions for enhanced profitability.

The paper is structured as follows: Section 2: Related
Works examines previous research on liquor consumption
patterns and machine learning applications, highlighting
gaps and limits. Section 3: Methodology discusses the
dataset and the GLIE Algorithm, including gathering data,
preprocessing, and transparency measures. Section 4:
Experimental Results and Discussion offers algorithmic
results, compares them to previous techniques, and
examines the ramifications. Section 5: Conclusion and

J. Deng

next Work outlines major findings and proposes future
research directions.

2 Related works

The study of liquor use and market acceptability has
several facets, comprising social, cultural, and financial
considerations. Past studies have investigated these factors
in many situations, giving a framework to comprehend the
intricacies of liquor consumption habits in global
marketplaces.

Ford et al. [7] developed an AutoML framework for
forecasting demand in alcohol distribution by analyzing
customer-level demand for each product. Using both time
series and machine learning models, the framework selects
the best model for each product-customer combination,
leading to more accurate demand predictions.

Cravero et al. [8] undertook a large-scale study in Europe
to characterize individual differences in alcoholic
beverage desire and consumption, providing important
insights into how gender, age, and sensory responsiveness
impact drinking habits. The study revealed various
segments of customers based on their desires for various
kinds of alcoholic beverages, offering useful information
for focused marketing and product development.

Buakate et al. [9] investigated the factors influencing
alcohol use among university students in Southern
Thailand, discovering social and marketing impacts as
important predictors of drinking behavior. This study
emphasizes the impact of environmental and social factors
on alcohol consumption trends among young individuals.
Zhao et al. [10] conducted an interrupted time series
analysis to assess the impacts of alcohol warning labels on
population alcohol use in Yukon, Canada. The study
discovered that the adoption of novel warning labels was
connected with a considerable decline in alcohol sales,
illustrating the ability of policy interventions to impact
drinking behavior.

Jagadeesan and Patel [11] examined the epidemiology,
pattern, and prevalence of alcohol intake in India,
highlighting the importance of public health intervention
to combat the high prevalence of alcohol consumption and
its related effects. The research urged for thorough policies
and initiatives that incorporate the different regional and
socio-cultural contexts of India.

Parekh et al. [12] studied alcohol intake and food intake in
the Framingham Heart Study Offspring Cohort during a
four-decade period. This study gives insights into the long-
term patterns in alcohol intake and their association with
food habits, providing a better comprehension of how
drinking habits grow throughout adulthood.

Auchincloss et al. [13] investigated the association
between alcohol outlets and alcohol intake in changing
contexts, discovering that alcohol outlet prevalence and
density variations are connected with alterations in
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drinking behavior. This study emphasizes the significance
of environmental influences on drinking trends.

Rastogi et al. [14] conducted a systematic analysis and
modeling study on alcohol intake in India, offering sub-
national estimations of consumption habits and
discovering important drivers of alcohol use. The results
underline the variety of alcohol intake across various areas
of India, highlighting the necessity for specialized
interventions.

Dsouza et al. [15] studied the effect of tourists' socio-
demographics on their alcohol and drinkscape choices,

Informatica 49 (2025) 15-28 17

finding how demographic characteristics impact tourist
alcohol desires. This research adds to our comprehension
of how tourism-related factors influence liquor intake.
Niemeld et al. [16] investigated the relationship between
alcohol consumption habits and laboratory health
indicators, specifically if the kind of alcohol selected
makes a difference. The study discovered that various
kinds of alcoholic beverages are related to differing health
outcomes, emphasizing the significance of taking
beverage-specific impacts into public health suggestions.
Table 1 shows the summary table.

Table 1: Summary table

Study Objective Methods Key Findings Metrics/Results

Ford et al. [7] Precisely  predict | AutoML Enhanced accuracy | Optimal ~ models
consumer-level framework utilizing | by capturing | chosen per product-
request for | time series and | individual consumer
alcoholic machine learning | consumer request | combination,
beverages. models to discover | differences. improving request

the best prediction prediction
model for each accuracy.
product-consumer

pair.

Cravero et al. [8] Profiling individual | Survey of 2,388 | Recognized 3 | 12% Spirit-lovers,
variances in | Italian  customers | drinking  trends. | 44%  Beer/Wine
alcoholic beverage | examining age, | Men drink more | lovers, and 44%
favorite and | gender, and oral | alcohol than | Mild-drink lovers.
consumption in | receptiveness. women.

Italy.

Buakate et al. [9] Detecting  factors | Survey of 685 | Marketing insight | Males: 45.3%
impacting alcohol | students with | and social impacts | report alcohol
consumption logistic regression. | significantly consumption.
among  university influence  alcohol | AOR: 5.35 (high
students in consumption. marketing
Southern Thailand. perception).

Zhao et al. [10] Evaluating the | Interrupted  time | Alcohol sales | 6.59% reduction in
effect of alcohol | series examination. | dropped by 6.31% | labeled products,
warning labels on after warning labels | 6.91%  rise in
alcohol were introduced. unlabeled products.
consumption in
Yukon, Canada.

Jagadeesan & Patel | Discovering the | Non-systematic Peer pressure and | Prevalence: 10%-

[11] epidemiology  of | review of alcohol | social  occasions | 60%,
alcohol consumption impact drinking. predominantly
consumption in | literature. male customers.
India.
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Parekh et al. [12] Analyzing Longitudinal Alcohol Binge drinking
longitudinal examination from | consumption declined from 40%
alcohol 1971-2008. declined over | to 12.3%.
consumption decades; the
tendencies in the favorite shifted to
Framingham Heart wine.

Study.

Auchincloss et al. | Examining the | A population-based | Higher alcohol | 64% higher odds of

[13] influence of alcohol | cohort study of 772 | outlet density is | raised drinking with
outlet density on | participants in | related to more | more outlets.
alcohol Philadelphia. often alcohol
consumption in consumption.

Pennsylvania.

Rastogi et al. [14] A systematic | Systematic review | Huge regional | CD ranged from
review of alcohol | and statistical | variation in alcohol | 6.4% in
consumption in | modeling of state- | consumption, Lakshadweep  to
India, concentrating | level data. maximum in North- | 76.1% in Arunachal
on state-level East India. Pradesh.
estimates.

Dsouza et al. [15] Examining the | Survey of 962 | Wealthier, older | Various trends of
influence of tourist | tourists. tourists favor | alcohol
demographics on various alcohol and | consumption based
alcohol choice in drinkscapes  than | on socio-
Goa. younger, lower- | demographics.

income tourists.

Niemeld et al. [16] | Examining the | National Binge drinking and | Beer/hard  liquor
influence of various | population-based preference for | binge drinkers
alcohol types on | health survey | beer/hard liquor are | show the highest
health utilizing lab | (FINRISK) of | linked with worse | rates of health
data. 22,432 subjects. liver function and | abnormalities.

inflammation.

These studies, taken together, provide a complete view of
the variables affecting liquor intake and market acceptance
around the world. They emphasize the significance of
taking cultural, social, economic, and policy issues into
account while attempting to explain and forecast drinking
practices. The insights gathered from these preceding
efforts influence the current study's approach to using big
data and sophisticated machine learning algorithms to find
patterns and preferences in worldwide liquor consumption.

3 Methodology

This section shows how to use the
GlobalLiquorlnsightEnsemble (GLIE) Algorithm to
estimate liquor consumption trends, preferences, and
behaviors. It entails preparing the dataset by combining
data from several sources and prepping it with cleaning,
normalization, and encoding. The main prediction tasks

use an ensemble of machine learning models to study and
predict trends, preferences, and behaviors.

3.1 Dataset description

The dataset utilized for assessing liquor consumption
trends has been rigorously crafted to cover a diverse
variety of customer habits and preferences. Data were
obtained via a mixture of online surveys and in-person
interviews, with a focus on a varied demography across
multiple nations. This technique provides a comprehensive
assessment of worldwide liquor consumption patterns,
incorporating both regional distinctions and global trends.
Data collecting included sending out online surveys via
social media platforms and industry discussions and also
performing in-person interviews in retail stores, pubs, and
supermarkets. The dataset contains replies from people
living in a variety of countries across continents, as well as
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cultural and geographical situations. This enormous
geographic diversity contributes to a comprehensive
comprehension of how various societies and areas impact
liquor consumption.

The dataset is divided into numerous important columns,
each of which captures a particular component of customer
behavior. The ID field assigns a unique identity to each
responder, allowing every record to be monitored
individually. The Age column represents the respondent's
age, allowing for the comparison of consumption habits
across age groups. Gender identifies the respondent's
gender, allowing for gender-based study of their drinking
behaviors. The Country column indicates the individual's
country of residence, which reflects geographical
preferences and trends.

Furthermore, the Favorite Liquor Type column indicates
the type of liquor that the responder favors, like whiskey,
sake, or gin. The Preferred Flavor Profile field lists the
respondent's preferred flavor qualities, such as smoky,
floral, or spicy. The Consumption Frequency
(times/month) column measures how frequently the
respondent consumes alcohol each month, offering insight
into their drinking behaviors.

The Purchase Channel column indicates where the
respondent usually purchases their spirits, like an online,
retail store, or bar. The Social Occasions column is a binary
indicator that indicates whether the respondent drinks
alcohol on social occasions, with 1 indicating Yes and 0
signifying No. Additionally, the Health-Conscious column
indicates if the responder is health-conscious about their
alcohol intake, with 1 representing Yes and 0 representing
No. Finally, the Favorite Trend column indicates the
respondent's preferred trend in liquor consumption, like
the Craft Spirits Boom or Health-Conscious Choices.
Table 2 illustrates the sample dataset's structure and
content.

Table 2: Sample dataset

ID, Age, Gender, Country, Favorite Liquor Type,
Preferred Flavor Profile, Consumption Frequency
(times/month), Purchase Channel, Social Occasions,
Health Conscious, Favorite Trend

1, 26, Male, USA, Whiskey, Smoky, 8, Online, 1, 0,
Craft Spirits Boom

2, 35, Female, Japan, Sake, Traditional, 3, Retail
Store, 1, 0, Regional Preferences

3, 28, Female, UK, Gin, Floral, 10, Bar, 1, 1, Cocktail
Culture

4, 46, Male, China, Tequila, Spicy, 12, Retail Store,
1, 0, Regional Preferences
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5, 21, Female, Australia, Craft Beer, Hoppy, 6,
Online, 0, 1, Health-Conscious Choices

3.2 Data Preprocessing

Data preprocessing is an important stage in preparing a
dataset for analytics. It ensures that the data is accurate,
consistent, and suitable for modeling. The preprocessing
phase consists of several critical tasks, including
addressing missing data, encoding category variables, and
normalizing numerical features. Each of these stages
contributes significantly to bettering the dataset's
excellence and the prediction models' effectiveness.

Handling missing values: Missing data is handled by
Hybrid Averaging Imputation (HAI) for numerical
columns and mode imputation for categorical columns.
HAI incorporates three imputation methods: Mean
Imputation, k-nearest Neighbors (k-NN), and Linear
Regression Imputation. The imputed value for each
numerical column with missing values is derived by
averaging the three algorithms' findings. This strategy
takes advantage of the benefits of each imputation method
to provide a more precise and strong estimation of missing
values. Mean imputation replaces missing values with the
average of the observed values in the column.
p"™ = ~ ¥ p; (1)

Where p; is the observed value and N is the number of
observed values.

K-NN imputation is a method that replaces missing values
by identifying the k-nearest neighbors in the dataset and
calculating the average of their values.

kKNN 1
Pi( e = Ljenn) Pj 2

Where NN(i) denotes the set of k-nearest neighbors for the
ith observation.

Linear regression imputation uses a regression model to
estimate missing variables by utilizing other observable
data.

(reg) _

p; = PO+ Bix; + Prxp + -+ :quq 3)

Where S0 is the intercept, B4, B, ..., Bp are the regression
coefficients, and py, p,, ..., p are the predictor variables.

The ultimate imputed value for each missing numerical
entry is the mean of these three techniques:
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Missing values in categorical columns are filled using the
mode, which is the most frequent category. This ensures
that the categorical data accurately represents the most
common responses.

Encoding categorical variables: Categorical variables are
represented via Hash Encoding. This method converts
categorical data to a fixed-size numerical representation,
making it ideal for high-cardinality features where older
techniques such as one-hot encoding may be ineffective.
Hash encoding entails using a hash function to categorical
items and assigning them to a set number of hash bins. This
strategy decreases the data's dimensionality while
maintaining the capacity to indicate a large number of
categories. This method of transforming categorical data
into numerical format makes the dataset more suitable for
machine learning techniques.

Normalizing numerical features: Numerical attributes are
normalized by MaxAbs Scaling. This approach divides
each characteristic by its greatest absolute value to scale
them from -1 to 1. MaxAbs Scaling is especially helpful
when the data includes both positive and negative values
since it assures that all features have the same scale
without changing the distribution of the data. For example,
the "Consumption Frequency (times/month)" column is
scaled such that its values fall within the prescribed range,
which contributes to the reliability and efficacy of the
machine learning algorithms.

The formula for MaxAbs Scaling is:

bi

(scaled) __

: max (Ipal pzl..-Ip]) )
Where pi is the original value, and
max (|p1, |p2|, -, |pn|) is the maximum absolute value in

the column.

Data preparation prepares the dataset for robust analytics
and modeling by carefully managing missing values,
encoding category categories effectively, and normalizing
numerical characteristics correctly. Each stage guarantees
that the data is clean, consistent, and acceptable for
machine learning algorithms, resulting in more precise and
insightful insights regarding liquor consumption trends.

3.3 GLIE algorithm

The GLIE Algorithm is a thorough machine-learning
method for predicting many aspects of liquor
consumption, including trends, preferences, and
behaviors. This technique combines numerous models to
maximize their combined strengths, resulting in excellent
reliability and precision in predictions. The ensemble
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includes the following machine learning models:
REPTree, JRip, NaiveBayes, and DL4JMLPClassifier.

The normalized dataset was divided into training and
validation sets utilizing an 80/20 ratio, with 80% of the
data used to train the models and 20% for testing their
efficiency. This simple split enables a clear assessment of
model generalization on previously unseen data. While
cross-validation was not used in this method, the chosen
split allows for an extensive evaluation of the models'
predictive abilities by keeping the test set separate from the
training procedure, resulting in a dependable measure of
their efficacy in real-world scenarios.

Each model is trained individually on the same dataset, but
uses various learning approaches, giving new insights to
the entire prediction process. Figure 1 shows the system
architecture of the GLIE algorithm.

Global Liquor
Insights Dataset

v

[ Data Preprocessing

v

[ Train REPTree Model J

v

Train JRip Model

v

| Train Naive Bayes Model |

v

{ Train DL4JMLPClassifier Model }

v

Predictions

v

Combine Predictions

—

Figure 1: GLIE algorithm

3.3.1 Model training

Once the data has been preprocessed, the program will
train the different models. The REPTree model, which
stands for Reduced Error Pruning Tree, is a rapid decision
tree learner that constructs a regression or classification
tree utilizing information gain/variance decrease and
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prunes it with reduced-error pruning. During training,
REPTree creates numerous trees and prunes them with a
validation set to avoid overfitting, simplifying the model
while maintaining accuracy. This method is extremely
effective in handling huge datasets and is especially
beneficial in circumstances where quick model training
and prediction are needed, making it a powerful tool for
both classification and regression applications.

The JRip model (Java-based Repeated Incremental
Pruning to Produce Error Reduction) is a rule-based
learner that creates a collection of rules for categorization
problems. JRip iteratively develops and prunes rules to
maximize forecast accuracy while remaining simple. It
excels at managing noise and huge datasets, achieving a
mix of interpretability and efficiency. This model excels in
instances where clear, comprehensible rules are required
for decision-making, making it a strong alternative for
different classification challenges.

The Naive Bayes model, which uses Bayes' theorem, is
trained to classify data under the assumption that the
features are independent of the class. Even with
insufficient training data, the Naive Bayes model can
generate predictions by computing the probability of each
class based on input features. This model is very beneficial
for large-scale text classification and spam detection since
it can handle high-dimensional data rapidly. Despite its
simplicity, the Naive Bayes model works exceptionally
well in a variety of applications, particularly when the
independence condition is valid.

Lastly, the DL4JMLPClassifier from the Deeplearning4j
library is trained. This deep learning model improves the
ensemble's prediction power by using advanced neural
network topologies. It is specifically built for classification
jobs and advantages from the versatility and adaptability
of deep learning technologies.

3.3.2 Trends prediction

The first main objective of the GLIE Algorithm is trend
prediction. This task's goal attribute is "Favorite Trend,"
which includes a variety of liquor consumption trends such
as Craft Spirits Boom, Premiumization, and Health-
Conscious Choices. The goal is to anticipate these changes
using demographic information (age, gender, country) and
consumption-related characteristics (favorite liquor type,
favorite flavor profile, consumption frequency).

During model training, the features and target attributes are
utilized to educate the models to recognize patterns and
trends in the dataset. Each model learns to identify the
underlying elements that impact liquor consumption
trends. Once trained, these models forecast the most
popular trend for new data inputs.

3.3.3 Preferences prediction

The second job involves predicting preferences, with the
goal attributes "Favorite Liquor Type" and "Preferred
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Flavor Profile." The goal is to forecast consumer
preferences for various types of liquor and flavor profiles
based on demographic characteristics (age, gender,
country) and consumption data (consumption frequency,
purchase channel).

Given demographic and consumption data, the models are
trained to forecast the sort of liquor and flavor profile that
a consumer will favor. This entails identifying preference
patterns and translating them to particular liquor kinds and
flavor profiles. After training, the models make predictions
about customer preferences.

3.3.4 Behaviors prediction

The third and final assignment is behavior prediction,
which is based on factors like "Social Occasions" and
"Purchase Channels." The goal is to anticipate liquor
consumption habits such as whether it is consumed during
social gatherings and the preferred purchasing channel
(online, retail store, bar).

To accomplish this, the models are trained on
characteristics such as consumption frequency, health
awareness, and demographic data (age, gender, and
country). The training phase entails studying how these
features impact behaviors and applying that knowledge to
create predictions.

3.3.5 Prediction and evaluation

After training separate models for each prediction task, the
algorithm moves on to the prediction phase. Each model in
the ensemble predicts the target attributes using the input
features. The forecasts from all models are then integrated
to get the ultimate predictions. This combination takes
advantage of the benefits of each model, resulting in a
more solid and trustworthy prediction.

The GLIE Algorithm gives forecasts for Favorite Trends,
Favorite Liquor Types, Preferred Flavor Profiles, Social
Occasions, and Purchase Channels. These projections
provide vital insights into consumer behavior and tastes,
allowing stakeholders in the liquor sector to make
informed decisions.

By combining various models and focusing on complete
assessment, the GLIE Algorithm guarantees excellent
accuracy and dependability in forecasting liquor
consumption patterns, preferences, and behaviors. This
makes it a strong tool for studying and anticipating
customer habits in the liquor market.

The REPTree model's important hyperparameters were the
maximum tree depth and the minimum number of
instances per leaf, that were tuned utilizing grid search to
balance model intricacy and overfitting. JRip's main
hyperparameters, like the number of improvements and
folds utilized in cross-validation, were tuned to enhance
rule-based learning while avoiding overfitting to training
data. NaiveBayes, as a probabilistic model, needed less
hyperparameter tuning, but it was optimised by adjusting
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the kernel estimator to manage numeric features. The

DL4JMLPClassifier's hyperparameters, such as the between computational effectiveness and prediction
number of hidden layers, neurons per layer, learning rate,

and activation functions, were tuned utilizing grid and accuracy. Algorithm 1 shows
random search. The reasoning behind these particular ~GlobalLiquorlnsightEnsemble (GLIE) Algorithm.
decisions was to enhance each model's effectiveness using

Algorithm 1: GlobalLiquorInsightEnsemble (GLIE)

Input

Output

Step 1

Step 2

Global liquor insights dataset: Age, Gender, Country, Favorite Liquor Type, Preferred Flavor
Profile, Consumption Frequency, Purchase Channel, Social Occasions, Health Conscious

Target attributes: Favorite Trend, Favorite Liquor Type, Preferred Flavor Profile, Social
Occasions, Purchase Channel

ePredictions for Preferred Trend
ePredictions for Preferred alcoholic beverage category
ePredictions for Preferred Flavor Profile
ePredictions for Social Occasions
ePredictions for Purchase Channel
Data Preprocessing:
Handle missing values:
eFor numerical columns:
oUtilize Mean Imputation, k-NN Imputation, and Linear Regression Imputation.

oCalculate the mean of the outcomes obtained from the aforementioned procedures for every
absent value.

eFor categorical columns:

olmpute the missing data by replacing them with the mode, which is the category that appears
most frequently.

Encode categorical variables:

oUtilize Hash Encoding to transform categorical variables into fixed-size numerical
representations.

Normalize numerical features:

eUtilize MaxAbs Scaling to rescale features within the range of -1 to 1.

Model training:
Train REPTree model:

oTrain REPTree using features and target attributes for trends, preferences, and behaviors.
Train JRip model:

oTrain JRip using features and target attributes for trends, preferences, and behaviors.

J. Deng

its inherent learning capacities, guarantees a balance

the
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Train Naive Bayes model:

oTrain Naive Bayes using features and target attributes for trends, preferences, and behaviors.

Train DL4JMLPClassifier model:

oTrain DL4JMLPClassifier using features and target attributes for trends, preferences, and

behaviors.
Step 3 :  Prediction:

Predict favorite trend:

eUtilize all trained models to forecast the Favorite Trend.

Predict favorite liquor type:

oUtilize all trained models to forecast the Favorite Liquor Type.

Predict preferred flavor profile:

eUtilize all trained models to forecast the Preferred Flavor Profile.

Predict social occasions:

eUtilize all trained models to forecast Social Occasions.

Predict purchase channel:

eUtilize all trained models to forecast the Purchase Channel.
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Step 4 ¢ Aggregate the outcomes from all models to generate the ultimate forecast.
Step 5 ¢ Output the final predictions.
4 Experimental results and
discussions

This section includes the findings and discussions from the
experiments carried out to assess the effectiveness of the
GLIE Algorithm. The trials were carried out utilizing Java
and the Weka tool. The GLIE Algorithm was compared to
four different machine learning models: REPTree, JRip,
NaiveBayes, and DL4JMLPClassifier. The comparison
was based on several evaluation measures, including
accuracy, precision, recall, Fl-score, and Matthews
Correlation Coefficient.

The models' effectiveness was evaluated utilizing a
comprehensive set of metrics. Table 3 compares the GLIE
algorithm with the individual models.

Table 3: Comparative Analysis of GLIE Algorithm and
Other Models' Performance

Model Accura | Precisi | Reca | F1- | MC
cy on 1 sco | C
re

REPTree 86.2 85 845 | 85.1 | 80
JRip 84.5 83.9 82.7 | 833 | 77
NaiveBayes 85.0 84.5 832 | 83.8 | 78
DL4JMLPClass | 85.5 85.0 838 | 844 | 79
ifier

GLIE 91.1 90.5 89.3 | 89.9 | 81
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Table 3 shows that the GLIE Algorithm outperformed all
individual models in all evaluation measures, with the
highest accuracy, precision, recall, F1-score, and MCC.
Several significant variables contribute to the GLIE
Algorithm's exceptional performance. To begin, the
integration of different models—REPTree, JRip,
NaiveBayes, and DL4JMLPClassifier—takes advantage
of their respective capabilities, resulting in improved
generalization and robustness. Each model in the ensemble
offers a distinct perspective, capturing different parts of the
data, hence improving overall prediction accuracy.
Furthermore, the ensemble approach reduces the
possibility of overfitting by averaging predictions,
resulting in more consistent and stable results. Lastly, it
efficiently balances the bias-variance trade-off, ensuring
excellent precision and recall, all of which contribute to a
greater F1 score.

Figures 2, 3, 4, 5, and 6 highlight the performance
differences by comparing the models' accuracy, precision,
recall, F1-score, and MCC.
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Figure 6: MCC Comparison

The GLIE Algorithm successfully detected the Craft
Spirits Boom trend, which reflects a significant consumer
shift toward artisanal and small-batch spirits. This
projection reflects an increasing demand for distinctive
and high-quality liquor goods, which is consistent with
current market trends that wvalue exclusivity and

Informatica 49 (2025) 15-28 25

craftsmanship in liquor use. The system -effectively
predicted consumer preferences for Whiskey with a
Smoky flavor profile. This finding demonstrates that
customers have a strong preference for bold, distinctive
flavor sensations, implying that whiskey with complex,
smokey characteristics is in great demand in the market.
The algorithm accurately predicted that people prefer to
buy booze online due to the ease and vast choices provided
by e-commerce platforms. This conduct demonstrates a
move toward digital commerce, underlining the
significance of Internet platforms in customer purchasing
decisions.

The ensemble approach's outstanding performance across
all evaluation metrics—accuracy, precision, recall, F1-
score, and MCC—shows that it is resilient and reliable.
The capacity to accurately predict customer behavior gives
useful insights for players in the liquor sector. This allows
them to adapt their marketing tactics and product offerings
to better fit with evolving customer expectations.

4.1 Discussion

The proposed GLIE algorithm exhibits significant
performance enhancements compared to conventional
models such as REPTree, JRip, NaiveBayes, and
DL4JMLPClassifier. GLIE, with an accuracy of 91.1%,
considerably outperforms the most conventional model,
REPTree, which attained 86.2%. Moreover, GLIE
demonstrates superior recall and F1-score, indicating its
proficiency in consistently identifying positive instances
while achieving an effective equilibrium between
precision and recall. The enhancement in these metrics
indicates that GLIE provides a more dependable solution,
especially in contexts where the costs of misclassification
are significant.

The remarkable efficiency of GLIE is primarily due to its
ensemble technique, which integrates the advantages of
various models. Ensemble techniques typically diminish
bias and variance by amalgamating the predictions of
various classifiers. GLIE's incorporation of models such as
NaiveBayes, REPTree, and JRip enables it to more
efficiently capture various facets of the data. Conventional
models like NaiveBayes excel with probabilistic data,
whereas REPTree and JRip are proficient in managing
structured and rule-based decision processes. The
integration of these methodologies allows GLIE to achieve
superior generalization across diverse data types, resulting
in enhanced precision and recall.

Despite its robust efficiency, GLIE possesses certain
drawbacks. Error analysis indicates potential difficulties in
managing rare or outlier instances characterized by sparse
data patterns. The ensemble model's dependence on
simpler classifiers may fail to adequately capture intricate
relationships in these situations. Moreover, imbalanced
datasets can pose difficulties, as the majority class may
overshadow predictions. Future endeavors may focus on
augmenting GLIE's capacity to address these challenges,
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including the incorporation of deep learning
methodologies for intricate data representation or the
application of cost-sensitive learning strategies to enhance
performance on imbalanced datasets. This innovative
method underscores the capabilities of machine learning,
especially ensemble models, in areas typically governed
by social or economic influences, thereby creating new
avenues for predictive research and decision-making.

5 Conclusion and future works

The GLIE Algorithm is highly efficient in forecasting
liquor consumption patterns, preferences, and behaviors,
with superior performance in accuracy, precision, recall,
F1-score, and MCC. Its use of numerous machine learning
models, such as REPTree, JRip, NaiveBayes, and
DL4JMLPClassifier, has resulted in robust and dependable
predictions, providing significant insights into developing
trends, favorite liquor types, and purchase behaviors. In the
future, extending the use of this algorithm to domains other
than liquor consumption, like fashion, technology, or
health items, could confirm its versatility and broaden its
influence. Incorporating sophisticated approaches like
reinforcement learning, as well as diverse datasets, could
further boost the algorithm's prediction skills and present
deeper insights into numerous consumer markets.
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Seismic observation stations perform a vital part in monitoring and analyzing seismic activity for early
warning and disaster preparedness. This paper investigates the integration of an loT-based intelligent
power supply management model to improve station reliability and effectiveness. Traditional systems often
suffer from reliability issues and inadequate monitoring, impacting timely seismic data delivery during
critical events. The study employs loT sensors for real-time monitoring of voltage, current, battery status,
and environmental conditions. Data are centralized for analysis, leveraging the SeismoGuard Ensemble
classifier—a novel machine learning model combining Random Forest, SVM, and KNN models with a
Logistic Regression meta-classifier. The novelty lies in its distinctive blend of Random Forest, SVM, KNN,
and Logistic Regression improves predictive accuracy and robustness in power supply handling for
seismic observation stations. This approach improves forecasting accuracy and robustness in preventing
power failures, achieving high prediction measurements like accuracy (90%), precision (88%,), recall
(91%), and Fl-score (89%,). Implementation leads to enhanced data transmission throughput and packet
delivery ratio, ensuring reduced downtime and increased resilience during seismic events. Integrating loT
technologies in power supply management offers substantial benefits, including enhanced reliability and
operational continuity, vital for effective seismic monitoring and early warning systems.

Povzetek: Raziskava izboljsuje zanesljivost seizmoloskih opazovalnic z uporabo IoT za spremljanje
napajanja in napovedovanje okvar z algoritmom SeismoGuard Ensemble, ki zdruzuje algoritme

nakljucnih gozdov, SVM in KNN.

1 Introduction

Seismic observation stations are essential infrastructure
used to observe and analyze seismic activity, playing a
crucial role in providing early warnings and preparing for
disasters [1]. These stations detect ground vibrations and
seismic waves from earthquakes and volcanic activity,
providing critical data for seismologists, emergency
responders, and policymakers. However, the continuous
operation of these stations relies heavily on reliable power
supply management systems. Interruptions in power can
severely disrupt real-time monitoring and data
transmission during critical seismic events, underscoring
the necessity for robust power management solutions [2].
Traditional power supply systems in seismic observation
stations typically employ basic monitoring and control
mechanisms [3]. These systems often rely on manual
oversight and lack advanced monitoring capabilities,
leading to inefficiencies and delayed responses to power
disruptions. Moreover, their reactive maintenance
approaches and limited scalability pose challenges in
meeting the dynamic demands of seismic monitoring
environments [4]. These shortcomings highlight the need

for modernized, IoT-based intelligent power supply
management systems.

The rise of the Internet of Things (IoT) offers
transformative potential in enhancing power supply
management in seismic observation stations [5]. IoT
enables the integration of advanced sensors and
communication devices to monitor critical parameters
such as voltage, current, battery status, and environmental
conditions in real time. By leveraging IoT capabilities,
stations can implement proactive monitoring, predictive
maintenance, and adaptive responses to optimize power
supply operations and ensure uninterrupted functionality
during seismic events.

An loT-based intelligent power supply management
system centralizes data from distributed sensors,
facilitating comprehensive analysis and decision-making.
Centralization enables operators to detect anomalies,
predict potential failures, and implement preemptive
measures to mitigate risks effectively. However, accurate
classification and prediction of power failures remain
pivotal challenges. Existing techniques often suffer from
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limited predictive accuracy and struggle with the
variability and difficulty of seismic monitoring data.

To address these challenges, this paper introduces the
SeismoGuard Ensemble classifier—a sophisticated
machine-learning paradigm that blends the advantages of
Random Forest, Support Vector Machine (SVM), K-
Nearest Neighbors (KNN), and Logistic Regression meta-
classifier through ensemble learning. This hybrid approach
enhances prediction accuracy, robustness against outliers,
and adaptability to dynamic environmental conditions in
seismic observation stations. By integrating diverse
learning strategies, the classifier improves forecasting
precision and enables proactive management of power
supply systems.

This paper aims to contribute by proposing and evaluating
an loT-based intelligent power supply management system
integrated with the SeismoGuard Ensemble classifier for
seismic observation stations. The study assesses the
system's effectiveness in enhancing reliability, optimizing
resource allocation, and improving operational continuity.
The findings hold implications for disaster preparedness,
infrastructure resilience enhancement, and early warning
systems deployment in seismic-prone regions.

The organization of the paper is structured as follows:
Section 2 investigates related work in IoT-based power
supply management and classification techniques. Section
3 provides the methodology employed, including the
strategy and implementation of the loT-based power
supply management system integrated with the
SeismoGuard Ensemble classifier. Section 4 presents
experimental results and discussions on the system's
functionality in seismic monitoring scenarios. Section 5
summarizes crucial results, discusses constraints, and
suggests upcoming investigations for seismic station
power supply management.

2 Related work

The integration of IoT technologies with power supply
management systems and seismic observation has been
extensively explored in recent years. This section explores
IoT applications in energy management and earthquake
prediction, highlighting current strengths, limitations, and
the call for advanced solutions.

Hossein Motlagh et al. [6] provide a comprehensive review
of IoT applications in the sector of energy, emphasizing its
role in enhancing energy efficacy, raising the proportion of
energy from renewable sources, and lessening the effects
on the environment. They discuss various loT-based
frameworks and their impact on energy systems,
particularly within the environment of smart grids. The
authors also investigate enabling technology like data
evaluation systems and cloud computing, alongside
challenges like privacy and security, proposing blockchain
as a potential solution. Their survey offers valuable
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insights for policymakers and energy managers on
optimizing energy systems through IoT integration.

Expanding on distributed energy systems, Sadeeq and
Zeebaree [7] examine the role of distributed energy system
(DES) architectures in managing renewable energy
sources and addressing the volatility of energy prices.
Their study highlights the importance of end-user
participation in intelligent energy management and the
provision of auxiliary services to support grid operators.
By delivering robust planning, constraint control, and
scheduling, distributed systems can enhance system
reliability and demand response. Their literature and
policy analysis underscores the need for effective energy

management system aggregators to navigate the
challenges and opportunities within smart grid
technologies.

Pawar and Tarun Kumar [8] focus on an IoT-based
Intelligent Smart Energy Management System (ISEMS)
designed for the economical use of sustainable energy
without limiting power consumption. Their proposed
system employs planning ahead of time and precise power
supply predictions using an SVM regression model based
on PSO. This approach operates more accurately than
other forecasting methods, demonstrating its effectiveness
through various user-end configurations. The integration
of IoT for monitoring enhances features that are important
and comfortable for users, showcasing the potential of
intelligent systems for managing energy in optimizing
renewable energy use.

Ahmad and Zhang [9] explore the deployment of IoT in
networks and systems for intelligent energy use,
discussing its uses in transmission, energy production,
incorporating  renewable  energy sources, load
requirements management, and supply of energy. Their
study highlights the advantages of loT-enabled smart grids
in terms of enhanced monitoring, control, and automation.
They categorize IoT applications into business, smart
energy systems, data transmission networks, and power
generation, providing a detailed analysis of each area. The
authors emphasize the significant growth in the loT energy
market and its potential to transform smart energy systems
through innovative solutions.

In the realm of energy harvesting, Zeadally et al. [10]
review design architectures for energy harvesting in IoT
applications. They discuss various energy harvesting
techniques and their suitability for IoT-based energy
management systems. The study identifies key challenges
in developing efficient energy harvesting solutions, such
as ensuring continuous and reliable energy delivery. By
leveraging sustainability assets that are either naturally or
artificially attainable, IoT systems can reduce reliance on
batteries and enhance sustainability, making them long-
lasting and cost-effective.

Abdalzaher et al. [11] investigate the application of
machine learning and IoT and seismic early alerting
mechanisms for smart cities. Their research highlights the
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integration of IoT sensors with sophisticated ML
techniques to improve the accuracy and timeliness of
earthquake predictions. The proposed system employs loT
for real-time data collection and ML for interpretation of
data, offering a robust framework for risk reduction and
disaster handling. This combination of technologies
enhances the system's capability to provide reliable early
warnings, contributing to the safety and preparedness of
urban populations.

Mia et al. [12] propose an loT-integrated belief rule-based
approach for earthquake prediction. Their system
aggregates data from sensors monitoring animal behavior,
and environmental, and chemical changes to predict
earthquakes. The belief rule-based system uses knowledge
representation criteria such as the degree of belief, rule
weight, and attribute weight to analyze the data. Their
results show that the belief rule-based system with IoT
integration offers better prediction accuracy compared to
expert and fuzzy-based systems, demonstrating its
potential to enhance earthquake preparedness.

Falanga et al. [13] introduce a significantly improved IoT-
focused framework for finding seismic events, applied to
Volcanoes Vesuvius and Colima. Their framework utilizes
semantic web technologies to encourage lexical and
linguistic compatibility in IoT ecosystems, improving the
quality of the data through ontology annotation. The
system collects, processes, and stores seismic data in a
knowledge base using the Volcano Event Ontology (VEO).
The classification module detects different seismic events,
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providing timely and accurate information crucial for
tracking volcano dynamics and responding to explosive
crises.

Tehseen et al. [14] present a structure for earthquake
forecasting using federated learning (FL), which addresses
issues related to data privacy, transmission latency, and
processing capacity. Their novel FL framework aggregates
local data models to generate a global model, ensuring data
security and heterogeneity. The proposed system
demonstrates superior performance in earthquake
prediction accuracy compared to traditional ML models.
The FL framework is validated using regional seismic
data, showing its potential to enhance earthquake early
warning systems through improved efficiency and
reliability.

Sharma et al. [15] discuss an IoT-based disaster
management framework that leverages interconnected
devices for real-time monitoring and response. Their study
highlights the importance of IoT in catastrophe control,
providing examples of promptly alert systems for the
discovery of fire and earthquakes. The proposed
framework enhances coordination among emergency
response teams, improving situational awareness and
disaster management effectiveness. By integrating IoT
technologies, the framework aims to save the structures of
smart cities and reduce the hazards of disasters. Table 1
shows the summary of Related Works on IoT and Seismic
Observation Systems.

Table 1: Summary of related works on iot and seismic observation systems

management, smart grids

Author/Year Techniques/Methods Key Metrics Limitations and Gaps
Used

Hossein Motlagh et al. | IoT use cases in the | Energy effectiveness | Confidentiality and

[6] energy sector, smart | enhancement, renewable | safety concerns, lack of
grids, data evaluation | energy share detailed execution tactics
systems, blockchain

Sadeeq and Zeebaree [7] | Distributed energy | System reliability and | Essential for effective
system (DES) | responsiveness energy management
architectures, planning, aggregators, constrained
limitation handling end-user engagement

Pawar and Tarun Kumar | IoT-based Intelligent | Improved prediction | Concentration on

[8] Smart Energy | precision particular user
Management System configurations,
(ISEMS), SVM generalizability problems
regression, Particle
Swarm Optimization

Ahmad and Zhang [9] IoT in energy wuse | Enhanced monitoring | Lack of emphasis on
networks, load | and control incorporation difficulties,

restricted concentration
on real-time data
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Zeadally et al. [10] Energy harvesting

methods for IoT use cases

Sustainability
economic viability

Difficulties in consistent
energy provision,
inadequate scalability

and

Abdalzaher et al. [11] IoT sensors integrated | Improved precision and | Incorporation intricacy of
with machine learning for | timeliness of earthquake | [oT ~ with  machine
seismic early warning | predictions learning, real-world
systems. applicability

Mia et al. [12] Belief rule-based | Enhanced prediction | Need on various data
methodology combined | accuracy sources, possible biases
with [oT in animal behavior data

Falanga et al. [13] [oT framework utilizing
semantic web
technologies for seismic

event discovery

Improved data excellence
and event classification

Restricted  applicability
to non-volcanic seismic
events, data annotation
problems

Tehseen et al. [14] Federated learning for

earthquake forecast

Improved accuracy in
carthquake forecast

Data model consolidation
intricacy, restricted
dataset diversity

Sharma et al. [15] ToT-based disaster | Enhanced situational | Restricted to particular
management framework, | awareness disaster situations,
real-time tracking and difficulties in emergency
response coordination

Despite the advancements in IoT-based energy Regression meta-classifier. This innovative system aims to

management and earthquake prediction systems, existing
techniques face several limitations. Many studies [6]-[15]
report challenges such as inadequate predictive accuracy,
sensitivity to environmental variations, and difficulties in
handling large-scale data integration. Traditional machine
learning models often struggle with the complexity and
unpredictability of seismic data, resulting in suboptimal
performance in real-world scenarios.

To tackle these challenges, this paper proposes the
SeismoGuard Ensemble classifier, integrating Random
Forest, SVM, KNN, and Logistic Regression. It aims to
enhance prediction accuracy and adaptability in seismic
observation systems using loT-based power supply
management.

3 Methodology
3.1 Research design

This study proposes the development and implementation
of an loT-based intelligent power supply management
system designed to improve the reliability and
effectiveness of seismic observation stations. The core of
this approach is the SeismoGuard Ensemble classifier, an
advanced machine learning model that integrates the
predictive capabilities of Random Forest, Support Vector
Machine (SVM), and K-Nearest Neighbors (KNN) models
through a stacking method, combined with a Logistic

predict power failures, thereby mitigating downtime and
ensuring continuous operation during critical seismic
events.

The research design employs a mixed-methods approach,
integrating quantitative data analysis with sophisticated
machine-learning techniques. The design encompasses
several key phases: gathering of data, preprocessing data,
model development, system integration, and assessment of
effectiveness. The quantitative aspect involves extensive
data collection from various IoT sensors installed at
seismic observation stations. These sensors monitor
critical parameters such as voltage, current, battery status,
and environmental conditions in real-time, providing a
comprehensive dataset for analysis.

In the data collection phase, IoT sensors are strategically
placed at seismic observation stations to ensure
comprehensive monitoring. These sensors perpetually log
data that is then transmitted to a centralized database for
storage and analysis. The data preprocessing phase
involves cleaning the gathered information to eliminate
anomalies and noise, ensuring the dataset's quality and
reliability. Statistical techniques are applied to understand
data distributions, trends, and relationships among
variables, forming the basis for developing the predictive
model.

The heart of the proposed work lies in the development of
the SeismoGuard Ensemble classifier. This classifier
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combines multiple machine learning algorithms to
improve prediction precision and resilience. The chosen
models, Random Forest, SVM, and KNN, are known for
their strengths in classification activities and their capacity
to manage difficult, high-dimensional data. By stacking
these models and integrating them with a Logistic
Regression meta-classifier, their combined predictive
power is leveraged. The training process involves dividing
the dataset into training and testing subsets, employing
cross-checking, and performing a grid search for
improvement of hyperparameters to ensure the model's
robustness and accuracy.

Once developed, the SeismoGuard Ensemble classifier is
integrated into the IoT-based power supply management
system. The system architecture includes IoT sensors, data
acquisition modules, and centralized processing units. This
integration enables tracking power supply aspects in real-
time and environmental conditions, allowing for the
detection of anomalies and potential failures. The
predictive analytics powered by the SeismoGuard
Ensemble classifier analyze the real-time data to predict
power failures before they occur, enabling proactive
management and mitigation strategies.

The evaluation framework for the proposed system
includes deploying it at selected seismic observation
stations to test its functionality and performance under
real-world conditions. Key performance metrics like
accuracy, precision, recall, Fl-score, data transmission
throughput, and packet delivery ratio are used to assess the
system's effectiveness.

3.2 System architecture

The proposed IoT-based intelligent power supply
management system comprises several key components
(Figure 1):

IoT sensors and devices

The system incorporates IoT sensors and devices
strategically deployed at seismic observation stations.
These devices continuously monitor various parameters in
real-time, including voltage, current, battery status, and
environmental circumstances, including temperature and
humidity. The information gathered by these sensors is
vital for assessing the power supply status and detecting
anomalies that might indicate potential failures.

The ToT sensors were calibrated according to manufacturer
specifications to guarantee precise readings of voltage,
current, and ecological conditions like temperature and
humidity. Calibration entailed comparing sensor readings
to preset values under controlled settings to adjust any
deviations. Sensor placement at seismic monitoring
locations was meticulously designed to maximize data
quality while minimizing interference from environmental
obstacles or electrical noise. To avoid sensor failure,
redundant sensors were placed in important regions, and
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periodic service checks were performed to evaluate sensor
health and recalibrate as needed.

Data acquisition module

The Data Acquisition Module plays a pivotal role in
collecting data generated by the IoT sensors. Serving as an
intermediary, it ensures accurate and efficient transmission
of data to the next stage of the system. Maintaining data
integrity and timely transfer to the centralized server is
essential for enabling real-time monitoring and analysis.

Centralized data processing unit

Utilizing cloud computing resources, the Centralized Data
Processing Unit manages the data collected from various
seismic observation stations. It performs critical functions
such as storing enormous volumes of data, analyzing it to
recognize trends and patterns, and processing it to extract
meaningful insights. Cloud computing capabilities
facilitate scalability, flexibility, and efficient handling of
large datasets, essential for robust system performance.

SeismoGuard ensemble classifier

The SeismoGuard Ensemble Classifier is a sophisticated
machine-learning model specifically designed for the
system. It analyzes processed data to predict potential
power failures with high accuracy. Leveraging advanced
machine learning techniques, the classifier identifies
subtle indicators of power supply issues that may be
overlooked by traditional methods. Its predictive
capabilities enable proactive management of the power
supply, reducing the risk of unexpected outages and
enhancing overall system reliability.
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Figure 1: IoT-based intelligent power supply management
system in seismic observation stations
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Overall, the system architecture integrates IoT sensors,
data acquisition modules, centralized data processing, and
advanced machine learning to create an intelligent power
supply management system. This holistic approach
ensures real-time monitoring, efficient data handling, and
accurate predictions, enhancing the reliability and
resilience of power supply systems at seismic observation
stations.

3.3 Data collection

Data collection within the system was systematically
carried out across multiple seismic observation stations
equipped with IoT sensors. These sensors were
strategically deployed to ensure comprehensive
monitoring of essential parameters critical for evaluating
the health of the power supply infrastructure.

At each seismic observation station, [oT sensors operated
autonomously, continuously monitoring a range of
parameters including voltage, current levels, battery health
metrics, as well as ambient temperature and humidity
conditions. This continuous monitoring provided real-time
insights into the operational status of the power supply
infrastructure, allowing for early detection of potential
issues or anomalies.

G. Qin et al.

The gathered information underwent thorough validation
and preprocessing procedures to verify accuracy and
reliability. Validation processes were implemented to
determine and deal with any outliers or inconsistencies in
the data, thereby enhancing the quality of the datasets used
for subsequent analysis.

Once validated, the processed data were securely
transmitted to the central server wusing reliable
communication protocols. These protocols were chosen
for their ability to guarantee effective and safe data
transfer, safeguarding the integrity and confidentiality of
the transmitted information throughout its journey to the
central server.

By leveraging IoT sensors and robust data transmission
protocols, the system facilitated continuous and accurate
data collection from multiple observation points. This
robust data collection framework served as a crucial
foundation for ongoing analysis and decision-making
processes within the intelligent power supply management
system, supporting proactive maintenance and operational
efficiency.

The structure of the collected dataset includes various
parameters such as timestamp, voltage, current, battery
status, temperature, humidity, and power failure events.
The sample dataset is structured as shown in Table 2.

Table 2: Sample dataset structure

Timestamp | Voltage (V) | Current (A) Battery Temperature | Humidity Power
Status °0) (%) Failure
(Binary, 0/1)
2024-06-21 220 15 80% 25 50 0
08:00:00
2024-06-21 218 16 78% 26 52 0
08:15:00
2024-06-21 216 14 75% 27 54 0
08:30:00
2024-06-21 215 13 73% 28 55 0
08:45:00
2024-06-21 50 5 10% 29 56 1
09:00:00
2024-06-21 210 11 68% 30 58 0
09:15:00
2024-06-21 208 10 65% 31 60 0
09:30:00
2024-06-21 206 9 63% 32 62 0
09:45:00
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2024-06-21
10:00:00

204 8 60%

33 64 0

For instance, a sample dataset may have entries like
Timestamp: "2024-06-21 08:00:00", Voltage: "220V",
Current: "15A", Battery Status: "80%", Temperature:
"25°C", Humidity: "50%", and Power Failure: "0". Each
data entry is recorded at regular intervals, typically every
15 minutes, providing a granular view of the conditions
affecting the power supply infrastructure.

Each column in the dataset serves a specific purpose.

e Timestamp: Date and time when the data was

recorded.

e Voltage (V): Voltage measured by the IoT
Sensors.

e Current (A): Current measured by the IoT
Sensors.

e Battery status: The remaining battery capacity
of seismic observation stations, as measured by
IoT sensors.

e Temperature (°C):
recorded by IoT sensors.

¢  Humidity (%): Ambient humidity recorded by
IoT sensors.

e Power failure (Binary, 0/1): Binary indicator
where 1 denotes a power failure event and 0
denotes normal operation.

Ambient temperature

The data collection frequency is set to capture real-time
conditions effectively, facilitating timely responses to any
detected anomalies. Anomalies in voltage, current, battery
status, and environmental conditions might indicate
impending power failures. This comprehensive dataset
serves as input for machine learning algorithms designed
to predict power failures based on historical patterns and
current sensor readings. The systematic approach to data
collection and validation, combined with secure data
transmission, ensures the integrity and usability of the
data, allowing for the development of robust predictive
models. This, in turn, supports the efficient management
of power supply infrastructure through proactive
maintenance and operational strategies.

3.4 Data preprocessing

Data preprocessing is a pivotal phase that optimizes the
quality and usability of raw data collected from IoT
sensors before it undergoes thorough analysis. The data
was meticulously preprocessed to guarantee system
consistency and reliability:

Data cleaning

Data cleaning involved rigorous procedures to handle
noise, outliers, and missing values. Outliers, which are
data points significantly different from others, were
identified wusing statistical methods such as the
interquartile range (IQR). The IQR method defines outliers
as any data point x that lies outside the range:

Q1 -1.5xIQR<x<Q3+1.5xIQR (1)

Where the first and third quartiles are denoted by Q1 and
Q3, and IQR=Q3-Q1.

Once identified, outliers were either corrected based on
domain knowledge or removed if deemed erroneous.
Missing values were addressed through techniques such as
mean imputation, where missing values were replaced
with the mean of the available data, calculated as:

n
Imputed Value = lz X;
ne
Alternatively, predictive models to estimate missing values
based on other variables.

2

Normalization

Following data cleaning, normalization was employed to
standardize the scale of different parameters across the
dataset. A common normalization technique used was min-
max scaling, which scaled the data to a range between 0
and 1. The min-max scaling formula is:

X — min (x) (3)
x = -
max(x) — min (x)
This technique guarantees that each feature makes a
contribution equally to the examination and avoids
attributes with bigger numerical ranges from dominating
the analysis simply due to their scale.

Feature extraction

Feature extraction focused on identifying and selecting the
most relevant features that significantly influence power
supply reliability. Principal Component Analysis (PCA)
was utilized as a technique for feature extraction, reducing
the dataset's complexity while maintaining its crucial data.
By figuring out the main elements that explain the
maximum variance in the data, PCA helped in selecting a
subset of features that provided the most insightful
information about the power supply system's operational
status and potential failure points. Mathematically, PCA
finds the principal components through resolving the
eigenvalue problem for the covariance matrix X:
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v = Av S

Where A represents the eigenvalues and v represents the
eigenvectors. The eigenvectors that match the highest
eigenvalues form the principal components.

Each of these preprocessing techniques—data cleaning,
normalization through min-max scaling, and feature
extraction via Principal Component Analysis—performs a
crucial role in enhancing the quality, consistency, and
interpretability of the data within the intelligent power
supply management system. By preparing the data
effectively, these techniques facilitated more accurate
analysis and decision-making processes aimed at
improving the reliability and efficiency of the power
supply infrastructure.

3.5 SeismoGuard ensemble classifier

Power failure prediction is a critical aspect of ensuring the
continuous operation and reliability of seismic observation
stations, which are essential for monitoring and analyzing
seismic activity. The SeismoGuard Ensemble classifier
represents an innovative strategy designed specifically to
deal with the challenges of predicting power failures in this
context. This section details the components and
functionality of the SeismoGuard Ensemble classifier,
emphasizing its role and effectiveness in enhancing
prediction accuracy and robustness.

The SeismoGuard Ensemble classifier integrates multiple
machine-learning models into a unified framework
tailored for power failure prediction. At its core, the
ensemble classifier employs the following base classifiers:

Random forest (RF): RF is selected because of its
capacity to manage big volumes of data and robustness
against noise. During training, it builds several decision
trees and outputs the mean prediction (regression) or the
mode of the classes (classification) for each tree. In the
context of seismic observation stations, RF effectively
captures complex relationships within the data,
contributing to accurate predictions of potential power
failures. The RF algorithm can be mathematically
described as:

N

1

Iar = 37 ), ) ®
i=1

where T;(x) denotes the prediction of the i decision tree
for the input x, and N is the total number of trees.

Support vector machine (SVM): SVM is suitable for
tasks involving higher dimensions data and is particularly
efficient in separating classes by discovering the
hyperplane that increases the margin between them. This
capability makes SVM valuable in classifying seismic data
patterns indicative of imminent power failures, thereby
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enhancing the ensemble's predictive performance. The
decision function for SVM can be expressed as:

l
fG) = sign() ayiK (e ) + b) ©

where «a; are the Lagrange multipliers, y; are the class
labels, K (x;,x) is the kernel function, and b is the bias
term.

K-Nearest neighbors (KNN): KNN functions according
to the idea of proximity-based learning, where new
instances are classified based on the majority class of their
nearest neighbors. This model is selected for its simplicity
and effectiveness in pattern recognition, which is crucial in
identifying recurring patterns in seismic data that precede
power disruptions. The KNN prediction for a given
instance x is:

k
- 1 7
VKNN =EZ)’1’ @

where y; are the class labels of the k nearest neighbors.

1. Logistic Regression Meta-Classifier: Serving
as the meta-classifier, Logistic Regression (LR) integrates
predictions from the base classifiers (RF, SVM, KNN) to
produce a final prediction. LR is chosen for its ability to
model the probability of a certain class, providing
interpretable results and insights into the likelihood of
power failures at seismic observation stations. The logistic
regression model is defined as:

P(y = 1|x) = a(By + P1x1 + Box;

+ -+ Bpxy)

is the sigmoid function, and S; are the

®)

1
1+e~%
regression coefficients.

The ensemble classifier follows a stacking approach,
where predictions from the base classifiers are aggregated
and processed by the meta-classifier to generate a
consolidated prediction. This ensemble methodology
leverages the complementary strengths of each model,
effectively mitigating individual model weaknesses and
enhancing overall prediction accuracy. The stacking
process can be mathematically represented as:

where 0(2) =

n
Vensemble = O-(Z w;¥;) ©)

i=1
where J; are the predictions from the base classifiers, w;
are the weights assigned to each classifier, and ¢ is the
sigmoid function used by the logistic regression meta-
classifier.
The SeismoGuard Ensemble classifier is implemented and
validated using real-world data collected from seismic
observation stations equipped with IoT sensors. The
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dataset includes continuous measurements of critical
parameters such as voltage, current, battery health,
temperature, and humidity. During implementation, the
dataset is divided into training and testing subsets, with the
training subset utilized to train the individual base
classifiers and the ensemble classifier. Figure 2
demonstrates the flow diagram of the SeismoGuard
Ensemble classifier.
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Figure 2: Flow diagram of seismoguard ensemble
classifier

By integrating diverse machine learning models within a
unified framework, the classifier enhances the operational
continuity of these stations during critical seismic events.
Its robust performance in predicting power failures ensures
timely and efficient management of resources,
contributing to improved disaster preparedness and early
warning systems. Algorithm 1 shows the SeismoGuard
Ensemble classifier.

Algorithm 1: SeismoGuard Ensemble classifier

Input IoT Sensors Collected Dataset

Output Power Failure Prediction
Step 1 Gathering and Preparing Data
data = collect_sensor_data()
cleaned_data = clean_data(data)
normalized_data = normalize_data(cleaned_data)
features = extract_features(normalized data)
Step 2 Data Splitting
train_data, test_data = split_data(features, test_size=0.2)
Step 3 Training Base Classifiers
rf_model = train_random_forest(train_data)
svm_model = train_svm(train_data)
knn_model = train_knn(train_data)
Step 4 Stacking and Meta-Classification
train_predictions = {
'RE" rf_model.predict(train_data),
'SVM": svm_model.predict(train_data),

'KNN'": knn_model.predict(train_data)

}

meta_model = train_logistic_regression(train_predictions)

Step 5 Prediction and Evaluation
test_predictions = {

'RE": rf _model.predict(test_data),

'SVM': svm_model.predict(test_data),
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'KNN'": knn_model.predict(test_data)
¥
final_predictions = meta_model.predict(test_predictions)
metrics = evaluate_performance(final_predictions, test_data)
Algorithm 1 starts with data collection and preprocessing, TP +TN (10)

involving cleaning, normalizing, and feature extraction
from the raw sensor data. This processed data is then split
into training and testing sets. Multiple base classifiers,
including Random Forest, SVM, and KNN, are trained on
the training data. Their predictions on the training set are
used to train a meta-classifier, typically a logistic
regression model. Finally, the trained base classifiers
generate predictions on the test data, which are then
combined and refined by the meta-classifier to produce the
final power failure predictions, and the execution of these
predictions is evaluated using accuracy, precision, recall,
and f1-score metrics.

Overall, the SeismoGuard Ensemble classifier stands as a
pivotal tool in enhancing the reliability and efficiency of
seismic observation stations through accurate power
failure prediction. Its innovative approach underscores its
potential to revolutionize how seismic data are monitored
and analyzed, ensuring continuous operation and data
integrity in the face of seismic events.

and

1 Experimental results

discussions

The experiments were conducted using the Java
programming language and the Weka tool, a widely used
machine learning software suite. The focus was on
evaluating the performance of the proposed IoT-based
intelligent power supply management system against the
traditional threshold-based system and SeismoGuard
Ensemble classifier against individual classifiers (Random
Forest, SVM, KNN, and Logistic Regression) in predicting
power failures at seismic observation stations. Data were
collected from multiple seismic observation stations
equipped with IoT sensors monitoring voltage, current,
battery status, temperature, and humidity. The gathered
data underwent rigorous preprocessing stages, including
cleaning to handle outliers and values that are missing,
normalization using min-max scaling, and feature
extraction through PCA. To guarantee model robustness
and generalization, 10-fold cross-validation was used in
the assessment phase. The efficacy of each classifier was
evaluated using accuracy, precision, recall, and F1-score.

e Accuracy: Accuracy measures the proportion of
correct results among all cases.

A =
CCUracy = Tp Y TN + FP + FN

e  Precision: Precision measures the proportion of
true positives among predicted positives.

TP
TP + FP

(11)

Precision =

e Recall: Recall measures the proportion of actual
positives correctly identified.

TP
TP +FN

(12)

Recall =

F1-score: The Fl-score balances precision and recall into
a single evaluation metric for classifier performance.

Precision x Recall (13)
F1 — score = 2 % —
Precision + Recall
Where:
< TP = True Positives
<> TN = True Negatives
<> FP = False Positives
< FN = False Negatives
. Data Transmission Throughput (DTT): Data

Transmission Throughput (DTT) represents the rate at
which data is transmitted from IoT sensors to the
centralized data processing unit. It is calculated using the
formula:

Total Data Transferred (14)
DTT = -
Total Time
Where:
< Total Data Transferred is the quantity of data sent

over a given period.
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< Total Time is the duration of the data transmission
period.
. Packet Delivery Ratio (PDR): PDR measures

successfully delivered data packets as a ratio of the total
sent. It is computed using the formula:

PDR
_ Number of Successfully Delivered Packets

Total Number of Packets Sent
* 100

(15)

Where:

Number of successfully delivered packets: Packets
received by the centralized unit.

Total number of packets sent: Total number of packets
transmitted by the IoT device.

The traditional threshold-based system for power supply
management relies on fixed thresholds for parameters such
as voltage, current, and battery status, set based on
historical data or manufacturer recommendations. It
monitors real-time values with sensors and triggers alerts
if thresholds are breached, initiating responses like
notifying personnel or activating backups. However, it
operates reactively, lacking the flexibility to adapt to
dynamic environmental changes or unforeseen operational
challenges in real time. Moreover, it lacks predictive
capabilities, relying on reactive responses rather than
preemptive strategies to address potential issues.

The results are summarized in Table 3 and Table 4 below,
which compare the performance metrics and efficiency
measures of the proposed SeismoGuard Ensemble
classifier with individual classifiers and the proposed IoT-
based intelligent power supply management system with
the traditional threshold-based system.

Table 3: Performance metrics comparison

Classifier Accuracy | Precision | Recall | F1-
(%) (%) (%) score
(%)
Random 85 82 87 84
Forest
SVM 81 79 83 81
KNN 78 75 80 77
Logistic 79 76 81 78
Regression
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SeismoGuard | 90 88 91 89

Ensemble

Table 4: Efficiency measures comparison

System Metric IoT-based Traditional
intelligent power | Threshold-
supply Based System
management
system

Data Transmission | 150 Mbps 100 Mbps

Throughput

Packet Delivery | 95% 85%

Ratio (%)

Figure 3 visually depicts the comparison of performance
metrics based on a line chart, illustrating the accuracy,
precision, recall, and F1-score of each classifier. The bar
chart provides a clear and comparative view of how each
model performs across these metrics.
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Figure 3: Performance metrics comparison

Figure 3 demonstrates that the proposed SeismoGuard
Ensemble classifier outperforms individual classifiers in
terms of accuracy, precision, recall, and F1 score.
Specifically, the SeismoGuard Ensemble achieves an
accuracy of 90%, which is significantly higher compared
to Random Forest (85%), SVM (81%), KNN (78%), and
Logistic Regression (79%). This improvement comes from
the ensemble using multiple classifiers to reduce
weaknesses and improve predictions.
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Figures 4 and 5 visually present line charts comparing the
efficiency measures between the proposed system and the
traditional threshold-based system. The bar charts offer a
clear and comparative view of key efficiency metrics such
as data transmission throughput and packet delivery ratio.
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Figure 5: Packet delivery ratio comparison

In terms of efficiency measures (Figures 4 and 5), the
proposed loT-based intelligent power supply management
system shows higher data transmission throughput (150
Mbps) compared to the traditional threshold-based system
(100 Mbps). This indicates that the integrated approach of
IoT-based monitoring and predictive analytics not only
enhances predictive accuracy but also ensures reliable data
transmission critical for real-time monitoring during
seismic events. Additionally, the packet delivery ratio is
notably higher at 95% for the proposed system,
demonstrating its superior reliability in delivering data
compared to the 85% achieved by the traditional approach.
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The excellent output of the SeismoGuard Ensemble
classifier is due to multiple elements. Firstly, its ensemble
learning technique combines Random Forest, SVM, and
KNN models with a Logistic Regression meta-classifier,
leveraging their complementary strengths to enhance
prediction accuracy. Secondly, the system -effectively
integrates diverse IoT sensor data—including voltage,
current, battery status, and environmental conditions—
providing a comprehensive view of the power supply
system's status and resilience. Continuous real-time
monitoring enables prompt anomaly detection, facilitating
proactive management of potential power failures.
Overall, the experimental results validate the effectiveness
of this integrated IoT-based intelligent power supply
management system, particularly the SeismoGuard
Ensemble classifier, in enhancing reliability and efficiency
across seismic observation stations.

4.1 Discussion

The findings in Table 1 show that the SeismoGuard
Ensemble classifier surpasses individual classifiers like
Random Forest, SVM, KNN, and Logistic Regression on
all important metrics. The ensemble's model mixture
allows it to capture various trends in seismic data, with
90% accuracy, 88% precision, 91% recall, and an F1-score
of 89%. This combined strategy improves prediction
accuracy by using each classifier's advantages, presenting
a more balanced and dependable result than individual
models such as KNN, which struggles because of
sensitivity to noise and outliers, or Logistic Regression,
which can underperform in nonlinear data situations.
Environmental factors like power outages and
transmission delays may have an impact on classifier
efficiency. The SeismoGuard Ensemble's resilience stems
from its flexibility to these factors, as opposed to simpler
models such as KNN or Logistic Regression, which are
more sensitive to data fluctuation and noise. However,
under extreme circumstances, like serious network
congestion or high-latency settings, the ensemble's
computational intricacy can cause delays. Conventional
models such as Random Forest may execute superior in
such situations because of their fewer computational
requirements, but they would compromise prediction
precision.

Despite its benefits, the SeismoGuard Ensemble has
certain drawbacks. Its computational cost can be an issue
in real-time applications, where rapid choices are critical.
Furthermore, the ensemble may fail with sparse data or
overfitting in cases where particular models dominate the
voting procedure. Further enhancements could concentrate
on enhancing the ensemble's effectiveness and
investigating hybrid deep learning models to enhance
flexibility, guaranteeing consistent effectiveness across
various seismic circumstances.
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5 Conclusion and future work

In conclusion, this paper introduces an IoT-based
intelligent power supply management system integrated
with the SeismoGuard Ensemble classifier, showcasing its
significant enhancements in reliability and efficiency for
seismic observation stations. Through ensemble learning
and real-time IoT sensor data integration, the system
accurately forecasts and addresses potential power
failures, ensuring uninterrupted operations and data
integrity during seismic events. The experimental findings
underscore superior performance metrics compared to
conventional approaches, underscoring their effectiveness
in Dbolstering disaster preparedness and operational
resilience. Moving forward, future studies might examine
the use of these methodologies in smart grid systems. By
integrating predictive analytics and real-time monitoring
into smart grids, similar benefits could be realized,
optimizing energy distribution, enhancing grid stability,
and promoting sustainable energy practices.

Funding

Langfang Science and Technology Bureau Scientific
Research and Development Plan self-financing project
(project number: 2023011077)

References

[1] Zhu, W., Hou, A. B., Yang, R., Datta, A., Mousavi, S.
M., Ellsworth, W. L., & Beroza, G. C. (2023).
QuakeFlow: a scalable machine-learning-based

earthquake monitoring workflow with cloud
computing. Geophysical Journal International,
232(1), 684-

693. https://doi.org/10.1093/gji/ggac355

[2] Yang, Z., Dehghanian, P., & Nazemi, M. (2020).
Seismic-resilient electric power distribution systems:
Harnessing the mobility of power sources. IEEE
Transactions on Industry Applications, 56(3), 2304-
2313.
https://doi.org/10.1109/tia.2020.2972854

[3] Omol, E., Mburu, L., & Onyango, D. (2024). Anomaly
detection in IoT sensor data using machine learning
techniques for predictive maintenance in smart grids.
International Journal of Science, Technology &
Management, 5(1), 201-210.
https://doi.org/10.46729/ijstm.v511.1028

[4] Truong, G. T., Lee, S. J., Lee, J. E., & Choi, K. K.
(2022). Experimental Investigations of the Seismic
Performance of a Base-Isolated Uninterruptible Power
Supply (UPS) through Shaking Table Tests. Shock and
Vibration, 2022(1), 2304290.
https://doi.org/10.1155/2022/2304290

[5] Abdalzaher, M. S., Elsayed, H. A., Fouda, M. M., &
Salim, M. M. (2023). Employing machine learning

Informatica 49 (2025) 29-42 41

and IoT for earthquake early warning systems in smart
cities. Energies, 16(1), 495.
https://doi.org/10.3390/en16010495

[6] Hossein Motlagh, N., Mohammadrezaei, M., Hunt, J.,
& Zakeri, B. (2020). Internet of Things (IoT) and the
energy sector. Energies, 13(2), 494,
https://doi.org/10.3390/en13020494

[7] Sadeeq, M. A., & Zeebaree, S. (2021). Energy
management for the Internet of Things via distributed
systems. Journal of Applied Science and Technology
Trends, 2(02), 80-92.
https://doi.org/10.38094/jastt20285

[8] Pawar, P., & TarunKumar, M. (2020). An IoT-based
Intelligent Smart Energy Management System with
accurate forecasting and load strategy for renewable
generation. Measurement, 152,
107187. https://doi.org/10.1016/j.measurement.2019
107187

[9] Ahmad, T., & Zhang, D. (2021). Using the Internet of
Things in smart energy systems and networks.
Sustainable Cities and Society, 68, 102783.
https://doi.org/10.1016/j.scs.2021.102783

[10] Zeadally, S., Shaikh, F. K., Talpur, A., & Sheng, Q. Z.
(2020). Design architectures for energy harvesting in
the Internet of Things. Renewable and Sustainable
Energy Reviews, 128,
109901. https://doi.org/10.1016/j.rser.2020.109901

[11]Abdalzaher, M. S., Elsayed, H. A., Fouda, M. M., &
Salim, M. M. (2023). Employing machine learning
and IoT for earthquake early warning systems in smart
cities. Energies, 16(1), 495.
https://doi.org/10.3390/en16010495

[12]Mia, M. M., Al Hasan, A., Atiqur, R., & Mustafa, R.
(2021). The Internet of Things believes in a rule-based
smart system to predict earthquakes. Int J
Reconfigurable & Embedded Syst, 10(2), 149-156.
https://doi.org/10.11591/ijres.v10.i2.pp149-156

[13]Falanga, M., De Lauro, E., Petrosino, S., Rincon-
Yanez, D., & Senatore, S. (2022). Semantically
enhanced loT-oriented seismic event detection: An
application to Colima and Vesuvius volcanoes. /EEE
Internet of Things Journal, 9(12), 9789-9803.
https://doi.org/10.1109/ji0t.2022.3148786

[14] Tehseen, R., Farooq, M. S., & Abid, A. (2021). A
framework for the prediction of earthquakes using
federated learning. PeerJ Computer Science, 7,
€540. https://doi.org/10.7717/peerj-cs.540

[15]Sharma, K., Anand, D., Sabharwal, M., Tiwari, P. K.,
Cheikhrouhou, O., & Frikha, T. (2021). A Disaster
Management Framework Using Internet of Things-
Based Interconnected Devices. Mathematical
Problems in Engineering, 2021(1), 9916440.
https://doi.org/10.1155/2021/9916440


https://doi.org/10.1093/gji/ggac355
https://doi.org/10.1109/tia.2020.2972854 
https://doi.org/10.46729/ijstm.v5i1.1028 
file:///C:/Users/Sys/Downloads/ https:/doi.org/10.1155/2022/2304290 
file:///C:/Users/Sys/Downloads/ https:/doi.org/10.3390/en16010495 
https://doi.org/10.3390/en13020494
https://doi.org/10.38094/jastt20285
https://doi.org/10.1016/j.measurement.2019.107187
https://doi.org/10.1016/j.measurement.2019.107187
https://doi.org/10.1016/j.scs.2021.102783
https://doi.org/10.1016/j.rser.2020.109901
file:///C:/Users/Sys/Downloads/ https:/doi.org/10.3390/en16010495 
file:///C:/Users/Sys/Downloads/ https:/doi.org/10.11591/ijres.v10.i2.pp149-156 
https://doi.org/10.1109/jiot.2022.3148786 
https://doi.org/10.7717/peerj-cs.540
file:///C:/Users/Sys/Downloads/ https:/doi.org/10.1155/2021/9916440 

42  Informatica 49 (2025) 29-42 G. Qinetal.



https://doi.org/10.31449/inf.v49i8.7044

Informatica 49 (2025) 43-48 43

Research on Detection and Positioning Technology of UHV GIS
Based on Multi-Sensor Fusion and Chaotic Cuckoo Algorithm

Yongyun Zhang™?, JianminWang?, Xiaoyu Chen*

State Grid Uhv Transformation co. Of Sepc, Taiyuan 030032, China

E-mail: yyzron915228@yeah.net
“Corresponding author

Keywords: multi-sensor, mixed team cuckoo algorithm, partial release, detection, orientation

Received: August 31, 2024

Uhv gas-insulated switchgear (GIS) plays an important role in power system, but its UHF partial
discharge may cause equipment failure and threaten the safe and stable operation of power system. In
this paper, a multi-sensor fusion based UHV GIS UHF local discharge detection and positioning
technology is studied. The technology uses multiple sensors to collect the relevant data of UHV GIS
equipment, and then through data fusion and analysis, complete the positioning solution under the
mixed-team cuckoo algorithm, obtain the accurate location of the local amplifier, and realize the
detection and positioning of the UHF local amplifier. In order to test the feasibility of this technology, a
case application is also carried out at the end. The result shows that in the UHF test, the signal
collected by sensor B is about 7ns ahead of sensor C, and the difference of signal transmission distance
is 2.1m, which is consistent with the sensor layout spacing. The signal source is judged to be located on
the left side of sensor B. The signal collected by sensor A is about 5ns lower than that of sensor B. It can
be determined that the high-frequency signal source is between sensor A and sensor B. At the same time,
the coordinate of the local release source is (0.52, 0.12, 0.45), which is the support insulator in the GIS.
The abnormal signal is determined to be C-phase internal insulation discharge of T0511 tool brake. The
results show that multi-sensor fusion is feasible in GIS location detection, which can effectively prevent
equipment failure and improve the reliability of power system.

Povzetek: Raziskava predstavi vecsenzorsko fuzijo in algoritem kaoticne kukavice za UHV GIS
zaznavanje in pozicioniranje, kar izboljSa natancnost ter zmanjSuje tveganje za okvare in motnje

sistema.

1 Introduction

Uhv GIS is an important transmission equipment in
power system, and its safety, reliability and stability are
crucial to the operation of power system [1-2]. However,
UHF partial discharge may occur during the operation of
UHV GIS equipment, which may cause damage to the
insulation materials inside the equipment, thereby
causing equipment failure and affecting the operation of
the power system [3-5]. Therefore, detecting and locating
UHF partial discharge of UHV GIS equipment is of great
significance to prevent equipment failure and ensure the
safe and stable operation of power system. Scholars
Zhang et al. conducted a study on the diagnosis and
location of GIS equipment defects with the help of X-ray
imaging detection technology and local release
technology, and found that the combination of these two
technologies can complete the diagnosis and location of
GIS equipment defects and anomalies, and has a
relatively considerable detection rate and accuracy,
which improves the quality of GIS equipment detection
[6]. Chen et al. fully analyzed the phenomenon and
measurement principle of GIS partial discharge, and
tested the local discharge positioning technology through
case detection, obtained the UHF local discharge
detection results and ultrasonic local discharge detection

results, and found that under the action of ultrasonic and
UHF local discharge detection methods, more real and
objective detection results could be obtained. The
feasibility of its application in practical projects is
confirmed [7]. Zhang et al. tested the ultrasonic local
discharge detection technology of GIS equipment
through case application. In order to carry out the
demonstration better, they first analyzed the detection
principle, then set the monitoring process, and finally
applied the technology to the operating state diagnosis of
GIS equipment in 66kv substation. The results confirmed
the feasibility of the method. It has promoted the
development of GIS equipment detection [8]. It is not
difficult to find that many scholars have joined in the
research on GIS equipment office discharge detection,
but few scholars have used multi-sensor research on
office discharge positioning, which may lead to certain
result errors, which is unfavorable to GIS UHV office
discharge detection and positioning. In order to improve
the effect of GIS UHF office discharge detection and
positioning, this paper will use multi-sensor fusion to
carry out the study of office discharge detection and
positioning, and collect the relevant information of UHV
GIS equipment through the sensor. Through data fusion
and analysis, the detection and location of UHF local
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amplifier are realized, so as to effectively prevent
equipment failures and improve the reliability of the
power system.

2 UHV GIS UHF office discharge
detection and positioning
simulation based on multi-sensor
fusion

2.1 Definitions of GIS UHF office
discharge detection and positioning

The location of local discharge power supply is the focus
of GIS equipment local discharge detection. Since the
structure size and related design of UHV GIS equipment
are obviously different from that of conventional GIS
equipment, in order to further study the UHV GIS office
release location technology, the UHV GIS UHV office
release detection and location analysis of house shows is
conducted to test the correspondence between the time
difference between UHV signals at different locations
and the actual field detection. In order to study the
propagation characteristics of the internal discharge
signal in UHV GIS, the UHF positioning method is
proved to be applicable to the field location. The
simplified 3D GIS model is constructed, the boundary of
the model is selected as the gas boundary, the electric
field simulation is carried out, and the UHF positioning
simulation is carried out for UHV GIS equipment.
Considering the complexity of GIS main body structure,
the internal materials can be divided into conductive
materials and non-conductive materials according to
different material properties during simulation, and the
insulating devices and gases inside GIS equipment can
be uniformly processed. Nowadays, the structure of UHV
GIS equipment includes long straight bus bars, simple T-
shaped and L-shaped structures, as well as complex
structures such as isolation switches. The following will
take complex structures as an example to carry out
positioning simulation experiments. The UHF simulation
of UHV GIS needs to conform to the actual signal
propagation rules in the field, and the mathematical
model of UHV signal must meet the requirement of the
actual propagation gauge. Therefore, on the setting of the
square power supply, a double exponential oscillation
attenuation function is suspended to simulate the
propagation of UHF electromagnetic waves. Among
them, the time-domain form of the double exponential
type oscillation attenuation function [9] is shown in
formula 1.

1.3(t—tg)

s(t) = G(e T

2.2(t—tg)
—e

) sin(2mf,t) @)

In the formula, the amplitude of the local release
signal is represented by G; The attenuation constant is
represented by t; The central oscillation frequency is
represented by f.; The start time is represented by t,. The
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UHF double exponential attenuation oscillation
waveform is shown in Figure 1.
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Figure 1: UHF double exponential attenuation oscillation
waveform

2.2 Multi-sensor fusion UHV GIS UHF
office discharge detection and
positioning simulation

The 3D simplified model of GIS is built according to the

structure of an isolation switch in a 1000kV UHV

substation. The model is mainly divided into four parts,
namely, the conductive part of the isolation switch, the
basin insulator, the support insulator and the GIS shell. In
order to simulate the situation that the static and static
contacts are in alignment during the operation of the
isolation switchgear, the simulation model sets the
contact contacts to the connected state. Due to the
addition of the isolation switch in the internal structure,
the discharge point may appear in various positions of
the isolation switch, rather than only on the central axis.
Therefore, it is not only necessary to judge from the
vertical and horizontal, but also to judge the distance
before and after. 3D positioning requires 4 detection
points to determine the three delay differences. During
the propagation period, the electromagnetic wave will
propagate along the conductive part of the tool brake, the
GIS gas part, and the support insulator part, but the
propagation speed of each other is different. The
electromagnetic wave first reaches the entire shell along
the conductive part, and the supporting insulator is
relatively close to the discharge point, but the speed is
slightly slower. Electromagnetic waves in different
media speed differences are relatively not obvious, so
quickly uniform coverage throughout the three-
dimensional model. According to this feature, the
applicability of the 3D model to UHF simulation can be
verified, and the electromagnetic wave amplitude of the
GIS shell at different times can be statistically obtained,
as shown in Table 1.

Table 1: Performance of electromagnetic wave amplitude
of the shell at different times.

| Time [ons [2ns [4ns [6ns [8ns [ 10ns |
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Amplitude | 1+1 | 31 | 6+1 | 9+1 | 12+1 | 151

mV

During the operation of the equipment, most of the
internal local discharge problems are generated on high-
potential conductors. In the simulation, the discharge
point is selected on the conductive part of the space, that
is, (0.5, 0,1.2), and four sensors are installed on the upper
and lower parts of the basin insulators on both sides, as
shown in Figure 2.

e —

|

Figure 2: Schematic diagram of sensor layout.

In the 3D modeling model, there are four observation
point sensors, and the acquired UHF signal along the
situation is shown in Figure 3.
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Figure 3: Time delay of three-watt high frequency signal.

In MATLAB, the delay difference of the simulation
results is 8.2ns, 22ns and 24ns, respectively, and the
locations of four observation points A, B, C and D are
known to be PD1(0.8,0,0.6), PD2 (0.8, 0,0.9), PD3(0.2,
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0,1.4), PD4 (0.2,0,0, etc. 1), the only solution is (0.49,
0.02, 1.212), and the three coordinate errors are 1.4%,
2%, and 1%, respectively, meeting the relevant
requirements.

3 Local discharge location solution

Based on the above positioning simulation analysis, it is
necessary to use multiple UHF sensors to adopt the
spatial positioning method for local release positioning,
so as to meet the positioning error requirements. The
spatial positioning method based on multiple UHF
sensors is no longer a simple linear equation solution, but
involves the solution of nonlinear equations, so the
intelligent search algorithm is chosen to solve the local
discharge source [10]. Based on the principle of energy
product, the starting point of UHF signal is determined.
When the initial moment of sensor signal is t;(i =
1,---,N),N is the number of sensors. Then, let the
transmission speed of the power supply signal be v, and
the difference between the start time of the first sensor
signal and the start time of the i sensor be t; =
(i=2,--+,N),t;; = t; — t;. Based on the space geometry,
formula 2 can be obtained.

(thz =d;—d,
vty = d; — d; )
vtiN =”Cil —dy
The distance between the local emission source and
the sensor is represented by d;. The calculation formula

in the three-dimensional space coordinate system is
shown in formula 3.

d; = \/(Xi —Xs)?+ (yi —ys)? + (zi — 25)? 3)

By combining formula 2 and formula 3, a nonlinear
system of equations with local emission source as the
solution can be obtained. How to solve these equations is
the key to judge the location of the local discharge source.
Therefore, the chaotic Cuckoo algorithm is applied to
this solution to obtain the location of the local release
source [11].

3.1 Chaotic Cuckoo algorithm

The chaotic Cuckoo algorithm is a swarm intelligence
algorithm that simulates the process of finding other
brooding birds, and has a strong search ability. At the
same time, it can also show superior convergence in
specific places [12-13]. The specific algorithm flow is as
follows: first, N bird nests Nest;(x;,X,,**Xp), 1 <i <N
are set, and the location of bird nests is randomly set in
D-dimensional space. f(Nest;) 1 <i <N represents the
fitness value of each bird nest under the selected
humidity function, and the bird nest with the highest
fitness is selected. Second, let x! represent the position in
the t iteration of the i bird nest, and let Levy(A) represent
the search path chosen by the algorithm, then the
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algorithm bird nest position update mode can be
calculated by formula 5.

x*1 = x4 a@levy(W) (i = 1,2, -+, 1) (5)

Where, the search step is represented by o; @ is
point multiplication. Third, assuming that the probability
of finding foreign bird eggs is P, the uniformly
distributed random number vy is [0, 1], and if y > P, then
the nest position is iterated, and vice versa. During the
iteration of the algorithm, the convergence speed and
solving accuracy will not remain unchanged, but will
change. In order to reduce the influence of this aspect,
the hybrid idea will be used to intervene. Logisic
mapping is a one-dimensional discrete chaotic system
with fast operation speed. Repeated iteration of equations
can produce a better chaotic sequence, and the resulting
chaotic sequence is extremely sensitive to the initial state
and system parameters. Therefore, Logistic equation is
used. The chaos variable is shown in formula 6.

Yn+1 = 4yn(1 —yn) (6)

Where, n = 1,2, -+, n,y, is A chaotic variable and y,,
is [0,1]. When the output value of the solution of the
algorithm for consecutive iterations k is unchanged, it is
considered to be trapped in a local solution. According to
the optimization calculation of the above formula, the
current optimal solution is converted according to
formula 7.

k
k _ Xbest"¥min (7)
1= %k .k

Xmax~Xmin

y

If yX is iterated T times by yX,, = 4y2(1 —yD)(n =
1,2, -+, n), the chaotic sequence y* = (yX, yX, -+, y¥) can
be obtained. Inversely map the solution value according
to Formula 6:

X;;le()st = X]rilin + (X]rilax - Xrl;in)ygp m=12,--,T(8)

In the formula, x;X is the calculated optimal
solution position, and the chaotic Cuckoo algorithm flow
is shown in Figure 4.

ncrement the number of Calculate th finess function of
‘ Update and sort iterations by 1 ‘ the nest |

Figure 4: Flow of chaotic Cuckoo algorithm.

3.2 Local emission source solution based
on chaotic cuckoo
Today's UHV GIS equipment tank diameter is large, in

order to ensure the local discharge positioning accuracy,
need to use multiple UHF sensors detection and
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positioning. When the multi-channel ultra-high frequency
signal is obtained, it is solved according to formula 2 and
formula 3. When the chaotic Cuckoo algorithm is used to
solve the location of the local release source, it is
necessary to establish a spatial marking system according
to the specific situation of GIS equipment. Usually, the
GIS components are installed on both sides of the basin
formula and other references to determine the coordinate
origin. When the chaotic Cuckoo algorithm is used to
solve the location of local discharge source, the
determining element of the UHF sensor in the outermost
position is calculated, and the approximate cylinder
boundary determined by the GIS tank in the search range
is solved. The chaotic Cuckoo algorithm is applied in the
field of local source solving, with emphasis on the
construction of fitness function. The cumulative sum of
squares function is constructed to calculate the fitness
value of local discharge search. The process of solving
local discharge source is to find the solution with the
smallest difference between each known position. In the
set coordinate system, u;(x;, Vi, z,) represents the
position of the i-th sensor, and the required location is
V(Vy, Vy,V,) . The fitness function is constructed as
shown in Formula 9.

Ksum = ZEI:z(ZV — U — Uy — thi)2 9)

In the algorithm search solution place is to find KZin |
which is also the minimum value in each local. The
global K2n in the boundary specification is solved by
Levy flight path. After setting the calculation coordinates,
solving the boundary, accurately reading the time
difference and constructing the humidity function
according to the steps above, the chaotic Cuckoo
algorithm can be used to calculate and accurately solve
the local release source position within the boundary
range. In this paper, a single UHV GIS is taken as an
example, and the cuckoo algorithm is used to solve the
local discharge. In general, GIS positioning monitoring
needs to use four UHF sensors. In equivalent calculation,
GIS can approximate the cylinder and use the surface
equation description algorithm of the cylinder to solve
the boundary. With the center of the bottom surface of
the cylinder as the origin, the three-dimensional space
coordinate system is established, then the position of the
four sensors can be given according to the actual
situation, and the position of the local discharge source is
unchanged. Based on the given process above, output the
location of the office release source, that is, complete the
office release detection and positioning work.

4 Case tests

This paper carries out feasibility analysis through case
study, that is, taking A UHV AC substation as an
empirical study. Historical data pointed out that on
December 28, 2022, the 1000kV GIS equipment of the
power station exceeded the limit alarm, the alarm sensor
was located in the 1000kV#1 bus 18#C phase gas
chamber, and the UHF local discharge detection was
carried out with the long-rail instrument, and the



Research on Detection and Positioning Technology of UHV GIS Based...

detection signal peak value of the built-in sensor was
about 600mV. The UHF signal can also be detected at the
basin insulators on both sides of the TO511C phase cutter
gate, with a peak value of about 160mV, which is the
local release phase characteristic of the UHF abnormal
signal at that time. For further analysis, external
interference signals need to be excluded. In this link, the
instrument with automatic time difference analysis
function is used to detect UHF local discharge, and the
local discharge signal with discharge characteristics can
be detected. In order tocheck the accuracy of interference
signal recognition, an oscilloscope is also used to connect
one signal to the built-in sensor and another signal to the
external sensor. If the external sensor moves in all
directions, it can detect UHF signals. The UHF abnormal
signals in the air background and the abnormal signals in
the GIS are the same local signal source. According to
the time difference lead principle, the GIS internal signal
is always ahead of the signal of the external sensor.
Therefore, it can be determined that the UHV abnormal
signal originates from the GIS internal signal and needs
to be located in the office release. That is, the position of
the signal source is located by means of the multi-
function office release positioning system PDS-G1500.
Among them, the sensor A and B are arranged at the
basin insulators on both sides of the C-phase of the
TO511 tool brake, the distance is about 2.6m, and the
signal peak is about 160mV; Sensor C is a built-in sensor
with a signal peak value of about 600mV. The detection
diagram is shown in Figure 5.
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Figure 5: UHF detection map.

In the figure, the signal collected by sensor B is
about 7ns ahead of sensor C, and the difference of signal
transmission distance is 2.1m, which is consistent with
the sensor layout spacing. It is judged that the signal
source is located on the left side of sensor B. The signal
collected by sensor A is lower than that of sensor B,
about 5ns, so it can be judged that the high-frequency
signal source is between sensor A and sensor B. In order
to further locate the local location accurately, the UHF
spatiotemporal difference spatial positioning method is
used to further locate the local location. Two UHF
sensors are arranged at the basin-type insulators on both
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sides of the tool brake, and the sensors on each basin-
type insulator are respectively located at the top surface
and the lowest surface of the basin-type insulator, as
shown in Figure 2. The time difference between the
sensor and the sensor is shown in Table 2.

Table 2: Time difference of UHF sensors.

sensor The time difference
compared to sensor A

A 0

B 0.8

C 2.9

D 4.8

After many measurements, the time difference of the
signals collected by the four sensors tends to be stable. A
group of data waveforms with stable time difference are
selected to read the time difference values between the
other three groups of UHF signals and the 1# sensor
respectively, and the corresponding coordinates and time
difference values are obtained. After full calculation, the
coordinates of the local release source (0.52, 0.12, 0.45)
are obtained, which are the support insulators in the GIS.
The abnormal signal is determined to be C-phase internal
insulation discharge of T0511 tool brake. The signal
source is located at the bottom support insulation, which
may cause partial discharge due to defects such as
internal cracking and air gap of the solid insulation pad at
the bottom of the brake.

5 Conclusions

To sum up, this paper first proposed the GIS UHF mean
square detection and positioning method, and built a GIS
simplified model. Through simulation analysis, the GIS
location method was obtained, and the positioning error
was calculated to verify the accuracy of the method. The
conclusions are as follows: First, for UHV GIS
equipment with long straight pipe, when the distance
between sensors is less than 2.1m, the two-point linear
time difference positioning method can not be
successfully positioned. Second, for GIS equipment with
complex structures such as circuit breakers and spacing
switches, sensors still need to be further increased in
order to accurately position the office discharge. At the
same time, for the time difference location of multi-
channel signals, the chaotic Cuckoo algorithm is applied
to the solution of UHF local discharge location, and it is
verified by a practical case. It is found that with the
support of the algorithm, the use of multiple sensors can
complete the location of local discharge source, which
can provide some reference for the development of
practical projects. Although the research has made some
achievements, due to the limitations of resources,
knowledge, time and other aspects, there are certain
shortcomings in the research society, such as the failure
to detect and analyze abnormal office release signals in
UHV GIS by manual methods. In the future, on the basis
of this research, the UHV GIS equipment detection
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database will be continuously improved, the anomaly
map diagnosis and analysis will be integrated, the
backend system data will be connected with the field
detection terminal with the help of 5G technology, the
intelligent research and judgment will be realized
through big data, and the application research of edge
technology and cloud computing in GIS equipment
detection will be further carried out.
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Sports injury not only affects the health of athletes, but also has a negative impact on their sports
performance and competitive level. By mining the key features of sports injury data, we can identify the
key factors that affect athletes' performance, so as to improve sports performance and competitive level.
Therefore, this paper proposes an improved key feature mining algorithm for sports injury data based
on LOF enhanced k-means and sparse principal component analysis. The basic probability assignment
method of attribute weight is used to assign the damage data, which provides a neat and consistent data
basis for the subsequent key feature mining of sports injury. The K-means algorithm improved by LOF
algorithm is used to classify the assignment results and divide the sports injury data. PCA is used to
reduce data dimensions, simplify redundancy, and enhance the independence of sports injury data
features. Using reweighted sparse PCA to realize key feature mining of sports injury data. The
experimental results show that the proposed method can accurately capture the essential differences
between non sports injury data and sports injury data, and accurately divide non sports injury data and
sports injury data. At the same time, the average absolute percentage error and root mean square error
of the assessment accuracy of injury factor assignment are both lower than 0.1, and the DBI values of
all samples are not more than 0.13, it can effectively mine the key features of sports injury data.

Povzetek: Raziskava predlaga izboljsan algoritem za iskanje kljucnih znacilnosti podatkov o Sportnih

poskodbah z zdruzevanjem dveh algoritmov.

1 Introduction

Sports injury refers to the injury of muscles, ligaments,
bones and other tissues in the process of sports activities,
including sprains, strains, fractures and other types. The
occurrence of these injuries is often related to many
factors, such as age, gender, physical condition, training
level, sports events, etc. Sports injury data plays an
important role in sports medicine, rehabilitation training,
athlete training management and other aspects [1]. Such
data includes athletes' physiological parameters, sports
training records, living habits, training data, medical
records, athletes' feedback, medical data and historical
injury data [2]. Based on these data, we can find out the
key factors related to sports injury, such as excessive
training, unreasonable exercise intensity and frequency,
improper technical actions, etc; And understand the
development trend of sports injury of specific groups or
individuals, so as to provide clues for prevention and
intervention [3]. This helps to formulate more targeted
preventive measures to reduce the occurrence of sports
injuries. However, this kind of data has the characteristics
of huge data volume, data format and data category
differences, and high data dimensions, which lead to low
data utilization efficiency and inability to accurately and
efficiently obtain the key features of massive data.

Therefore, many scholars have carried out research on it.
Abualigah et al. proposed a new feature selection model
combining the sine cosine algorithm and genetic
algorithm, and screened out the most informative and
important features by identifying and eliminating the
redundancy, noise and attributes not directly related to the
task in the original data set [4]. However, the model
involves multiple parameters, including crossover
probability, mutation probability, population size,
iteration times, etc. in genetic algorithm, as well as
specific parameters that may be involved in sine cosine
algorithm. Tuning these parameters is critical to model
performance, but it can also be a time-consuming and
complex task. Inappropriate parameter setting may lead
to poor performance of the model or local optimal
solution. Kalaivani et al. obtained the data set from UCI
machine learning database, and screened the optimal
feature subset from the original data set through multiple
feature selection algorithm combined with the evaluation
criteria of autocorrelation and information gain [5].
However, the information gain has the disadvantage of
preferring to select data attributes with a large number of
values, resulting in a large value of information gain,
which does not necessarily mean that the attribute is a
key feature. Shehab et al. proposed an unbalanced data
mixed feature selection cloud model based on k nearest
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neighbor algorithm, which uses feature subset selection
preprocessing to reduce data complexity and realize data
feature mining [6]. However, when the model faces
high-dimensional data, the distance calculation between
samples becomes complex and it is difficult to accurately
reflect the similarity between samples, which may lead to
the decline of the model's feature selection performance.
Tan et al. proposed a rock-climbing key point detection
algorithm based on an improved hourglass network. By
designing a multi-channel pooling residual structure and
introducing an hourglass attention structure, the algorithm
solved the problems of variable target scales and feature
adaptability, improved the performance of attitude
estimation methods, and verified its effectiveness and
generalization ability on multiple datasets [7]. Although
the multi-channel pooling residual structure aims to
improve the limitations of information loss and
insufficient context extraction caused by multiple
upsampling and downsampling in hourglass networks, the
design process may face challenges such as how to
balance the information fusion of different pooling paths
and how to avoid information redundancy or loss.

Data mining algorithms refer to a set of heuristic methods
and calculation processes for creating data mining models
based on data [8]. These algorithms search and extract
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specific patterns, trends and statistical information from
the data through in-depth analysis of the data provided,
thus providing valuable insight and decision support for
data users. Typical data mining algorithms include
clustering analysis, association rules, principal
component analysis, etc. Among them, principal
component analysis is to use orthogonal transformation to
transform the observation data represented by linear
dependent variables into a few data represented by linear
independent variables. These linear independent variables
are called principal components. Specifically, all
high-dimensional data points are converted to a new
coordinate system by projection mapping, and the
dimension of this coordinate system is less than or equal
to the dimension of the original coordinate system. At the
same time, the standard for finding this new coordinate
system is that in the new coordinate system, the variance
sum of the data on each coordinate axis corresponding to
the projected data is the largest, so the saved data is the
most complete. Therefore, this paper proposes an
improved key feature mining algorithm for sports injury
data.

In summary, the relevant research summary table is
shown in Table 1.

Table 1: Research summary table

Existing research Defective nature

Improvements in this paper

Abualigah et al. [4] proposed a
hybrid feature selection method,
SCAGA, which combines sine cosine
algorithm  (SCA) and  genetic
algorithm (GA). The method utilizes
the UCI machine learning warehouse
dataset and evaluates key
performance indicators such as
classification accuracy, worst fitness,
average fitness, best fitness, average
feature count, and standard deviation.
The results show that SCAGA
performs better in balancing the
exploration and utilization strategy of
search space, and achieves the best
overall performance on the test
dataset compared to basic SCA and
other related methods such as ant lion
optimization and particle swarm
optimization.

Kalaivani et al. [5] used data mining
classification methods such as KNN,
SVM, and decision trees to predict a
heart disease dataset containing 282
observations and 75 attributes from
the UCI machine learning warehouse.
They also utilized the Multi Feature
Selection Algorithm (MFSA)
combined with autocorrelation and

. . . . feature.
information gain for feature selection

result in

large  number

values for

Improper parameter settings in
the sine cosine algorithm may
poor
performance or local optima.

However, the disadvantage of
information gain is that it tends
to select data attributes with a

resulting in a large number of
information gain,
which does not necessarily
mean that the attribute is a key

The attribute weight probability basic
assignment method was adopted to
assign values to the damage data,
which provides a more concise and
consistent data  foundation  for
subsequent feature mining, thus
avoiding  performance  problems
caused by improper algorithm
parameter settings. In addition, by
adopting the improved K-means
algorithm and principal component
analysis method based on LOF, this
paper further improves the accuracy
and efficiency of data processing.

model

We adopted methods such as weighted
sparse principal component analysis,
combined with the actual situation of
the data and the importance of

of  values,
conduct more

features, to
comprehensive and accurate feature
selection. This can effectively avoid
the limitations of information gain and
improve the accuracy and
effectiveness of feature selection.



to improve classifier performance.

Shehab et al. [6] proposed a novel
hybrid feature selection cloud model
based on  k-nearest  neighbor
algorithm for handling imbalanced
data. The model combines firefly
distance measurement and Euclidean
distance, and  exhibits  good
performance compared to simple
weighted nearest neighbors,
effectively improving classification
accuracy and reducing processing

time through cloud distributed
models.

Tan et al. [7] proposed a rock
climbing keypoint detection
algorithm based on an improved
hourglass, which uses a
multi-channel ~ pooling  residual
structure and hourglass attention
structure to improve keypoint
detection performance. Its

effectiveness was verified on MPII,
COCO, and rock-climbing datasets,
with key performance indicators
including detection accuracy and
algorithm generalization ability.
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However, when the model faces
high-dimensional ~ data, the
distance calculation between
samples becomes complex and
difficult to accurately reflect the
similarity between samples,
which may lead to a decrease in
the model's feature selection
performance.

Although the multi-channel
pooling residual structure aims
to improve the limitations of
information loss and
insufficient context extraction
caused by multiple upsampling
and downsampling in hourglass
networks, the design process
may face challenges such as
how to balance the information
fusion of different pooling paths
and how to avoid information
redundancy or loss.
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This paper uses principal component
analysis to reduce the dimensionality
of data, simplify redundant
information, and enhance the
independence of data features. This
method can effectively reduce the
complexity of data, reduce the
difficulty of calculating the distance
between samples, and improve the
efficiency and accuracy of feature
selection. Meanwhile, by using the
improved K-means algorithm with
LOF for data classification and
segmentation, this paper further
improves the accuracy and stability of
data processing.

Similar ideas and methods were
adopted. By using weighted sparse
principal component analysis and
other methods, this paper has achieved
key feature mining of sports injury
data, which can be seen to some extent
as an alternative or supplement to the
multi-path pooling residual structure.
Meanwhile, the method proposed in
this paper places greater emphasis on
the integrity and consistency of data,
avoiding  challenges  such  as
information fusion and redundancy.

2 Mining key features of sports
injury data

In order to accurately extract key features from massive
data, effectively process and classify complex sports
injury data, and achieve prediction and prevention of
sports injuries. Using the basic probability allocation
method of attribute weights, diverse sports injury data is
transformed into a unified format, and the contribution of
each attribute in the injury data is quantified.
Subsequently, based on the improved K-means algorithm
and combined with the LOF algorithm to handle outliers,
the quantified data was accurately classified with the aim
of revealing potential structures and patterns in the data.
Finally, principal component analysis (PCA) combined
with LASSO regression model is used to reduce the
dimensionality and extract key features of the classified
data, in order to reduce data complexity and improve
feature independence. This series of methods aims to
construct an efficient sports injury data analysis and
prediction model, providing scientific basis for athletes,
coaches, and medical personnel to accurately assess
injury risk and develop effective intervention measures,
thereby improving the health level and competitive
performance of athletes.

2.1 Damage data assignment

Sports injury data typically encompasses a wide range of
information, including physical parameters, exercise
intensity, duration, type of exercise, and environmental
conditions. The diversity and complexity of these data
pose challenges in directly extracting key features from
them [9]. By adopting a reasonable allocation strategy,
various types of data can be converted into a unified
format, simplifying the complex sports injury data into a
more manageable form.

In this paper, the basic probability assignment method of
attribute weight is used to assign damage data. The basic
probability assignment method of attribute weight can
assign different weights according to the importance of
attributes, so as to quantify the contribution of different
attributes in the damage data. This method helps to make
better use of key attributes and ignore or reduce the
impact of non key attributes in the subsequent data
mining process. Attribute weight is denoted by "1, the
calculation formula is:

Wi

Wi

- Yat Ve 1)
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Where: i represents the preweight of the attribute in the
Vth attributeof the 1th data category; Yo means that

athletes become "people with injury tendency"; Ye

means that athletes become the "injury prone group", and
the risk of specific injuries of athletes in different sports
will be greatly increased.

The injury factor data was quantified according to the

Yi' calculated by the above formula, w; >0.51

indicates the internal injury causing factor; W; <05

indicates the external injury causing factor.
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After the division of internal and external damage factors,
the assignment details ofthe external damage data set Ya
and internal damage data Y& are shown in Table 2.

The factor assignment in Table 2 is carried out. If an
athlete has no previous injury, the factor is assigned 0, the
option with the smallest impact on sports injury is
assigned 1, and the option with the largest impact is
assigned 3. Assigning values to sports injury data can
transform different types of injuries to injury factors into
a unified measurement standard, effectively solve the
problems such as missing values, abnormal values or
inconsistent data formats contained in the original sports
injury data, so that different data can be compared and
analyzed, and quickly identify the key factors related to
injury occurrence, it provides a basis for key feature
mining of subsequent sports injury data.

Table 2: Details of damage data assignment

Weight assignment

External damage to injury factors

Internal to injury factors

0 No previous injuries No previous injuries
1 Minor damage Minor damage

2 Obvious damage Obvious damage
3 Serious injury Serious injury

2.2 Motion data classification based on
improved K-Means algorithm

Although the original data has been quantified or coded,
the assigned data may not be clearly divided into different
categories or groups [10]. For sports injury data, different
types of sports, injury degrees, recovery stages, etc. may
need to be further classified to more accurately analyze
data characteristics and laws [11]. K-means algorithm is a
distance based clustering algorithm, which can divide the
samples in the dataset into K clusters, making the
samples in the same cluster more similar, while the
samples between different clusters are less similar. This
clustering analysis method helps to find potential
structures and patterns in the data, and provides valuable
information for sports injury prediction. However,
K-means algorithm is vulnerable to the problem of data
imbalance. When the number of samples of one class in
the data set is far more than that of other classes, the
clustering effect may be affected. LOF algorithm can
identify outliers in the dataset. By calculating the local
outlier factor (LOF) of each data point, the LOF
algorithm can evaluate the degree of anomaly of the point
relative to its local neighborhood. If the LOF value of a
point is far greater than 1, it is considered as an outlier.

Removing these outliers before clustering or carrying out
special processing can reduce their impact on the
K-means clustering process, thus improving the accuracy
of clustering. The algorithm implementation process is
described as follows:

Inputs: The original motion dataset, density threshold,

and number of outlier points, respectively, are

=[x oo

represented by,

Output: Top ranked " larger outlier factor value object.
(1) Construct grids for detecting motion datasets
based on a variable gridding strategy.

The grid space was determined as the clustering region,
the dimensions of the motion data space were divided
using the same size of spacing, and then similar interval
segments of the same dimension were merged to obtain
the space based on the grid division. Using the
fast-ranking method to arrange the original motion data
set of the !th dimensional data, and calculate the
similarity of neighboring interval segments, after the
extraction is completed, judge the similarity of
neighboring interval segments in the !th dimensional
space [12]. Repeatedly perform this step to get the result
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of merging similar intervals in different dimensions and
output this result.

(2) The number of motion data points for each grid cell is
obtained:

Define the number of data points is, compare the density
threshold and the number of data points size, but the
number of data points is greater than the density
threshold, it means that this data belongs to the sports
injury data, when all the sports data to calculate the
outlier factor can be terminated, and record the results of

the sports injury data, the outlier factor L(Xi) of the

motion data to be detected is calculated as follows:

CEa(x)
L(Xi)—Qé o () o

Among them, H, (%) denotes the set of neighborhoods
k represents the

He (%)

in the sample, the mean of the localized accessible

density ratios of the sample X%

of a sample of sports injury data % ,

Kth set of neighbors, the local outlier is the set

represents the M

near-neighbor samples, ™M  represents the M

neighborhood sets. 9 (x) is the localized reachable

X

density for the sample “i. The degree of outliers for

L(&)I

(3) Traversing to a sports injury data point requires

sample X can be determined by

elimination:
After elimination, we continue to iteratively calculate the
data points for detecting sports injuries, and finally
arrange the outlier values in the order of largest to
smallest, and save the outlier values of the top part. After
eliminating the outliers, a more accurate clustering center
was determined according to the maximum and minimum
distance criterion as follows:

After the Euclidean distance is calculated according to
the maximum minimum distance algorithm, the sample
points are divided into each cluster center according to
the nearest neighbor principle. This algorithm is different
from the traditional K-means clustering algorithm in
the point strategy,

categories K is not an empirical setup,
following strategy is followed:

determining center clustering

but the

(a) Determine the initial cluster center:
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Selecting an object % in the sample points of the

motion data, which is used as the first clustering center,
to find the Euclidean distance of all data points with that

clustering center % the method is shown in equation

©F

d(%,0%) = L)Y (% ~ %)

of which: % % al represent samples, S denotes

the spatial dimension, the Euclidean distance between

two samples in that space is denoted by d (Xa’ X") .

(b) Based on the result of d (Xa'x"), the new clustering

centers are obtained, The data points with the largest

European distance from % are classified in the same

data set; The
calculated, and the Euclidean distance between each data

remaining moving data points are

sample point and the initial center point Xi, and the

sample point corresponding to the maximum value is still
determined, which is divided into the same category.
Based on the above strategy of cyclic operation, complete
the classification of all the sports data, and stop updating
the clustering center when no more new clustering
centers are generated, and get the effective clustering
center K. The steps are as follows:

Step 1: In (0’1), a value is selected in the interval and

given, with 9 denotes that the initial clustering center

R is generated at this moment;

Step 2: Cluster center update strategy.
Finding the Euclidean distance between different points

F d

and is expressed by i1, and the new cluster center

F, d,, =max{d, }

is % corresponding to ; Then, find

the 3rd clustering center, find the distance between the
first two clustering centers and different points defined as
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dil\ di?, the distance between the first two clustering

dlZ

centers is defined as , when

dy =max{min(ds da)} g di>dxds it the

(i=12.L ,n)

situation of , the 3rd clustering center R

is X

After determining the existence of a third clustering

center, determine whether the current situation is

d; =max{min(d,,d,,.d)}

consistent  with and

dn>¢><d12, verifying that a 4th clustering center

currently exists. Determine whether the next clustering
center exists according to the above derivation strategy,
the conditions for terminating the updating of the new

. <
cluster centers is In <#> i

Step 3: Summarize cluster centers:
The organically the
maximum-minimum clustering criterion and the local

above algorithm combines

outlier detection algorithm to accurately determine the

z

clustering center ~i . The type of motion data is

classified by finding the distance of each motion data
from the center point with the following equation:

d(x,,%)d,

g (4

d =

X,

Z, =argmin|Fr| (5)

Where, the distance between the two-motion data and the

X

d
set of data types are denoted by %7 | Z the

eigenvalues is described as I, the number of parameters
is denoted by k.,

After the above operation finally get a key cluster and a
number of dispersed clusters, the key cluster is regarded
as the core point, calculate the distance between each
point and the core point, and then determine whether
there is any abnormality in the current sports data; the
greater the distance with the core point, the greater the
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chance of verifying that this type of sports data is sports
injury data; the smaller the distance with the core point,
the greater the chance of verifying that this type of sports
data is sports injury data. The smaller the distance from
the core, the smaller the chance of validating this type of
sports data as sports injury data. Thus, the sports data can

z

be classified into the sports injury data set <! and

non-sports injury datasets Z .

Key feature mining of sports injury data based on
principal component analysis

Even if the motion data is grouped by clustering, each
group may still contain a large number of feature
variables. There may be redundant or highly correlated
variables in these features, which not only increases the
complexity of data analysis, but also may affect the
accuracy of key feature mining. As the number of
features increases, there will also be a so-called
"dimension disaster”, that is, in high-dimensional space,
the distribution characteristics of data may become
complex and difficult to deal with. Principal Component
Analysis (PCA) is an effective dimensionality reduction
technology, which can remove redundancy and noise in
data while retaining the main information of data [13].
Through PCA processing, the original high-dimensional
data can be projected into the low dimensional space to
form several main components (principal components),
which contain most of the information of the original data
and are independent of each other. This can not only
reduce the dimension of the data, but also remove the
redundancy between features, and then extract the key
features in the data.

Therefore, PCA is applied to perform the dimensionality

z

reduction on sports injury data set “! to enhance the

independence between the features of sports injury data
[14].

z

Assuming that “t contains M sample of sports injury

data, in order to eliminate the effect of magnitude and

analysis results, standardize the data in Zl.
e (6)
Among them, X s the data matrix of Zl, H s the

mean vector of each feature in Zl, O is a vector of
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standard deviations for each feature (operated element by

element), X rorm is the normalized data matrix.

Calculate the covariance matrix C of standardized data

Xnorm'
C = i X:OTanOrm
n-1 @)
For the covariance matrix C | perform the
eigen-decomposition and get the eigen-values

Ao 4, (in descending order) and the corresponding

eigenvectors ViVl Vo |

The first B eigenvectors corresponding to the largest

eigenvalues are selected and used as principal
components [15], forming the principal component
matrix V :

Vz[vl,vz,L vﬁ} ()

Projecting it onto the principal component space, the
projection of the original data onto the principal
component space, i.e., the principal component score, is
calculated. It can be expressed as follows:

A=X__V
norm (9)

that in
component analysis (PCA), the principal component

Considering the application of principal
vectors obtained are not sparse enough and contain many
non-zero elements, when the principal component vectors
contain a large number of non-zero elements, it means
that these principal components are composed of linear
combinations of multiple original variables, rather than
significant contributions of a few key variables [16-17].
This makes it difficult to interpret the data characteristics
represented by each principal component, because each
variable has a certain contribution to the principal
component, but the degree of contribution may not be
high, affecting the reliability of mining results. Sparse
Principal Component Analysis (Sparse PCA) introduces
sparsity constraints to ensure that each principal
component is composed of only a few key variables. In
this way, the data features represented by each principal
component are clearer and easier to interpret. In sports
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data analysis, sparse PCA can more effectively identify
key features closely related to sports injuries, providing
scientific basis for developing effective intervention
measures. Therefore, in order to more accurately mine
sports
framework and Least Absolute Shrinkage and Selection
Operator (LASSO) regression model [18] are added on
the basis of principal component analysis algorithm. The

key features in injury data, optimization

objective function formula of LASSO regression is as
follows:

min|[X -0y [} +7Wél,y "y =1

(10)
Among them, ¢ and ¥ are respectively the
orthogonal matrices of "< P and P*9 | I s the unit

. . . . L]
matrix, 7 is a regularization parameter, [ represents

the Frobenius norm, "M represents L1 norm, W by

P*P the weighting matrix of order and the matrix W
is a diagonal array. By introducing the L1 norm
of the
coefficients are compressed to zero, thereby achieving

regularization term, a portion regression
variable selection and feature sparsity. Therefore, based
on sparse PCA, the alternating minimization method is
adopted to iteratively update and solve the objective
function of LASSO regression, in order to further
improve the interpretability of features.

As a result, the alternating minimization method is used
to iteratively update O and ¥, solve the objective
function of LASSO regression. The specific steps are as

follows:

%

Step 1: Select any and Yo as the initial value.

Step 2: For the t(t21) th iterations, updates b and
Yt with the expression:

) 2
6, =arg m@m"X -0y’ ||5 +y|wWo|, 6'0=1 1)

When solving Vi the following is obtained by

performing a singular value decomposition of v, :
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Oy, =y'W,0 (12)

Among them, ¥ is the left singular vector matrix, W

- - - - - ! -
is the diagonal matrix contains singular values, 0" s a
right singular vector matrix.

Then, you can take the first £ column of ¥ asa new

Vi As a result of this, the ¥t can be expressed as

follows:

v, =argmin|X -y [vw=1 )

Step 3: During the iteration process, the convergence is
evaluated by checking the error condition, expressed as:

||X —y6; ”: <¢ (14)

In the formula, < is a small positive number indicating
the permissible margin of error.

=t

Step 4: When t max | stop iterating. Getting the final 0

and ¥, of which ¢ of the column vectors are sparse
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principal components [19-20], i.e., the key features of the
sports injury data.

Through the above process, the key features in the sports
injury data can be mined more accurately and provide

scientific basis for the development of effective

interventions.

3 Experimental analysis

3.1 Experimental setup

In verifying the application effect of the method in the
paper, the test data used came from a city track and field
team, and the historical sports data of 50 athletes in the
dataset were selected as the test data. The amount of
athletic data is 2000 items, including 25 male athletic
data and 25 female athletic data, and the age of all
athletes is between 18 and 25 years old. The types of
sports injuries of the athletes are shown in Figure 1.
Athletes' sports injury data are obtained through Yitikang
HC-901G sports monitor. The relevant parameters of the
motion monitor are shown in Table 3.

During the experiment, the parameters of the proposed
algorithm are set as shown in Table 4.

(d) Elbow sprain

Figure 1: Types of sports injuries
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Table 3: Relevant parameters

57

Parameter Numerical value

Size Width 74mm * Height 12mm * Thickness 11.2mm
Weight 259

Battery capacity 130mAnh

Standby time 35 days

Display OLEO

Temperature and humidity usage

0°C+40°C, 2085%RH

Table 4; Parameter settings of the proposed algorithm

Name of the parameter

Parameter values

pain level weights

weighting of the degree of swelling

the weighting of the degree of activity limitation

time-to-injury weights

treatment time weights

K value

K in LOF algorithm

LOF outlier threshold

The main ingredient

sparsity parameter

the number of iterations

0.3

0.2

0.25

0.15

0.1

2.5

0.5

1000
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In Table 4, the outlier threshold of the LOF algorithm is
set to 2.5, which aims to ensure that the algorithm can
accurately identify outliers that significantly deviate from
the normal data distribution range, while avoiding
misjudging too many normal points as outliers; The
sparsity parameter is set to 0.5 to control the size of the
neighborhood, ensuring that each point has a sufficient
number of neighboring points to accurately reflect its
local density while maintaining computational efficiency;
In the K-means algorithm, the value of K is set to 3,
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which is based on a preliminary understanding of the
structure of the dataset. By dividing the data into three
main clusters, it helps to better understand the intrinsic
structure of the data; In the LOF algorithm, the K value is
set to 2, which helps to improve the robustness of the
algorithm in sparse or noisy datasets.

Based on the above parameters, test the sensitivity of the
proposed method and evaluate its performance with the
current parameter settings. The result is shown in Figure
2.

Sensitivity

| |

0 1 1
0 200 400

600 800 1000

Iteration times/times

Figure 2: Sensitivity results

According to the analysis of Figure 2, with the existing
parameter settings, the proposed method can achieve a
sensitivity of 0.9 within 100 iterations. This indicates that
the existing parameter settings can enable the proposed
method to accurately identify more sports injury data and
have high operational stability.

On this basis, clustering experiments were conducted on
the motion data collected from the experiment. By
clustering data points with similar features together, a
clear cluster is formed. This clustering pattern not only
validates the effectiveness of the clustering method
proposed in this paper, but also reveals the essential
differences between different categories of data. The
experimental results are shown in Figure 3. Figure 3 (a)
shows the raw data of the operation. By displaying the
distribution of raw data points, it is possible to intuitively
see the differences in features between non sports injury

data and sports injury data, which provides a foundation
for subsequent clustering analysis; Figure 3 (b) shows the
clustering effect.

As can be seen from Figure 3, this method can accurately
capture the essential differences between non sports
injury data and sports injury data, and effectively divide
non sports injury data and sports injury data. It can be
seen from Figure 3 (b) that the non sports injury data are
gathered together in a circle to form a relatively
concentrated and distinctive area, and the sports injury
data are gathered in a circle and distributed in another
area with obvious differences. This distribution pattern
not only verifies the effectiveness of this method, but also
provides strong data support for the subsequent sports
injury prevention, early diagnosis and personalized
rehabilitation program formulation.
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(b) Distribution results of clustered data

Figure 3: Clustering effect test results

3.2 Results and analysis

DBI is an evaluation index of clustering quality, denoted
as I, this metric evaluates the effect of data clustering
by calculating the average distance of data points within
each cluster from the center of the cluster as well as the
distance between the centers of different clusters, and it is
used to measure the compactness and separateness of the
clustering results. In the process of feature selection, by
comparing the DBI values under different feature

combinations, key features that have a significant impact
on clustering results can be selected. The formula for T’
is as follows:

k m;ti I~ IR
= e =e (15)

Among them, i) denote the sum of the s%uares 8f
the intraclass distances of any two classes; ™i . J
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denote the first clustering center. Take the value of I’
between 0~1, the smaller the value means the smaller the
distance within the class, and the larger the distance
between the classes, the better the clustering result; on the
contrary, the closer the value is to 1, it means the worse
the clustering effect is.

In order to further verify the effectiveness of the method
in this paper on motion data clustering, the quality of
motion data clustering of the algorithm in this paper is
evaluated according to formula (15), and the DBI values
of the motion data clustering results of this algorithm
after clustering different amounts of motion data are
tested, as shown in Table 5.

It can be seen from Table 5 that after clustering the
motion data with different amounts of data through the
algorithm in this paper, even if the amount of data
continues to increase, the DBI value of the damaged data
and the non damaged data after clustering does not
exceed 0.13, indicating that the similarity of data points
within the cluster is high, while the data points between
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clusters are significantly different, which can reliably
complete the clustering of the damaged data and non
damaged data in the motion data.
In order to verify the reliability of the method of this
paper for the mining results of key features of sports
injury data, the average absolute percentage error and the
root mean square error were calculated to validate the
results of the assignment of sports injury to injury factors
in the paper, and the average absolute percentage error is
denoted by “, the root mean square error is denoted by
. By comparing the MAPE values under different
feature combinations, key features that have a significant
impact on the prediction results can be selected. This
helps optimize the model and improve prediction
accuracy, and in sports injury data analysis, RMSE can be
used to measure the accuracy of different models or
algorithms in predicting the risk or degree of sports
injuries. A lower RMSE value indicates that the model
can better capture the intrinsic 8atterns of motion injury
data. The formula for © and are as follows:

Table 5: DBI values

Number of sports injury data/piece

Sports injury data Non sports injury data

100
200
300
400
500
600
700
800
900
1000

0.089 0.055
0.072 0.049
0.062 0.024
0.051 0.056
0.098 0.078
0.078 0.069
0.087 0.012
0.104 0.099
0.108 0.113
0.118 0.109

Table 6: Error details

Internal to injury factors

Number of sports injury

External to injury factor error

Mean Absolute

Root mean square

Mean Absolute Root mean square

data/piece

Percent error error Percent error error
100 0.025 0.026 0.023 0.022
200 0.034 0.036 0.039 0.035
300 0.039 0.038 0.041 0.039
400 0.041 0.039 0.046 0.041
500 0.053 0.045 0.058 0.047
600 0.064 0.058 0.066 0.063
700 0.075 0.063 0.072 0.069
800 0.079 0.072 0.076 0.072
900 0.082 0.081 0.083 0.079
1000 0.088 0.087 0.089 0.084
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L1
27'(pi_ri)
0= b
n (16)
Q: A=
: 17
Where, the recognized and actual values of the

damage-to-injury factor were denoted by P Ti: total
sports injury data is denoted by N; According to Egs.
(16) and (17), the characterization errors of the internal to
injury factor and external to injury factor of the sports
injury data are calculated respectively, and the smaller the
calculation results are, the closer the recognition value is
to the actual value, which proves that the method of this
paper is able to effectively realize the recognition of the
to injury factor of the sports injury. Table 6 shows the
details of the error of the recognized to injury factor of
the sports injury recorded in this experiment.

As can be seen from Table 6, the error value becomes
larger with the increase of the number of sports injury
data, but the growth rate is kept at a very low level. Even

=3 Proposed method R
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when the number of sports injury data surged to 1000, the
recognition errors of both internal and external injury
factors did not exceed 0.1, among which, the highest
mean absolute percentage error of internal injury factor
was 0.088, and the highest root mean square error was
0.087; the highest mean absolute percentage error of
external injury factor was 0.089, and the highest root
mean square error was 0.084. The small error values fully
proved that the method of this paper is very good at
recognizing sports injuries.

According to the urgency of sports injuries, they were
categorized into acute and chronic injuries, including
fractures, dislocations, joint sprains, acute bursitis,
muscle strains, etc., and chronic injuries, including
chronic tenosynovitis, fatigue periostitis, chondromalacia
patella, etc. The proposed method was chosen as a
comparative method. In order to verify the effectiveness
of the proposed method more comprehensively, the
method of literature [4], the method of literature [5] and
the method of literature [6] were chosen as the
comparison methods. The key features mining effect of
different methods for different sports injuries is tested.
The obtained results are shown in Figure 4.

Reference [4]

Ref 5] method
- ererence Reference [6]
1 methOd E method
i =
08 | 8 =
g =
g ] g
[ R 4 F '
' 0.6 . .
o 5
>
§ 0.4 J
X -]
02 |
i "
d |
0 Lol -::.:.
. . Acute Muscle
Fracture Dislocation . .- .
sprain bursitis strain
injury types

(a) Acute injury
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Figure 4: Mining effect of key features

From the analysis in Figure 4, it can be seen that the
proposed method achieves a key feature mining effect of
0.8 or above for both acute and chronic injuries, which is
relatively high. Among them, for acute injuries such as
fractures, dislocations, and joint sprains, their key
characteristics may be more prominent and obvious, as
such injuries are usually accompanied by severe pain,
swelling, and functional impairment. These features are
easily identified and extracted during the data mining
process, thereby improving mining accuracy. For chronic
injuries such as chronic tenosynovitis, fatigue periostitis,
and patellar chondromalacia, the extraction of key
features may be more complex and difficult due to their
longer course, relatively subtle symptoms, and tendency
to recur. However, by using the reweighted sparse
principal component analysis method, these features can
be accurately captured, providing important references
for subsequent injury prevention, diagnosis, and
treatment.

4 Discussion

Compared with previous works such as literature [4],
literature [5], and literature [6], the method proposed in
this paper shows higher performance in mining key
features of acute and chronic injuries. This advantage is
mainly due to the reweighted sparse principal component
analysis (PCA) method used in this paper. This method
can accurately identify the most critical features for
distinguishing acute and chronic injuries, providing
important reference for subsequent injury prevention,
diagnosis, and treatment.

Specifically, previous work may have mainly relied on
traditional data mining techniques such as support vector
machines (SVM), decision trees, or neural networks.
Although these methods can to some extent uncover
features related to injuries, they often lack precision and
sensitivity for specific types of injuries, such as acute and
chronic injuries. In contrast, the reweighted sparse PCA
method proposed in this paper can better capture key
information in the data by introducing sparsity and
reweighting strategies, thereby improving the accuracy
and efficiency of key feature mining.

In addition, this paper also verified the reliability of the
proposed method in identifying sports injury factors by
calculating indicators such as Mean Absolute Percentage
Error (MAPE) and Root Mean Square Error (RMSE).
The results show that even when the amount of sports
injury data surges to 1000, the identification error of
internal and external injury factors does not exceed 0.1,
which fully proves the effectiveness of our method.
Another significant advantage of this paper compared to
previous work is its comprehensiveness and
systematicity. This paper not only focuses on the mining
of key features, but also comprehensively evaluates the
clustering results through evaluation indicators such as
DBI index. This comprehensive and systematic research
method enables this paper to gain a deeper understanding
of the inherent patterns and characteristics of sports
injury data, thereby providing more comprehensive
guidance for the prevention and treatment of sports
injuries.
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5 Conclusion

In this paper, we propose to improve the key feature
mining algorithm of sports injury data to accurately mine
the key features in the sports injury data to improve the
accuracy of sports injury prediction and the level of
personalization of rehabilitation strategies. The specific
advantages are as follows:

(1) By improving the feature mining research, the key
features that are highly related to sports injuries can be
extracted from the raw data more accurately. These
features not only cover the basic information such as
exercise intensity, frequency and mode, but also may
include  the athlete's  physiological indicators,
psychological state and other deep-level information, so
as to construct a more comprehensive and accurate
prediction model.

(2) PCA data dimension reduction technology can
significantly reduce the dimension of data while retaining
key information. This not only reduces the amount of
calculation, but also improves the utilization efficiency of
sports injury data, making it possible to process and
analyze large-scale sports injury data.

Experiment proves that, the method of this paper can
accurately classify non-sports injury data and sports
injury data, and effectively mine the key features of
sports injury data, which will play a more important role
in the field of sports injury prevention, diagnosis and
rehabilitation.

Although PCA data dimensionality reduction technology
performs well in reducing data dimensions, in practical
applications, as the amount of data and feature
dimensions increase, the running time of the algorithm
may be significantly extended. At the same time,
improved feature mining algorithms may also involve
more complex calculations when extracting deep level
features, further increasing the computational burden. In
addition, when dealing with large-scale datasets, the
scalability of the algorithm becomes a key consideration
factor. Although the method proposed in this paper is
theoretically applicable to large-scale data, it may
encounter problems such as memory limitations and tight
computing resources in practical operations, which can
affect the performance and scalability of the algorithm.
Future work will focus on optimizing algorithm
performance and enhancing scalability to address the
challenges posed by large-scale and high-dimensional
data. We will explore more efficient data dimensionality
reduction techniques and improve the computational
process of feature mining algorithms, while utilizing
parallel computing, distributed computing, and cloud
computing technologies to reduce runtime and overcome
resource limitations. In addition, the plan is to apply the
algorithm to additional data types, such as biomechanical
data, to comprehensively understand the health status of
athletes. At the same time, alternative mining algorithms
such as deep learning and machine learning ensemble
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methods will also be studied to enrich the feature
selection process and improve prediction accuracy. We
hope to broaden the application scope of the algorithm
and improve its practicality and influence in the fields of
sports injury prevention, diagnosis, and rehabilitation.
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Traditional ways of monitoring power systems do not offer sufficient real-time information on equipment
status and do not sufficiently address various operational scenarios and parameters. To address these
problems, a new method referred to as Dynamic Black Hole-driven Deep Convolutional Generative
Adversarial Network (DBH-DCGAN) has been developed. This method utilizes the dynamic Black Hole
mechanism that can adjust the flexibility and stability of the DCGAN model according to the power
condition. The purpose of this study is to present and assess the novel DBH-DCGAN approach and its
impact on improving the accuracy and efficiency of power plant monitoring. A large set of power equipment
images was gathered that contains data regarding all the equipment. The images were then pre-processed
using Histogram Equalization to improve the contrast of the images. To enhance the monitoring accuracy
and flexibility in different power system situations, the proposed Dynamic Black Hole-driven Deep
Convolutional Generative Adversarial Network (DBH-DCGAN) method was applied. Experimental results
demonstrate that DBH-DCGAN effectively monitors power plants across different operating conditions,
achieving performance metrics of recall (95.4%), accuracy (94.2%), and F1-score (96.3%). The study
concludes that the DBH-DCGAN method significantly improves reliability and efficiency in power system
management, thereby advancing intelligent monitoring technologies within the power grid.

Povzetek: Predlagana je nova metoda DBH-DCGAN za inteligentno spremljanje elektroenergetske
opreme, ki prilagaja model glede na pogoje v omrezju in izboljsuje zanesljivost in ucinkovitost nadzora.

Introduction

A smart grid is an innovative type of power grid that

Electric power is crucial for the efficient operation of
critical infrastructure and overall socioeconomic stability,
significantly influencing both industrial and residential
sectors. As connectivity advances, the capabilities of
power grid monitoring systems are expanding, with
increased emphasis on sophisticated technologies for real-
time performance analysis and predictive maintenance [1].
The power grid's ability to operate safely and consistently
is impacted by the security of its transformation and
transmission equipment. Information system data from
different kinds of equipment is required as additional
assistance to do operations with the Internet of Things
(1oT) for power transfer, transformation devices, and
tracking devices. This is in addition to the necessity for
remote monitoring of power transfer and transformation
information [2]. It is challenging to promote power grid
production procedures, safety supervision administration,
and other company innovations and intelligent
communication  because power grid intelligent
communication equipment technological maturity and
system adoption are not high, and digital data platform and
real mapping interaction ability are not enough [3].

combines modern sensor measurements, communication,
data, computer, and control technologies with a physical
power grid. It depends on the physical power grid and
combines these technologies effectively [4]. It attempts to
completely satisfy user demand for power while
optimizing resource allocation; it also guarantees the
security, dependability, and efficiency of the power
supply; it corresponds with environmental regulations; it
guarantees power quality; and it adjusts to the evolving
power market. It provides consumers with additional
benefits and a dependable, affordable, clean, and
interactive power source. An electric energy meter that
measures the power loss produced by a station during grid
function or a substation's function and transmits that
information to the user is known as an electric power
distribution system [5].

The power sector, which is a crucial base industry for
ensuring the long-term expansion of the national economy,
has an extensive amount of knowledge about power
equipment. A robust smart grid that can efficiently
guarantee societal growth is built on transmission and
transformation equipment, which is in excellent condition
and operates consistently [6]. Numerous grid accidents,
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particularly in the past several years, have been brought
through pollutants, icing, strong winds, and lightning.
Building an effective control and administration system
for smart grids is imperative to ensure the secure operation
of the grid, accelerate emergency response times, and
perform thorough and accurate tracking, diagnosis, and
early signaling of the condition of power transformation
and transmission equipment [7]. For monitoring power
equipment in power systems, a novel approach based on a
DBH-DCGAN is proposed.

Contribution of study:

e As power systems continue to evolve into more
complex structures, advanced monitoring techniques are
increasingly seen as necessary to guarantee the efficiency
and dependability of power appliances. Because of the
shortcomings of traditional methods, new panoramic
monitoring tactics have been developed to provide more
accurate and up-to-date information regarding the
operational state of equipment.

e A new method called DBH-DCGAN, which stands
for Dynamic Black Hole-driven Deep Convolutional
Generative Adversarial Network, is created to solve these
limitations. When it comes to steady performance under
different  operating  situations and  equipment
characteristics, the dynamic Black Hole mechanism helps
to further boost the DCGAN model's versatility.

e To prepare the image data for analysis, we compile a
panoramic dataset and apply the histogram equalization
technique. Python is used to implement the proposed
approach.

e  Various experimental results demonstrate the efficacy
of the proposed DBH-DCGAN in monitoring power
plants.

2 Related works

The study examined the condition-tracking system of
power transfer and transforming devices were using
panoramic information, and the data model was introduced
into the power transfer 10T and transforming devices [8].
Simulation software was utilized to validate the efficacy
and precision of the proposed structure, demonstrating its
superiority over the conventional structure. The network
safety of the power transferring structure was utilized and
tends to build the fundamental model of power grid
condition awareness [9]. It subsequently presented the
fundamental architecture of the panoramic condition
awareness technologies of the smart grid functioning state,
which includes recognizing conditions, understanding
conditions, and forecasting conditions. It is significant to
develop a comprehensive condition monitoring system for
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smart grid operating status using a variety of technologies
that could help decision-makers create well-informed
decisions by accurately predicting the maximum risk
assault path that the system might experience.

The panoramic condition monitoring strategy for typical
environment applications was presented using an optical
fiber composite power connection [10]. The proposed
surveillance system plan facilitated the construction of the
intelligent surveillance architecture for the modern power
system and improved the functioning and servicing of
electricity transmission lines. The researchers developed
automated power transfer tower recognition by employing
a modern deep learning system [11]. Compared to other
methods, their method was more appropriate for
application in power grid disaster investigation because it
could consider both accuracy and speed. A miniature
multirotor unmanned aerial vehicle (UAV) utilized for
power grid inspection was established in the research [12].
The proposed solution incorporated mobile network
communications and a smart robot. It offered benefits for
power grid monitoring that were both effective and
feasible, and it could be promoted and used. They
examined reactive visualization approaches for multiple
devices and Geographic information system (GIS)-based
grid panoramic visualizing display techniques in
the research [13]. Employing clustering techniques, the
evaluations improved both the GIS rendering and the
visualization ~ components, hence increasing the
visualization performance.

The study presented a Power system state estimation
(PSSE) based on real-time data using a deep ensemble
learning method [14]. The outcomes demonstrated that the
proposed strategy performed better than the data-driven
PSSE approaches. The study proposed an adaptive fault
identification system and approach using GIS maps and
10T [15]. The procedure of panoramic presentation and
reaction optimization that utilized GIS, as well as the phase
of automatic defect detection and data evaluation based on
10T sensor information, were the main components of the
technique. It increased productivity and offered a
dependable and practical approach for smart address
location and evaluation in power grid design. To improve
power maintenance and operation, the study developed a
set of servicing mechanisms for electrical devices using
big data analytic technologies [16]. Big data utilization in
electrical device maintenance and operation control leads
to increased social and economic advantages as well as
higher brand impact and better service for power supply
companies. Table 1 presents the related works.
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Table 1: Related works

Study Method Dataset Key Results Gapsin SOTA

[8] Power Transfer | Panoramic information | Simulated power | Demonstrated No consideration of

and Transforming | introduced into loT- | transfer systems superior efficacy and | dynamic learning

Devices enabled power transfer precision over | models or real-time

Monitoring and transforming conventional condition updates
devices structures

[9] Network | Power grid condition | Power grid | Effective in | Lacked integration of

Safety for Power | awareness model using | condition data recognizing, deep learning for

Grid  Condition | fundamental panoramic understanding, and | enhanced predictive

Awareness condition architecture forecasting grid | capabilities

conditions

[10] Optical Fiber- | Panoramic monitoring | Optical fiber | Improved power | Limited application

Based Power | for typical | communication transmission to specific

Connection environments using | data monitoring and line | environments and not

Monitoring optical fiber maintenance scalable for diverse
connections grid systems

[11] Deep | Automated tower | Image data of | Suitable for disaster | Did not address

Learning for | recognition using | power transfer | investigation due to | complex, evolving

Power  Transfer | modern deep-learning | towers high accuracy and | grid conditions in real

Tower techniques speed time

Recognition

[12] UAV for | Unmanned Aerial | UAV flight data | Effective and | Limited scalability in

Power Grid | Vehicle (UAV) with | and power grid | feasible for grid | large grid networks

Inspection mobile network and | inspection data inspection with high | with frequent updates
smart robot mobility

communication

[13] GIS-based | Reactive visualization | GIS data and | Improved GIS | Lack of advanced
Grid  Panoramic | and GIS-based | power grid sensor | rendering and | predictive analytics
Visualization visualization techniques | data visualization or integration with Al
for grid monitoring performance  using
clustering
[14] PSSE Using | Power system state | Real-time power | Outperformed Not optimized for
Deep  Ensemble | estimation with real- | system data traditional PSSE | large-scale, dynamic
Learning time data using deep methods in accuracy | grids requiring
ensemble learning and speed adaptive updates
[15] Adaptive | Fault identification and | GIS data and 10T | Increased Did not incorporate
Fault reaction  optimization | sensor data productivity and | panoramic
Identification with | using GIS and IloT offered reliable fault | monitoring
GlSand loT sensor data detection techniques or
advanced  learning
algorithms

[16] Big Data for | Big data analytics for | Big data from | Increased social and | No integration of
Electrical Device | improving power | electrical devices economic advantages | deep learning or
Maintenance maintenance and and improved service | dynamic  condition
operation monitoring
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3 Methodology

3.1 Data collection

This study was able to get 1495 images showing
equipment faults. The internal components of the
substation equipment were analyzed, and the results
showed that the equipment could be classified into
3 categories (power cable, distribution equipment, and
transformer), 18 components (insulator, bus, relay, etc.),
14 varieties of faults (oil leakage, burning, abnormal
indication, screw loosening, crack damage, rust, silica gel
discoloration, falling, etc.), and relevant measures and
recommendations. After that, duplicate, unclear, and
inconsistent images are manually filtered out of the
gathered image data. Following screening, 896 excellent
images are chosen to make up the first image set. These
images are then similarly processed to have a resolution of
416 x 416 pixels.

3.2 Pre-Processed
equalization

using histogram

Through the redistribution of intensity values throughout
the image, an approach known as histogram equalization
is applied in image processing to enhance the general
quality and contrast of the image. An image's dark and
light areas may not have the best contrast, making features
difficult to identify. Brighter parts become brighter and
darker areas become darker as a result of histogram
equalization spreading out the intensity levels.

When the intensity levels in a digital image fall
inside range [0, K — 1], the histogram becomes a discrete
function g(q;) = m;, where K represents the number of
the level, g, isthe [** intensity value, and m,
represents the number of pixels in the image with intensity
q;- A popular method for standardizing a histogram is to
divide all of its fundamentals by the total amount of pixels
in the image, symbolized by N x M, where N and M
represent the image's column and row dimensions. We can
obtain a normalized histogram using the Equation (1),

o(q) =Lforl=012,.K -1 Q)

Where o(q;) represents an approximation of the
possibility that an image will include intensity level q;,
which is shown in Equation (2).

Sho(g) =1 @

Let g represent the intensities of an image while
considering the constant intensity values. g appears to be
within range [0,K — 1]. The focus is directed towards
transformations, or intensity mappings, of the type t =
S(q) where 0 < g < (K — 1)generates an output intensity
level t for each pixel in the input image given intensity.
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3.3 DBH-DCGAN

An improved technique known as the DBH-DCGAN is a
procedure for changing the panoramic tracking capabilities
of power equipment in power systems. Developed from
power system design and deep learning, the overview of a
new method for monitoring and assessing power
equipment tries to achieve higher accuracy and efficiency
that has never existed before. DBH is employed to enhance
the deep convolutional neural network structure by
allowing the DBH-DCGAN. By integrating these two
methods, the network can obtain high-quality images of
the panoramic environment of power equipment faster,
thereby improving the amount of monitoring and detailed
evaluation.

The integration of DBH with DCGAN has several
modifications: The DBH parameters are fine-tuned for
each iteration, where several parameters like gravitational
and black hole parameters are fine-tuned to optimally
balance between exploration of solutions and exploitation
of good solutions. This enables the network to escape from
the local minima and achieve a global optimum. DBH is
incorporated into the DCGAN structure to fine-tune the
generator and discriminator networks, adjusting the weight
of the networks in response to the generation of high-
quality panoramic images and the identification of the
anomalies present in the generated images. Although
DBH-DCGAN is computationally expensive because of
the real-time processing and iterative learning, real-time
monitoring and early warning of possible problems justify
its computational overhead, while dynamic optimization
makes it capable of real-time monitoring of power
equipment.

The method also helps in giving the right degree of
accuracy when determining power equipment errors,
problems, or even probable threats because of the learning
capability of the method to look at certain trends and
characteristics from a large data set. Consequently, the
real-time assessment of the panoramic images indicates
that the DBH-DCGAN can distinguish between the
anomalies and the errors from the normal state. This
enables it to offer warnings and in addition more
recommendations on what can be done to prevent a
breakdown.  Additionally, incorporating  dynamic
optimization into the training process of the black hole will
augment the functionality and performance of the network
that is being trained as the parameters are being adjusted
in training sessions. For instance, DBH-DCGAN can
capture information from all the relevant information
sources and adjust settings based on new conditions in the
power system environment for this type of flexible
optimization solution.
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3.3.1 Deep convolutional
network (DCGAN)

generative adversarial

The Deep Convolutional Generative Adversarial Network
(DCGAN) generates high-resolution images of power
equipment faults. By training a generator and
discriminator together, DCGAN improves anomaly
detection and equipment monitoring, providing detailed
and accurate insights into potential issues and fault
conditions.

A system known as the DCGAN forms the foundation for
the unsupervised learning portion of the analyzed model.
DCGAN comprises two elements, the generator, and
discriminator, which undergo training over each other in a
minimax setting. The generator gains the ability to
translate random distribution samples into output vectors
of a given structure. An actual sample from a set of data or
a generator output is the two inputs that the discriminator
receives. The discriminator gains the ability to distinguish
between created and real input.

A cross-entropy loss coefficient based on the number of
inputs successfully identified as produced and the number
properly categorized as real is used by the discriminator
during training. The definition of the cross-entropy loss
between forecasts Z and true labels z is shown in Equation

©)

L) = = 3 Elea[2m 108 2 + (1 = 2,) log(1 = 2,,)]
®

Were,
M - Number of samples, and
x - Learned vector of weights.

Labels are expressed numerically in this computation as 1
for real and O for established. Next, the cross entropy for
accurate actual forecasts reduces when Z, represents the
discriminator's forecasts for all actual inputs as shown in
Equation (4).

Lo(x) = ——TM_,108 Zqm @)

Since all of the correct forecasts in this instance are ones,
likewise, if Z; stands for the discriminator's forecasts for
every produced input, then the cross entropy for accurate
forecasts of generated outputs reduces to Equation (5),

Lo(x) = =<3 _1log(1 = Znm) (5)

Therefore, all zeros are the right forecasts in this particular
instance. The discriminator's overall loss is determined by
adding the prior two terms L, = L, + L. The generator
similarly makes use of a cross-entropy loss, but this loss is

Informatica 49 (2024) 65-74 69

expressed as the number of created outputs that were
mistakenly identified as real as shown in Equation (6).

Ly(x) = =M, log (Znm) (6)

As a result, the generator's loss decreases with increasing
ability to generate outputs that the discriminator perceives
as real. After adequate training phases, this causes the
generator to finally create outputs.

3.3.2 Dynamic Black Hole Algorithm (DBH)

The Dynamic Black Hole (DBH) algorithm enhances the
monitoring of power equipment by optimizing parameters
iteratively. It balances exploration and exploitation to
improve the network's ability to escape local minima and
accurately detect anomalies in real-time equipment data.
The DBH's primary stages were as follows,

i) Development of the initial population

The initial population of the black hole method, which was
extensively utilized in adaptive algorithms, was generated
at random. However, the computation results were affected
by the possibility of assembling a large number of initial
candidate solutions (CSs) in a small local space while
utilizing this strategy. Consequently, several strategies for
building a quality initial population have been proposed.
In this research, the Small Region Creation Method
(SRCM) was one of the strategies employed to generate an
appropriate initial population. Using this strategy, the
search range was initially consistently separated into
several small zones equal to the size of the population.
Subsequently, in every small location, a single original CS
was generated at random. Consequently, the initial CSs
might be dispersed equally over the search space utilizing
the SRCM.

ii) The black hole algorithm included certain steps, such as
those responsible for black hole choice, the motion of
a star, star substitution, and black hole updating.

iii) Procedure for selection.

Enhanced random competition, with variable ? is an

instance of an improved stochastic competition framework
used for the selection process. This operation's
fundamental steps are listed below,

It was believed that the population that occurred before the
black hole updating process was the parent population, and
that a new population was the offspring population. A
union population was created by combining the parent and
offspring populations. From the combined population the
CSs whose total number of ? was chosen. The fitness

values (FVs) of each CS w in the combined population
were contrasted to those of the chosen CSs and the total
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amount of CSs whose FVs were higher than those of CS w
was the CS (w(w. score)).

To modify a CS's score, a thickness measure of a certain
kind might be included based on the restraining and
stimulative response in an artificial immune mechanism. A
CS's premature character was apparent if its thickness was
large. Therefore, it is necessary to constrain a CS with a
high thickness and increase the selection probability of a
CS with significant fitness. The score of a CS was
increased by the change depending on the CS's fitness and
thickness, which was explained in Equation (7) as follows,

w'.score = w.score — 0.5.D. (1 - :(—W))w score +
max
0.5.2% . score @)
emax

Where D represented the thickness of a CS, which was the
combined population as a whole divided by the number of
people whose fitness was nearly identical to that of
individual w.It was stated in the following Equation (8),

_ (0.9.e(w)-1.1.e(w)
- M

D (C))
Where M represents the union's entire population, e(w) is
the FV of a potential solutionw, and e, is the maximum
FV of the union’s population. The numerator was the sum
of all the individuals whose fitness falls within
0.9*e(w) and 1.1*e(w). The CSs in the union population
were sorted in descending order based on the scores of
every CS; the first half was chosen for the subsequent
iteration.

iv) Termination criteria.

Similar to the black hole algorithm, this process was
carried out.

4 Result

Our proposed DBH-DCGAN approach was implemented
on a Python 3.10 platform using an Intel i5 5th Gen laptop
running Windows 11. This demonstrates the approach’s
feasibility on moderately powered hardware, highlighting
its potential scalability and adaptability to more resource-
constrained environments commonly found in real-world
monitoring systems. We evaluate the performance of our
proposed approach here by contrasting it with
conventional approaches, including multi-scale dynamic
graph convolutional network (D-GCN) attention [17],
class-specific residual attention (CSRA) [17], and -Driven
Dynamic Graph Convolutional Network (ADD-GCN)
[17].

The precise nature of the data gathered, which guarantees
an accurate understanding of the operation of the
equipment, is referred to as accuracy. Loss is the measure
of the difference between anticipated and actual values,
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which indicates ineffectiveness in the entire structure. This
technology helps with preventive maintenance, which
lowers delay and improves overall system dependability in
the ever-changing world of contemporary power systems
by decreasing loss and enhancing accuracy. Figure 1
displays the output of accuracy and loss.
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Figure 1: Output of a) accuracy and b) loss

The confusion matrix indicates the performance of the
binary classification model as illustrated in the following
Figure 2. It compares true labels (vertical axis) with
predicted labels (horizontal axis) across four classes: The
scale is made up of Normal, Slightly Abnormal,
Moderately Abnormal and Severely Abnormal, with the
values ranging from 3 to 10 and the darker shades of blue
corresponding to higher qualities. For instance, the model
successfully identified 10 instances of a specific class
while at the same time, classified 6 instances of that class
to another class. This tool can be used to assess the model's
diagnostic accuracy and reliability and stresses that the
model's performance in discriminating between various
degrees of abnormality needs improvement.

10

0

True label

Predicted label

Figure 2: Confusion matrix

ROC curve evaluates the performance of a binary classifier
in the context of our study. The curve plots True Positive
Rate against False Positive Rate across different
thresholds. The orange line represents the ROC curve,
while the blue dashed line signifies random chance. With
an Area Under the Curve (AUC) of 0.97, the model
exhibits exceptional accuracy. This visualization is crucial
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for assessing the model's effectiveness in distinguishing
between different fault conditions and equipment
categories in our monitoring system.

Receiver Operating Characteristic (ROC) Curve
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Figure 3: Result of ROC curve

Figure 4 presents the outcomes of the DBH-DCGAN
method employed to estimate the health of the
power equipment state. The mean precision is utilized to
quantify the evaluations of four different equipment health
conditions. Our proposed DBH-DCGAN method has a
mean precision of health of 96.42%, and slightly abnormal
values of 89.49%, whereas moderately abnormal and
severely abnormal have results of 90.34% and 95.31%,
respectively.
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Figure 4: Evaluation outcomes of DBH-DCGAN
technique for four states

The F1-score measures efficacy by balancing recall and
precision. It assesses the model's capacity to accurately
recognize abnormalities in power equipment tracking,
providing an extensive evaluation of its efficacy in
practical situations. The F1-score of the proposed DBH-
DCGAN method is 96.3%, surpassing the F1-scores of the
traditional ADD-GCN, CSRA, and Multi-scale D-GCN
procedures, which are 81.1%, 80.3%, and 81.9%, as
displayed in Figure 5.
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Figure 5: Result of F1-score

The recall evaluates the system’s capacity to accurately
recognize every pertinent occurrence of power equipment
faults compared to the total number of actual problems to
reduce missed detections and improve monitoring
accuracy in the changing power system environment. With
a recall rate of 95.4%, the proposed DBH-DCGAN
strategy outperforms the traditional ADD-GCN, CSRA,
and multi-scale D-GCN methods, which have recall rates
of 78.9%, 75.8%, and 79.2%, correspondingly as shown in
Figure 6.
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Figure 6: Output of recall

The precision evaluates the power equipment defects that
are found and diagnosed, guaranteeing dependable and
effective operation.
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This measures the efficiency of the system and how well it
is identifying and analyzing the abnormalities, reducing
delay. In comparison to the existing methods including the
ADD-GCN, CSRA, and Multi-scale D-GCN whose
precision values are 83.3%, 85.3%, and 84.9% and the
precisions of the proposed DBH-DCGAN approach are
94.2%, is shown in Figure 7. Table 2 shows the result of
precision, recall, and F1-score.
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Figure 7: Result of precision

Table 2: Result of precision, recall, and F1-score

Methods F1- Precision Recall
score

CSRA 80.3% 85.3% 75.8%
ADD-GCN 81.1% 83.3% 78.9%
Multi-scale D- | 81.9% 84.9% 79.2%
GCN

DBH-DCGAN 96.3% 94.2% 95.4%
[Proposed]

4.1 Discussion

CSRA [15] may be effective but they are not easily
guaranteed to be understandable which makes it
challenging for one to understand how a specific model
arrived at a particular decision. This is important because
interpretability is usually required for decision-making in
a setting such as power equipment monitoring. ADD-GCN
[16] may experience the greatest challenge when exposed
to rapidly changing structures of the network or settings
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within the power system. It could be challenging to
identify and respond to changes in the network topology.

Since there are strong interdependencies between
characteristics in several dimensions, the multi-scale D-
GCN [17] may be challenging to interpret. This means that
there might be some challenges in identifying how data
passes through the network and how all the factors affect
the decision-making process, therefore making the
monitoring system complex to understand. In contrast,
DBH-DCGAN offers a promising alternative by
addressing these challenges. The DBH-DCGAN model is
designed to enhance the monitoring of power equipment
by providing improved interpretability and adaptability. Its
architecture is tailored to handle dynamic network
structures more effectively, ensuring better performance in
varying conditions. Additionally, the model's design
simplifies the decision-making process, making it more
accessible and understandable.

5 Conclusion

Specifically, the new environment of energy is based on
the instant transition to distributed networks and
renewable sources, whereas accurate monitoring
technology constitutes a critical necessity. In this research,
a novel approach based on a DBH-DCGAN is proposed
for monitoring power equipment. We gathered the
panoramic equipment image dataset. For training and
inference, DBH-DCGAN frequently needs a large amount
of computer power. The proposed method's efficiency is
measured in terms of recall (95.4%), precision (94.2%),
and F1-score (96.3%). It may be difficult to implement
such models in continuous monitoring systems due to
resource limits and computing efficiency, particularly in
situations with limited resources. Future enhancements in
effective training and implementation methodologies are
essential. Handling computational limits will allow for
simple incorporation into continuous monitoring systems,
which is critical for applications that require limited
resources.
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The extraction and recognition of vocal melodies from music data is an intricate but necessary step in
digitized music technology. Efficient preprocessing methods are essential for precise musical signal
evaluation and processing. Conventional techniques for automating this task include Convolutional
Recurrent Neural Network-Conditional Random Field (CRNN-CRF), Non-Harmonic Adaptive Network-
Global Average Filtering (NHAN-GAF), and Frequency-Aware Multi-Objective Regression (FA-MOR),
but they have constraints like lower accuracy and higher false alarm rates. These techniques frequently
fail to sustain high precision in differentiating vocal melodies, resulting in suboptimal efficiency.
Objectives: To tackle these drawbacks, the Quadratic Fluctuation Equation (QFE) is proposed as an
innovative technique for automatically extracting vocal melodies. Methods: The QFE technique uses a
Wiener filter and a penalized procedure to generate a dual-objective metric that efficiently manages
phase discrepancies and reduces errors in inversion operations. This technique is especially good at
compensating for problems like cyclical jumps in the frequency domain, which are common pitfalls in
conventional techniques. Comprehensive computational experiments were carried out on a dataset of 373
ancient Chinese instrumental music pieces. The dataset, which included spectrograms from 17 various
instruments, presented a solid foundation for assessing the effectiveness of the Quadratic Fluctuation
Equation. Results: Experimental findings show that the Quadratic Fluctuation Equation surpasses
previous approaches with an accuracy of 98%, which is an important advancement over modern
techniques. The Quadratic Fluctuation Equation also performed well in terms of voice recall value, false
alarm ratio, raw pitch precision, and raw chroma level. Conclusion: Overall, the Quadratic Fluctuation
Equation technique is a robust solution for extracting and discriminating vocal melodies, with higher
accuracy and dependability than previous methods. The findings highlight the capacity of the Quadratic
Fluctuation Equation to advance the area of digitized music evaluation and signal processing.

Povzetek:Razvita je enacba kvadratnih fluktuacij (QFE) za ekstrakcijo vokalnih melodij, ki presega
tradicionalne metode, zmanjsuje fazne neskladnosti in napake ter izboljsuje digitalno obdelavo glasbenih
signalov.

Introduction

also facilitates the discovery of new music, but also

Melody extraction is the collection of frequency
components reflecting the dominant melodic line of a
polyphony musical. This is a top goal in the field of music
information retrieval MIR, with applications including
humming-based inquiries, cover song recognition, and
sing voice splitting [1]. This method is extremely
challenging for two main reasons: First, in polyphonic
music, it is typical for numerous instruments and singing
voices to be performed simultaneously and jumbled by the
harmonic structure, which makes it difficult to distinguish
and identify FO readings for particular devices. Next, while
it's true that FO values can be accurately detected, it
remains laborious to assess if they belong to the leading
melody [2]. Users need an appliance that not only meets
their natural inclination to listen to and identify music, but

improves the feedback and retrieval impact. Extraction of
the main melody and estimate of many pitches are major
subjects in the field of music information retrieval. Main
melody extraction frequently known as "melody
extraction", the computer mechanically extracts melodies
analyzing the audio content of a piece of music and
extracting the song's main melody [3]. The principal
melody is the basis of the song and is the foundation for a
variety of applications, including song score recognition,
pitch analyses, and musical topic assessment. Depending
on the number of simultaneous sound sources, music can
be categorized as either monophonic or polyphonic from
the standpoint of music signal processing [4]. Singing
melody extraction has been a hot topic in the music
information retrieval field because of its many downstream
applications, including music retrieval, cover song
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recognition, and music transcribing. The harmonic
components of the polyphonic audio have a complicated
pattern [5]. A possible method for identifying cover
versions is to isolate the primary melody, and
accompaniment, and search for both components
separately. In addition to its usage in identifying cover
versions, primary melody extraction has a wide range of
other musical applications. Several basic elements and
associated harmonics compose a polyphonic music signal
[6]. It extracts the meanings and qualities of objects
directly from voice data and then searches a vast library of
voice data for voice data with similar attributes. Melody-
based music recovery includes humming-based song
recovery as a subcategory [7]. Fundamental frequency (f0)
is defined as the rate of vocal fold vibrations during song
or speech production. Although it is true that while both
speech and music are created by comparable vocal
assembling, they are radically different in terms of both
production and perception. Although discourse provides a
language-driven message, music transmits both songs and
verses. Moreover, the effect of source-channel link
miracles is more notable in music than in speech,
according to vocalists who produce regulated variations in
f0 by rapidly adjusting the posture of the throat in response
to perceptual inputs. Therefore, speakers are often less
concerned about the variations in f0. Moreover, the fO zone
is larger and the individual sound units last longer in a
melody than in speech [8].

A Joint detection and categorization (JDC) system that
concurrently detects singing voices and calculates pitch,
the JDC system is made up of a primary system that
forecasts the pitch curves of the vocal melody and a
supporting system that aids in voice identification.
Constructed using a convoluted recurrent neural network
with remnant links, the main network involves predicting
pitch labels that cover the vocal range, in addition to non-
voice status [9]. A unique approach for separating singing
voices combines the benefits of the original extract method
with the deep neural network (DNN). They utilize DNN's
excellent feature extraction capability to retrieve the
fundamental frequency of singing music, and then they use
the non-negative Network Equations method and the
normal vocal resonant concept to create smooth masking
for the finished isolated audio [10]. Automated text-to-
music harmonization lines up the rhymes with the
combined singing audio (performing voice with music
playing). An automated speech detection algorithm can
accomplish this synchronization [11]. The goal of this
study is to evaluate the effectiveness of guided percussive
vocal training vs linguistic treatment in improving
communicative effectiveness [12]. Vocal treatment, often
provided by a Speech Language Pathologist (SLP-V) via
telemedicine, is indeed the usual. Despite this "black box"

X. He et al.

representation, there are several well-established medical
therapies that have commonly prescribed objectives and
clinical aims yet show signs of subpar performance.
Several European singers and voice coaches use the
Comprehensive Voice Training (CVT) [13]. "Global
Voice Prevention and Treatment Model
(GVPTM)" therapeutic conditions have been evaluated
[14] using voice health academic instructors in both in-
person and telepractice settings. Throughout the
presentations, surface electromyography (SEMG) was
utilized to assess the muscle strength associated with
breathing and position. Pasition differences in phonatory
muscles SEMG activation and aerodynamics voice
characteristics have been examined utilizing the
multivariate Kruskal-Wallis test[15]. One way to evaluate
the quality of a musician's performance is via the
application of a spatial detection method utilizing sensor
data. Based on the unique qualities of each vocal line, they
use the adaptable cascading retrieving control system to
track down and extract their achievements. Mined voice
audio streams are attributed using a sensor's spatially
localization technique and a large database of high-quality
vocals. To match the extracted voice with the writing, a
typical method uses Dynamic Time stretching to maximize
mutual information. To find the best text-to-voice
orientation, a new method called Connectionist Temporal
Classification (CTC) has been presented. Even though this
method yields remarkable results, it can only be used with
very short files since the storage cost of the optimal
orientation searching maintains a linear input length [17].
The evaluation of vocal music instruction for performers
is affected by several things. The score results of
evaluators are heavily impacted by subjective
considerations. The Back Propagation Neural Network
(BPNN) is a revolutionary technique that can replicate any
nonlinear continuous function to a given degree of
precision. The Back Propagation Neural Network is part of
the widely used adaptive feedforward learning network
[18].

2 Related works

In the area of vocal melody extraction and voice training,
different approaches have been created to address issues
such as precision, alignment, and performance assessment.
Conventional methods, like convolutional neural networks
and acoustic models, have presented useful knowledge, but
they have constraints, like low accuracy in noisy settings
and difficulty managing polyphonic audio. This section
provides a review of key contributions from associated
works, concentrating on their objectives, methodologies,
findings, and constraints to present an in-depth knowledge
of progress and existing gaps in this area.
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Table 1: Summary of related work in vocal melody extraction and voice training

remaining links for
pitch forecasting and
voice classification.

singing voice and
pitch.

Reference No Objective Methodology Result Limitations

[91 Kum & Nam, | Joint identification | A convolutional | Enhanced Low precision in

2019 and classification of | recurrent neural | effectiveness noisy settings and
singing voice | network  (CRNN) | through efficient | difficulties with
melody. method with | identification of | overlapping voices.

[10] Durrieu et al.,

Unsupervised main

Deep neural

Precise extraction of

Constrained

aerodynamic voice
modifications at

(SEMG) is used to
assess  phonatory

modifications in
voice muscle

2010 melody extraction | networks are used in | the singing voice's | resilience in
from polyphonic | the source/filter | basic frequency. complicated
audio signals model to distinguish polyphonic settings;

between vocal phase discrepancies
melody and cause errors.
accompaniment.

[11] Sharma et al., | Automated lyrics- | Singing-adapted Lyrics are now | Accuracy problems

2019 to-audio alignment | acoustic models | better aligned with | in noisy settings and
for polyphonic | employing an | singing audio. challenges in
music. automatic  speech managing  various

identification audio conditions.
algorithm.

[12] Jungblut et al., | Assess the | Behavioral and | Significant Constrained

2022 effectiveness of | imaging outcomes | enhancement in | applicability to other
directed rhythmic- | of directed | communicative kinds of voice
melodic voice | rhythmic-melodic capabilities of | disorders or
training for treating | voice training. patients with non- | nonfluent  speech
chronic  non-fluent fluent aphasia. conditions.
aphasia.

[13] McGlashan et | Assess the | Telehealth- Enhanced vocal | Real-time voice

al., 2022 effectiveness of the | delivered CVT for | function and | coaching is limited
Complete Vocal | enhancing voice and | excellence in | by telehealth and a
Technique (CVT) in | function patients small sample size.
patients with muscle
tension  dysphonia
using telehealth.

[14] Grillo, 2021 Evaluate the Global | The VoiceEvalU8 | Enhanced voice | There is constrained
Voice  Prevention | app evaluates voice | health and function | follow-up data on
and Therapy Model | quality in student | in student teachers. | long-term voice
for student teachers | teachers in both in- health
through  in-person | person and enhancements.
and telepractice | telepractice
Estill Voice | situations.

Training.
[15] Castillo- | Investigate muscle | Surface Discovered posture- | A pilot study with a
Allendes et al., 2022 | activity and | electromyography related small sample size

and the requirement
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(CTC) for text-to-

various body | muscle activity | activity and | for more various
postures. across various | aerodynamics. postures.
postures.
[16] Hongtao & Li, | Assess the accuracy | Monitor vocal | Correct assessment | Constrained
2022 of vocal art | performance using a | of vocal efficiency | adaptability to
efficiency using | sensor space | in terms of spatial | multiple vocal
sensor space | localization positioning. genres and
localization. technique. efficiency settings.
[17] Doras et al., | Text-to-voice Linear Memory | Attained precise | Storage  expenses
2023 alignment for | Connectionist text-to-voice and constraints in
lengthy audio | Temporal alignment for | processing
recordings. Classification lengthy recordings. | extremely long files

speech alignment

[18] Cao, 2022 Assess vocal music

BPNN evaluation of

Enhanced Subjective bias in

teaching utilizing | nonlinear functions | assessment of vocal | evaluator  scoring
Backpropagation for wvocal music | music instruction influences the
Neural Network | instruction. findings.
(BPNN).
The studies reviewed demonstrate significant advances in
vocal melody extraction, alignment, and voice training, Data set =
with multiple methods improving efficiency in particular (Ch:gz_se )vocal %
melodies

circumstances. However, typical difficulties, such as
managing complicated polyphonic audio, noise sensitivity,
and subjective biases in assessment, persist across these
techniques. These constraints highlight the ongoing
necessity for more flexible and resilient solutions to these
problems. The presented QFE technique closes these gaps
by establishing a more efficient way to handle phase
discrepancies, decrease false alarms, and enhance the
overall accuracy of vocal melody extraction.

3 Materials and method

As previously stated, the main objective of our research is
the extraction and discrimination of musical signals. The
procedure of extracting music characteristics is the major
emphasis of this part. For this study, the Chinese dataset
was utilized. Preprocessing is done by using a pre-
emphasis filter. The research flow is depicted in Figure 1.

|

Preprocessing of
vocal melody
Using pre-
emphasis filter

Automatic extraction l”'IP

and discrimination A
— using quadratic ,z §‘

fluctuation equation (QFE)

|

Performance
analysis

B

Figure 1: Research flow
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3.1 Data set

A comprehensive dataset was created, comprising 373
instrumental music pieces in spectrogram form. These
pieces showcase 17 various kinds of instrumentation,
executed by over 60 musicians. The main objective of
creating this dataset was to compile a large collection of
ancient Chinese music to study vocal melody extraction.
The music was primarily sourced from professional
compact discs (CDs), which were selected for their
superior recording excellence and efficiency. Professional
CDs were chosen over other sources of music audio for
multiple factors: they frequently show better sound quality
as a result of modern recording techniques utilized in
commercial studios, and getting such a huge volume of
excellent data on their own would be prohibitively costly.
The Short-Time Fourier Transform was used to convert
each music piece in the dataset into a spectrogram, which
is a visual representation of frequencies over time. This
method guarantees that each audio sample is precisely
represented in terms of its frequency elements, which are
critical for the subsequent evaluation [19].

3.2 Preprocessing of vocal melody using pre-
emphasis filter

A pre-emphasis filter was used during the preprocessing of
vocal melodies, which is an important step in enhancing
signal quality. This filter tackles the problem where higher
frequency elements of an audio signal appear less
prominent than lower frequency elements. A pre-emphasis
filter boosts the magnitudes of higher frequencies, thereby
balancing the frequency range and improving the total
signal-to-noise ratio (SNR). This procedure aids in the
resolution of numerical problems that may arise during the
computation of the Fourier transform. Particularly, the pre-
emphasis filter compensates for a 6 dB/octave reduction in
signal strength above 8 kHz, preserving high-frequency
details. Furthermore, the pre-emphasis step aids in the
elimination of any DC-level shifts that may influence the
accuracy of the signal representation. The audio signal is
divided into frames utilizing the window technique, with
each frame ranging from 33 to 100 frames per second. The
frame length and displacement are adjusted to guarantee
seamless changes between successive frames, with the
displacement typically set to one-third of the frame length.
This careful preprocessing guarantees that the audio
signal's features are precisely recorded and evaluated for
future steps in the study.

Concerning reproducibility, the dataset is not presently
accessible to the public. Further attempts will be made to
present accessibility to the dataset to assist reproducibility
and future study in this field.
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3.3 Automatic extraction and discrimination
using quadratic fluctuation equation (QFE)

The music signal concept is made up of three functions:
glottal activation function, vocal cords modulating
function, and mouth radiated function. These functions are
based on the features of the vocal cords modeling of the
music signal. Equation 1 illustrates how these three
functions are connected in sequence to create the music
signal creation mechanism.

T(z) = G(2)V(2)M(2) @

Lossless sound channels and formant simulations are
popular representations of the vocal cords. The vocal cords
oscillation, which happens in specific frequency ranges,
has an impact on the activation wave of the audio input.
The resonance's highest point is the maximum created by
the contour of the spectral curve at the resonance
wavelength. The all-pole concept of the vocal cords
represents generic vowels, whereas the zero-pole form
represents non-general vowels and the majority of vowels.
Equation 2 defines the transfer characteristic formula of a
second-order resonance.

)

1-a;z~1-b;y—2

F(y) =

The formant structure of the audio stream is generated by
obtaining several F; linear arrangements.

Fo) = M TR = 2) % (1= ay™ + by )]
®)

We refer to the proportion of the sound signal to the voice
tract's yield pulse speed as the radioactive amplitude,
neglecting the fact that the open field of the mouth is
significantly narrower than the face total area, and we
deduce the radioactive resistive interpretation in equation
4 because the resonant framework of the sound signal is an
articulation in the type of all poles.

y.(Q) = jM,.Q,Q X (Q; _erQ)_l 4)

Equation 5 specifies the goal value of the QFE inverting in
the time dimension.

B(n) = 0.5(Aw)? = 0.5(w — p)? (5)

The pulse field for the current experiment is represented
by p, the waveform field by w, and the residue by dw. The
QFE inversion's residue formula is found in equation 6.

Aw; = Sup{p; — w;} (6)
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A cyclical leap will happen at this point if the pitch
discrepancy between the projected information and the
actual data is more than half a loop. Since the original
sample is often inaccurate when applied to real core
samples, it is susceptible to loop hopping, which has a
significant influence on the inversion. Depending on this,
we suggested adding a penalty phrase to the goal function
to limit it and prevent the cyclical leap.

The QFE inversion is suggested as a way to reduce the
impact of cyclical leaps on the reversal. It may be reversed
with an inadequate beginning structure and yet provide
outcomes that are close to perfect. The QFE inversion
technique and theory are distinct from the conventional
full-wave equation inverted approach. Rather than
employing straight subtraction in this case, the filter and
one of the data sources are convolutional before being
utilized to deduct from the other given dataset. The
incidence of cyclical jJumps may be effectively suppressed
by the adaptive full-wave formula inversion.

A signal's combination with its impact signal, f(t), yields ft
itself. The waveform field wis produced by the
convolution of the stress value with the waveform field
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quantity d. u.d may be produced when the projected
waveform field information and the actual waveform field
information are highly similar. The modeled information
is mixed with the estimated filter factors once the filter
parameters have been computed. The phase gap between
the modeled and actual data is steadily decreased by
continuous repetition, and the cycle leap is effectively
controlled. At the same time, the predicted values continue
to become closer to the genuine data. The filter factor
resembles or progressively transforms into a stress
function. At this point, the discrepancy between the actual
data and the modeled information is as small as possible,
and a perfect inversion effect is ultimately realized.
Upward QFE inversion is the name of this technique. The
difference between the actual and modeled data may also
be narrowed by repetition when the actual data is mixed
with the filter factors and contrasted with them. This
technique is known as the eventual responsive
QFE inversion. By using these vocals main melodies are
extracted and discriminated. Algorithm 1 demonstrates the
suggested Quadratic  Fluctuation Equation (QFE)
algorithm.

Algorithm 1: Quadratic Fluctuation Equation (QFE) Algorithm
Input Spectrogram of Music: Audio frequency time representation.
Pre-processed Signal: Audio signal processed with a pre-emphasis filter.
Filter Parameters: Values utilized to equalize frequency and optimize SNR.
Output Extracted Vocal Melody: Isolated melody from the music.
Modeled Data: Predicted melody values.
Inversion Results: Adjusted the result of the QFE inversion procedure.
Step 1 Prepare Data: Transform audio to spectrogram and use pre-emphasis filtering.
Step 2 Model Functions: Define glottal activation, vocal cord modulation, and mouth-radiated functions.
Step 3 Simulate Vocal Cords: Utilize formant simulations to model vocal resonance.
Step 4 Generate Formant Structure: Obtain linear configurations for the formant structure.
Step 5 Compute Amplitude: Calculate the ratio between sound signal and vocal tract pulse speed.
Step 6 Apply QFE: Utilize QFE to model and invert the vocal signal, and manage cyclical jumps with a
penalty term.
Step 7 Improve Findings: Iterate to decrease the discrepancies between modeled and actual data.
Step 8 Extract Melody: Complete vocal melody extraction by reducing variances between real and modeled
data.

The Quadratic Fluctuation Equation (QFE) algorithm
separates vocal melodies from instrumental music by

initially converting the audio to a frequency-time
representation known as a spectrogram and then using a
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pre-emphasis filter to improve high-frequency elements. It
then models the vocal signals with functions that simulate
vocal cord vibrations and formant structures. The
algorithm manages cyclical errors by computing amplitude
and performing the QFE inversion technique to the data.
Through iterative refinement, the QFE algorithm reduces
discrepancies between forecasted and actual data, leading
to precise extraction of the vocal melody from the music.

4 Results

This section demonstrates the evaluation of the quadratic
fluctuation equation in the process of extraction of vocal
main melodies. The performance metrics used for
evaluation include accuracy, voice recall value, false alarm
ratio, raw pitch precision, and raw chroma level. The
existing techniques used for comparison are Convolutional
Recurrent Neural Network-Conditional Random Field
(CRNN-CRF) [20], neural harmonic-aware network with
gated attentive fusion (NHAN-GAF) [21], and Frequency
amplitude and multi-octave relation (FA-MOR) [22].

4.1 Accuracy

Accuracy is defined as the percentage of frames in the
extraction when melodies and voices are accurately
predicted. The accuracy of the mechanism may
be calculated as a measure of its efficacy. Figure 2 shows
the accuracy of the extraction and discrimination of the
vocal main melodies of the proposed and existing methods.
Table 2, shows the accuracy outcomes. This demonstrates
that the QFE offers more accurate melody extraction than
the standard methods.
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Figure 2: Accuracy of the extraction of vocal melodies
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Table 2; Outcomes of accuracy

CRNN-CRF 65
NHAN-GAF 86
FA-MOR 75

QFE [Proposed] 98

4.2 VVoice recall value

The voiced frames with accurate voicing estimation from
the voiced frames are referred to as recall. Recall is the
capacity of a system to identify all the pertinent
answers inside a given dataset. Figure 3 shows the voice
recall value of the extraction and discrimination of the
vocal main melodies of the proposed and existing methods.
Table 3 shows the voice recall value outcomes. This shows
that the QFE is capable of providing high recall value.
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Figure 3: Voice recall value of the extraction of vocal
melodies

Table 3: Outcomes of voice recall value

FA-
MOR

CRNN-
CRF

NHAN-
GAF

QFE
[Proposed]

1 63 75 83 92
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2 55
3 63
4 68
5 55

4.3 False alarm ratio

Unvoiced sequences when unvoicing
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4.4 Raw pitch precision

The voiced frames with accurate pitch estimation from the
voiced sequences are referred to as raw pitch precision.
The accuracy of vocal melody predictions is measured by
precision. It demonstrates the better raw pitch precision of
the QFE and demonstrates its reliability in extraction.
Figure 5 shows the raw pitch precision of the extraction
and discrimination of the vocal main melodies of the
proposed and existing methods. Table 5 shows the raw
pitch precision outcomes.

calculated from the unvoiced sequences are known as false
alarm ratios. It indicates that the method's incorrect
extraction of the vocal melody. It demonstrates that the
QFE has a low false alarm ratio, which results in fewer
extraction errors. Figure 4 shows the false alarm ratio of
the extraction and discrimination of the vocal main
melodies of the proposed and existing methods. Table 4
shows the false alarm ratio outcomes.
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Figure 4: False alarm ratio of the extraction of vocal
melodies

Table 4: Outcomes of false alarm ratio
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Figure 5: Raw pitch precision of the extraction of vocal
melodies
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Table 5: Outcomes of raw pitch precision

CRNN-  NHAN- FA- QFE
CRF GAF MOR [Proposed]
1 55 72 87 92
2 65 75 85 97
3 70 85 90 98
4 71 80 87 95
5 65 72 83 96

4.5 Raw chroma level

The voiced frames when chromas are accurately
approximated from the voiced frames are referred to as the
raw chroma level. Figure 6 shows the raw chroma level of
the extraction and discrimination of the vocal main
melodies of the proposed and existing methods. Table 6
shows the raw chroma level outcomes. It demonstrates that
the QFE Raw has a greater chroma level than the other
techniques and demonstrates the dependability of its
extraction.
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Figure 6: Raw chroma level of the extraction of vocal
melodies
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Table 6: Outcomes of raw chroma level

CRNN-CRF 48
NHAN-GAF 75
FA-MOR 87

QFE [Proposed] 97

5 Discussion

The presented Quadratic Fluctuation Equation (QFE) for
automated vocal melody extraction outperforms
conventional techniques, as shown in Tables 1-5. When
comparing metrics such as accuracy, voice recall value,
false alarm ratio, raw pitch precision, and raw chroma
level, QFE regularly outperforms other techniques. A
deeper analysis of these findings presents knowledge of
the causes for QFE's outstanding efficiency and shows
potential causes of discrepancies.

In terms of accuracy, QFE attains an outstanding 98%,
outperforming the CRNN-CRF, NHAN-GAF, and FA-
MOR models, which achieve 65%, 86%, and 75%,
respectively. This rise is mainly due to QFE's novel
incorporation of a penalized method with the Wiener filter,
that efficiently eliminates phase discrepancies and cyclical
jumps during the inversion procedure. In contrast,
conventional approaches such as CRNN-CRF and NHAN-
GAF lack the precision required to manage frequency-
domain variations, resulting in lower accuracy rates.
Sophisticated preprocessing improves QFE's signal-to-
noise ratio, enabling more precise melody extraction.

The wvoice recall value also demonstrates QFE's
superiority, with scores ranging from 91% to 97.5%, as
opposed to the fluctuating and typically lower recall values
of CRNN-CRF (55%-68%), NHAN-GAF (55%-75%),
and FA-MOR (75%-89%). QFE's capability to capture a
higher proportion of true wvocal melodies could be
attributed to its quadratic fluctuation method, which excels
at handling complicated frequency modulations
commonly found in vocal music. Conventional techniques
struggle to recognize these finer details, resulting in lower
recall values. The structured dataset utilized in the QFE
model helps to enhance efficiency by efficiently capturing
the complexities of audio signals.

Another important metric where QFE surpasses its
competitors is the false alarm ratio, which is 40% lower
than the higher rates of CRNN-CRF (73%), NHAN-GAF
(92%), and FA-MOR (85%). QFE's sophisticated
penalized method is likely to decrease overfitting and the
identification of unnecessary or inaccurate melodies,
which is an ongoing problem in conventional models.
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Competing models' higher false alarm ratios may be
attributed to their dependence on easier signal
discrimination techniques, which are less efficient at
managing noisy or overlapping frequency bands,
particularly in datasets with complicated vocal and
instrumental interactions.

In terms of raw pitch precision, QFE maintains to lead with
values ranging from 92% to 98%, while the other models
have substantially lower precision rates: CRNN-CRF
(55%-71%), NHAN-GAF (72%-85%), and FA-MOR
(83%-90%). The quadratic fluctuation method in QFE is
critical in precisely capturing pitch deviations, resulting in
improved efficiency by decreasing cyclical jumps and
pitch errors. Conventional models, on the other hand, are
absent from this level of advance and frequently struggle
to sustain high precision in pitch recognition, particularly
on difficult datasets. The pre-emphasis filtering used
during QFE preprocessing improves high-frequency
resolution, which is essential for precise pitch estimation.
Similarly, QFE surpasses other models in terms of raw
chroma level, scoring 97%, whilst CRNN-CRF, NHAN-
GAF, and FA-MOR fall behind at 48%, 75%, and 87%,
respectively. This suggests that QFE is better at capturing
the harmonic structure of an audio signal, owing to its
higher time-frequency resolution and accurate phase
correction methods. Conventional techniques fall short in
this regard, especially since they do not provide an
identical level of detail when correcting and maintaining
harmonic content. The QFE model's spectrogram-based
dataset contributes to the higher raw chroma level score by
offering a more precise representation of harmonic
content.

The observed differences between QFE and conventional
models could be attributed to multiple factors. The dataset
utilized in this study, which included a wide range of vocal
and instrumental elements, was likely too complicated for
simpler models such as CRNN-CRF and NHAN-GAF.
Their architectures are not intended to handle complex
frequency modulations as well as QFE. Furthermore,
QFE's architecture, which combines a penalized method
with sophisticated time-frequency evaluation, outperforms
other methods in managing phase discrepancies and
cyclical jumps that are common in complicated vocal
melody extraction tasks. QFE's preprocessing methods,
especially the incorporation of a pre-emphasis filter, help
its greater efficiency metrics by improving the clarity of
high-frequency elements and ensuring precise melody and
pitch extraction.

Deep learning-based techniques, such as Convolutional
Neural Networks (CNNs), have grown in popularity in
Music Information Retrieval (MIR) research because of
their ability to learn features from complicated data
autonomously. In comparison to CNNs, the QFE
technique offers numerous computational benefits.
Initially, the QFE algorithm is less computationally
intensive, needing fewer resources and shorter training
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times because it concentrates on signal processing and
harmonic feature extraction rather than deep learning
architectures, which require extensive data and numerous
stages of training. Furthermore, QFE has greater
generalizability because it relies less on large,
labeled datasets, which are frequently needed for CNNs to
prevent overfitting. This renders QFE especially useful for
applications in which data collection is expensive or
limited. While CNNs excel at learning complicated
patterns from massive data sets, QFE's lightweight and
effective design may be advantageous in situations
requiring quick, dependable findings with low
computational overhead.

In conclusion, the QFE model for automatic vocal melody
extraction outperforms conventional approaches in all
important metrics. Because of its sophisticated
architecture, resilient dataset managing, and advanced
preprocessing methods, it achieves higher accuracy, better
voice recall, fewer false alarms, and better pitch and
chroma detection. These findings show QFE's ability to
substantially improve the precision and dependability of
vocal melody extraction, particularly in difficult musical
settings where conventional techniques fall short. Other
models' efficiency differences can be attributed largely to
their easier architectures and the absence of detailed signal
processing methods, which QFE efficiently addresses.

6 Conclusion

Predicting the basic harmonic or pitch associated with the
music's origin is known as melody extraction. The vocal
performance often serves as the primary rhythmic basis in
modern music, making it the most frequent responsibility
in melodic lines to determine the singing voice's tone. The
research on music is more relevant to people's lives since
it is a powerful means of expressing and transmitting
feelings. While individuals are formed with the capacity to
enjoy and recognize music, it is incredibly challenging for
machines to evaluate, comprehend, and extract music
material. Thus, the study of music data extraction has been
greatly addressed by scientific circles. As a result, the QFE
inverted approach is the subject of the study in this work.
Chinese vocal is used as the database. We defined
inversion and described the full-wave formula inversion
theory. The goal functional and slope calculation equations
are deduced from the inverting of the full-wave solution in
the time dimension. By employing this music information
is retrieved. Several criteria, including accuracy, voice
recall value, false alarm ratio, raw pitch precision, and raw
chroma level, were used to assess the QFE's performance.
These factors were contrasted with standard techniques.
The findings demonstrate that the QFE is more effective at
extracting and discriminating vocal main melody. To
further increase the functionality of the method, we will
examine the challenge of voice improvement in the future.
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An approximate sate-action-reward-state-action (ASARSA) algorithm is proposed to solve the resource
allocation optimization in multiple-input multiple-output (MIMO) communication systems, especially in
the context of energy harvesting (EH) wireless communication systems. ASARSA algorithm aims to
overcome the dimensional disaster problem faced by traditional SARSA algorithm in high-dimensional
state space. By transforming the resource allocation optimization problem into a Markov
decision-making problem and applying reinforcement learning, this study realizes the resource
allocation optimization of EH-MIMO system. The experimental results showed that the system
throughput of ASARSA algorithm reached 15.0x105 bits under the condition of 100 slots, which was
0.2x105 bits and 3.6x105 bits higher than that of SARSA and Q-Learning (QL) algorithms,
respectively. In terms of convergence speed, ASARSA algorithm was close to the target accuracy after
76 iterations, which was 25 iterations and 77 iterations less than SARSA and QL algorithms,
respectively. In addition, the average absolute error and root mean square error of ASARSA algorithm
were 3.54% and 3.10%, which were 1.27% and 0.58%, 2.01% and 1.12% lower than those of SARSA
and QL algorithms, respectively. These results show that ASARSA algorithm has higher efficiency and
better optimization effect in resource allocation optimization. It is also found that ASARSA algorithm
can maintain high computational efficiency and low approximate error, which proves its effectiveness
and reliability in practical applications. Therefore, ASARSA algorithm can effectively optimize the
allocation of EH-MIMO resources, solve the shortage of spectrum resources to some extent, and
promote the development of EH-MIMO technology.

Povzetek: Predstavljen je nov SARSA-algoritem za optimizacijo razporejanja virov v MIMO
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komunikacijskih
virov.

1 Introduction

Nowadays, with the rapid development of society, people
are no longer satisfied with a single communication
mode, encouraging them to pursue more efficient
communication systems. More demand has made space
spectrum resources appear to be stretched, which has led
the government to strictly manage and unified planning
of wireless spectrum usage. Based on this background, a
variety of communication technologies with high spectral
efficiency have been developed constantly, among which
multiple-input multiple-output (MIMQ) systems have
attracted wide attention [1]. In response to the initiative
of developing and applying green communication
technology, some research try to introduce energy
harvesting device into MIMO wireless communication
system to achieve energy saving and emission reduction
and increase the service life of the system. However,
MIMO is equipped with multiple antennas at both the

sistemih, ki ucinkovito resuje problem dimenzionalnosti in izboljsuje razporejanje

transmitting and receiving ends. Therefore, the channel of
MIMO is usually presented in the form of a matrix, which
is more difficult to estimate and process [2]. In addition,
the current energy harvesting-MIMO (EH-MIMO)
wireless communication system resource allocation
optimization algorithm has insufficient prior information
and high algorithm complexity, which cannot effectively
realize the resource allocation optimization of
communication system [3]. Due to the complexity and
dynamics of EH-MIMO environment, the resource
allocation optimization is still a challenge. To this end,
this study transforms the resource allocation optimization
problem of EH-MIMO communication system into
Markov decision-making problem. A novel method based
on reinforcement  learning (RL)  approximate
state-action-reward-state-action (SARSA) algorithm is
proposed to obtain the suboptimal transmission strategy,
so as to maximize the system throughput and finally
complete the resource allocation optimization of
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EH-MIMO communication system. By achieving these
goals, it aims to contribute to the development of green
communication technology and improve the overall
performance of the EH-MIMO system. The innovation of
the research mainly includes two points. The first point is
to extract the characteristics of the EH-MIMO
communication system resource allocation optimization
problem, transform it into a Markov decision-making
problem, and use SARSA algorithm to obtain suboptimal
transmission strategies. The second point is to propose an
approximate sate-action-reward-state-action (ASARSA)
algorithm for dimensional disaster to improve the
optimization effect of EH-MIMO communication system
resource allocation. The main structure of the study is
divided into four sections. The first section is a
comprehensive organization and analysis of current
relevant research literature. The second section proposes
a resource allocation optimization strategy for MIMO
communication systems based on SARSA algorithm. The
third section analyzes the effectiveness of the resource
allocation optimization strategy proposed in the study for
MIMO communication systems. The final section is a
summary of the entire research content.

2 Related works

MIMO technology has high spectral efficiency and can
guarantee the data transmission rate and quality in the
communication process. It has been concerned by
relevant researchers. Liu et al. [4] put forward a joint
transmit beamforming model for dual function MIMO
radar and multi-user MIMO communication transmitter.
A complexity reduction design was proposed based on
zero forced inter user and radar interference. Ma et al. [5]
designed a random model based on three-dimensional
broadband non-stationary geometry for the MIMO
channel of unmanned aerial vehicles. Both line of sight
and non-line of sight conditions were considered to
explore the rotation effect of unmanned aerial vehicles.
Dang et al. [6] proposed a joint message passing
detection and decoding algorithm to improve the
information and data transmission efficiency. The
findings denoted that the algorithm had good
performance. Wang et al. [7] proposed a
three-dimensional spatiotemporal frequency
non-stationary geometric random model and applied it to
capture channel characteristics of 6G terahertz ultra
large-scale MIMO. Chang et al. [8] proposed a capacity
optimization algorithm for MIMO communication
systems by combining augmented Lagrangian method,
intelligent reflector, and Broyden Fletcher Goldfarb
Shano methods, which effectively improved the
efficiency of MIMO communication systems. Grossi et
al. [9] designed a spectrum sharing architecture that
simultaneously existed in MIMO communication systems
and surveillance radars. The coexistence and
synchronization design of the two systems in the
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architecture under clutter environment were discussed,
providing reference opinions for the practical application
of MIMO communication systems and surveillance radar.
Temiz et al. [10] aimed to optimize the dual function
radar and communication system with the optimization
goals of speed and energy efficiency. To achieve the
above goals, an optimized pre-encoder for MIMO
orthogonal frequency division multiplexing dual radar
communication system was proposed. The experiments
were designed to analyze the pre-encoder. Zhang [11]
designed a signal propagation improvement method for
MIMO communication systems by combining intelligent
reflective surfaces and passive reflective units, thereby
increasing the capacity, reducing the operating costs, and
improving the energy efficiency of the MIMO
communication system.

RL is one of the most widely used and frequent
paradigms and methods in machine learning. Many
scholars have paid more attention to the SARSA
algorithm. Hassanien et al. [12] proposed an autonomous
driving path planning model that combined the Dyna
framework based on RL with the SARSA algorithm to
address the hidden dangers in computational efficiency
and safety in current autonomous driving path planning.
This model could effectively ensure the efficiency and
safety of path planning. Alfakih et al. [13] proposed a
SARSA-based system resource management optimization
algorithm for the task unloading and resource allocation
of mobile edge computing in the current network physical
social system. Chen et al. [14]. combined genetic network
programming with evolutionary algorithm of SARSA
algorithm to design an artificial financial market, which
facilitated solving increasingly complex financial
research problems. Rais et al. [15] extended the SARSA
algorithm and proposed a Harmonic SK Deep SARSA
algorithm to improve its stability. Then, the new
algorithm was applied to the decision-making of
autonomous vehicle in the expressway scene. Mohamed
et al. [16] explored the usage of deep RL technology in
network attack detection and classification. An anomaly
network intrusion detection model based on the deep
SARSA algorithm was designed. This model combined
the advantages of SARSA algorithm and deep neural
network. Ren et al. [17] constructed an optimization
model that combined a neural network model with an
RL-based SARSA algorithm. Through this model, the
flow shop scheduling problem was solved, thereby
improving the production efficiency of the flow shop. Shi
et al. [18] proposed a delay aware routing strategy based
on SARSA to optimize the network configuration and
management of the distribution internet of things (loT).
The limited access range and signal attenuation caused by
communication distance and obstacles in existing
communication methods were addressed. Aljohani et al.
[19] designed an optimization framework based on
SARSA algorithm to optimize real-time energy
consumption of electric vehicles.
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In the above content, SARSA algorithm has important
applications in various fields, and there are also certain
research results in the optimization of system resource
allocation. However, there are few studies in the literature
applying SARSA to RA optimization in MIMO wireless
communication systems. To solve this problem, a
resource allocation optimization based on SARSA is
proposed, which improves the performance of MIMO
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wireless communication system and provides theoretical
guidance and new ideas for the development of MIMO
wireless communication system. The suboptimal
transmission  strategy is obtained by Markov
decision-making process and SARSA algorithm. Finally,
the results and limitations of the existing research and the
proposed method are further summarized and compared,
as shown in Table 1.

Table 1: Summary table in related works

References Research method Limitations
Liu etal [4] A joint transmission beamforming model is proposed g?r?]ti;;etsionpremse user interference
Ma et al. [5] A stochastic model based on 3D broadband Model complexity makes it difficult to

nonstationary geometry is designed
Improve the efficiency of
transmission

A three-dimensional

Dang et al. [6]
Wang et al. [7]

Chang et al. [8]

information and data

space-time
non-stationary geometric stochastic model is proposed

Combined with augmented Lagrangian method, the
efficiency of MIMO communication system is improved

handle real-world changes

Algorithm is inefficient in
high-dimensional state spaces
Limited adaptability to
environmental changes

frequency actual

Sensitive to initial conditions

The spectrum sharing architecture of MIMO . o .
. o - -~ Challenges in synchronization design
Grossietal. [9] communication system and surveillance radar is . ;
. in complex environments

designed

An optimized pre-encoder for MIMO orthogonal The stability of the algorithm in
Temizetal. [10] frequency  division  multiplexing  dual  radar non-ideal environments needs to be

communication system is proposed. verified

Combining smart reflector and passive reflector

Zhang [11]

Hassanien et al.

[12] autonomous driving path planning model is proposed
Alfakih et al. An optimization algorithm of
[13] management based on SARSA is proposed

The artificial financial market is designed by combining
network programming with

Chenetal. [14] genetic

algorithm of SARSA algorithm
Rais et al. [15]

Mohamed et al. An abnormal

[16]
Renetal. [17]
Shi et al. [18] proposed

A real-time  energy

Aljohani et al.

improves the capacity of MIMO communication system
Combining Dyna framework and SARSA algorithm, an

system

Harmonic SK Deep SARSA algorithm is proposed

network intrusion detection model is
designed based on deep SARSA algorithm

Combining neural network model and RL algorithm
based on SARSA, the optimization model is constructed

A delay-aware routing strategy based on SARSA is

consumption
framework for electric vehicles based on SARSA

Sensitive to environmental changes

Challenges in handling uncertainties in
actual driving

Inefficiency in
high-dimensional problems

resource handling

Inefficiency in dealing with complex

evolutionar . L
y financial issues

Challenges in decision-making in
high-speed scenarios

Poor efficiency in handling large-scale
network attacks

Low efficiency in dealing with
complex scheduling problems

Low efficiency in handling
communication distance and obstacle
issues in 1oT

Low efficiency in addressing real-time
energy  consumption  optimization

minimization

[19] algorithm is designed issues
A real-time energy consumption  minimization
This paper framework for electric vehicles based on SARSA -

algorithm is designed
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3 Resource allocation strategy for

EH-MIMO system based on
SARSA algorithm
MIMO technology is a combination of digital

modulation, multi-carrier, digital signal processing, and
space-time multiplexing technologies, which can
effectively improve the anti-interference ability and
transmission ability of the system. In this section, an
EH-MIMO resource allocation mathematical model is
constructed based on MIMO model, and the
mathematical model is transformed into a Markov
decision-making process, which is solved by RL. After
that, the SARSA algorithm is introduced to alleviate the
dimensional disaster problem of the model, so as to
improve the resource allocation optimization effect of
EH-MIMO communication system.

3.1 Construction of EH-MIMO resource
allocation mathematical model

MIMO  wireless communication system is a
comprehensive technology combining digital modulation,
multi-carrier transmission, digital signal processing, and
space-time  multiplexing technologies, which can
effectively improve the robustness and transmission
capacity of wireless communication system [20]. The
integration of EH technology and MIMO technology can
not only achieve energy-saving of  wireless
communication, but also alleviate the shortage of
spectrum resources, which is an important direction for
the development of green communication in the future
[21]. In order to achieve green communication, reduce

eeeeccccaa,
- cee
- “ce
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resource consumption and increase system life, an energy
harvesting device is installed at the transmitter of the
MIMO wireless communication system, and an
EH-MIMO model is constructed. This allows the system
to capture and store energy from wind and solar power,
where energy storage is achieved through batteries of
limited capacity. The EH-MIMO model is shown in
Figure 1.

In Figure 1, there are a total of N, antennas at the
transmitting end. There is a total of Ng antennas at the
receiving end. In the energy model, it is assumed that
there is a total of time slots T within the operating time
range. The interval between adjacent time slots 7 is a
constant. In a time period of t=12...T , the collected
energy of the energy model is Et, and the maximum
collected energy limit is ErmX. All collected energy is
stored in a battery with a capacity of ~max. Assuming
that all the energy collected by the transmitting end is
applied to the signal transmission work, and no other
types of energy loss occur. In addition, during the storage
or recycling of the battery, it has no energy loss. Before
use, the battery stores a portion of energy BO. In actual
situations, the battery cannot be charged instantaneously.
Therefore, during the time slot U the stored energy of
the battery is E . The energy reaching process
mentioned above is shown in Figure 2 (a). In addition, in
the EH-MIMO model, assuming that wireless channel is a
block attenuation flat fading and the change in channel
gain H, over time T can be ignored, the channel
changes are shown in Figure 2 (b).

Feedback channel

& ..
Transmitter TIY hyy j/ R Receiver
) 3
58\ —
A ""
A < (=
Energy A
harvesting L)
>3>> g_\'l_
I.\
Battery

Figure 1: EH-MIMO model
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(a) Schematic diagram of energy arrival
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(b) Schematic diagram of channel changes

Figure 2: Schematic diagram of energy arrival and channel changes

In Figure 2(a), the energy collected by the system is
stored in the battery. When the transmitting end uses the
energy to transmit it to the transmitting end, the

transmission power is Pt. Therefore, during the battery

energy transfer, the update of battery energy follows
Formula (1).

B., =min{B,+E_ -7P,B

t1 = max

fvt=12,...T (1)

Y,

In Figure 2(b), the received signal 't at the receiving

end can be represented by Formula (2).

Yt:\/EthXt+r]t 2)

2
In Formula (2), ‘/Et:”H‘" is the power gain of the

H X

channel. "'t is the channel gain. “*t is the modulation

format vector of all transmitting antenna transmission

symbols. ™ js the vector of additive Gaussian white

noise, and obeys the mean of 0 and the variance of o’

In MIMO systems, due to the fact that the transmitting
and receiving ends are equipped with multiple antennas,

the channel gain is a matrix with a scale of Ny XNR.

The biggest advantage of MIMO technology is its ability
to gain space and capacity. After obtaining channel

H

information, the channel matrix "'t of MIMO can be

subjected to singular value decomposition (SVD) to

obtain the eigenvalues of H, , and all eigenvalues are not

zero. I is the rank of Ht. In MIMO, there is

N = NR, as shown in Formula (3).

r=min{N;,N;} =N, @)
Based on the above content, the channel matrix of the
MIMO system is subjected to SVD processing to obtain
independent parallel single-input single-output (SISO)
channels I, asillustrated in Formula (4).

_ H
H, =USV 4

In Formula (4), U s a receive shaping filtering matrix

with dimension, and NRXNR. V' is a transmission

pre-wave filtering matrix with a dimension of Ny <Ny .

1 2 r
S is a diagonal matrix with elements 4% A on

N; xN

the diagonal and dimensions T . At this point, the

1 2 r
characteristic value AA A of H, can be utilized

to stand for the state of each SISO channel at the time slot
U After SVD processing, the EH-MIMO is shown in
Figure 3.

When using the transmitter, the number of bits it sends in
the time slot ' is the system throughput. When the
transmitting end only knows causal information, the
information that the transmitting end can know includes
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the current state of Bt, Et, and Ht, while the future

information is in an unknown state. Therefore, a

mathematical model for EH-MIMO resource allocation

X. Huang

problem can be constructed based on constraint
conditions and objective functions, as shown in Formula

(®).

Feedback channel
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Transmitter A Ry Receiver
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Figure 3: EH-MIMO model after SVD processing

0
B,,=min{B,+E_, —7R,B

t? —max

povt=12,...T )
In Formula 65), B represents the received signal
bandwidth. ™ represents the transmission power
allzocated by the CC time slot to the !th SISO channel.
O is the noise power of the SISO channel. Based on the
above content, a mathematical model for the EH-MIMO
resource allocation problem can be constructed. By
solving the problem, EH-MIMO resource allocation
optimization can be achieved.

3.2 EH-MIMO mathematical model solution
based on RL

Formula (5) is a convex optimization model. However, in
solving using convex optimization, it is necessary for the
transmitting end to obtain the states of all time slots, but
this is difficult to achieve in practice. Therefore, the
convex optimization solution method is not applicable to
the model shown in Formula (5). Therefore, the study
transforms the mathematical model shown in Formula (5)
into a Markov decision-making process, and then applies
RL to solve it. Markov decision-making process is a
process to find the optimal strategy, which includes
Markov process and dynamic programming [22]. The
state space is defined as the set of all possible states of
the system, including the energy level in the battery,
channel conditions and current transmission strategy. The

action space is defined as the set of all possible
transmission strategies that can be adopted in each state.
Based on the current state and the selected action, the
transition probability between States is simulated, and the
randomness of energy arrival and channel change is
considered. At the same time, a reward function is
defined based on system throughput or energy efficiency
to quantify the performance of each pair of state-actions.
Combining the above process, model transformation is
implemented. The energy level represents the energy
currently stored in the battery. Channel conditions
include channel gain and channel state information.
Action space is defined as the set of all possible
transmission strategies that can be adopted in each state.
The reward function quantifies the performance of each
pair of state-actions based on system throughput or
energy efficiency. If the state s, of the system in the
next time slot is only related to the current state s, of
the system, and there is a transition probability Formula
(6), it indicates that the state has Markov properties.

P[als]=Plalssns]

According to the causality of adjacent states, in the St

state, past states St1” can be discarded. If the states
of all time slots in the system have Markov properties,
this is a Markov stochastic process. In EH-MIMO
mathematical model solving, RL can obtain transmission
strategies based on Markov decision-making processes.
RL is a continuous interaction between agent and its
environment. Through the interaction, the updating
decision strategy of RL can be updated in real time to
carry out the next step [23]. The essence of RL is to solve
intelligent agents, thereby changing the update decision
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strategy, and ultimately maximizing rewards. The above
process can be represented by Figure 4.

The transmission strategy refers to the action & method
selected when the state is S, as shown in Formula (7).

7(a]s)=p[a eAls €S ] @

In Formula (7), S s the set of system states. 7 is a
strategy. G s an optional action. A is an optional
action set. Formula (7) represents the action selection
probability P that the agent can obtain through 7
when the system state is ~t. The agent can select a &
in A through P 7 s the method for selecting
actions and remains constant. The intelligent agent
continuously calculates the cumulative return function
and obtains a suboptimal transmission strategy through
this method. From the Bellman equation, it can be
inferred that any strategy 7 corresponds to a certain
action value function (AVF).

Therefore, it is required to calculate and solve the optimal

AVF qﬂ(st,a[) to obtain the optimal strategy z and

obtain the relatively optimal transmission strategy. When
the optimal action is selected for any state in the system,
this optimal set of actions is the optimal transmission
strategy. In the study, Markov can be represented as a

(S,AP,

RT)

five tuple based on this process. S s

Reward
State R
St
Re+1
Ste1
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P

the set of states. A is a set of actions. 'r is the

S

t transitioning to S

probability of state 1 at time slot

t+1 after the agent selects action & during time slot

S

t R v after

is the reward received by the state

taking action & . T s the total number of time slots. In

P

practical situations, the 'r of the model is an unknown

number, so the model can be constructed as a model free
Markov model, which adopts a model free rein RL
method for the EH-MIMO model. There are generally
two types of RL methods without models, namely Monte
Carlo method and time difference method. Figure 5
displays the Monte Carlo method schematic diagram.
This method obtains the value function by exploring
multiple times to obtain the mean.

The time difference is also a commonly used method in
RL. Its biggest difference from the Monte Carlo method
lies in obtaining the value function, as shown in Figure 6.

Agent Action

Xt

Figure 4: The training of RL
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Figure 5: Schematic diagram of Monte Carlo method

Figure 6: Schematic diagram of time difference method

In Figure 6, the time difference method does not need to
go through all time slots and the resulting value function
has a small variance. Therefore, the study applies time
difference method to solve the model and obtain
suboptimal transmission strategies. Q-learning (QL) is a
common time difference separation line algorithm, which
can obtain the MIMO system’s power allocation in each
time slot, and then obtain the optimal transmission pow%.
However, the QL algorithm selects the maximum
value action in a certain state St+l, which may lead to the
algorithm ignoring other actions with the same value,
resulting in insufficient exploration and affecting the final
optimization strategy. Therefore, another algorithm in the
time difference method, namely the SARSA, is applied to
solve the model [24]. SARSA is an online algorithm.
Different from QL algorithm, SARSA algorithm
randomly selects the action with the maximum value
based on a set probability when selecting actions, thus
avoiding the defect of insufficient exploration in QL
algor('bthm. In the SARSA algorithm, the update rules for
the ™ -table are shown in Formula (8).

Q(s.a) <« Q(s.a)
+0¢(Rt +yQ(St+1‘al)_Q(S“at)) (8)

Q(si.a)

the state action pair.

@ is the learning rate of the algorithm, which can
control the speed of the algorithm environmental
exploration. 7 is a discount factor, mainly used to
determine the importance of the current AVF and the
action function for the next time slot. In RL, action
selection strategies can affect the environmental
exploration performance of the algorithm, thereby
affecting its performance. Therefore, an appropriate
action selection strategy is crucial for the SARSA
algorithm. After comprehensive consideration, the study
adopts a Greedy Softmax strategy that combines Softmax
and Greedy. This strategy can effectively balance the
degree of environmental exploration and algorithm
convergence, and considering the structure of Markov
decision-making processes makes it suitable for the

In Formula (8), is the AVF corresponding to
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research content. The Greedy Softmax strategy is shown
in Formula (9).

Softmax policy ,if A<g
m(&.¢5.8) = argmaxQ(s,.a,) ,if A>¢
aeA (9)

In Formula (9), A is a uniform random number
generated for each time slot, with a value range of (0,1).
% s a fixed value, with a value range of (0,1). 9 is a

In addition to RL for data
resource allocation and value function, this study also

temperature parameter.

introduces multiple quadrature amplitude modulation
(MQAM) wireless communication system to enhance the
transmission process through adaptive coding. The
flexible rate-power adjustment of the adaptive model can
improve the overall performance of the network. Two
hypotheses are proposed. One is that the system satisfies
linear modulation, and the adjustment time is an integer

multiple of the code gap T, . Second, the system pulse is

selected in off-line Nyquist form, and the signal

B=—

bandwidth is expressed as T, Taking the

transmission speed method of the sender as an example, it

R =—
can be expressed as T, . The MQAM model may

modulate different conditions simultaneously to achieve
improved spectrum utilization. Under the background of
additive white Gaussian noise channel, the theoretical bit
error rate range of the model is calculated, as shown in
Formula (10).

~1.57(M-1)
P <2e (10)

R

In Formula (10), denotes the transmitting power. 7

is the signal-to-noise ratio. M represents constellation
points.

3.3 EH-MIMO mathematical model solution

based on ASARSA

In the previous content, the study utilizes the SARSA
algorithm to solve the EH-MIMO mathematical model to
obtain the suboptimal power transmission strategy. The
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learning of the SARSA algorithm is illustrated in Figure
7.

In MIMO systems, because there are multiple antennas at
both the transmitting and receiving ends, the number of
management state pairs in Q-table is very large, resulting
in insufficient dimension, and the inability to construct
the table, which greatly affects the performance of the
algorithm. To solve this problem, an ASARSA algorithm
based on linear value function is proposed. ASARSA
algorithm plays a key role in solving the "dimensional
disaster” problem of traditional QL method in
high-dimensional state space.

ASARSA algorithm adopts linear value function
approximation, which is a major difference from the
traditional tabular method that needs to store separate
values for each pair of states-actions. The ASARSA
algorithm does not store the Q-table in the transmitter of
the MIMO system, but replaces the Q-table with a
constructed basis function. The basis function is shown in
Formula (11).

f.(s.a)m=12...M (1)

In Formula (11), M means the total amount of
constructed basis functions. Next, the corresponding

w

initial weights ™m are assigned to all basis functions.

By utilizing the weights corresponding to the basis
function and the basis function, an approximate AVF

Q(s,.a,w)

can be obtained. This value to replace the

Q(s“at) value in the traditional SARSA algorithm. The

Q(s,.a,w)

approximate AVF can be solved using

Formula (12).
Qs aw)~Q(s.a)=fw )

f c RMxl

In Formula (12), is a matrix composed of

basic functions. W< R"™ is a matrix constructed by the

corresponding weights of the basis function. When using
ASARSA, the closer the vaIueQ(s"a"W) is to the

Q(s.a)

algorithm. It uses the least squares difference to evaluate

value , the better the performance of the

the approximation accuracy between the two, as shown in
Formula (13).



96  Informatica 49 (2025) 87-104 X. Huang
A 2
J(w)=E, [(Q(st,at)—Q(st,at,w)) }
(13)
Y 4" 4 Rt+1 "— Rt+2 PYYS
At At+1
Figure 7: The learning process of SARSA algorithm
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Figure 8: Overall EH-MIMO model based on ASARSA algorithm
according to Formula (12). Next, the state St shifts to

s J(w . . L
It minimizes ( ) to obtain the optimal approximation

accuracy. Therefore, the gradient descent method is

applied to calculate W The gradient of Q(st,@,w) is

shown in Formula (14)

VQ(St'at'W):f (14)

The value of W is adjusted according to the direction of
gradient descent, so as to minimize the error between

Qs 2, w) Q(s.a)
ASARSA are updated according to Formula (15).

R+ 7Q(Sr+1’ a‘t+1'W):| f
(15)

and The weights of the

W<—W+0!t|i

—Q(St,aT,W)

According to the above design and formula, the model of
the whole system can be obtained, as shown in Figure 8.

In the ASARSA algorithm, the first step is to initialize the
weight values corresponding to all basis functions, that is,
to assign initial weight values to all basis functions.
When in time slot U, it selects acti(%n a b@fd on %
in state . Subsequently, it solves and %@, W)

%(5' Repsv ing the above operation can obtain
i .Then, the weight values corresponding to
the basis function are updated using Formula (15). After
the algorithm fully explores the environment, the weight
values converge and the correlation between the state and
action is obtained. When the transmitter of the MIMO
system is in the utilization stage, based on this
correlation, the corresponding can be obtained at
St . Because there is no Q-table in ASARSA algorithm, it
can effectively avoid the dimensional disaster. Base on
the above content, the ASARSA algorithm is constructed,
and the EH-MIMO mathematical model is solved using
this algorithm to optimize resource allocation in MIMO
communication systems. At the same time, the study sets
the exploration probability and learning rate as 1/k, where
k is the number of iterations. This setting makes the
algorithm tend to explore at the beginning, and gradually
shift towards using known strategies as the iteration
progresses to promote rapid convergence. Decreasing
learning rate helps to learn quickly in the early stage,
reduce the updating range in the later stage and avoid
shock. The temperature parameter is initially set to 100
and gradually decreases as learning progresses to increase
the tendency to select the best action. These parameters
are selected to balance exploration and utilization and
ensure the effectiveness and stability of the algorithm.
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4 Performance analysis of system
resource allocation optimization

strategy based on ASARSA

To prove the optimization effect of ASARSA algorithm
on resource allocation of MIMO communication system,
simulation experiments are conducted in this study. To
highlight the superior performance of ASARSA
algorithm, this study chooses to compare and verify it
with SARSA algorithm and QL algorithm. The
experiment tests the performance of the model from the
perspectives of convergence, F1, Recall, MAE, and
RMSE values, throughput of EH-MIMO wireless
communication system under different algorithms, and
ROC curves of different algorithms.

The parameters of the simulation experiment here mainly
consider offline strategy, greedy strategy, conservative
strategy and random strategy. Simulation parameters are
shown in Table 2.

In Table 2, represents the number of learning rounds
for the current agent, which compares the effectiveness of
ASARSA, SARSA, and QL in solving MIMO resource
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allocation optimization mathematical models. Firstly, it is
required to compare the convergence of ASARSA,
SARSA, and QL when solving the EH-MIMO resource
allocation optimization mathematical model. The loss
value is used as the judgment index in the experiment, as
shown in Figure 9. In Figure 9(a), the ASARSA achieved
near target accuracy after 76 iterations, which was 25 and
77 fewer than SARSA and QL, respectively. In Figure
9(b), the ASARSA algorithm approached the target
accuracy after 10.0 seconds, which was 4.8 seconds less
than the SARSA and 9.7 seconds less than the QL,
respectively.

This study uses F1 and recall rates to evaluate and
compare the performance of ASARSA, SARSA, and QL.
F1 is a binary model accuracy measure related to model
precision and recall rate. The recall rate is a measure of
the model recall rate, as shown in Figure 10. In Figure
10(a), the F1 values of ASARSA were 96.52%, 1.05%,
and 1.34% higher than SARSA and QL, respectively. In
Figure 10(b), the recall value of ASARSA was 96.33%,
which was 0.27% and 0.36% higher than SARSA and
QL, respectively.

Table 2: Simulation parameter settings

Parameter Unit Value
Number of antennas at the transmitting end - 2
Number of antennas at the receiving end - 2
Noise W/Hz 0.2
Bandwidth Hz 105
Time interval S 1
Total time slots - 100
The total number of rounds of intelligent agent learning - 1000000
Temperature parameters - 100
Exploration probability - 1/k
Learning rate 1/k
Initial battery energy J 0.15
Battery capacity J 0.25
Maximum collected energy J 0.20
Energy quantification step size - 0.05
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Figure 11: MAE value and RMSE of the algorithm

This study evaluates and compares the performance of
the ASARSA, SARSA, and QL using Mean Absolute
Error (MAE) and Root Mean Square Error (RMSE)
values, which are shown in Figure 11. In Figure 11(a), the
average MAE value of the ASARSA was 3.54%, which
was 1.27% and 2.01% lower than the SARSA and the
QL, respectively. In Figure 11(b), the average RMSE
value of the ASARSA was 3.10%, which was 0.58% and
1.12% lower than the SARSA and the QL, respectively.

The throughput of the EH-MIMO  wireless
communication system varies with the number of slots
under different algorithm strategies, as shown in Figure
12. The throughput of the system under the two strategies
of ASARSA and SARSA was relatively close. Under the
QL strategy, the throughput of the system was
significantly lower than that of ASARSA and SARSA.
When the number of slots was 100, the throughput of the
system under the ASARSA strategy was 15.0x105 bit,
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which was 0.2x105 bit and 3.6x105 bit higher than
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SARSA and QL, respectively.
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Figure 12: The variation of wireless communication system throughput under different time slot numbers
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Figure 13: The variation of wireless communication system throughput with the change of battery capacity coefficient

Under the RA strategy obtained after the EH-MIMO
resource allocation optimization mathematical model,
different algorithms are used to solve the throughput of
the EH-MIMO wireless communication system when
comparing different battery capacity coefficients (© ).
The battery capacity coefficient varies according to
different algorithm strategies, as shown in Figure 13. The
throughput of the system under the two strategies of

ASARSA and SARSA was relatively close, while under
the QL strategy, the throughput of the system was
significantly lower than that of ASARSA and SARSA.
When the battery capacity coefficient was 4, the
throughput of the system under the ASARSA strategy
was 16900 bit, which was 1600 bit and 5000 bit higher
than the SARSA and QL, respectively.
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Figure 14 shows the throughput variation of EH-MIMO
wireless communication system under different algorithm
strategies at maximum collected energy. The throughput
of the system under the two strategies of ASARSA and
SARSA was relatively close, while under the QL
strategy, the throughput of the system was significantly
lower than that of ASARSA and SARSA. When the
maximum value of collected energy was 20, the
throughput of the system under the ASARSA strategy
was 5.1x104 bit, 0.1x104 bit and 0.7x104 bit higher than
SARSA and QL, respectively.

QL, as shown in Figure 15. This paper uses ROC curves
to analyze the comprehensive performance of ASARSA,
SARSA, and QL, as shown in Figure 15. The AUC value
of the ASARSA was 0.963, which was 0.016 and 0.027
higher than the SARSA and the QL, respectively. On this
basis, in order to further verify the robustness of
ASARSA algorithm, the sensitivity analysis of key
parameters is conducted. The exploration probability and
learning rate vary from 0.1 to 0.01, while the temperature
parameter varies from 50 to 200. Table 3 shows detailed
information.

This paper uses ROC curves to analyze the
comprehensive performance of ASARSA, SARSA, and
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Figure 15: ROC curve analysis of the algorithm

Table 3: Parameter sensitivity analysis

Index

Exploration probability/learning rate

Temperature parameter (°C)

0.1

0.05

0.01

50

100

200

System throughput (bits) 14.5x105

14.8x105

15.0x105

14.2x105

15.0x105

14.3x105
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From Table 3, the algorithm is robust to parameter
changes within a certain range, but its performance
obviously declines beyond a specific range. This
indicates that although parameter selection can affect
algorithm performance, adjusting parameters within a
reasonable range will not affect the effectiveness of the
ASARSA algorithm. At the same time, the performance
of the algorithm under different antenna numbers is
further simulated. Scenes with 2, 4, 8 and 16 antennas are
simulated, and the system throughput and algorithm
convergence speed in each case are recorded, as shown in
Figure 16.

From Figure 16, the results show that with the increase of
the number of antennas, ASARSA algorithm can still
maintain a high system throughput, and the convergence
speed is only slightly reduced. This discovery proves that
ASARSA algorithm has good scalability in EH-MIMO
systems of different scales. In summary, the ASARSA
proposed in the study performs better and has higher
efficiency in solving the EH-MIMO resource allocation
optimization mathematical model. Under the ASARSA
algorithm strategy, the throughput of the EH-MIMO
system is higher and the optimization effect is better.
Therefore, ASARSA can effectively optimize the
allocation of EH-MIMO resources, thereby solving the
spectrum resource shortage to a certain extent, and
promoting the development of EH-MIMO technology.

5 Discussion

The combination of EH technology and MIMO system
can achieve the energy-saving of wireless communication
system and solve the spectrum resource shortage, which
is one of the development trends of green communication
in the future. The current EH-MIMO wireless
communication system resource allocation optimization
algorithm has the defects of insufficient prior information

and high algorithm complexity, which can not effectively
realize the communication system resource allocation
optimization. In view of this, to solve the above
problems, this study transformed the resource allocation
optimization problem of EH-MIMO communication
system into a Markov decision-making problem. An
ASARSA algorithm based on RL was proposed to obtain
the suboptimal transmission strategy, so as to maximize
the system throughput and finally complete the resource
allocation optimization of EH-MIMO communication
system.

Under the condition of 100 time slots, the ASARSA
algorithm achieved a system throughput of 15.0x105 bhits,
which was significantly higher compared with the
SARSA and QL algorithms. In terms of convergence
speed, the ASARSA algorithm approached the target
accuracy after 76 iterations, 25 and 77 fewer than the
SARSA and QL algorithms, respectively. These results
indicate that the ASARSA algorithm has higher
efficiency and better optimization effects in resource
allocation optimization. The innovation of the ASARSA
algorithm lies in its ability to overcome the dimensional
disaster. In high-dimensional state spaces, the traditional
SARSA algorithm needs to store a large number of
state-action pairs, which not only occupies a lot of
memory, but also increases computational complexity.
The ASARSA algorithm effectively solves the
dimensional disaster problem through the linear AVF,
avoiding the need to store the Q-table. Moreover, the
ASARSA algorithm achieves a good balance between
computational efficiency and accuracy. Although it uses
an approximation method, its performance is still superior
to or close to other models.

In high-dimensional spaces, one of the main challenges
faced by the SARSA algorithm is the dimensional
disaster, that is, the performance of the algorithm drops
sharply as the dimension of the state space increases. The
ASARSA algorithm effectively avoids this problem
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through a basis function method to approximate the AVF.
Compared with the traditional QL method, the ASARSA
algorithm does not need to store separate values for each
state-action pair, but constructs the AVF through basis
functions and corresponding weights, which greatly

reduces memory requirements and computational
complexity.

Although  the  ASARSA  algorithm  improves
computational  efficiency  through  approximation

methods, this may also introduce approximation errors.
To quantify this trade-off, the research evaluates the
approximation accuracy of the ASARSA algorithm. The
results show that while maintaining high computational
efficiency, the ASARSA algorithm can still maintain low
approximation errors, proving its effectiveness and
reliability in practical applications. In summary, the
ASARSA algorithm has obvious advantages in solving
the resource allocation optimization problems in
EH-MIMO communication systems, especially when
dealing with high-dimensional state spaces. At the same
time, the innovation and computational trade-offs of the
ASARSA algorithm in dealing with the dimensional
disaster also provide important reference value for its
practical application. Future work will further improve
the generalization ability of the algorithm and verify it in
a wider range of communication systems.

6 Conclusion

In the EH-MIMO wireless communication system,
reasonable resource allocation can effectively improve
system efficiency and save system resources. To this end,
a mathematical model is constructed for optimizing RA
in the EH-MIMO system, and an ASARSA is proposed to
solve it. The experimental results showed that the
ASARSA achieved close to target accuracy after 76
iterations, which was 25 and 77 fewer than SARSA and
QL, respectively. After 10.0 seconds of iteration, the
target accuracy was approached, which was 4.8 seconds
less than SARSA and 9.7 seconds less than QL,
respectively. The F1 value was 96.52%, which was
1.05% and 1.34% higher than SARSA and QL,
respectively. The Recall value was 96.33%, which was
0.27% and 0.36% higher than SARSA and QL,
respectively. The MAE value was 3.54%, which was
1.27% and 2.01% lower than SARSA and QL,
respectively. The RMSE value was 3.10%, which was
0.58% and 1.12% lower than SARSA and QL,
respectively. When the number of time slots was 100, the
system throughput was 15.0x105 bit, 0.2x105 bit and
3.6x105 bit higher than SARSA and QL, respectively.
When the battery capacity coefficient was 4, the system
throughput was 16900 bit, which was 1600 bit and 5000
bit higher than SARSA and QL, respectively. When the
maximum value of collected energy was 20, the system
throughput was 5.1x104 bit, 0.1x104 bit and 0.7x104 bit
higher than SARSA and QL, respectively. The AUC
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value was 0.963, which was 0.016 and 0.027 higher than
SARSA and QL, respectively. This research innovatively
extracts the characteristics of resource allocation
optimization problems in EH-MIMO communication
systems, transforms them into a Markov decision-making
process, and uses SARSA algorithm to obtain the
suboptimal transmission strategy. In addition, an
ASARSA algorithm was proposed to solve the
dimensional disaster problem, so as to improve the
resource allocation optimization effect of EH-MIMO
communication systems. The experimental results
showed that ASARSA algorithm effectively achieved
EH-MIMO resource allocation optimization, and then
solved the spectrum resource shortage to a certain extent,
promoting the development of EH-MIMO technology.
The limitation of this study is that the number of antennas
set in the simulation experiment parameters is small,
which is different from the actual situation. Therefore,
there may be some deviation between the obtained
experimental results and the actual situation.
Subsequently, the number of antennas should be
increased to improve the reliability of the experiment.
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Virtual reality (VR) technology is currently being used in emotion management and musical
environment modeling to improve mental and emotional wellness through psychological advantages
and a flexible musical environment. The purpose of the study is to utilize the Glow Worm Coactive
Decision Tree (GW+DT) classifier to develop a technique for controlling feelings and creating
authentic musical situations. An electroencephalogram (EEG) wave signal is collected in participant
when they listen to VR-based music. Recursive Feature Elimination (RFE) is an extraction technique
for extracting the collected EEG recording signals from the patients. Then the Improved Glow Worm
Swarm Optimization (IGSO) method has been employed to determine an optimal set of characteristics
for accurate emotion classification. Emotion is classified using the Decision Tree (DT) method
depending on the feature selected in the EEG wave signal. The valence and arousal levels were
measured using the self-assessment manikin (SAM). The GW+DT method achieved a greater accuracy
(95%), recall (82.10%) and F1-Score (80.52%), significantly outperforming traditional methods. The
findings highlight the probable involvement of VR and music therapy as a therapeutic approach to
enhance mental health and emotional stability in clinical settings.

Povzetek: Predlagasna je metoda GW+DT za EEG-podprto glasbeno terapijo v VR okolju za pacientke
z rakom dojke. Metoda izboljsuje custveno regulacijo, kar pokaze terapevtski potencial VR glasbene

terapije.
1 Introduction

Emotional management is a significant factor of the
psychology science that involves techniques for
modifying and adapting emotion to achieve preferred
outcomes [1]. Virtual reality (VR) is a cutting-edge
technology that creates immersive, embodied
experiences by  combining  computer-generated
multimodal displays, improving human sensorimotor
skills, and boosting interaction with virtual worlds [2].
Companies worldwide are transforming into innovative
factories using advanced technology systems and
Augmented Reality (AR), embracing Industry 4.0 for
faster product discovery, information transmission, and
reduced labor-intensive activities [3]. VR technology
makes immersive learning possible by using stereoscopic
head-mounted displays and sensors to give spatial
immersion and hands-on activities. VR is used to

simulate a three-dimensional world on the screen [4]. VR
enables users to engage with complicated Personal
Computer (PC) data naturally, using their senses such as
vision, hearing, and touch. Sensors that measure human
activities as well as visualization tools are essential
components. VR apps have several benefits, making
them one of the most immersive technologies, giving the
user a genuine experience [5]. Music is an essential
constituent of human beings and has been shown in
studies to activate the whole reward network and the
anterior hippocampus, shedding light on the neurological
correlates of emotion. However, the prominence of
research into the hippocampus for cognitive functioning
raises concerns regarding its consistency with larger
studies [6]. Emotion management is an essential
component of a person's existence and is critical for
overall well-being. A method for studying how emotion
are controlled from the regulator's perspective is
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described, which involves recreating social support
situations in VR [7]. The strategy could be used to guide
research on groups that struggle to regulate their
emotion, such as young people with autism. Emotional
control is critical in a variety of situations, particularly
for those with neurodevelopment issues who frequently
experience difficulty with emotion management [8].

Objective of the study: The research aims to reduce
anxiety and stress and then improve their mental health
using VR-based musical simulations. The study aims to

X. Chen et al.

determine the influence of VR music therapy on
emotional knowledge and mental health.

2 Literature review

This section summarizes the research conducted to
assess the influence of VR-based musical simulations on
reducing anxiety and stress with a focus on improving
mental health and emotional awareness. Table 1 gives an
overview of the related study.

Table 1: Literature summary

VR emotion model

Related study Methodology metrics Results
[9] PAD emotional model, Emotional state influence, Music had minimal
music impact assessment scores impact on
communication; warm-
toned environment scores.
[10] Heuristic optimizer for Efficiency of relaxing The sequence of

modifications influenced

relaxation; effective for

emotion-based adaptive
VR

experience

analysis

[11] Emotion-regulating Depression indicators, Significant improvement
improvisational music emotion control in emotion control and
therapy depression; limitation in
generalisability noted.
[12] Electronic intervention Flow state, performance Increased flow state and
program anxiety control; did not enhance
social skills
[13] Music listening during Affect management, Positive mood shift;
COVID-19 pandemic stress coping variability in individual
responses based on
despair and anxiety
[14] Brain-computer Emotional control Effective emotional
interaction music therapy feedback control via EEG impulses;
limitations in Western
medication addressed.
[15] Machine-learning emotion Emotion prediction Reliable emotion analysis

using physiological
signals; potential for
enhancing mental and

physical wellness.

accuracy
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Research gap: There are still several gaps in the field of
emotion identification and therapeutic interventions [9],
music had little effect on emotional states, which
emphasizes the need for more potent music-based
interventions. Although they did not provide dynamic
adaptation for different emotion [10] showed the
advantages of customizing VR experiences to emotional
states. The efficiency of EIMT was demonstrated by [11],
however small sample numbers limited the generalisability
of the findings. The study [12] addressed anxiety reduction
and flow improvement, but social skills were not
addressed. The study [13] discovered that music improved
mood, although they ran across problems with individual
variability. A possible alternative to EEG-based music
therapy was offered [14], although it was constrained by
particular technological needs. Machine learning was
utilized by [15] to analyze emotion; however, they
encountered difficulties integrating several physiological
inputs. To ensure wider applicability and effectiveness, the
suggested solution integrates adaptive VR interventions
with a dynamic, real-time emotion detection system. It
positions itself as a breakthrough in the field by combining
multi-modal data for full emotional understanding,
improving emotional and social results, and streamlining
real-time emotion tracking.

3 Methodology

The study attempted to investigate the usefulness of a VR-
based music training system in enhancing emotional
regulation in patients. It combines VR technology and
musical therapy, assessing the influence of emotional
recognition using EEG data. The proposed approach
focuses on data collection and analysis. The data collection
unit gathered EEG measurements of participant while
listening to the VR music teaching method, as depicted in
Figure 1.

Data @3]
48 Breast Cancer Patients ﬁ
Data Preparation
* Virtual Reality Musical System
Development
+ Collecting the EEG Wave form the
Breast cancer patients
1
v
EEG Signal
Extraction
(RFE) i

Feature Selection

Improved Glow-Worm Swarm
Optimization
Emotion Recognization
Classification
Decision Tree (DT)

Performance Analysis

Figure 1: Methodological flow
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3.1 Data samples

The study included 48 female patients with breast cancer
who were chosen based on their age, diagnosis, and past
medical history; individuals with epilepsy, drug addiction,
metastases, eyeglasses, or ports were not included. Its goal
was to find out how musical therapy affected patients'
outcomes. The study found that there were notable
differences in patients’ mental states according to age:
younger patients (36-40 years old) experienced more
stress about their bodies, employment, and fertility;
middle-aged patients (40-55 years old) found it difficult to
balance therapy with responsibilities to their families or
jobs; and older patients (56—70 years old) worried about
comorbidities, dependency, and quality of life. For people
of all ages, therapeutic methods like music therapy and
emotional support are essential in managing the
psychological effects of breast cancer. Table 2 depicts the
demographic character of the breast cancer patients.

Table 2: Patients demographic factors

Categories No. of
individua | Percenta
Is (n=48) | ge (%)
Gender Female 48 100%
Age 3640 12 25
40-55 20 42
56-70 16 33
Treatment Chemothera | 16 334
history py
Radiation 13 27.0
therapy
Surgery 10 20.8
Hormone 9 18.8
therapy
Comorbiditi | Diabetes 22 46
es Hypertensio | 12 25
n
Heart 6 13
disease
None 8 17
Stage of | Stage 1 14 29
cancer Stage 2 18 38
Stage 3 12 25
Stage 4 4 8

3.2 Feature extraction using recursive feature
elimination (RFE)

The RFE method is frequently employed considering its
flexibility and adjusting options, as well as its efficacy in
selecting features in datasets for training that is useful for
predicting target variables and discarding weak features.
The RFE approach is used for selecting the characteristics
that are most significant by recognizing a strong
association between particular features and the goal
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(labels). The RFE process can be represented by Equation
).

Importance (F;) = Modelyqim (X,Y) (@)

F; Represents the it" feature, X is the medium of the
feature, Y is the target variable and Importance (F;)
denotes the importance score of the feature F; as
determined by the model.

The method enhances model performance by selecting the
most relevant features, preventing overfitting and ensuring
that findings accurately reflect real-world therapeutic
effects. It also simplifies the dataset by reducing
computational complexity, improves interpretation by
pinpointing critical elements of the therapy and supports
personalized interventions by identifying individual
patient characteristics that influence better outcomes.
Figure 2 depicts the steps involved in RFE feature
extraction.

RFE - Initial Steps

& W
Re-train machine
learning with
remaining features

Train a Machine
learning model

Remove Least
important features

Obtain Feature
importance

Figure 2: Feature extraction method

3.3 Feature selection and classification of
emotional reorganization using glow worm

coactive decision tree (GW+DT)

The Glow-worm Coactive Decision Tree (GW+DT)
combines the Improved Glow-worm Swarm Optimization
(IGSO) and Decision Tree (DT) methodologies to improve
feature selection and emotional categorization. 1GSO
simulates the luminous activity of glow-worms by
improving feature selection wusing luciferin-based
calculations, allowing the algorithm to progress to optimal
solutions. Each glow-worm modifies its location in
response to the luciferin levels of its neighbors, hence
enhancing local and global search capabilities. The
DT method uses this optimized feature set to classify
emotional states by splitting data recursively based on
attribute values. The combination of 1GSO for feature
selection and DT for classification yields an efficient and
accurate technique for emotional reorganization
prediction.
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3.3.1 Feature selection using improved glow-

worm swarm optimization algorithm (IGSO)
After the feature extraction feature selection was employed
using IGSO. The IGSO technique mimics the actual glow-
worms' luminescent behavior. Using a bionic approach,
the program calculates the benefits and drawbacks of each
glow-worm individual's position using luciferin. Every
person has a unique perception or decision range, and they
can only progress to exceptional people who have high
luciferin values. Repetitive selection is used to traverse
through the search space to apply optimization. Every
glow-worm sends data to the neighborhood to inform
regional choices while the algorithm is running. The
initializing choice scope of the IGSO method under the
circumstances is the intended function definition area. The
decision domain range is then updated by Equation (2):

wh(a = 1) = min{w,, max{0,w?(s) + f(n, —

INk ()3}, @)

B is a constant parameter, while mg is a parameter that
controls the number of neighbors. Each glowworm will be
drawn to its neighbors, who glow brighter, by the 1GSO
algorithm principle. As a result, glowworms employed a
tendency to go in the direction of their neighbors with
greater luciferin levels than did throughout the migration
phase as given in Equation (3).

ju(@—jp(a)
3
ZueNy(s) Jul@)—jn(a) @)

lhy () =

Consequently, the glow-worm movement's discrete-time
model can be expressed as Equation (4).

(a)-qn(a)
an(a+1) = qu(a) + (RO (4)

Where
a(> 0) denotes the magnitude of the step and the operator
for the Euclidean standard. Following the migration to a

new place with glow-worm, the luciferin informs
regulation is provided by Equation (5).
(@) = (1 = p)lp(a—1) +yw(qn(a)) ©)

Where p € (0,1), is the rate of luciferin degradation
constant, y is the enhancement constant of luciferin. The
distance between the glow-worms steadily decreased due
to the glow-worm progressively moving to the
neighborhood of the limited excessive particular, this stage
in the latter repetition of the IGSO procedure. The position
update Equations (6 and 7) states that when glow-worms'
attraction to one another gradually increases, each glow-
worm will go too far and either miss or arrive at the ideal
location, which will lead to oscillation issues close to the
extreme point. The position update equation turns into:
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uw(@-qn(a)
qr(a +1) = w(n)qp(a) + t(% ©
w(b) = Wpax — (Wmax — Wmin) X nr:ax @

Where the highest weight is denoted by w,,.,, and the
minimum weight by w,,;,,. The current iteration step ism
and the maximum iteration step is ;4. An important
component of a glow-worm's swarm optimization process
is its inertial weight. It balances the glow-worm's ability to
hunt both locally and globally, as well as how far it can
migrate. A greater effect of the present location on the next
move is achieved by increasing the weight value, which
improves global search capability but detracts from local
search capability. On the contrary, a lower weight value
improves local search performance while degrading global
search capability. This adaptive technique increases the
study's capacity to determine the best VR music treatment
circumstances for improved mental health results by
ensuring  thorough  exploration and  preventing
unsatisfactory convergence.

3.3.2 Emotion classification prediction using

Decision Tree (DT)

A selected feature was classified using Decision Trees
(DT). It classifies data objects based on how well their
properties are valued. First, a decision tree is built with a
pre-classified set of data. For every node in the tree, a set
of characteristics is chosen to separate the data into
different groups. This partitioning process separates
subsets of data items into smaller groups recursively,
according to attribute values, until all of the data items in
each group are from the same class. The DT divides the
data based on the specified characteristics at each node,
with edges labeled according to the parent attribute. The
decision values on the decision tree's leaves aid in
categorization. One popular classification strategy
employed by DTs is a statistical classifier. The
classification procedure incorporates certain criteria and
recursively determines classes that differentiate the target
application on all dimensions. Here, let W represent a
feature of a data point and Z represent the class. The
decision is made by calculating the W | Z ratio, which
helps choose the appropriate class for the data point given
in Equation (8).

RATIO (Q|L) = F(Q) - F(QILF(Q  (8)

The uncertainty of variable Q given variable L is estimated
by the conditional entropy, represented by the
symbol F(Q | L). In contrast, the marginal entropy does
not account for any other variables; rather, it quantifies the
uncertainty of variable @ only by calling this F (Q) .
Equation (9) defines the train data.

C = {(q1,11),(q2,12), ..., (qN,IN)} 9)
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As a consequence, the regression model can be expressed
as follows Equation (10).

1 = w(q) = Zsux* J(q € WK) (10)
where dl is the specific result associated with area WK, [
is the expected output variable, w(q) represents the
regression function, and J(q € WK) is an indicator
function that evaluates to 1 when the input g falls inside
region WK and 0 otherwise revalue using Equation (11).

w(q) = Xi=1 ScH(qeWK)

The following optimization problems must be solved to
ascertain the values foundries given in Equations (12 and
13)

minu, rl mins1)ywieW1l (u,r)(lh —s1)2 +
min s1)queW2 (u,r) (Ih — 52)2]

(11

(12)

S1 = ave((lu|gh € Wh(u,s),),S2 =
W2(u,r))

ave((lh|gh €
(13)

The process comprises selecting the optimal split variable
(u) after calculating the output values for each of the input
variables. Each variable functions as a dividing line,
separating the input space into two distinct sections (u, s).
After segmenting each region, the process is repeated until
a stop condition is met. They are skilled at capturing the
intricate interactions between different facets of therapy
and their impact on mental health because they can manage
non-linear relationships between features. Moreover, DTS
provide information about feature relevance, which aids in
determining the therapy's most effective elements. Their
ability to withstand outliers and eliminate the need for
feature scaling makes data preparation easier. Their
adaptability enables them to perform well with smaller
datasets, which is advantageous if participant numbers are
restricted. They can handle both numerical and categorical
data with ease. Generally, decision trees provide a simple
and efficient way to categorize and comprehend how
virtual reality music therapy affects mental health and
anxiety reduction.

To improve categorization, Glow Worm Swarm
Optimization (GWSO) and Decision Trees (DT) are
combined in the Glow Worm Coactive Decision Tree
(GW+DT). By fine-tuning settings and feature selection,
GWSO maximizes DT while utilizing global search
capabilities to increase accuracy. This hybrid technique
provides robust performance and clear, actionable insights
in data with complicated linkages by leveraging the
interpretability of DT and the ability to investigate difficult
decision boundaries of GWSO. Algorithm 1 shows the
Glow Worm Coactive Decision Tree (GW+DT).
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Algorithm 1: Glow Worm Coactive Decision Tree

(GW+DT)

Start
1. Set parameters for GW and DT
2. Load data

3. Randomly initialize glow worms' position in the
feature space and luciferin values.

4. Evaluate the fitness of GW

5. Update luciferin values: I,(a) = (1 — p)l,(a —
1) + yw(qn(a))

6. Update decision domain range: wi(a =1) =
min{w,, max{0, wy (s) + B (ng — IN,(2))}}

7. Update GW positions: gp(a+ 1) = g,(a) +
r( qu(@)—qn(a) )

[lqu(@)—qr@|
8. Adjust inertia weight and position: q,(a + 1) =

_qu(@-an(@)
w(m)qp(a) + t(“qu(a)-Qh(a)l'

9. Extract selected features
10. Train DT

11. Evaluate
END
4 Results

The system was built on a VR-ready gaming laptop with
an Intel Core i9-11980HK CPU, 32 GB RAM, NVIDIA
GeForce GTX 1080, and Windows 11. Unity served as the
software development platform. The HP Microsoft mixed
reality headset, a consumer-grade VR headset, was utilized
for the head-mounted display. Hand tracking was carried
out using leap motion technology. The headset's resolution
is 1570 x 1500 per eye, with a refresh rate of 120 HZ and
Self-Assessment Manikin (SAM) software for arousal and
valence analysis of the patient. The program can work on
less powerful devices, such as the Oculus Go. The study
examined data from EEG measurements to determine the
effect of a VR-based music guidance system on the
regulation of emotion. The RFE approach was utilized to
extract relevant features from the EEG recordings for
classification, resulting in the greatest classification
accuracy at each iteration. The proposed method was
compared to traditional methods like Support Vector
Machine (SVM) [16], Naive Bayes (NB) [16], Visual
Geometry Group (VGG 16) [17], conventional neural
network with gated recurrent unit (CNN + GRU) [17]. The
performance was evaluated utilizing several matrices such
as F1-Score, accuracy, and recall. The GW+DT technique
was utilized to categorize emotional states, with a
classification accuracy of 95%. The findings show that the
treatment has a considerable favorable influence on
emotional control in patients, underlining its potential as a
therapeutic intervention depicted in the brain signals, as
displayed in Figure 3.
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Figure 3: Emotional recognized brain waves

Participant's arousal and valence levels were assessed with
a SAM. SAM is a multimodal visualization assessment
approach that assesses the individual's emotional reaction
in three different categories: valence (from happy to
unhappy), arousal (from aroused to calm), and domination
(from emotional uncontrolled to control), as illustrated in
Figure 4. Table 3 summarizes the outcomes of SAM.

Table 3; Outcomes of SAM

Emotion Valence Arousal
Fear -05t0-0.1 0.1t00.5
Neutral -0.5t0-0.3 -05t0-0.1
Anger 0.1t00.3 0.41t00.8
Joy 0to0.3 0.5t00.9
Tenderness 0.3t0 0.5 -0.5t0-0.2
Sadness 0.5t00.8 -0.5t0-0.2
Disgust 0.6t00.9 -0.7t0-0.3
Depressed 0.6t00.9 -0.7t0-0.3
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Figure 4: SAM Outcomes

Patients who fell below or over the threshold were assessed
as having a cheerful, sad, or neutral mentality. The
outcomes demonstrated that true positive (TP) predicted
yes (patientsdo move physically and express their
emotion), true negative (TN) predicted no act of kindness,
false positive (FP) predicted yes (patientsdo move
physically and express their emotion), and false negative
(FN) predicted no facial expression. The system'’s accuracy
was evaluated for each average and gesture of affection.
The study analyzed multi-variable correlation analysis
which is shown in Figure 5.
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Figure 5: Correlation matrix

A method's accuracy is examined by the sum of TP and
TN, or properly categorized items. The aforementioned are
positioned on the predominant diagonal and ought to be
reduced with the overall amount of forecasts, excluding
misclassifications. The accuracy is constant throughout all
classes. Figure 6 and Table 4 depict the accuracy of
existing and proposed classification methods: accuracy of
the SVM is 86%, NB is 61%, VGG 16 is 56.45%, CNN +
GRU is 82.23% and the proposed GW+DT approach is
95% recognized the participant's emotion. GW+DT
surpasses the other algorithms, achieving the best accuracy
in classification.

Table 4: Accuracy

Outcomes of Accuracy
Methods Values (%)
SVM [16] 86
NB [16] 61
VGG 16 [17] 56.45
CNN+GRU [17] 84.23
IGSO-DT [Proposed] 95
Bl o el
PO S B 2]
60 " L 4

Values (%)

20

NB[16] VGG16[17] CNN+GRU IGSO-DT
n7 [Proposed]

SVM [16]

Methods

Figure 6: Accuracy
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Table 5: Estimation of recall and F1-Score

Methods Recall F1-Score
VGG 16 [17] 72.69 76.4
CNN+GRU [17] 79.63 77.36
IGSO-DT 82.10 80.52
[Proposed]

Recall: It is used to calculate a method's efficacy,
especially in classification tasks, by gauging the model's
capability to exactly recognize every pertinent event. It is
resolute by isolating the sum of TN by the sum of FN.
Table 5 evaluates the outcomes of Recall. Figure 7 depicts
the evaluation of Recall. With a recall of 82.10, the
suggested IGSO-DT technique outperformed CNN+GRU
and VGG 16, which had recall values of 72.69 and 79.63,
respectively, in identifying pertinent instances. This shows
that IGSO-DT has a better detection performance and is
more successful at reducing missed cases.

100+ [ Recall
I F1-Score
80
60
40
20
0 T T T
VGG 16 [17] CNN+GRU [17] IGSO-DT

[Proposed]
Methods

Figure 7: Evaluation of F1 score and Recall

F1- Score: The precision of the capacity to accurately
identify positive outcomes and recall the capacity to catch
all pertinent instances is taken into account when
calculating the F1-Score, which is a metric, used to assess
a model's accuracy. The average harmonic of recall and
precision is used to calculate it. Table 5 summarizes the
estimation of the F1 score. Figure 7 shows the outcomes of
F1-Score. The model appears to successfully balance
recall and precision if the suggested IGSO-DT approach
attains an F1-Score of 80.50. This indicates that the model
performs better than the VGG 16 (76.4%) and CNN+GRU
(77.36%) methods in recognizing true cases with a little
mistake.

5 Discussion

When it comes to classifying emotion, existing techniques
like SVM [16] and NB [16] have significant drawbacks.
Even while SVM is useful, it frequently has trouble
processing high-dimensional data and can need a lot of
hyperparameter tweaking to operate at its best. Overfitting
and higher processing expenses can result from this.
However, as this study's 61% accuracy shows, NB
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oversimplifies complicated correlations in EEG data,
which usually leads to lower classification accuracy. By
fusing a decision tree-based classification strategy with
feature extraction, the CNN+GRU [17] model, while
combining spatial and temporal features, is resource-
intensive and prone to overfitting, requiring extensive
hyper-parameter tuning. VGG 16 [17], though effective for
image classification, has a large computational footprint
and model size, making it less adaptable and efficient for
varied tasks, the suggested GW+DT method overcomes
these drawbacks. By adaptively fine-tuning its
classification algorithm and dynamically picking pertinent
features, GW+DT achieves a noteworthy 95% accuracy,
82.10% recall and 80.52% F1-score, improvement in
handling high-dimensional EEG data. This approach uses
decision tree robustness and iterative learning to reduce
overfitting, a major problem with SVM. Furthermore,
GW+DT does not depend on the feature independence
assumption as NB does, which enables it to recognize
complex patterns and relations in the data. By taking
advantage of these benefits, GW+DT overcomes the
shortcomings of current techniques to provide a more
precise and effective solution for emotional state
classification.

6 Conclusion

This study demonstrates the enormous potential of VR-
based music therapy for improving emotional control and
well-being among patients receiving chemotherapy. Using
modern techniques such as EEG signal processing with
RFE and GW+DT, the methodology obtained an
impressive 95% accuracy in recognizing emotional states.
The VR system revealed significant advantages over
traditional approaches, offering a more immersive and
engaging therapeutic  experience. The  findings
demonstrate the usefulness of combining VR technology
with music therapy as a unique and effective strategy for
enhancing mental health and emotional stability in a
clinical environment. The findings confirmed that virtual
reality can suggest more pleasant, neutral in nature, and
anxious feelings than self-imagination, as well as increase
singing skills through emotional engagement. The VR
training method is regarded as an efficient way to enhance
voice music instruction techniques. Future studies ought to
examine the broader applicability and long-term effects of
this new therapeutic technique.
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A PV (photovoltaic) controller is a device used in solar energy systems to manage the charging of
batteries from solar panels efficiently. Total Harmonic Distortion (THD) reduction in PV (photovoltaic)
systems is crucial for ensuring the efficient and reliable operation of the system while minimizing
potential interference with the grid or other connected electrical equipment. This paper proposes an
effective THD reduction model for PV applications. The proposed model incorporates the Unified
Power Quality Conditioners (UPQC) for photovoltaic (PV). The UPQC in the PV is Optimized with the
Seagull model for the estimation of values in the PV system. The optimization is performed with the
Second-order derivatives of the Enhanced Second-Order Generalized Integrator (ESOGI). The derived
model of the ESOGI model uses the Adaptive Neuro-Fuzzy Inference System (ANFIS) with SeaGull
Optimization (SGO) for the voltage regulation in the PV system. The performance of the proposed model
is implemented and tested with the different parameters illustrated that the performance of UPQC
systems in terms of Total Harmonic Distortion (THD), Voltage Regulation, Power Factor Improvement,
Reactive and Real Power Compensation, Voltage Stability, and Grid Stability. The proposed
methodology demonstrates significant reductions in THD, tighter voltage regulation, enhanced power
factor, and improved grid stability compared to conventional control techniques. The ESOGI-ANFIS-
SGO optimization approach exhibits robustness and adaptability in handling variations in PV power
output and grid conditions.

Povzetek: Raziskava je pokazala, kako izboljsati ucinkovitost uporabe soncnih panelov z vpeljavo Ul

algoritmov, za zmanjsanje harmonicnega popacenja in izboljsanje izkoristka.

1 Introduction

Photovoltaic (PV) is a method that uses semiconducting
materials, like silicon, to directly transform sunlight into
electricity. Offering a clean and sustainable alternative to
traditional power generation based on fossil fuels, it is a
quickly expanding field within the larger realm of
renewable energy [1]. The photovoltaic effect, which was
found in the nineteenth century and states that certain
materials can generate an electric current when exposed
to light, is the basic principle underlying photovoltaics
[2]. Photons from the sun's rays reach the surface of a
photovoltaic cell, where they are converted into an
electric current by transferring their energy to the
semiconductor material's electrons [3]. PV technology
has evolved significantly over the years, with
advancements in materials, manufacturing processes, and
system design, leading to increased efficiency and
reduced costs. Today, PV systems can be found in
various forms, from small-scale rooftop installations on
residential buildings to large utility-scale solar farms [4].
The environmental benefits of PV are substantial, as it
produces electricity without emitting greenhouse gases or
other pollutants associated with conventional power
generation [5]. Additionally, PV systems require minimal

maintenance and have a long operational lifespan,
making them an attractive option for sustainable energy
production. photovoltaics (PV) with Unified Power
Quality Conditioner (UPQC) represents a significant
advancement in the field of renewable energy integration
and power quality management [6]. PV systems harness
sunlight to generate electricity, providing a clean and
sustainable energy source. However, variations in solar
irradiance and other external factors can lead to
fluctuations in the power output of PV installations,
impacting the quality and stability of the electricity
supply [7].

A unified power quality conditioner (UPQC) is
a high-tech electrical device that can reduce voltage dips,
spikes, harmonics, and flicker [8]. with integrating PV
systems with UPQCs, it becomes possible to enhance the
overall performance and reliability of the power
generation process. The UPQC can actively regulate
voltage and current waveforms, compensating for any
fluctuations or disturbances caused by the intermittent
nature of solar energy [9]. This ensures a consistent and
high-quality supply of electricity to the grid or connected
loads, improving system efficiency and reliability [10].
UPQCs enable PV systems to seamlessly integrate with
existing electrical grids, reducing the risk of disruptions
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and enhancing overall grid stability [11]. Integrating
renewable energy sources into the power infrastructure is
made easier with PV and UPQC technology, which helps
with the transition to a more sustainable and resilient
energy system [12]. This integrated approach not only
maximizes the utilization of renewable energy resources
but also helps to address challenges associated with grid
integration and power quality management.

Photovoltaics (PV) with Unified Power Quality
Conditioner (UPQC) technology marks a significant
advancement in renewable energy integration and power
quality management [13]. PV systems, while offering
clean energy, are susceptible to fluctuations in solar
irradiance, which can affect the stability and quality of
electricity output. Unified Power Quality Conditioners
(UPQCs), equipped with voltage source converters and
control algorithms, actively regulate voltage and current
waveforms, compensating for disturbances and ensuring
a consistent power supply [14]. With integrating PV with
UPQC, several benefits emerge: improved power quality
through active compensation for voltage fluctuations and
harmonic  distortions, enhanced grid integration
facilitating seamless incorporation into existing electrical
grids, increased grid stability by mitigating sudden
changes in PV output, and optimized energy
management with dynamic voltage regulation and active
power filtering [15].

The paper makes several significant
contributions to the field of power electronics and
renewable energy systems. Firstly, it introduces a novel
approach for optimizing Unified Power Quality
Conditioners  (UPQC) specifically tailored for
photovoltaic (PV) applications. By integrating Enhanced
Second-Order Generalized Integrator (ESOGI) and
Adaptive Neuro-Fuzzy Inference System (ANFIS) with
SeaGull Optimization (SGO), the study presents a
comprehensive solution for enhancing the performance
of UPQC systems. This integrated methodology allows
for efficient power conditioning, improved voltage
regulation, and enhanced power factor correction,
thereby addressing the challenges associated with PV
integration into the grid. Additionally, the paper
demonstrates the effectiveness of the proposed technique
through rigorous simulation and analysis, providing
insights into its efficacy under various operating
conditions and grid disturbances. Overall, the
contribution of this research lies in providing a robust
and adaptive control strategy for UPQC systems in PV
applications, thereby facilitating the seamless integration
of renewable energy sources into the power grid while
ensuring high-quality and stable power supply.

2 Related works

Unified Power Quality Conditioners offer a compelling
solution by actively regulating voltage and current
waveforms, compensating for fluctuations and
disturbances in the power supply. In recent years,
significant efforts have been devoted to investigating the
synergistic integration of UPQC with PV systems,
aiming to enhance power quality, grid integration, and

G. Sujatha et al.

overall system performance. Srilakshmi et al. (2022)
performed research to improve UPQC performance by
developing a Multiobjective Neuro-Fuzzy Controller and
selecting filter parameters using Enhanced Harmony
Search Optimization and Predator Prey Firefly methods
[16]. The aim of this study is to improve the
effectiveness of UPQC systems in mitigating power
quality issues by integrating advanced control strategies
and optimization algorithms. The Srimatha et al. (2023)
introduces another research effort where a novel ANFIS-
controlled customized UPQC device is proposed for
power quality enhancement, suggesting a different
approach to controlling UPQC systems [17].

Srilakshmi et al. (2023) present a study on the
design of UPQC systems integrated with solar PV and
battery storage for power quality improvement,
indicating the growing interest in combining renewable
energy sources with power quality solutions. Mahar et al.
(2022) contribute to the field by implementing an ANN
controller-based UPQC integrated with a microgrid,
showcasing the application of artificial neural networks
in controlling power quality devices [18-19]. Also, a
multi-objective hybrid controller for PV-battery unified
power quality conditioner is proposed by Srilakshmi et
al. (2022), showing how Al techniques can be used to
design sophisticated control systems. In their study,
Navya et al. (2024) compare the efficiency of various
control strategies by analyzing the Interline Unified
Power Quality Conditioner (IUPQC) with Pl Fuzzy and
ANFIS controllers [20].

The authors Srilakshmi et al. (2024) showcase
an ideal layout for UPQC systems that are powered by
electric vehicles (EVs), solar panels, wind turbines, and
batteries. They emphasize the need of integrating various
renewable energy sources and storage systems to manage
power flow and quality comprehensively. This study by
Ramadevi et al. (2023) demonstrates the use of state-of-
the-art computational methods in control system design
by investigating the best way to implement artificial
neural network controllers for a unified power quality
conditioner that is connected to both solar panels and
batteries [21-22]. Kumarar et al. (2024) contribute to the
field with a study on voltage stability analysis for grid-
connected PV systems using optimized control based on
Internet of Things (loT) and ANFIS, addressing the
stability concerns associated with renewable energy
integration. Srilakshmi et al. (2024) propose a green
energy-sourced  Al-controlled  multilevel  UPQC
parameter selection approach using football game
optimization, emphasizing the use of nature-inspired
optimization algorithms for efficient UPQC design [23].

Gandhar et al. (2022) provide a mathematical
framework for isolated microgrid systems based on
renewable energy sources (RES) that is ANFIS-tuned
and UPQC controlled. This framework offers a
systematic approach to integrating RES into microgrid
environments [24]. In their proposal for an optimal
power quality improvement controller with a
photovoltaic  array  (PVA)  connected UPQC,
Simhachalam and Goswami (2024) show how versatile
fuzzy logic techniques can be when dealing with power
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quality issues. In their study, Tounsi et al. (2023) present
a fuzzy logic controller that improves the stability and
reliability of UPQC systems. This controller is designed
for photovoltaic panels and includes voltage
compensation and stability features [25]. To maximize
the effectiveness of UPQC in mitigating power quality
issues, Yadav et al. (2023) use a hybrid approach to
explore the optimal placement of UPQC in distribution
networks. They emphasize the importance of strategic
placement [26-27]. Hybrid control techniques have the
ability to improve the efficiency of renewable energy
systems, as demonstrated by Sowmya Sree and
Ankarao's (2023) work on improving power quality in
solar-wind grid-connected systems using a genetic-based
ANFIS controller.

In their 2022 study, Cholamuthu et al. showcase
the integration of advanced control techniques to
improve power quality in hybrid energy systems. They
propose a grid-connected solar PV/wind turbine-based
hybrid energy system that uses an ANFIS controller for a
hybrid series active power filter [28-29]. To improve the
efficiency and functionality of UPQC systems in grid-
connected applications, Dongre et al. (2023) offer a new
method with a solar PV-supported multi-functional
UPQC for three-phase systems that incorporates a VCO-
less-FLL (Voltage-Controlled Oscillator-less Frequency-
Locked Loop). Srilakshmi et al. (2023) examine the
efficacy of fuzzy logic in microgrid settings for
controlling power flow and improving power quality by
analyzing a fuzzy-based controller for wind and battery-
fed UPQC. Proposing a power quality enhancement
strategy that utilizes a multi-level inverter with UPQC
and a robust backpropagation neural network strategy,
Sekhar and Manikandan (2022) show how neural
network-based methods can improve the stability and
performance of UPQC systems. Srilakshmi et al. (2022)
design a hybrid controller for solar-battery integrated
UPQC based on soccer league optimization, showcasing
innovative optimization techniques for parameter tuning
in UPQC systems, particularly in renewable energy
applications.

In their study, Vamsi et al. (2022) demonstrate
how adaptive neuro-fuzzy inference systems can improve
grid stability and reduce harmonics in PV systems by
applying ANFIS to a grid-connected system that uses an
Active Power Filter (APF) to improve power quality
[30]. The versatility of intelligent control techniques in
various renewable energy applications is demonstrated
by Sivasubramanian and Veerayan (2024), who present
control approaches based on ANN and ANFIS to
improve the efficiency of solar PV-driven water pumping
systems that use a quasi Z-source converter. In their
study, Okwako et al. (2022) present a grid-connected
UPQC that is controlled by a neural network. The
authors highlight how artificial neural networks can
optimize UPQC system operations and integrate
renewable energy sources into the grid [31-32]. Offering
a holistic approach to controller design that takes into
account various performance objectives in UPQC
systems, Alam and Arya (2022) present a Volterra
LMS/F-based control algorithm for UPQC with multi-
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objective optimized Pl controller gains [33-34].
Ratnakaran et al. (2023) present an artificial ecosystem-
optimized neural network-controlled UPQC for
microgrid applications, demonstrating the potential of
bio-inspired optimization techniques in enhancing the
performance and adaptability of UPQC systems in
dynamic microgrid environments [35].

The complexity associated with employing
sophisticated optimization algorithms like Predator Prey
Firefly and Enhanced Harmony Search Optimization
could pose challenges in terms of computational
resources and real-time implementation feasibility.
Moreover, while simulation studies may demonstrate
promising results, the lack of extensive real-world
validation remains a notable gap. Validation in practical
scenarios is crucial to ascertain the effectiveness and
reliability of proposed control strategies. The scalability
and generalizability of these techniques across different
UPQC configurations and grid environments require

further exploration and refinement. Additionally,
ensuring the robustness and reliability of control
algorithms  under diverse operating conditions,

disturbances, and fault scenarios necessitates ongoing
research and optimization efforts [36-37]. The integration
with existing grid infrastructure and adherence to grid
codes and standards are paramount for widespread
deployment, but challenges in this area persist. With
advancements are made in control strategies,
considerations of cost-effectiveness, initial investment,
maintenance expenses, and energy savings are imperative
for the economic viability and adoption of UPQC
systems.

3 SeaGull optimization

In recent years, the application of optimization
techniques in the field of power quality enhancement,
particularly in Unified Power Quality Conditioners
(UPQCQC) integrated with photovoltaic (PV) systems, has
gained significant attention. Among these optimization
methods, SeaGull Optimization (SGO) has emerged as a
promising approach due to its ability to efficiently search
for optimal solutions in complex, nonlinear optimization
problems. The derivation of the SeaGull Optimization
algorithm involves mimicking the behavior of seagulls in
search of food. It is based on the principles of social
interaction and movement patterns observed in flocks of
seagulls. The algorithm consists of multiple seagull
agents, each representing a potential solution to the
optimization problem. Through a mix of local and global
information exchange mechanisms, these agents position
themselves to iteratively explore the solution space. The
movement of each seagull agent i at iteration t is
computed using equation (1)

Xit+1 — Xit + ]/it+1 (1)

In equation (1) X/ represents the position of
seagull i at iteration t, and V}** denotes the velocity
vector of seagull i at iteration t+1. The velocity vector
v+t is computed using the following equation (2)



118 Informatica 49 (2025) 115-126

‘/it+1 = . ‘/it + Ci1.71. (Pit - Xit) + Cy. 15, (Gt - Xlt)(Z)

In equation (2) w is the inertia weight
determining the impact of the previous velocity, ¢1 and
c2 are the acceleration coefficients controlling the
influence of the personal best (Pf) and global best (Gt)
solutions, r1 and r2are random numbers uniformly
distributed in the range [0,1] [0,1]. The personal best
solution (Pf) represents the best position found by
seagull i up to iteration t, while the global best solution
(G,) represents the best position among all seagulls up to
iteration t. Figure 1 illustrated the optimization of PV
features with the seagull flow chart is presented.

Update Position
Estimation of Nearest
neighbours

Movement of Search Agent

Initialization Seagulls in
random manner

Objective Function

Eliminate Collision

No
Criteria for
stopping

Figure 1: Flow chart of seagull

SeaGull Optimization is a metaheuristic
algorithm inspired by the foraging behavior of seagulls.
It mimics the movement patterns of seagulls while
searching for food and has been adapted for solving
optimization problems. In the context of UPQC in PV
systems, SGO can be employed to optimize various
aspects such as control parameters, filter settings, and
system configurations to improve power quality and
efficiency. The SGO involves modeling the movement of
virtual seagulls in a search space, where each seagull
represents a potential solution to the optimization
problem. These seagulls move iteratively through the
search space, guided by both their individual experiences
(personal best) and the collective knowledge of the flock
(global best). This dual guidance mechanism allows SGO
to efficiently explore the search space and converge
towards optimal solutions. The movement of each
seagull is governed by equations that determine its
position in the search space. These equations typically
involve updating the position of each seagull based on its
current position, velocity, and the influence of personal
and global best solutions. Through iterative refinement,
SGO dynamically adjusts the positions of the seagulls
until satisfactory solutions are found. In the context of
UPQC in PV systems, the objective function to be
optimized may include parameters related to power
quality indices (such as Total Harmonic Distortion,
voltage regulation, etc.), system efficiency, and other
performance metrics. The SGO algorithm iteratively
adjusts the control parameters and filter settings of the
UPQC system to minimize the objective function and
achieve optimal performance.
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4 ESOGI ANFIS optimization

In the context of the Unified Power Quality Conditioner
(UPQC) for solar photovoltaic (PV) applications, the
utilization of Enhanced Second-Order Generalized
Integrator (ESOGI) combined with Adaptive Neuro-
Fuzzy Inference System (ANFIS) optimization represents
a sophisticated approach to designing second-order fuzzy
logic inverters. This paragraph could outline the
derivation and equations involved in this method. The
Enhanced Second-Order Generalized Integrator (ESOGI)
is a control techniqgue commonly used in power
electronic applications for grid-connected systems. It is
an essential part of the UPQC's control strategy because
it helps with reference signal extraction and
compensating voltage generation, which in turn helps
with power quality problems like harmonics, voltage
drops, and surges. Parameters of the second-order fuzzy
logic inverter within the UPQC system can be fine-tuned
using a data-driven approach introduced by Adaptive
Neuro-Fuzzy Inference System (ANFIS) optimization
occurring  simultaneously. In order to optimize
parameters efficiently using input-output training data,
ANFIS integrates the adaptability of neural networks
with the interpretability of fuzzy logic systems. The
ESOGI is an enhanced version of the traditional SOGI
used in power electronics applications. The typical
represented by the following second-order differential
equation stated in equation (3)

Vg + 2{wn Vg + iUy = WhVrer 3

In equation (3) v, is the output voltage of the SOGI;
74 is the second derivative of v,; ¢ is the damping ratio;
w, is the natural frequency and v, is the reference
voltage. The SOGI is designed to track the reference
voltage (v,.s)and generate a control signal to maintain
the desired output voltage (v,). ANFIS is a hybrid
computational model that combines fuzzy logic
principles with neural network learning algorithms to
optimize control parameters. It typically involves the
following steps:

e Membership function generation: Fuzzy
membership functions are defined to fuzzify the
input and output variables.

e Fuzzy rule formation: Linguistic rules are
formulated to represent the relationship between
input and output variables.

e Fuzzy inference: Fuzzy logic inference is
applied to determine the degree of activation of
each rule.

e Parameter optimization: Parameters of the
fuzzy inference system are optimized using a
learning algorithm, such as gradient descent or
least squares.
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Figure 2: UPQC with ANFIS In PV

Figure 2 presented the Simulink model for the UPQC
with the ANFIS in PV system for the THD reduction. In
the context of the UPQC for solar PV applications, the
ESOGI acts as the core control mechanism, while ANFIS
optimizes the parameters of the second-order fuzzy logic
inverter within the UPQC system. The integration
involves training the ANFIS model using historical data
to fine-tune the parameters of the fuzzy logic controller,
such as the gains and thresholds, to achieve the desired
performance objectives. The optimization process aims
to minimize an objective function, typically representing
the error between the actual UPQC performance and the
desired targets calculated using equation (4)

J©) =231, (v -5 @)

In equation (4) J(0) is the objective function; N is
the number of training samples; y;is the actual output;
S?L.is the predicted output and 6 represents the parameters
of the ANFIS model. The optimization algorithms can be
employed to train the ANFIS model and minimize the
objective function. Common techniques include gradient
descent, backpropagation, or hybrid approaches
combining evolutionary algorithms with gradient-based
methods. In this step, fuzzy membership functions are
defined to fuzzify the input and output variables. Let's
denote the input variable as x and its linguistic terms as
A1,A2, ..., Am. Similarly, let's denote the output variable
as y and its linguistic terms as B1,B2,...,Bn. The
membership functions for each linguistic term are
typically defined using parametric curves such as
Gaussian, triangular, or trapezoidal functions. For
example, a Gaussian membership function uAi(x) for the
input linguistic term Ai can be defined as in equation (5)
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In equation (5) ¢; is the center and o7 is the width
of the membership function Ai. Linguistic rules represent
the relationship between input and output variables. Let's

consider p fuzzy rules of the form stated in equation (6)

) = exp (- 240) ©)

Rulep: If x is Ai and y is Bj
, then rule strength = ap = uAi(x) X uBj(y) (6)

where ap represents the degree of activation of rule p,
and pdi(x)and uBj(y) are the membership grades of
the input and output variables, respectively. Fuzzy logic
inference combines the activated rules to generate a
fuzzy output. Let's denote the output of each rule as y~p.
The overall fuzzy output y~ is computed as a weighted
average of the individual rule outputs stated in equation
(7 )

~ _ Zp=1%pTFp

S (7
In equation (7) P is the total number of activated rules.
Parameters of the fuzzy inference system, including
membership function parameters (ci and oi) and rule
weights (ap), are optimized using a learning algorithm.
ANFIS employs a hybrid learning approach that
combines gradient-based optimization and least squares
estimation. The objective function to be minimized
typically consists of the mean squared error (MSE)
between the actual output y and the desired output d. The
parameters are updated iteratively using techniques such
as gradient descent or backpropagation through the
ANFIS architecture.
The SGO algorithm involves the following steps:

e Initialization: Initialize a population of potential
solutions, represented as positions in a
multidimensional search space

e Fitness Evaluation: Evaluate the fitness of each
solution using an objective function that
guantifies how well the solution performs
according to predefined criteria.

o Exploration and Exploitation: Iteratively
improve solutions through exploration and
exploitation phases, mimicking the foraging
behavior of sea gulls.

e Selection: Select the best solution(s) based on
fitness evaluation, typically using selection
mechanisms such as tournament selection or
elitism to determine which solutions survive and
reproduce in the next generation.

The objective function for optimization aims to
minimize the error between the actual UPQC
performance and the desired targets, considering factors
such as voltage regulation, harmonic mitigation, and
power factor correction. In the integration process, the
parameters of both the ESOGI and ANFIS are optimized
simultaneously using the SGO algorithm. The objective
function is formulated to consider the performance
metrics of the UPQC system and guide the optimization
process towards achieving the desired targets.
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5 UPQC ESOGI ANFIS optimization
for PV

A power electronic device called a Unified Power
Quality Conditioner (UPQC) is optimized for use in
photovoltaic (PV) applications by combining ESOGI and
the Adaptive Neuro-Fuzzy Inference System (ANFIS).
UPQC is used to reduce problems with power quality in
distribution systems, including voltage sag, harmonics,
reactive power compensation, and harmonics. Voltage
regulation and disturbance mitigation are accomplished
by means of UPQC's series and shunt active power
filters. ESOGI is a control algorithm used in UPQC to
estimate and compensate for grid voltage disturbances.
The extension of the classical second-order generalized
integrator (SOGI) and provides enhanced performance in
terms of tracking grid voltage variations and rejecting

disturbances. The ESOGI algorithm involves the
following equations (8) — (11)

Va—err = Vac — Va (8)

17q—err = vq (9)

id—err = id - id—ref (10)

lgeerr = g — id—ref (11)

In equation (8) — (11) v, is the DC bus voltage;
vg and v,are the d and g components of the grid voltage;
iq and i, are the d and g components of the grid current;
lg—repand i,_,.r are the reference d and g currents;
Vg—err aNd V4_ep are the error signals for the d and g
components of the grid voltage; ig_., and i;_.-are the
error signals for the d and g components of the grid
current. The optimization process aims to enhance the
performance of UPQC for PV applications by adjusting
the control parameters of ESOGI and ANFIS. This
optimization can be formulated as a multi-objective
optimization problem, where the objectives may include
minimizing grid voltage deviations, maximizing power
injection from PV panels, and minimizing harmonic
distortion. The optimization algorithm, such as SeaGull
Optimization (SGO), can be applied to search for the
optimal set of parameters for both ESOGI and ANFIS
simultaneously.

The optimization of Unified Power Quality
Conditioner (UPQC) for photovoltaic (PV) applications
involves integrating the Enhanced Second-Order
Generalized Integrator (ESOGI) and Adaptive Neuro-
Fuzzy Inference System (ANFIS) while employing
optimization techniques like SeaGull Optimization
(SGO) to enhance performance. ESOGI, an advanced
control algorithm, estimates and compensates for grid
voltage disturbances. Its core equations include error
signals for the d and q components of grid voltage
(vd_err and vq_err) and grid current (id_err and iqg_err).
On the other hand, ANFIS combines fuzzy logic
principles with neural network learning algorithms,
utilizing membership functions, fuzzy rule formation,
fuzzy inference, and parameter optimization. The
optimization process aims to minimize grid voltage
deviations, maximize power injection from PV panels,
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and reduce harmonic distortion, formulated as a multi-
objective optimization problem. SGO is employed to
simultaneously optimize the parameters of ESOGI and
ANFIS, leading to improved UPQC performance in PV
systems. The ESOGI algorithm is a control strategy used
to estimate and compensate for grid voltage disturbances.
Grid voltage transformation from abc to dq0 frame stated

in equation (12)
v,
Vay _ (cos(@) —=Sin(O)\([.*
(vq) B (Sin(@) Cos(6) )(2)

where 6 is the angle of the grid voltage. The error signals
for the d and g components of grid voltage (vd_err
and vq_err) computed using equation (13) and (14)

(12)

(13)
(14)

— *
Vg—err = Vg — Vg
*

vq—err = Uq Uq
where vzand v, are the reference values for the d and g
components of the grid voltage, respectively. The Error

signals for the d and g components of grid current (id_err
and iq_err) defined in equation (15) and (16)

(15)
(16)

iy — i
4

lg—err = lg — g

li—err =

In equation (15) and (16) iz and i; are the reference
values for the d and q components of the grid current,
respectively. ANFIS is employed to optimize the
parameters of the fuzzy logic controller within the UPQC
system. The key equations involved in ANFIS are related
to its learning algorithm, which combines fuzzy logic
principles with neural network techniques.

NFIS involves the following steps:

A. Membership function generation

Fuzzy membership functions are defined for input and
output variables.

B. Fuzzy rule formation

Linguistic rules represent the relationship between input
and output variables.

C.Fuzzy inference

Fuzzy logic inference determines the degree of activation
of each rule.

D.Parameter optimization

Parameters of the fuzzy inference system are optimized
using a learning algorithm.

The objective function for optimization aims to minimize
the error between the actual UPQC performance and the
desired targets, considering factors such as voltage
regulation, harmonic mitigation, and power factor
correction.

6 Simulation results and discussion

The UPQC ESOGI ANFIS optimization for PV
applications, extensive simulations were conducted to
evaluate the performance of the proposed system. The
simulations aimed to assess various aspects such as
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voltage regulation, harmonic mitigation, power factor
correction, and overall grid stability. The results obtained
from the simulations demonstrated  significant
improvements in the performance of the UPQC system
compared to conventional control methods. Firstly, the
voltage regulation capabilities of the UPQC system were
evaluated under different operating conditions and grid
disturbances. The ESOGI algorithm effectively estimated
and compensated for grid voltage fluctuations, ensuring
that the output voltage remained within acceptable limits.
This led to enhanced voltage stability and regulation,
particularly during transient conditions and voltage sags
or swells. Secondly, the harmonic mitigation capabilities
of the UPQC system were analyzed. By employing
ANFIS for parameter optimization, the UPQC system
efficiently suppressed harmonics generated by the PV
inverters, thereby reducing harmonic pollution in the
grid. The optimized fuzzy logic controller adjusted the
compensation  currents  dynamically,  effectively
mitigating harmonic distortions and improving the
overall power quality. The power factor correction
functionality of the UPQC system was examined. The
combined use of ESOGI and ANFIS facilitated rapid and
accurate correction of power factor variations, ensuring
that the system operated at near unity power factor
levels. This contributed to improved energy efficiency
and reduced reactive power demand from the grid. Table
1 presented the simulation setting for the proposed
UPQC model for the PV system.

Table 1: Simulation setting

Parameter Value
Simulation Duration 24 hours
Time Step 1ms
PV System Capacity 100 kW
Grid Voltage 415V (RMS)
Grid Frequency 50 Hz
Load Type Nonlinear
Disturbance Type Voltage Sag
UPQC Rating 50 kVA
Control Algorithm ESOGI ANFIS
Optimization Algorithm | SeaGull Optimization
Grid Connection Type | Three-phase

Table 2: ESOGI ANFIS for power conditioning

Power | Total Voltage | Pow | Voltag | THD
variati | Harmo | Regulat | er e Reduct
on nic ion Fact | Deviat | ion
Distort | (RMS) | or ion (%)
ion (%) (%)
(%)
Low 3.2 11 092 | 15 38.9
Mediu | 4.8 1.8 0.89 | £2.0 30.5
m
High 6.5 2.5 0.85 | £2.8 24.7

The table 2 presents the performance metrics of a power
conditioning system, specifically focusing on different
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power variations: low, medium, and high. For the low
power variation scenario, the Total Harmonic Distortion
(THD) is measured at 3.2%, indicating a relatively clean
output waveform. The Voltage Regulation (RMS) is at
1.1%, suggesting stable voltage levels close to the
desired value. The Power Factor stands at 0.92,
indicating good utilization of power resources. The
Voltage Deviation is within £1.5%, signifying minimal
fluctuations around the target voltage level. Additionally,
the system achieves a notable THD Reduction of 38.9%,
showcasing its effectiveness in mitigating harmonic
distortion. As the power variation increases to the
medium level, the THD rises to 4.8%, indicating a slight
degradation in the waveform quality. The Voltage
Regulation (RMS) increases to 1.8%, indicating a
slightly less stable voltage output compared to the low
variation scenario. The Power Factor decreases to 0.89,
suggesting less efficient utilization of power resources.
The Voltage Deviation widens to +2.0%, indicating
increased fluctuations around the desired voltage level.
Despite these challenges, the system still manages to
achieve a significant THD Reduction of 30.5%, albeit
lower than in the low variation scenario. Figure 3 — 5
presented the output generated from the PV system with
the ESOGI ANFIS.

PV System Output Power with ANFIS-UPQC

800 —— Output Power (W)

600

400

200

output Power (W)

0 5 10 15 20 25
Time (hours)

Figure 3: Output power with ESOGI ANFIS

Harmonic Spectrum of PV System Output Power with ANFIS-UPQC
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Figure 4: Harmonic spectrum of ESOGI ANFIS
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Power Factor of PV System Output with ANFIS-UPQC
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Figure 5: Power factor of ESOGI ANFIS

In the case of high power variation, the THD further
increases to 6.5%, indicating more significant distortion
in the output waveform. The Voltage Regulation (RMS)
rises to 2.5%, indicating less stable voltage levels
compared to both low and medium variations. The Power
Factor decreases to 0.85, suggesting even less efficient
power utilization under high variation conditions. The
Voltage Deviation widens to +2.8%, indicating more
substantial fluctuations around the desired voltage level.
Despite these challenges, the system still achieves a
respectable THD Reduction of 24.7%, albeit lower than
in the previous scenarios.

Table 3: THD computation for the different power level

Voltage Level (V) | THD (%)
220 3.5
230 3.1
240 2.8
250 25

The presented data illustrates the Total Harmonic
Distortion (THD) levels at different voltage levels,
namely 220V, 230V, 240V, and 250V stated in Table 3.
As the voltage level increases from 220V to 250V, there
is a noticeable decrease in THD percentage. At 220V, the
THD is recorded at 3.5%, indicating a moderate level of
distortion in the output waveform. With a slight increase
in voltage to 230V, the THD decreases to 3.1%,
suggesting an improvement in waveform quality as
voltage rises. Subsequently, at 240V, the THD decreases
further to 2.8%, indicating a cleaner output waveform
with reduced distortion compared to lower voltage levels.
Finally, at the highest voltage level of 250V, the THD
drops to 2.5%, signifying the highest level of waveform
purity among all the voltage levels tested. The proposed
ESOGI ANFIS model THD estimation are presented in
Figure 6 and THD for the different voltage levels are
presented in Figure 7.
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Total Harmonic Distortion (THD) of PV System Output with ANFIS-UPQC
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Figure 6: THD with ESOGI ANFIS
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Figure 7: THD with ESOGI ANFIS for different voltages
Table 4: ESOGI ANFIS estimation

THD (581

THD 581

THD 541

Voltage Voltage Power Voltage
Level Regulation Factor Deviation
V) (RMS) (%0) V)
220 2.3 0.95 5.2
230 1.8 0.96 4.7
240 15 0.97 4.3
250 1.2 0.98 4.0
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‘ Figure 8: THD for the various voltage levels

The provided data presents the Voltage Regulation
(RMS), Power Factor, and Voltage Deviation at different
voltage levels: 220V, 230V, 240V, and 250V given in
table 4 and Figure 8. Firstly, the Voltage Regulation
(RMS) indicates the percentage change in the output
voltage concerning the nominal voltage level. As the
voltage level increases from 220V to 250V, there is a
noticeable improvement in voltage regulation, with the
RMS percentage decreasing from 2.3% at 220V to 1.2%
at 250V.



A Solar PV Integrated UPQC to Enhance Power Quality Using SEA...

This suggests that the system can maintain voltage
stability more effectively at higher voltage levels.
Secondly, the Power Factor, which represents the ratio of
real power to apparent power, exhibits an increasing
trend as the voltage level rises. At 220V, the power
factor is recorded at 0.95, while at 250V, it increases to
0.98. This indicates that the system operates more
efficiently and with less reactive power consumption at
higher voltage levels. The Voltage Deviation measures
the difference between the actual output voltage and the
nominal voltage level. As the voltage level increases, the
voltage deviation decreases from 5.2V at 220V to 4.0V at
250V. This signifies that the system can maintain output
voltage closer to the nominal value at higher voltage
levels, resulting in improved voltage stability and
reliability.

Table 5: Estimation of metrices
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Table 6: Comparative analysis

Performance Before After
Metric Optimization Optimization

Total Harmonic | 5.2% 2.8%
Distortion
Voltage 1.5% 0.8%
Regulation
(RMS)
Power Factor 0.88 0.95
Voltage +2.3% +0.9%
Deviation
THD Reduction | - 46.2%
(%)

In table 5 Total Harmonic Distortion (THD) reflects the
level of harmonic distortion in the system's output
voltage. Before optimization, the THD was relatively
high at 5.2%, indicating a significant presence of
harmonic components. However, after optimization, the
THD reduced substantially to 2.8%, representing a
notable improvement of 46.2%. The Voltage Regulation
(RMS) measures the system's ability to maintain a stable
output voltage within a specified range. Before
optimization, the RMS voltage regulation stood at 1.5%,
signifying a moderate level of voltage fluctuation.
Following optimization, this parameter improved
significantly to 0.8%, indicating enhanced voltage
stability and regulation.

Thirdly, Power Factor indicates the efficiency of the
system in converting electrical power into useful work.
Before optimization, the power factor was recorded at
0.88, suggesting a relatively low efficiency with a
notable reactive power component. After optimization,
the power factor increased to 0.95, demonstrating a
considerable  enhancement in  power conversion
efficiency. The Voltage Deviation represents the
variation between the actual output voltage and the
desired voltage level. Before optimization, the voltage
deviation was relatively high at +2.3%, indicating
fluctuations beyond the acceptable range. However, after
optimization, the voltage deviation reduced significantly
to +0.9%, showcasing improved voltage stability and
closer adherence to the desired voltage level.

Parame | ES ES Conven | Conven | Conven

ter OG | OG | tional tional tional
| | Pl PID PWM
AN Control | Control | Control
FIS

Total 1.8 2.1 5.5% 4.8% 6.2%

Harmon %

ic

Distorti

on

(THD)

Voltage | £0.0 | £0.0 | £0.2% +0.3% +0.4%

Regulati 2% | 5%

on

Power 0.98 | 0.98 | 0.92 0.95 0.91

Factor

Improve

ment

Reactiv | 50V | 50 100 80 VAR | 120

e Power | AR | VA | VAR VAR

Compen R

sation

Real 400 | 350 | 280 kW | 320 kW | 250 kW

Power KW | kw

Compen

sation

FRT 24% | 15% | 10% 12% 8%

Voltage

Dips/Sw

ells

Toleran

ce

FRT 6 10 15 20 25

Voltage

Recover

y Time

(ms)

FRT Hig | Hig | Moderat | Moderat | Low

Grid h h e e

Stability

The table 6 illustrates a comparative analysis of

optimization results and performance metrics between
ESOGI and conventional control techniques. ESOGI
demonstrates superior optimization with reduced Total
Harmonic Distortion (THD) at 1.8% compared to 5.5%
for conventional PI control, 4.8% for conventional PID
control, and 6.2% for conventional PWM control.
Similarly, ESOGI achieves tighter VVoltage Regulation at
+0.04%, outperforming conventional techniques with
values of +0.2%, +0.3%, and +0.4% respectively. Power
Factor Improvement remains consistent at 0.98 for both
ESOGI and conventional Pl control, while it's slightly
lower for conventional PID and PWM control. Regarding
Reactive Power Compensation, ESOGI and conventional
PI control provide 50 VAR, while other techniques offer
varying values. Real Power Compensation is highest
with ESOGI at 400 kW, followed by conventional PID
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control at 320 kW, and lower values for other techniques.
Furthermore, ESOGI exhibits better tolerance to Voltage
Dips/Swells at 24% compared to 15% for conventional
PI control and even lower values for other techniques.

7 Conclusions

This paper presented the model for the the optimization
of Unified Power Quality Conditioners (UPQC) for
photovoltaic (PV) applications using the Enhanced
Second-Order Generalized Integrator (ESOGI) and
Adaptive Neuro-Fuzzy Inference System (ANFIS) with
SeaGull Optimization (SGO). The study demonstrates
the effectiveness of the proposed optimization technique
in improving the performance of UPQC systems in terms
of Total Harmonic Distortion (THD), Voltage
Regulation, Power Factor Improvement, Reactive and
Real Power Compensation, Voltage Stability, and Grid
Stability. The results reveal significant reductions in
THD, tighter voltage regulation, enhanced power factor,
and improved grid stability compared to conventional
control techniques. Additionally, the ESOGI-ANFIS-
SGO optimization approach exhibits robustness and
adaptability in handling variations in PV power output
and grid conditions. Overall, the findings highlight the
potential of the proposed methodology to enhance the
efficiency, reliability, and performance of UPQC systems
for PV applications, contributing to the advancement of
renewable energy integration into the power grid while
ensuring high-quality power supply. Further research
may explore the scalability and applicability of the
proposed technique in real-world PV systems and
investigate its performance under dynamic and transient
conditions.
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In the field of bridge design, multi-objective optimization problems have attracted much attention due to
their complexity and multiple solutions. The limitations of existing optimization algorithms in dealing with
multi-objective problems, especially the trade-off between multiple objectives such as cost, duration,
safety and quality. Therefore, in order to achieve the balance and optimization of each optimization
objective while satisfying the bridge design constraints, a multi-objective optimization system based on
an improved ant colony algorithm is studied and developed. The study is conducted by modeling natural
selection and genetic mechanisms to improve the global search capability and diversity of the algorithm.
The results showed that the proposed system was significantly superior to the traditional methods in key
performance indicators such as optimization speed, objective function value, and robustness. The
accuracy, stability, and safety of the proposed system were as high as 92%, 95%, and 91%, respectively,
while the corresponding indicators of the traditional system were only about 55%. Specifically, the
optimization speed of the proposed system reached 0.95, which was significantly better than that of the
traditional system of 0.70, indicating that the proposed system had a significant advantage in convergence
speed. The objective function value of the proposed system was 0.92, which was better than 0.75 of the
traditional system, indicating that the proposed system could achieve a more optimal solution when
solving optimization problems. The proposed system is superior to the traditional system in all evaluation
indices, which proves its superior performance in multi-objective optimization of bridge design. The study
provides a new optimization strategy for bridge design, which helps to achieve a more efficient,
economical and safer bridge design solution.

Povzetek: The study introduces a multi-objective optimization system for bridge design, utilizing an
enhanced ant colony algorithm to balance factors like cost, duration, safety, and quality. Additionally, the
system demonstrates a faster optimization speed and better objective function values, indicating its

superior performance in multi-objective bridge design optimization.

1 Introduction

As an important transportation infrastructure, the
design quality of bridges is directly related to public safety
and economic development. With the acceleration of
urbanization and the advancement of engineering
technology, modern bridge design not only has to meet the
basic load carrying and safety requirements, but also has
to consider multiple factors such as economic benefits,
construction efficiency, aesthetics, and environmental
impact. These factors are intertwined with each other,
constituting a complex multi-objective optimization
(MOO) problem, which puts forward higher requirements
for designers [1-2]. Traditional bridge design methods
often focus on the optimization of a single objective, and
it is difficult to consider multiple objectives at the same
time. This leads to problems such as high cost, prolonged
construction period or insufficient safety in practical
application of design solutions. In addition, with the
application of new materials and technologies, the
complexity of bridge design further increases. Traditional

optimization methods appear to be incompetent in dealing
with such problems. In recent years, MOO algorithms
such as genetic algorithm (GA), particle swarm
optimization (PSO) and ant colony algorithm (ACA) have
been gradually applied in bridge design. They provide new
ways to solve problems by modeling natural phenomena
[3-4].

For the MOO problem, where multiple optimal
solutions (OSs) may exist. Pereira et al. did a thorough
analysis of MOO algorithms, which have become popular
in engineering in recent years. Their study revealed the
effectiveness of traditional optimization methods in
dealing with the number of variables, number of
objectives and nonlinear problems. Although these
algorithms were not commonly used in engineering
practice, they showed significant potential for
improvement in real-world applications [5]. Jangir et al.
proposed a novel MOO algorithm for Pareto frontier
problems with multiple conflicting objectives and
features, including linear, nonlinear, continuous and
discrete. The algorithm combined the elite non-dominated
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ordering and congestion distance mechanisms and was
found to outperform some recognized good algorithms by
experimental comparison [6]. An inventive multi-
objective balancing optimizer was created by Premkumar
et al. to address challenging optimization issues, such as
engineering design. The study used a multi-objective
balancing algorithm with a non-dominated sorting
method. The study's findings demonstrated that, in
contrast to existing algorithms, this new algorithm offered
more competitive solutions [7]. Rao et al. optimized the
original heuristic algorithm for the MOO problem. This
improved algorithm utilized the dominance principle and
congestion distance evaluation mechanism to handle
multiple objectives simultaneously. Experimental results
demonstrated that this optimization algorithm was not
only concise but also robust and suitable for solving
diverse engineering optimization problems [8]. In
structural health monitoring, the optimization of sensor
layout is very important to improve the diagnostic
accuracy and reduce the computational burden. Yang et al.
improved genetic and simulated annealing (SA)
algorithms, developed adaptive simulated annealing GAs,
and combined with strain modal criteria to achieve
accurate sensor layout. Simulation showed that this
algorithm had the lowest average false discovery rate and
was superior to target detection and negative selection
algorithms [9]. Aiming at the damage detection of large-
span spatial lattice structures, Zhou et al. developed an
improved GA damage detection model. Experiments
confirmed that the model achieved a balance between
recall rate and precision rate, with AUC value as high as
0.927, optimization error less than 0.4. It improved
convergence performance, and achieved 100%
convergence rate and fast iteration [10].
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To achieve the minimization of power consumption, the
shortest task completion time, and to guarantee the quality
of service obtained by cloud service users, Elsedimy et al.
developed an integrated multi-objective task scheduling
model, which is based on an improved ant colony
optimization (ACO) algorithm. The algorithm introduced
adaptive distribution probabilities especially in global rule
updating. It showed improved performance in terms of
load balancing, energy economy, turnaround time, and
completion time, according to experimental data [11]. For
the two additional goals of decreasing transit time span
and distance imbalance, Goel et al. suggested a meta-
heuristic algorithm based on a multi-ant colony system.
The algorithm was tested on several benchmark problems
and showed advantages over other advanced methods as
well as the non-dominated sorting genetic algorithm I
(NSGA-II), which was commonly used in the MOO field
[12]. Masoumi et al. suggested an improved multi-
objective ACO algorithm to address this challenge. The
results indicated that the algorithm achieved an acceptable
level of reasonableness of the setup, reproducibility of the
results, and runtime [13]. Conventional ACA usually used
only one pheromone and updated the pheromone by a non-
dominant solution to provide guidance for subsequent
foraging behavior without utilizing the dominant solution.
To utilize the dominant solution more effectively, a novel
ACO algorithm was suggested by Ning et al. The
algorithm was based on the multi-objective evolutionary
algorithm of decomposition and combined the concepts of
ACO and negative pheromone. The results of the study
confirmed that the reasonable utilization of the relevant
information of the dominant solution can significantly
improve the efficiency of ACA [14]. The summary table
of literature review is shown in Table 1.

Table 1: Summary of literature review

Algorithm multi-objective GoalsDeal with number of o
Reference Lo - variables, number of targets, and Key performance indicator
optimization algorithm -
nonlinear problems
Elite non-dominant sorting and . . .
. - - Solve problems with multiple It has the potential of
] congestion dlstapce mechanism conflicting goals and features effectiveness and improvement
algorithm
Multi-objective balancing Solve complex optimization problems The performapce is better than
[6] e : " L : the recognized excellent
optimizer including engineering design -
algorithm
7] Heuristic algorithm Adapt to the needs of multi-objective Provide more competitive
optimization optimization problems solutions
Adaptive simulated annealin Optimal layout of sensors in
[8] P enetic algorithm g structural health monitoring of civil Simple and robust
9 g engineering
[9] Improved genetic algorithm Damage detection of long-span space Average false detection rate,
damage recognition model grid structure optimization error
Minimize power consumption and -
Improved ant colony L . Recall rate, precision rate,
[10] R - task completion time to ensure quality T
optimization algorithm of service AUC value, optimization error
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Meta-heuristic algorithm based Minimize travel time span and C_ompletlon time, _turnaround
[11] - - ) time, energy efficiency, load
on multi-ant colony system distance imbalances -
balancing
[12] Improved .mlflt' _objectlve_ ant User-centered path planning Performance exceeds NSGA-II
colony optimization algorithm
Multi obje_ctlve evolutionary Improve the efficiency of ant colony Settlng _ratlonallty,
[13] algorithm based on . - - . repeatability of results,
o algorithm by using dominant solution LY
decomposition running time
- A GoalsDeal with number of variables,
Algorithm multi-objective - - .
[14] S . number of targets, and nonlinear Efficiency improvement
optimization algorithm problems

In conclusion, these algorithms still have issues with
sluggish convergence and a tendency to default to local
optimization when handling large bridge design problems
with several competing goals. To address these
shortcomings, the study proposes an improved ACA
(IACA). The method improves the global search
capability and variety by incorporating mutation
mechanisms and chromosome crossover, which are
essential components of GA. In addition, the study
introduces a pheromone decomposition mechanism and
the concept of negative pheromone to utilize the dominant
solution information more efficiently. The combination of
GA's crossover and mutation operations, which enhances
the algorithm's exploration capability and its capacity to
avoid local optima (LO), is the study's unique
contribution. To improve the algorithm's use of favorable
solutions and optimize the pheromone updating rules, a
decomposition-based multi-objective  evolutionary
technique is presented.

2 Methods and materials

The study firstly clarifies the logical connection
between the optimization objectives (OQOs) by
constructing a functional relationship equation, and
optimizes the bridge design multi-objective based on
Pareto solution set. Finally, an MOO system is constructed
through IACA to further enhance the overall performance
and optimization effect of bridge design.

2.1 Bridge design MOO based on Pareto
solution set

In the field of bridge design, the MOO problem can
be constructed by constructing a functional relationship
equation to clarify the logical connection between the OOs,
and then construct a mathematical expression model based
on the unified independent variables. The method of
transforming a multi-objective problem into a
mathematical model is an effective problem-solving
strategy. Theoretically, all multi-objective problems can
be solved by constructing a mathematical model, which
provides a generalized solution to the problem [15-16].
The mathematical expression of an MOO problem usually
consists of an objective function (OF) and constraints that
satisfy specific conditions. The mathematical expression

is shown in Equation (1).

min F(x) = (f,(x), f,(x),..., T, (X)) (1)

In Equation (1), xeoccR", fi(X) represent the
sub-objectives that need to be optimized simultaneously.
There is no direct consistency between them. The space
consisting  of  the M -dimensional  vector
(f.(x), £,(X),..., f,,(X)) is called the OF space, while
0;(x)<0,(i=12,...,p) is the constraints that must be
satisfied during the model solution process. The MOO
problem explored in the study refers specifically to the
optimization problem in bridge design. That is, given the
resources required for bridge design, how to achieve the
relative OS of these objectives while satisfying the
constraints of schedule, safety, quality, and cost [17-18].
Therefore, the goal of the study is to coordinate the various
objectives in bridge design to achieve the best possible
optimization under the given conditions, with the goal of
achieving the best completion of the entire design project.
When dealing with the MOO problem, various strategies
can be used, such as the dominant objective strategy, the
weighted sum method, and the Pareto efficiency method,
especially the weighted sum method, as shown in
Equation (2).

min 3w 1 () @

In Equation (2), f;(X) denotes the i th OO. w;

denotes the corresponding weight coefficient. X denotes
the feasible optimization space. N denotes the total
number of OOs. For single-objective optimization
algorithms, their performance can be evaluated by several
metrics, including but not limited to stability, effectiveness,
convergence speed, coverage, and robustness. Robustness
can be measured by running the algorithm multiple times
with varying parameters, recording the OSs, and
calculating the standard deviation (SD) of the OF values
of these solutions. A smaller SD indicates higher
robustness and this assessment is shown in Equation (3).
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In Equation (3), Rob denotes the measure of
robustness, which reflects the consistency of the
algorithm's performance under different parameter
settings. f. denotes the OF value of the OS found in i
runs. N is the total runs. Convergence is evaluated by
determining the convergence stage of the algorithm and
calculating the SD of the OF value of the solution at that
stage, as shown in Equation (4).

t Z::b fi 2
CON = 2 E 0 “)
t—b+1

In Equation (4), CON represents the convergence
measure. 1 is the total solutions found during the search.
The solution found in the b th search is the value of the
OF found by the optimization search. When evaluating the
performance of the MOO algorithm, the main
considerations are the set of Pareto OSs it generates and
the time cost required [19-20]. To eliminate the variance
of different objective units, the max-min normalization
method is usually used. The objective vectors of the Pareto
solutions are converted to standardized values, and then
the evaluation metrics are calculated based on these
normalized values (NV), as shown in Equation (5).

i fij — fnjin
TRy v

min

In Equation (5), Fij is the NV of the i th solution of

the ] th objective. fnfax denotes the actual maximum
value of the ] th objective in the algorithm's optimization

process. fij denotes the actual value of the ] th objective

for the i th solution. fnfm denotes the actual minimum

value of the ] th objective obtained by the algorithm
during the optimization process. In bridge design, in
addition to evaluating the effectiveness of the algorithm,
special attention must be paid to potential failure
situations. If the OS obtained by the algorithm meets the
user's requirements for accuracy, it can be considered a
satisfactory solution [21-23]. Equation (6) illustrates how
the relative difference between the OS and the genuine
OS's OF value can be used to assess and compute the OS's
quality.

d= w x100% (6)
In Equation (6), J is the quality of the OS. ' and
f” represent the OF values of the OS and the true OS
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obtained by the algorithm, respectively. The ability of the
algorithm to find a satisfactory solution in finite time is
called a successful optimization run. The ratio of the
successes in multiple runs of the algorithm to the total runs
is called the success rate, as shown in Equation (7).

ﬂ — N success X 100% (7)

all

In Equation (7), S denotes the success rate. N, is

the total optimization runs. N, is the successful runs.
In the Pareto solution set, if the research considers two
objectives f, and f, that need to be optimized, as shown
in Figure 1.

A

SN
oY

2 <

f < <> <> D Decision space
oG <> Dominant solution

<> Nondominating solution

>

fi

Figure 1: Definition of Pareto OS in multi-objective
problems

In Figure 1, the non-dominated solutions on the
boundary of the feasible domain are the Pareto-OSs,
which provide multiple possibilities for trade-offs
between different objectives and offer rich choices for
decision makers. Within the MOO bridge design
framework, the mathematical modeling of the project
schedule is based on the accumulation of the time required
for each construction phase, which is developed and
refined through incremental refinement. The study starts
by identifying all possible paths in the flowchart and
calculating the elapsed time of these paths. All the factors
that may affect the construction schedule are also
considered, and finally a mathematical model of the
duration target is established with the shortest total
duration as the goal. The model is expressed as shown in
Equation (8).

minT =>"t,
iel (8)
st t, <t,<t,
In Equation (8), T represents the total construction
time of the project. | represents the set of construction
phases contained on the critical path in the construction

flowchart. t,, is the shortest construction time of the

stage. T, is the actual construction time of the stage. t,,

is the longest construction time for stage U . In the MOO
study of bridge design, the construction of cost-effective
optimization model is a key aspect. In constructing the
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cost optimization model, the actual duration of each
construction stage is taken as the independent variable.
Direct costs (DCs) cover costs directly related to
construction, such as material costs, labor costs and
equipment costs. Indirect costs (IDC), on the other hand,

A

Chij-—--

Direct cost

Lsij thij tij
Duration of time

(a) Direct cost versus duration relationship
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include costs that are not directly involved in production
activities but are indispensable in the operation of the
project, such as management fees and review fees. The
relationship between DCs, IDCs and process time is
shown in Figure 2.

A

Indirect cost

L toij L
Duration of time
(b) Indirect cost and duration relationship

Figure 2: The relationship between DC, IDC and process time

In Figure 2, the relationship between DC and
duration takes the form of a quadratic function. DCs are
inversely proportional to the duration of the construction
phase, but there is a minimum point. Beyond this point,
costs increase due to labor and equipment idleness,
depreciation, and other factors. IDCs are directly
proportional to the duration of the construction phase and
increase as construction time increases. The study
completes the building of the construction phase cost
optimization model by combining the relationship
between direct and IDCs and construction duration.
Equation (9) displays the created cost target model.

minC =Y (C 4t -t))+eT,  ©

i=1

In Equation (9), C, isthe DC of the process at normal
duration. A; is the marginal incremental factor associated
with the cost. t; is the actual construction time of the
process. ¢ denotes the IDC per day. t,, denotes the

theoretical construction time. T_ while denotes the total

duration of the entire project. In the MOO framework for
bridge design, ensuring the quality of the project is a
crucial aspect. For this reason, the study proposes a
method to assess the quality level based on the
construction network diagram. In this method, each
network node represents a process and its quality level is
determined by a specific formula. This is shown in Figure
3.

Tight pre-
operation J;

Tight pre-
operation J,

Output
quality level
Qam

Qou=(1-T1(1-Q))*Q:
Process of
operation i

Tight pre-
operation J...

Tight pre-
operation Jn,

Figure 3: Construction network planning node

In Figure 3, Q; is the quality level index of the initial

input network node. For the intermediate processes in the
network diagram, the calculation of their quality level
needs to consider the effects of all immediately preceding
processes. The immediately preceding process of process

i is denoted by J,,. Where M is a natural number, the
quality level of the immediately preceding process is Q; .
The output quality level of process i is Q,, . Ultimately,
the quality level Q of the whole bridge design project is

determined by the quality level Q,, of the outputs of all

processes combined. The quality level of the final output
process is shown in Equation (10).

Q=q, =-J[a-Qu)*Q,
(10

In Equation (10), Q denotes the total quality level of
the whole project, while Q, denotes the quality level of
the last process.
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Through this method, it can ensure that the quality of
each process is strictly controlled and optimized during
the design and construction process, thus improving the
quality of the whole bridge design. The OF is defined as a
multi-dimensional vector covering the three key areas of
cost, safety and construction time, which are linked by
constructed mathematical models designed to find the best
trade-offs between these objectives. These objectives and
constraints interact in the Pareto solution space and are
identified by non-dominant ordering, i.e., a solution is
considered non-dominant if it is not inferior to another
solution on all objectives and is superior on at least one
objective. This sorting mechanism ensures that the
solution set found in MOO can balance the trade-offs
between the wvarious objectives and increase the
practicality of the solution.

2.2 1ACA-based MOO system construction

The study explores the bridge design MOO problem
based on Pareto solution set and provides a systematic
solution for bridge design through mathematical modeling
and optimization strategies. Next, it will introduce how to
construct an MOO system through IACA to further
improve the overall performance and optimization of
bridge design. It is assumed that there are M ants
searching for food, the probability of the k th ant
transferring from node P to node J at each iteration t
times of them is shown in Equation (11).

a b
oq " pq

k a B!
ppq(t): quallowedkr

q € allowed,

pa " Tpg (11)

0,other

In Equation (11), 7, denotes the initial pheromone
(IP) between nodes. /3 is the expectation heuristic factor

(EHF). allowed, denotes the set of next nodes. 77,,

denotes the heuristic information. & denotes the
information heuristic factor. This probability depends on
the information heuristic factor and the set of next nodes,
and is also influenced by the EHF, which reflects the
visibility of the paths between nodes, as well as the values
of the heuristic information and the IP [24-26]. The
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heuristic information 77,, is specifically shown in
Equation (12).

Mo (12)

1
dpg
In Equation (12), d,, denotes the Euclidean

distance between nodes. The IP evaporates as the iteration
proceeds to the t+1 th iteration. The IP is shown in
Equation (13).

T (t+) =1 p)r,, + AT, (1)

At (t) = iATEq (t)

(13)

In Equation (13), Arf’q (t) denotes the pheromone

increment of the k th ant after the t th iteration. O

denotes the pheromone volatilization factor. Equation (14)
illustrates how an enhancement treatment is applied to the
optimal path discovered after each iteration to increase its
appeal by raising the pheromone in order to improve the
efficiency and solution quality of the algorithm.

M
r,(t+) =1~ p)r  + ZAT&‘ (1) + Az, (1)
k1

(14)

In Equation (14), Argq (t) is modeled as an ant-
week system, as shown in Equation (15).

.9
est

0, otherwise

. Ant path(p,q)
A, (1) =

(15)

In Equation (15), Lbest denotes the optimal path

length. & denotes the number of elite ants. The flow of
ACA is shown in Figure 4.
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N
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calculation results

Figure 4: Ant colony algorithm flow chart
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In Figure 4, the algorithm starts with ants selecting
nodes to pass through based on a specific probability
distribution and leaving pheromone traces on the selected
paths. As the algorithm iterates, the accumulation of
pheromone makes the ants increasingly inclined to select
paths that already have a high pheromone concentration
due to a positive feedback mechanism. While this
phenomenon can facilitate fast convergence, it can also
lead to a concentration of the search process on a small
number of paths, thus increasing the risk of falling into
LO. To get around this restriction, the research adds GA
components to improve ACA's diversity and worldwide

(] [ofsfofui[ofs]e]

[pe] [2lzfofui[2t]2]e]
!

(] [ofsfofi[s]a]o]

(o] [alafofifofa]s]

(a) Chromosome crossing process
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search capabilities. By combining the advantages of the
two algorithms, not only the solution speed is accelerated,
but also the problem of premature convergence of the
algorithm to a local optimum solution is effectively
avoided. This improved algorithm increases the possibility
of exploring new potential solutions by mimicking natural
selection and genetic mechanisms in the MOO problem of
bridge design. This enables a more comprehensive search
of the solution space to find a more balanced and
optimized design solution. The chromosome crossover
and mutation process of GA is shown in Figure 5.
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(b) Chromosomal variation process

7]

7]

Figure 5: Chromosome crossover and mutation process of genetic algorithm

In Figure 5, the mutation operation in GA injects the
necessary genetic diversity into the algorithm by
implementing small random adjustments on the coding
strings of the solutions. This effectively avoids the
stagnation of the algorithm on the local OS and promotes
the in-depth exploration of the global solution space.

Meanwhile, the combination of mutation and
recombination operations provides the GA with an
efficient navigation capability in the solution space to find
global or near-global OSs. The IACA-based MOO process
is shown in Figure 6.

- Initialization Calculate population Select groups with
Initiate . . .
parameter fitness high fitness
Output the optimal Meet the Mutation Cross
solution criteria? operation operation
Initial Select the next node according Calculated Renewal
population to the transition probability path length pheromone
N
Y Computational
Output result Meet the criteria? fFi)tness < Update tabu table

Figure 6: MO optimization process based on improved ant colony algorithm

In Figure 6, in the initial stage, the algorithm performs
parameter setting and the construction of fitness function.
Subsequently, the fitness is calculated and high fitness
individuals are screened by genetic iteration, and the
population is optimized by applying OX crossover method

and mutation operation. Based on the fitness ordering, the
top N individuals are chosen to build a new generation
population by combining the optimized and original
populations. Next, check whether the termination
condition is met. If it is not met, iteration continues, and if
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it is met, the most optimal population is applied to ACA.
In the ACA phase, the ants select paths based on specific
formulas and update the pheromone and contraindication
tables. Eventually, if the ants complete the search and the
result satisfies the output condition, the algorithm
terminates and outputs the result, otherwise, the iteration
continues until a solution that satisfies the condition is
found. In IACA, the choice of parameters is very
important for the exploration ability and convergence
performance of the algorithm. The pheromone volatility
factor controls the decay rate of the pheromone, which is
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set to 0.1. A lower volatility factor helps maintain the
persistence of the pheromone, thus promoting global
exploration in the early stages of the algorithm and
avoiding premature convergence. The pseudo-random
factor affects the balance between randomness and
pheromone intensity guidance when the ants choose the
path, and is set to 0.9, which allows the algorithm to use
the pheromone while maintaining enough randomness to
explore new paths and increase the diversity of the
algorithm. The detailed IACA process is shown in Figure
7.

ACA

Initialization > Ant placement

Local update [« BU|IQa
solution
Global update > Iteration

Output result

IACA

Initialization —» Ant placement

Genetic Build a
operator solution
Pheromone Genetic
renewal iteration

Iterative output [« Global update

Figure 7: Detailed flow chart of IACA

In Figure 7, IACA adds the operation of GA based on
traditional ACA, as well as the improvement of
pheromone update mechanism, which helps to improve
the search ability and the quality of the algorithm.

3 Results

The study first validates the performance of IACA
through a series of experiments, including the
convergence of the algorithm, precision rate, recall rate,
and comparing the results of the error drop rate. Finally,
the study evaluates the performance of the proposed
bridge design MOO system and compares it with the
traditional MOO system in various metrics.

3.1 IACA-based performance experiments

The effectiveness of the design process and the caliber
of the output are directly impacted by the suitability of
parameter setup in the field of bridge design. The
parameters in the optimization method must be carefully
chosen, taking into account both the particular

requirements of the design project and the limitations of
the algorithm itself, when it is used to solve the actual
multi-objective bridge design problem. The experiments
are conducted in a computing environment equipped with
an Intel Core i7 processor and 16 GB RAM, the operating
system is Windows 10, all algorithms are implemented in
Python 3.8 environment, using NumPy and SciPy libraries.
The experiment is repeated 30 times to ensure the stability
of the results, and the parameter settings are consistent for
each run. To ensure the replicability of the study, the data
pre-processing steps include data cleaning to remove
missing and outliers, and data standardization to ensure
consistency of algorithmic inputs. The hyperparameter
tuning process uses a grid search strategy to systematically
traverse the predefined parameter space to find the optimal
parameter combination. For each iteration of the algorithm,
the setting of the initial conditions follows a
randomization process in which the initial position of the
ant and the initial concentration of the pheromone are
randomly generated to ensure independence of each
iteration and diversity of results. Table 2 displays the
parameter settings.

Table 2: Parameter settings

Parameter name Symbols Parameter value
Pheromone volatile factor P 0.1
Population size m 80
Pseudo-random factor d 0.9
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Pheromone heuristic factor a 2
Expectation heuristic factor B 3
Pheromone local volatile factor é: 0.1
Number of iterative updates GEN 100
Pheromone concentration 7, 0.8

For the purpose of balancing exploration and
exploitation, Table 2's population size is set to 80. The
heuristic factors o and B are set to 2 and 3, respectively,
which guide the ants to avoid LO and effectively utilize
pheromones during the search process. The pheromone
volatilization factor is set to 0.1 to maintain a moderate
volatilization of pheromone concentration and facilitate
global search. The iterations is set to 100 to ensure that the
algorithm converges within a limited number of iterations.
The IP concentration and the local volatilization factor are
setto 0.8 and 0.1, respectively, which accelerate the initial
exploration and maintain the global search capability. The
pseudo-randomization factor is set to 0.9 to ensure that the
algorithm is both fast and accurate in the solution process.
genetic algorithm improves ant colony optimization (GA-
ACO) is compared with ACO, GA, SA, PSO for
comparative analysis. The convergence of the five
algorithms is shown in Figure 8. In Figure 8, the GA-ACO
algorithm reaches the OS and the OF value is minimized
at the 18th iteration, and no further change occurs after
that. This shows that the GA-ACO algorithm not only
converges quickly, but also has good stability. It can find
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the OS of the problem in a shorter time, and can keep this
state stable after finding the OS. This fast convergence
property is very important for solving the MOO problem.
It enables the algorithms to handle complex optimization
tasks with high efficiency and reliability. The precision
and recall of the five algorithms are shown in Figure 9.
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Figure 8: Convergence of five algorithms
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Figure 9: Comparison of accuracy rate and recall rate of five algorithms

In Figure 9(a), the accuracy ratio of the GA-ACO
algorithm reaches more than 0.9 in the first 50 iterations
or so, and eventually stabilizes at around 0.98. In Figure
9(b), the recall ratio of GA-ACO algorithm is also higher
than the other four algorithms, and eventually stabilizes at
around 0.90. It shows that the GA-ACO algorithm not
only has the property of fast convergence in the MOO

problem, but also performs well in the two key
performance indexes of precision and recall. It proves the
efficiency and reliability of GA-ACO algorithm in solving
complex optimization problems. A comparison of the
error drop rate results between the GA-ACO algorithm
and the ACO algorithm is shown in Figure 10.
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Figure 10: Error decline rate comparison

Figure 10(a) and Figure 10(b) demonstrate the
iterations required by the GA-ACO algorithm versus the
traditional ACO algorithm in reaching the target value.
The GA-ACO algorithm has reached the target value after
50 iterations, while the ACO algorithm requires 100
iterations to reach the target value for the first time. This
shows that the GA-ACO algorithm has a faster
convergence rate. By including the GA mechanism, this
enhanced GA-ACO algorithm enhances the efficiency of
the algorithm and optimizes the ACA search process. Due
to the reduction in the iterations, the algorithm is more

efficient in learning and exploring the solution space,
which helps to quickly identify the key features and
patterns of the problem. To enhance the rigor of the results
in comparison with other algorithms, statistical
significance tests are employed to ascertain whether the
observed performance differences are statistically
significant. Concurrently, confidence intervals are
calculated to furnish a range of uncertainty for
performance comparisons. The specifics are presented in
Table 3.

Table 3: Significance tests and confidence interval statistics

Performance index Rate of convergence Accuracy ratio Recall rate
GA-ACO mean 0.95 0.98 0.90
ACO mean 0.70 0.55 0.55
Standard deviation of GA-ACO 0.02 0.01 0.02
Standard deviation of ACO 0.05 0.10 0.08
T-test result (P-value) <0.05 <0.05 <0.05
Confidence interval (95%) (0.10, 0.20) (0.03, 0.07) (0.05, 0.10)

In Table 3, the P-value in the T-test results is less than
0.05, indicating that the difference between GA-ACO and
ACO on this measure is statistically significant. A
confidence interval provides a range of uncertainty for
comparing algorithm performance, and a 95% confidence
interval means that there is 95% confidence that the true
difference lies within that interval. These statistical
methods make performance comparisons more precise
and ensure that the conclusions drawn are not due to
random variation. Their ability to evaluate the
performance of different algorithms with greater
confidence and to determine that new algorithms are
statistically significantly better than existing ones.

3.2 Performance evaluation of MOO systems
for bridge design

The study concludes by analyzing the performance of
the bridge design MOO system in real situations. The
bridge design MOO system proposed in the study (System

1) is compared with the conventional MOO system
(System 2). The metrics include optimization speed and so
on, and the metrics are normalized. To evaluate the
robustness of MOO algorithms, the process entails
running the algorithm on multiple occasions and recording
the OS obtained on each occasion. The specific method is
to collect the OF values of the OS in each run and then
calculate the standard deviation of these values to measure
the consistency of the algorithm's performance under
different running conditions. The smaller the standard
deviation, the higher the robustness of the algorithm, i.e.
the better the stability of the algorithm in different
operations. Table 4 displays the ultimate outcomes.
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Table 4: Comparison of indicators of system 1 and

Informatica 49 (2025) 127-140 137

In Table 4, the optimization speed of System 1 is 0.95,

system 2 which is significantly better than System 2's 0.70,
Indicators optimization Svetem 1 Svstem 2 indicating that System 1 has a significant advan_tage in
speed Y Y convergence speed. The OF value of System 1 is 0.92,
Objective function value 0.95 0.70 which is better than System 2's 0.75, indicating that
R°b“3t”§fjicr22:3r§tfes°'““0” g-gg 8-;2 System 1 is able to achieve a solution closer to the
The convergence diversity : ‘ optimum when solving the optimization problem. System
resource consumption 0.94 0.72 1 outperforms System 2 in a_II evaluatipn metriqs, proving
Indicators optimization speed 0.93 0.68 its superior performance in the bridge design MOO
Objective function value 091 0.63 problem. The accuracy, stability, and safety of System 1
Robustniess mass of solution 0.97 0.60 and System 2 are specifically shown in Figure 11.
Success rate 0.90 0.80
100 1 System 1 100 1 System 1
—e— System 2 —e— System 2
80 - 80
£ 60 g 60
oy =
S 401 ./'/,/"—"/4 £ 40
< &
20 A 20
0 0
0 100 200 300 400 500 0 100 200 300 400 500
Data Data
(a) Accuracy (b) Stability
100 7 —&— system 1
—m— System 2
80 A
< 60 A
=
L 40 A
= -/-/-/r/"-
20 A
0
0 100 200 300 400 500
Data
(c) Safety

Figure 11: System accuracy, stability, security comparison

In Figure 11, the accuracy, stability, and security of
System 1 can reach up to 92%, 95%, and 91%, while that
of System 2 is only about 55%. It shows that System 1 has
a high correctness rate in identifying and processing the
bridge design optimization problem. It is able to maintain
consistent performance under different operating
conditions or when faced with different datasets.
Moreover, it is able to comply well with safety norms and
standards in the design process to reduce potential risks.

4 Discussion

Compared with ACA and other advanced algorithms,
such as the MOO algorithm proposed by Pereira et al. [5],
the elite non-dominance sorting and congestion distance
mechanism algorithm proposed by Jangir et al. [6], and the
dominance principle and heuristic algorithm of congestion
distance evaluation mechanism proposed by Rao et al. [8],
the IACA was more effective than the ACA. It showed
significant performance improvement. Specifically, IACA
achieved an optimization speed of 0.95, showing a faster
convergence rate compared to 0.70 in Pereira et al.'s
algorithm and 0.65 in Jangir et al.'s algorithm. In terms of

robustness, the standard deviation of IACA was 0.02,
which was lower than the 0.04 of Rao et al.'s algorithm,
indicating that it had higher stability and consistency over
multiple runs. IACA also excelled in solution accuracy,
with an accuracy rate of 0.98, higher than Jangir et al.'s
0.80 and Rao et al.'s 0.85. The IACA greatly enhanced the
global search capability and diversity of the algorithm by
integrating key elements of GAs, such as chromosome
crossing and mutation mechanisms. This enhanced search
capability allowed IACA to more effectively avoid local
optimizations and thus found better solutions in MOO
problems. In addition, the concept of negative pheromones
introduced into the IACA helped to suppress the influence
of bad solutions, further enhancing the robustness of the
algorithm. The IACA provided a new optimization
strategy to achieve more efficient, economical, and safer
bridge design solutions. These improvements were not
only innovative in theory, but also had important technical
value in practice, providing a new solution to bridge
design and related engineering optimization problems.
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5 Conclusion

Aiming at the increasing demand of MOO in the field
of bridge design, the study proposed an IACA-based
MOO system for bridge design to improve the design
efficiency and quality. The results of the study indicated
that the accuracy ratio of the GA-ACO algorithm reached
more than 0.9 in the first 50 iterations or so and eventually
stabilized at about 0.98. The GA-ACO algorithm achieved
the target value after 50 iterations, while the ACO
algorithm required 100 iterations to reach the target value
for the first time. The research successfully developed an
IACA-based MOO system for bridge design, which
outperformed the conventional optimization system in
several evaluation metrics. By introducing the mechanism
of GA, the new system demonstrated significant
performance improvement in terms of optimization speed,
OF value, and robustness. Specifically, the accuracy,
stability, and security of System 1 reached 92%, 95%, and
91%, respectively, much higher than that of System 2 at
55%. Although IACAs showed faster convergence and
better optimization performance in experiments, their
increased complexity could lead to challenges in
parameter tuning and computational  resource
requirements, and there was a risk of overfitting on smaller
datasets. In addition, while the current study demonstrated
the effectiveness of IACA on specific bridge design
problems, its scalability and applicability to more complex
bridge design problems or larger data sets needed to be
further validated and investigated. These considerations
provide directions for future improvement and application
of the algorithm, ensuring the comprehensiveness and
practicality of the research results. Further research could
investigate the application of the algorithm in diverse
infrastructure contexts, including high-rise structural
design and transportation network optimization.
Additionally, the adaptability of the algorithm to dynamic
environmental changes and its performance on large-scale
datasets warrant further examination. Furthermore, the
automatic parameter adjustment mechanism of the
algorithm can be subjected to further study with a view to
enhancing its generalization ability and robustness. This
would provide a clear development direction and practical
application guidance for subsequent research.
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Two-dimensional (2D) interactive animation engages the user to command and communicate with the
design using touch and pointer functions. The user input delegates specific tasks for the design
replicated on the screen through precise detection. This article introduces an Input Evaluation for
Design-Specific Function (IE-DSF) method to improve the response precision of the 2D models. The
user input through touch or devices is evaluated for sensitivity and design region for receiving
commands. Based on the difference between input and response time and input region variations, the
monotonous response of the design is computed. This computation is fuzzified for its unanimity
throughout different input sequences. In this process, fuzzy logic-based validation is employed to
determine minimum and maximum response time from the sequence of 2d design interaction. The
maximum variation is used to improve the design sensitivity, and the minimum variation is used to
increase the design functions on the screen. Therefore, the different recommendations correlate with
providing frame-based 2D sequences with precise computer vision technology. The variation changes
are reverted in the independent frames without modifying the entire design. This feature improves the
consistency and evaluation of various interactive designs. The proposed IE-DSF method achieved a
significant improvement of 9.38% in consistency, an 11.31% reduction in response time, and an
enhanced interaction response of 8.8% across various inputs. With a considerable decrease in design
modifications, reducing them by 11.1% helps optimize 2D animation design interactions.

Povzetek: Raziskava uvaja metodo IE-DSF, ki z uporabo racunalniskega vida in mehke logike izboljsa
nteraktivne 2D animacije, zmanjsa odzivni ¢as in optimizira spremembe oblikovanja.

1 Introduction tools and techniques improve system design feasibility

and efficiency [5].

Interactive two-dimensional (2D) animation is a
technology that allows users to interact and engage with
the scene or design. It provides effective interactive
services to the users to get real-time-based input [1]. The
interactive 2D dimension delivers the target to the users
and provides better conversion, minimizing network
error. Interactive 2D animation scenes are also done
using computer vision (CV) technology [2]. CV is a part
of artificial intelligence (Al) that extract meaningful
information from digital images and videos. The CV
performs tasks based on information gathered from the
images. The CV aims to identify the features and
frequency of scenes that need to be created for the
animation process [3]. The exact dimensions of the range
of the scenes are calculated using CV, which minimizes
the latency of the design process. The CV-based
animation design provides users with immersive scenes
and views [4]. CV provides detailed aspects of designing
interactive 2D animation scenes in a movie or comic.
Proper CV

Human input is referred to as the information which
humans provide to artificial intelligence (Al) systems.
Human input provides necessary information which
instructs the application to perform tasks [6]. Human
input analysis is used for the 2D design response process.
The goal of input analysis is to analyze the relevant data
for further designing processes [7]. To enhance the
design process, scene transitions and visual clarity in
animation and make animations more efficient, adaptive,
and visually appealing, focus on different animation
types [8]. The extracted data produce optimal
information for the 2D design process. The vital features
contain the necessary data to design or create 2D scenes
for an application [9]. A convolutional neural network
(CNN) based human input analysis model is also used for
2D design response. Both low- and high-level features
and patterns are detected from the inputs, which
minimizes the latency of the design process [10]. The
CNN model recognizes the input's features and produces
appropriate animation design datasets. The CNN model
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improves the performance and effectiveness range of the
2D designing process [11].

Fuzzy logic is an approach that analyzes the data
based on functions. Fuzzy logic is commonly used in
many fields to improve the overall performance range of
the application [12]. Fuzzy logic is also used for the 2D
design evaluation process. The main aim is to predict the
systems' exact design sequence and features. A fuzzy
logic-based evaluation approach is used for the 2D
evaluation process [13]. Fuzzy logic is mainly used to
identify the differences among parameters and functions.
The detected features provide relevant information for
2D designing in a prompt response [14]. A fuzzy logic
controller is used here to detect the necessary measures
to perform tasks in the 2D design process. The fuzzy
logic-based approach increases the accuracy of
evaluation, improving the systems' efficiency level [15].
An adaptive fuzzy logic technique is also used for the
design evaluation process. The fuzzy logic identifies the
issues during design and produces an optimal solution to
solve the problems. The fuzzy logic technique provides
necessary designing patterns and factors for the 2D
design that decrease the time consumption in the
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computation process [16, 17]. The contributions of the
article are listed below:

® Designing a fuzzy-logic-based 2D animation
sequence evaluation method for improving the
interaction response and sensitivity.

® A fuzzy optimization method is provided for
suppressing the variations across different
sequences so that the frequent design
modifications are restricted.

® A comparative study will be performed using
different methods and metrics, including
consistency, interaction sequence, promptness,
design modifications, and response time, and
the proposed method's consistency will be
verified.

2 Related works

Table 1 summarizes the different methods discussed
by the authors in the past.

Table 1: Summary of different methods
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Wang et al. [25] proposed a gated neural network
framework for interactive character control (ICC-GNN).
The proposed framework calculates the variables and
modules presented in the strategy. The exact mode-
adjustment posture for interaction characters selected
using deep learning algorithms. The deep learning
algorithm increases the accuracy of the interaction
process. The proposed framework improves the
efficiency range in the character control process.

Zhou et al. [26] introduced an H-GOMS model for
virtual environment (VR) evaluation. Unique and
temporal parameters are identified for interaction,
minimizing the latency of providing services to users.
The introduced H-GOMS model also analyzes the
interactive behaviours using a quantitative analysis. The
introduced model increases the real-time visualization
range of VR systems.
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Wang and Zhou [27] designed a fuzzy kano model
(FKM) based method for an interactive genetic
algorithm. The developed method is mainly used to
evaluate the exact customer demands produced via
feedback. The FKM model achieves high accuracy in the
decision-making and preference detection process.
Experimental results show that the designed method
increases efficiency and reduces energy consumption in
the computation process.

Shi and Wang [28] developed an optimization
algorithm for virtual idol characters. An artificial neural
network (ANN) is used here to capture the exact motion
in the interaction process. The ANN controls the motion
and parameters necessary for virtual characters. The
developed algorithm predicts the optimization problems
and solves the issues using solutions. The development
increases the consistency and effectiveness range of the
interactive systems.

Yang et al. [29] combined an encoder-decoder
architecture with LSTM algorithms and an action-
structured graph convolutional network. The Intelligent
Human Action Recognition Model (IHAR) achieves an
F1 score of 89.79% and a high accuracy of 95.39%. Its
real-scene detecting performance is enhanced, and
response delays are decreased. Time lags in action
recognition are still an issue, and precise sensitivity
measures are not yet known.

By fixing critical issues like inconsistent design
sensitivity, high design modification rates, and restricted
scalability, as discussed in Table 1, the proposed IE-DSF
approach outperforms previous methods. It lessens the
need for regular design tweaks and improves real-time
performance, especially in high-dimensional data
settings. IE-DSF is the way for more complicated and
ever-changing systems because of its superior scalability
and adaptability. Furthermore, it enhances decision-
making using data-driven iterative  procedures,
guaranteeing enhanced sensitivity and precision. Where
existing methods fail, this approach provides a strong
replacement, especially when dealing with efficiency and
complexity.

3 Problem definition

The proposed evaluation method focuses on
suppressing the variations in animation sequences
between different input intervals. The methods
mentioned above/ techniques optimize the validations
based on previous input responses. This retards the
sensitivity-based analysis for different design functions
and input commands. This proposed method identifies
the optimal design pattern for handling such balanced
issues using differential response and region-specific
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sensitivity output. Exceptionally, response promptness is
considered for leveraging consistency across various
inputs and reducing errors.

4.1 Proposed input evaluation for design-
specific function method

The proposed DSF method is introduced to improve
the consistency of the features in the input 2D animation
design. The two-dimensional interactive animation
between the user and the design is based on keyboard
input, touch, and pointer functions. Access is evaluated
for sensitivity Through touch or device, and the
particular design region depends on better consistency
with the available features. The evaluation of various
interactive designs is prominent in this manuscript, and
the variations will be thwarted through a fuzzy process.
IE-DSF is a method that classifies the input response and
design region with the receiving commands. The
proposed method defines the user input delegates for the
design relying on certain functions; this process is
pursued by replicating the 2D design on the screen with
precise region detection. The difference between input
response time and input region variations is analyzed to
evaluate the monotonous response of the design and
achieve high response precision of the 2D models. The
fuzzy process sequentially supports fewer time
variations. This method ensures that fuzzy logic-based
computation is performed to determine maximum and
minimum response time from the sequence of 2D design
interaction to improve response precision. The
calculation of response time and design sensitivity is
different for each region and is identified based on
receiving commands from the users. In this scenario, the
user commands and communicates with the two-
dimensional design through enhanced pointer functions
or touch. Therefore, this receiving command from the
user is responsible for accurately identifying the
minimum and maximum response time observed from
the sequence of 2D design interaction adaptively with
less variation and complexity. The minimum and
maximum variations of time and sensitivity are modelled
for the design functions (i.e.) the fuzzy logic-based
validation is feasible to be employed for determining this
variation within the same communication interval for its
unanimity verification throughout different input
sequences. Based on this variation, if the maximum
variation is detected in any sequence, it indicates
augmenting design sensitivity, whereas the minimum
variation indicates increasing design functions on screen.
This process recognizes design modification using the
sequence of variation occurrence detection from the
instance, where the two-dimensional design correctness
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is executed for communication interval. In Figure 1, the
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proposed method is illustrated.

2D Animation Design

Input
Region .

Sensitivity

-

Design Muodification

s e e 4]
Variation e

Fuzzy Process

) Sequence

Figure 1: Overview of the proposed input evaluation for design-specific function method.

The process of IE-DSF for interactive 2D animation
scene design-based functions acquires monotonous
responses through commands received from the users.
Certain design functions are processed to classify input
response and region using time and sensitivity validation
through a fuzzy process. The classification output detects
the  minimum or maximum variation through
recommendation correlation from the sequence of 2D
design interaction. The design-specific function analysis
method improves the response precision when the design
modification is initially recognized. The input 2D
animation scene functioning f(x,y) for the design is
represented as in Equation (1-3).

fG6Y) = = Brta_, R (™) = RG, (re™) (1)

i

Where in Equation (1), the computation of f(x,y)
measures the performance of the 2D animation scene by
calculating the average difference between input response
time and input region variations for received commands
over the communication interval, indicating how well the
animation responds to user inputs.

1 (4x+3y)?

RT/(C) = 7222 2)

And,

_ 2_ 2
RG(C) = =2 (3)

Where the variables RT;(r™%) and RG,(r™%)
means the input response time and input region variations
observed from the given 2D animation scene design for
the receiving commands r™¢ within the communication

interval C;. Equations 2 and 3 describe the system's
behaviour continuously and smoothly by modelling the
input data response time and regional variations using
functions similar to Gaussian distributions. If x and y
denote the minimum and maximum response time for
time T for improving response precision, then RT; €
[0, 0] and RG; € [—oo, 0].

4.2 Introduction to data

The proposed method is validated using a 2D
animation sketch performing different actions. The action
sequence includes running, walking, jumping, talking,
reacting, etc. The selected actions, running, walking, and
jumping, represent everyday human movements. A touch
sensitivity of 30% has been chosen based on user testing
to balance responsiveness and prevent accidental triggers,
while the 5 ms response time meets industry standards for
real-time interactivity. User testing confirmed that the
response time below 10 ms felt seamless, making it an
optimal choice. The animations have been rendered at 60
fps using the .bvh file format on a system. Data collection
involved performing each action ten times by three
actions for standardized animations. These additions will
enhance the clarity and reproducibility of the proposed
study.The interaction is designed as touch/ command line
input to get a response. The design region is calibrated
with 30 % touch sensitivity and a 5 ms command
response. This information is extracted as . bvh file with
a maximum of 2605 count. The animation sequence is
observed at 60fps and is classified under 23 classes. In
this animation sequence, the skeleton structure is
designed with 50 joints. A sample of the design is
illustrated in Figure 2.
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Figure 2: Sample illustration of the design functions of fuzzy logic controller configuration.

As represented in Figure 2, the input mode is
calibrated based on interactive sensitivity and response
time (promptness). Here, this method analyses the
promptness and sensitivity variation for variations using a
fuzzy process. The consecutive sequences (input) and
their output determine the design modification. Based on
the user input, the sensitivity and design region based on
receiving commands are estimated as

RT,(T) = o= [, xc,(T) dT
and 4)
RG(T) = == [, ye,(T) dT

Based on Equation (4), the maximum response time
is suppressed with the fuzzy process for computing its
unanimity for the complete input sequence based on x
and y values at different time intervals (C X T). These
parameters RT(T) and RG (T) integrates fuzzy logic into
the system, using F, and F, to account for uncertainty in
user inputs. The term (C x T — 2") allows for non-linear
scaling based on time and computed unanimity. Here C is
the input sequence classification using fuzzy logic.

Fuzzy Rule Setting:

Rule 1: The fuzzy controller uses predefined rules to
link user input characteristics like response time and
sensitivity to design modifications that include

Rule 2: IF response time is >50ms, THEN
increase touch sensitivity.

An expert understanding of animation characteristics
and user interactions is the basis of these specifications.

Membership Functions:

Membership functions u; define how inputs relate to
fuzzy sets and are calculated using triangular membership
functions defined by parameters (a, b, ¢ ).

u,(x) =1 if x <20ms, decreasing to 0 at x =
30ms

If the input region variation is <20%, maintain the

current animation function. In the fuzzy rule adjustment,
the parameters are optimized using data from user
interactions, adjusting membership functions to reflect
observed behaviours accurately, indicating that a fuzzy
inference system processes the required design
modifications through fuzzy rules.
Classification is performed to reduce the response time
and sequential variation occurrence in f(x,y). Design
modification is due to the variation observed in a certain
region while receiving a command in any T . This
proposed method follows maximum consistency for the
available features that are computed as

_ xc, (T Fy
RT(T) = —(C;T_zu)

and, %)
RG(T) = y¢,(T) * S E,(CX T —2%)

Where,

F, = DS(T) 20wt
and, (6)

Fy(T)y—
F, = DF(T)yT“

In the above Equations (5) and (6), the variables F,
and F, are the fuzzy processes for minimum and
maximum variations. In this equation 5, F, and E,
represent fuzzy processes for the minimum and maximum
variations in input response time and region. They are

significant for modelling uncertainty in user inputs. The
relationship to design sensitivity DS(T) reflects how
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sensitive the design is to changes in inputs influenced by
F, and F, defined in Equation (6), higher variations
indicate increased sensitivity. The variable design
function DF(T) describe the system's behavior based on
current input conditions with F, and F, guiding how well
the design adapts to varying inputs. The variable DS(T)
and DF(T) represents the design sensitivity and function
based on variation detection from the sequence of 2D
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design. Based on the frame-based sequence occurrence of
the design relies on x or 1y , the design
sensitivity/function is for augmenting the response
precision of the 2D models. The variable u indicates that
unanimity is computed based on the response of the given
design validation for variation detection. Figure 3
presents the Output generation process for the design
response.

Soo——
( <> <>
b X )
= 000 — 3 ~—~
= . v— | ™
L > <> » r 1 » » RT(T)
Touch : i(e)M
Seo— A A F, :
remd Fuzzy Process . 'b‘
> <> RG((T)
Command Input's Output
Input

Figure 3: User interaction flowchart and design response.

The ™4 is the actual input acquired from the user.
This command executes the operation intended by the
design. Based on the design's sensitivity and response
(time), the fuzzy optimization is performed for which RT;
and RG,; VT is identified. This process is congruent
for F, and E, such that any input flew is identified for
modification. The modification relies on sensitivity
improvement/ variation minimization (Figure 3). Now,
the input evaluation for design-specific function based
on RT(T) and DS(T) is determined as in Equations (7) -
(9). With this F,(T),,_, variable scaled by the unanimity
factor u in Equation (7) and normalized by the
communication interval C; to compute the function
fl(x,y),DF(T)] . The term [F, —F,| represents the
difference between the minimum and maximum
variations, highlighting how these fuzzy processes
influence the overall input function for the design
function DF (T).

flGe,y), DF(M)] = 20t [E — ] (7)
Y[ oo Fx[(CxT)=(DS(T)+DF(T)
=z?[f01:[ T (DTST+DFT)]dT_

f_o Fy[(CxT)—(DS(T)+DF(T))] dT] ®)

o T

Based on the above equations, the variation
less f{(x,y), DF(T)] design is observed after the fuzzy
process. From this f[(x,y),DF(T)] condition, two
features, time and sensitivity, are extracted for further
processing. The dynamic relationship discussed in
Equation (8) between F, and F, across time intervals

using integrals captures the cumulative effects of these
fuzzy processes over time, considering both positive and

. . . 2u .
negative time intervals. The factor - serves to normalize

the contributions of these fuzzy processes, ensuring that
their influence on the overall function is balanced and
responsive to variations in the design sensitivity DS(T)
and design function DF(T). The dynamic relationship
Equation (9) is used to compute the maximum
variation (V) and minimum variation (V,,;) for
response time and design sensitivity, and hence,

Vinax = O%Zgl-:l(x - Y)A_l VT Eu
and ©)
Vinin = — Jic=y DSpax log DsmaxRT
In Equation (9), the minimum and maximum
variations are detected from the input 2D animation
design A using touch and pointer functions. Equation 9
computes the system's maximum and minimum variations
Vinax 8SSesses the range between minimum and maximum
response times over time while V,,;,, examines the link
between design sensitivity and response time. This fuzzy
process is performed for minimum and maximum
variation detection along with the sequence of 2D design
interaction in various instances. This classification helps
to differentiate the maximum variation detected design
from the minimum variation detected design. Considering
a single 2D design (a skeleton structure) for 5 different
action responses (emotions, walk, run, crouch, and jump)
the DS(T) and DF (T) are analyzed in Figure 4.
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Flgure 4(b): Sensitivity analysis of design functions.

The DS(T) and DP (T) are analyzed for the various
activities and input sequences across RT, and RG,(I).
Based on the F.and F, The negative observations are
mitigated such that the joint process of determining the
minimum variation detection is identified. Such
identification is addressed using C; where the sensitivity
and design-specific functions are retained for the same
outputs. Therefore, the function is retrieved using r°™¢
for different f(x,y) improving the output precision
(Figure 4(a) & 4(b)).

4.3 Variation detection

The touch or devices are responsible for receiving
user commands and communicating with the design to
improve consistency. The input response time and region
variations are differentiated using a fuzzy process. In this
different sequence input observation, the received
commands (r™¢) is computed as in Equation (10) &
11)

cmd —

(Vmax—len) +RT

r
xy min

(10)

And,

fx)
f»

Vimin

vd = L[99 4 2(RT - DS) (11)

‘/T_”(Vmax
Where the maximum and minimum variations are
observed in different input sequences, the variable Vd
denotes the precise variation detection with previous
design information processed. The unanimity is estimated
as the number of variation-detected sequences observed
in various time intervals, for which the normalization is

computed as:
Norm(DF) = RT? 5 (12)

min

v
Ds?
(Vmax

-f (x,y)>

Equation (12) computes the normalization of 2D
animation design interaction following the maximum and
minimum response time identified based on input region
variations. In this proposed method, the consistency for
the sequence of 2D design is maintained until the
maximum response time. Table 2 represents the list of
symbols and its representation
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Table 2: List of symbols and its representation

Symbol Definition
flx,y) The input 2D animation scene functioning
RT,(rcmd) Input response time for receiving commands
RG, (remd) Input region variations for receiving commands
C; Communication interval
T Time
x Minimum response time
y Maximum response time
DS(T) Design sensitivity at time TTT
DF(T) Design function at time TTT
F, Fuzzy process for minimum variations
E, Fuzzy process for maximum variations
u Unanimity computed based on design validation
Vinax Maximum variation
Vinin Minimum variation
remd Received commands
vd Precise variation detection
D, Design modification
er Error occurrence
a(8) First 2D design
B(6) Response of the design

X. Shi
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The variation detection before and after fuzzy
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normalization is illustrated in Figure 5.
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Figure 5: min and max variations in design modifications across input sequences.

Figure 5 validates the 2D design sequence for a
small action change at different sequences. In this
process, the min and max variations are considered for
different input sequences. Here, the mouse pointer and
the command line inputs jointly handle the sequence.
Now u is the normalization process consideration for
improving optimization. Therefore, the sequence that is
similar to u is identified as preventing V, . Here the
e’ is identified in each fuzzification process such that
normalization is maximum. The given two-dimensional
design handled by the user depends on the response time
mentioned in that design, which is maintained throughout
the sequence. The above sequence of consistency is
analyzed using fuzzy logic-based validation. In this
scenario, the response time and design sensitivity are
differentiated based on the minimum and maximum
variation to improve the response precision. Besides, the
different recommendations are heterogeneous in meeting
the user commands and communicating with the design
using pointer functions. Therefore, the various
recommendations correlate with providing frame-based
2D sequences with precise computer vision technology.
The output of the fuzzy process is to identify and
segregate the minimum and maximum variation
identified designs through response time and design
sensitivity analysis.

Variation detection and recommendation correlation
processes reduce the chance of design modification by
causing errors. The identified errors are observed as a
sequence of variation detection. The proposed design-
specific function method focuses on such errors by
matching minimum and maximum variation using a fuzzy

process. In this method, the first 2D design is represented
as a(0) such that the response of the design S(0) is
computed as:

B(6) = a(8) — e * <V'"—

Vimax

f(x.y))\

such that (13)

arg rrém Y. e" VRT

In Equation (13), the variable e™ indicates the error
occurrence, and the objective of minimizing variations
for the sequence of 2D design interaction is determined.
The input response time and regional variation are
divided into two instances based on time and design
sensitivity. The constraint T = RT + DF achieves
maximum consistency through the response time
validation and region variation detection. Now, based on
the sequence of V., € T is to be validated on facing the
first input design modification using sensitivity in a
specific region. This is computed to identify design
modification from the instance based on variation
detection using a fuzzy process. The correlation of
different recommendations using the available frame-
based 2D sequences is provided through design functions.
For this process, the frame-based two-dimensional
sequence of C; € DS with the use of computer vision
technology for identifying design modification is
expressed as:
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— _ ﬂ T Vmin _
D, = (1 Vd) e’ * <—Vmax f(x, y)) +
ifoo Fx[((xT)=(DS(T)+DF(T))]
Ci 0 T
oo Fy, [(CXT)—(DS(T)+DF(T)
fo y[ ( - )](14)

Equation (14) follows a sequence of 2D design
interaction and variation detection for a precise design
modification. The design modification is performed based
on the (Vmaxum) and (Vmian) for maximum and

minimum variation detected sequences at any instance is
given as:

_ _RT(Rem
VmaxDm " SierlCiuwa(®)lr (15)

And,

Fx (T).Fy (T) (16)

Vinin, =
DM Yier(C)rl [1-B(O)IXRT(T)r

Equations (15) and (16) estimate the minimum and
maximum variations in the 2D animation designs and are
identified using RT and DS from the sequence of design
interaction stored for future use. In this initial design
modification process, the variation changes are reverted
in the independent frames without modifying the entire
design using a fuzzy process.

Pseudocode for IE-DSF Model

Input: Sequence of RT;, RG;,, design
Output: design effectiveness

function IE-DSF (input_sequence, design):

initialize variables: RT;, RG,, DS, DF , Vax »
VmaXl e’
initialize variables: V,,,, = —0, V0 = ©
for each input in input_sequence do
Step 1: Calculate input response time and input
region variations
RT; = Calculate RT; (input)
RG,;= Calculate RG, (input)
Step 2: Compute design sensitivity and design
function
DS = Calculate DS(RT,, RG))
DF = Calculate DS(RT;, RG)
Step 3: Fuzzy process for variation detection
F, = Fuzzy Process (DS)
F, = Fuzzy_Process (DF)
Step 4: Calculate variation
Vd = Calculate Variation (F, F,)
Step 5: Detect maximum and minimum
variations
Vmax: max (Vmaled)
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Vinin= max (Vmiand)
Step 6: Calculate received commands
remd = Calculate 7™ (Vo Vinin)
Step 7: Detect variation
vd =
Vd(Vinin, Vimax» RT, DS)
Step 8: Normalize design function
Norm(DF) =
Norm(DF) (RT, DS, Viins Vinax)
Step 9: Calculate design modification
Dm =
Dm (RT’ Vd' Vmin' Vmaxl Fxl Fy)
Step 10: Calculate error
e” = Calculate_Error (D,,)
Step 11: Update design
design = Update_Design (design, D,,,

Calculate

Calculate

e”)
Step 12: Calculate metrics
consistency =
Calculate_Consistency(Norm(DF))
interaction_response =
Calculate_Interaction_Response(r™%)
promptness =
Calculate_Promptness(Vd)
design_madification =
Calculate_Design_Modification(D,,)
response_time =
Calculate_Response_Time(RT))
end for
return consistency, interaction_response,
promptness, design_maodification, response_time
end function

the IE-DSF pseudocode calculates performance
metrics from an input sequence to assess design
effectiveness,. Key variables including response time RT;
region variations RG, design sensitivity DS, and design
function are initialized. The model estimates response
times, region variations, fuzzy logic variation detection,
and design alterations depending on maximum and lowest
variation values in each iteration. The model normalizes
the design function and assesses consistency, interaction
response, promptness, and reaction time. After computing
these measures, the design is updated based on computed
alterations and errors, producing effective performance
indicators.

The consecutive processing of region variation
detection helps to identify the error in 2D animation
design between the instances. In the design modification,
fuzzy logic-based computation is used to determine the
correctness of the 2D animation design execution with
minimum and maximum variation detection and
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computing sequence occurrence. As this fuzzy process
relies on input response time and region variations, more
reliable response precision is achievable through less
response time and high sensitivity. The number of
sequences may vary, although the previous 2D design
interaction validation helps to classify the response and
input region for both instances. In particular, this fuzzy
process performs two types of validation, namely design
sensitivity and design function. In the sequence design
modification  computation, V., and V,;, are
independently identified to improve the evaluation of
different interactive designs for communication intervals
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using touch or pointer functions. Instead, in the 2D design
function, different input sequences of identified variation
are used to improve the design sensitivity along with
better validation. As per the process, the inputs for
sequence design modification are based on time and
sensitivity computation. The estimation of fuzzy logic is
employed under minimum and maximum response time
depending upon the occurrence of sequence to improve
response precision and consistency. Based on the e” and
the Norm (DF) performed the response for the five
designs on walking, running, crouching, jumping, and
emotions are analyzed in Figure 6.
#Emotion "Walk ®Run ®crouch ®Jump
0.35 -
0.3

0.05

2 4 6 8 10 12 14
Sequences

le:]’lDH

A\
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Figure 6: Error rate and design function analysis.

The fuzzy process is optimal for handling D,, such
that the consecutive iterated process of f(x,y)
rectifies VminDM. Based on the available solutions of D,,

and the number of input sequences in the further process
of f[(x,y),DF(T)] is stabilized. In this process,
stabilization is achieved using S(8) and «(8) as the
reference design. Therefore the e” is reduced by inducing
r°m@ for various inputs and responses. This is further
fine-tuned using various sensitivity modifications to
prevent variations (Figure 6).

4 Results and discussion

The metrics consistency, interaction response,
promptness, design modification, and response time are
validated in this section. In this comparative study, the
number of inputs and designs varied from 2 to 30 and 1 to
12. The allied methods considered are ICC-GNN [25],
IGA-FKM [27], and H-GOMS [26], along with the
proposed IE-DSF method.
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4.1 Consistency
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Figure 7: Consistency of user input responses.

In Figure 7, the user inputs through touch or pointer
functions or devices to identify its sensitivity and design
region to receive accurate commands for the design-
specific function to improve consistency. The minimum
and maximum response time is observed from the
sequence of 2D design interaction for less design
modification. Different recommendations are generated
for increasing the design functions on-screen with the
precise use of computer vision technology. Depending
upon the response time and design sensitivity, validation
using the fuzzy process segregates a specific region from
the given design at different communication intervals.
The  fuzzy  process  correlated the  various
recommendations  for providing frame-based 2D
sequences to enhance consistency. From Equation (12), a
normalized consistency Norm(DF) value for the design
function DS? across various inputs and variations with a
higher V.., value indicates better consistency in the
design's response RT? to user inputs f(x,y) compared to
lower V,,;,, design variable, contributing to a more
reliable user experience based on the computation of

2
f(x.y)> :

This variation detection in 2D animation scenes is
prominent in identifying sequence occurrences wherein
the interaction response changes for all users due to high
promptness and interaction response for the available
design. This consistency factor is addressed using a fuzzy
process, and high sensitivity is achieved for successive
interaction responses, preventing design modification.
Therefore, the consistency is high compared to the other
factors.

Vimax

1 - . Vo s
consistency calculation using DS? <_mm

4.2 Interaction response

This proposed method achieves a high interaction
response for the user input with a particular function, and
the variation detection is mitigated based on the
unanimity of the different input sequences (Refer to
Figure 8). The input region variations and input response
time are computed to improve the design sensitivity by
increasing the available features over different regions
where the maximum variation is identified. Based on RT
and DS measures, the difference between these features is
analyzed, and the monotonous response of the design is
achieved. The proposed method first classifies the input
response time and region variation for possible region
identification with improved response precision. The
interaction response is estimated over the different areas
with the previous data to reduce the response time and
achieve high accuracy in variation detection. From
Equation (10), the interaction response metric determines
the system's reactivity to user input. The system's ability
to quickly adjust to changes in user inputs is indicated by
a higher r°™2 value, which improves the user experience

. V; Vi .. . .
with W minimum and maximum design outputs

with xy variables represents the input parameters
affecting design response and minimum RT,,;, makes the
proposed IE-DSF model better than other existing
models. Therefore, fuzzy logic-based validation is
pursued to improve the design function and the response
time at different regions relying on user commands. Thus,
this validation is to satisfy high interaction response using
a fuzzy process. In this proposed method, the variation
changes are reverted in the independent frames without
modifying the entire design performed to identify the
target region.
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Figure 8: Interaction response comparisons.

4.3 Promptness

In this proposed method, the different input
sequences for determining minimum and maximum
response time from the sequence of two-dimensional
design using fuzzy process rely on extracted features,
making it easier to detect the sensitive region from the
2D animated design. The addressing of sensitive areas
of appropriate and accurate 2D animation design
makes it challenging to identify variations, and it is
addressed using design sensitivity and design
functions for response time to reduce the computation
complexities at different instances. The errors are
identified during sequential design interaction; this
occurrence is determined through a fuzzy process.
From Equation (11) the proposed IE-DSF calculates
the variation detection based on the output values
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— r (y)) and the response time 2(RT — DS)

V2m
with associated design functions. A lower Vd indicates
higher promptness, reflecting the system's ability to
react quickly to user commands. From the overlapping
features in the design, the distinguishable regions are
correlated to identify the sensitive region without
modifying the entire design in the input scene based
on region segregation, preventing design modification.
The continuous design functions on-screen are
performed with fuzzy logic-based computation to
improve response precision. Therefore, the design
region identification relies on user commands to
improve the design sensitivity sequence occurrence. In
this proposed method, the computation is fuzzified for
its unanimity using a fuzzy process to achieve high
promptness, as illustrated in Figure 9.
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N /CC-GNNI 1 GA-F KM H-GOMSIN IE-DSF |
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Figure 9: Promptness comparisons.
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4.4 Design modification

This proposed IE-DSF method for minimum and
maximum variation detection for the 2D design with
precise, sensitive region selection achieves less design
modification than the other factors in Figure 10. The
distinguishable regions are combined to identify the
input region variation using a fuzzy process, whereas
the non-overlapping features can be distributed to
provide frame-based 2D sequences. Reducing design
modification at different response time intervals is
computed to change variation detection from the
sequence. The extracted features and available data are
processed based on the receiving commands to
improve the screen's design sensitivity and function.
Equation (14) helps to assess the extent of design
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modification is mitigated through region selection and
variation detection from the sequence of 2D design
interaction. This makes it difficult to detect the
variations in animation design in various instances.
This method requires different recommendations to
train the inputs in other regions. Thus, the proposed
method estimates a fuzzy process for each design with
less modification than a successful animation design.
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Figure 10: Design modification across input sequences and design comparisons.

4.5 Response time

In this proposed fuzzy logic-based evaluation for
interactive 2D animation scene design, the minimum and
maximum feature variations are detected to identify
susceptible regions and achieve a high response time for
the design (Refer to Figure 11). This process improves
response precision with the fuzzy process and does not
mitigate the design modifications and variations. It also
identifies the region of interest using fuzzy logic from the
sequence of 2D design interaction. Based on the variation
changes are reverted, the maximum and minimum
response time is segregated through the fuzzy process for
accurate region selection based on T = RT + DF and
Viwax € T for its maximum possible design modification
is achieved. The input response time for a specific

communication interval C; providing insight into how
quickly the system can respond to inputs with lower
RT,(C;) values indicate more efficient response times
based on varying inputs and designs. In this manner, the
maximum variation leads to improved design sensitivity,
whereas the minimum variation leads to increased design
functions on-screen with more precision. This method
reduces response time and design modification to
maximize the evaluation of various interaction designs.
This design modification identified sequences are
terminated, and the following sequence is processed
using a fuzzy process. Hence, less response time is
achieved using sensitive region identification for the
design. The improvements from the comparative analysis
summary are presented using Tables 3 and 4.
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Figure 11: Response time comparisons.
Table 3: Comparative analysis improvements (# inputs)
Metrics ICC-GNN IGA-FKM H-GOMS IE-DSF Improvements
Consistency (%) 48.06 58.41 69.29 77.35 9.38% High
Interaction Response (/Input) 5 11 18 24 8.8% High
Promptness 0.628 0.681 0.779 0.8935 9.88% High
Design Modification 4 3 2 1 11.1% Less
Response Time (s) 0.555 0.401 0.256 0.1299 11.31% Less
Table 4: Comparative analysis improvements (# designs)
Metrics ICC-GNN IGA-FKM H-GOMS IE-DSF Improvements
Consistency (%) 48.14 56.21 70.22 79.48 10.65% High
Interaction Response (/Input) 6 12 17 24 8.56% High
Promptness 0.619 0.681 0.759 0.8818 9.77% High
Design Modification 4 3 2 1 11.1% Less
Response Time (s) 0.553 0.407 0.236 0.1214 11.58% Less

Compared to H-GOMS, the top-performing SOTA
approach, which recorded 0.236 seconds, the IE-DSF
method achieves a response time of 0.1299s on average,
an improved and considerable reduction compared to
others. IE-fuzzy DSF's logic-based architecture
significantly contributes to this enhancement, which
allows for real-time, dynamic modifications depending on
user input patterns. Compared to SOTA systems that use
fixed-parameter approaches, IE-DSF is superior because
it uses fuzzy rules and membership functions to improve
the

system's responsiveness to different interaction settings
and decrease input lag.

IE-DSF overcomes an existing model like ICC-GNN
and IGA-FKM in interaction consistency, scoring 79.48%
versus 70.22% and 56.21%, respectively. The adaptive
fuzzy logic approach keeps the design stable and coherent
across user inputs, improving consistency. The fuzzy
controller in IE-DSF maintains interaction flow by
modifying the layout depending on real-time input
fluctuations, reducing the unpredictability of design
behaviours. This adaptability lets the approach handle
nuanced user input changes, making it more interesting.




158 Informatica 49 (2025) 141-160

Fuzzy logic improves responsiveness and distinguishes
the IE-DSF method from standard approaches,
highlighting its novelty and usefulness in increasing user
interaction quality.

The IE-DSF approach also significantly improves
sensitivity using system responses to user input. It can be
fine-tuned using fuzzy logic, resulting in more accurate
and context-appropriate design improvements. On the
other hand, SOTA approaches like ICC-GNN and IGA-
FKM do not possess this adaptive sensitivity. Therefore,
they might not adequately consider subtle changes in the
input, resulting in an over- or under-compensation of the
design response. Improved user engagement and their
associated satisfaction during the interaction are achieved
by the IE-DSF method's ability to interpret slight
differences in real-time and adjust the design accordingly,
using fuzzy membership functions.

4.6 Limitation

While the suggested metrics can provide helpful
information, they have some limitations, such as the fact
that they may not accurately capture user interactions and
that external factors like system load and environment
can impact the results. The data sample size
representation, and user contexts all introduce uncertainty
and can mask accurate performance levels. In the future,
research should focus on improving these measurements
so they can be used more effectively in real-world
situations and overcome these constraints.

5 Conclusion

This article proposes the input evaluation for the
design-specific function method for validating the 2D
animation design over varying sequences. The proposed
method accounts for the response and input region for
extracting the promptness and sensitivity measures. The
variation for min-max observations throughout the
animation function is validated in this process. The
validations are performed using fuzzy optimization by
considering the unanimity feature. Based on the
unanimity feature, the sequences for different inputs are
analyzed to achieve the optimal response in promptness
at any interval. The fuzzification process is performed for
response time-dependent variations such that the
interaction is less complex for analysis. This prefers a
design modification such that the functions are less
considered for wunanimous frames. Therefore, the
structural and animation design modifications are revised
for fewer levels to improve consistency by up to 9.38%
for the different inputs.
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This paper discusses the neural network-assisted cloth model pre-training method, introduces the whole
process from data acquisition to model training in detail, and how to balance real-time and accuracy
through hybrid method to achieve efficient cloth dynamic simulation. The research covers the construction
strategies of real cloth motion data sets, including precise experimental design, complex data processing
techniques, and how to use generative adversarial networks and recurrent neural networks for feature
learning and sequence generation. Furthermore, real-time dynamic simulation techniques, especially on-
line adaptive adjustment strategies and neural network inference acceleration methods, such as
knowledge distillation, are discussed to achieve high-performance real-time rendering. Finally, by
merging with physics engine, it is demonstrated how the hybrid method can improve the simulation quality
while maintaining real-time performance, and the effectiveness of the proposed method is verified by
empirical evaluation. Experimental results show that the hybrid method not only significantly enhances
the realism and dynamic details of cloth simulation, but also shows obvious advantages in rendering speed
and resource consumption. Experimental results show that compared with traditional physics engines,
our hybrid approach achieves real-time rendering of over 60 FPS on GPU, while reducing the mean
square error by 30% and significantly improving the realism of cloth dynamics.

Povzetek: Predstavijen je hibridni sistem s kombinacijo nevronskih mrez in fizikalne metode za realisticno

3D simulacijo oblacil v realnem casu.

1 Introduction

In the era of digital content creation and immersive
experience, 3D cloth simulation technology has become
an important bridge between virtual and real. From
flowing skirts in movie effects to the natural movement of
character clothing in games, the dynamic expression of 3D
fabrics is essential to enhance visual realism. However,
although the traditional cloth simulation technology has
made significant progress, it still faces a series of
challenges in terms of real-time performance, accuracy
and computational efficiency, which urges us to explore
more efficient and accurate solutions, among which the
neural network-assisted 3D cloth dynamic scene modeling
and simulation technology is gradually becoming a
research hotspot [1].

Traditional cloth simulation is mainly based on
physics engine, which simulates the interaction between
cloth fibers through mass-spring system, such as tension,
bending and shear. Although this method can produce
relatively realistic cloth dynamics, its limitations are
becoming more and more obvious. First, the
computational costs are high, especially when dealing
with complex cloth shapes (such as layers, folds) and large
amounts of cloth interaction, and the computational
resources required increase exponentially, making it
difficult to meet the needs of real-time rendering.
Secondly, physical simulation often relies on precise
initial conditions and is sensitive to fine tuning of

parameters, which not only increases the difficulty of
production, but also limits the diversity and naturalness of
dynamic effects. Finally, traditional methods are prone to
numerical stability problems when dealing with nonlinear
dynamics problems, which affect the final rendering
quality [2, 3].

With the advancement of technology, real-time
rendering technology shows unprecedented application
potential in many fields. In the gaming industry, real-time
interactive experiences require in-game fabric dynamics
not only to be highly realistic, but also to respond instantly
to player actions to enhance immersion. The film and
television industry also pursues efficient workflows, using
real-time rendering technology to quickly iterate ideas in
the preview stage and shorten the post-production cycle.
In virtual reality (VR) and augmented reality (AR)
scenarios, the direct interaction between users and virtual
environments puts forward higher requirements for the
authenticity and real-time feedback of cloth dynamics.
Therefore, it is of great significance to develop a cloth
simulation technology that can maintain high simulation
and meet real-time requirements for promoting the
development of the above fields [4].

In order to overcome the limitation of traditional
methods, this research aims to explore how neural
networks play a key role in modeling and simulation of 3D
cloth dynamic scenes. The core objectives include but are
not limited to: (1) using deep learning technology to learn
material characteristics and dynamics laws of cloth in
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advance to establish an efficient cloth behavior prediction
model to reduce the amount of calculation in the real-time
simulation process;(2) approximating complex physical
interactions through neural networks to improve the
stability and accuracy of simulation; and (3) combining
online learning mechanisms to enable the model to adapt
to different scene changes and user inputs to ensure the
naturalness and diversity of dynamic effects.

2. Theoretical basis

2.1 3D cloth simulation basics

The core of 3D cloth simulation lies in the application
of physics engine, among which the most classical model
is mass-spring system. The model treats cloth as a series
of connected particles, each representing a small piece of
cloth, and the connections between the particles are
simulated by a spring model that includes tension springs
(simulating the tensile strength of the cloth), bending
springs (simulating bending stiffness), and shear springs
(dealing with shear deformation inside the cloth). This is
shown in Equation (1) [5].

Fij = ke(rij _roij)+kb(0ijk _eoijk)+ks (¢.jkl _¢oijkl) (l)

where, denotes the total force connecting particles i
and j,,, are the elastic coefficients in tension, bending, and
shear, respectively, and are the current and initial distances,
respectively, and are the current and initial angles,
similarly, and denote the change in shear angle. By solving
these forces and updating the position of the particle after
the force is applied, the dynamic change of the cloth with
time can be simulated [6].

2.2 Overview of real-time

technology

Real-time rendering technology aims to complete
lighting calculations, texture mapping, shadow processing,
etc. of a scene in a limited time (usually 30 to 60 frames
per second) to achieve a smooth visual experience. Key
technologies include lighting models, shading techniques,
LOD management and GPU programming. Among them,
the illumination model such as Phong model uses the
following formula to calculate the brightness of surface
points, specifically as shown in Equation (2) [7].

rendering
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Here, is the final pixel color, is the ambient light and
light intensity, respectively, is the ambient, diffuse, and
specular reflection coefficients of the material, is the
surface normal vector, and is the direction pointing to the
light source and observer, respectively, is the reflection
vector, and is the specular index [8].

2.3 Neural network
Neural network is a computational model that
imitates the structure of human brain. It approximates
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complex functions through the interconnection of
multilayer nodes (neurons). Deep learning is a branch of
machine learning that uses deep neural networks to
automatically learn high-level features of data.
Convolutional neural networks (CNN) are widely used in
graphics because of their powerful spatial feature
extraction capabilities. For example, for the image
classification task, a simple CNN structure can be
expressed as Equation (3) [9].

y= f(\N3>< f(\Nzx f(\A/1Xx+b1)+b2)+b3) (3)

where X is the input image, is the weight matrix for
each layer, is the bias term, f is the activation function such
as ReL.U, and y is the output class probability [10].

2.4. Review of existing studies

In recent years, neural networks have been widely
used in graphics, especially in 3D reconstruction, material
modeling, physical simulation and so on. For example, in
material modeling, researchers use convolutional neural
networks to learn the mapping relationship from images to
material parameters, formulated as Equation (4) [11].

0=G(1;6;) @

Here, is the material parameter, G is the neural
network model, | is the input image, is the network
parameter. In this way, you can quickly recover material
properties from an image, greatly simplifying the
traditional manual adjustment process.

In physical simulation, neural networks are used to
predict complex dynamical behavior. For example, by
training the network to predict the position and velocity of
particles at the next time, it can be simplified to Equation
(5) [12].

Xisar Vi = FNN (Xt Vo eF) (®)

where, and represent the position and velocity of
particles at the current time, respectively, are neural
network prediction functions, and are network parameters.

Recent research shows that the simulation efficiency
and accuracy can be significantly improved by using
large-scale real cloth motion data sets and pre-training
cloth dynamic models through deep learning. For example,
one published study proposed a pre-training strategy based
on generative adversarial networks (GANS) that not only
learned the static appearance of cloth materials, but also
captured nonlinear dynamics under dynamic motion.
Through adversarial training, this method generates cloth
dynamic sequences that are difficult to distinguish from
real data, and provides high-quality initial state prediction
for real-time rendering [13].

In order to enhance the adaptability of neural network
models in dynamic scenarios, the researchers introduced
online learning mechanisms to enable the models to be
continuously adjusted and optimized during simulation. A
recent paper details a strategy combined with
reinforcement learning that allows the model to
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dynamically adjust the dynamic parameters of the cloth
based on feedback from actual rendering effects at runtime
to better match real-time changing environments and user
interactions. This method not only improves the
naturalness of cloth dynamics, but also significantly
enhances the robustness of the simulation system [14].

Hybrid simulation strategies that fuse neural
networks and traditional physics engines have become a
research hotspot. A recent technological breakthrough
introduces an innovative architecture that uses neural
networks as a complement to the physics engine,
specializing in complex nonlinear dynamics problems that
are difficult to efficiently solve with traditional methods,
such as intertwining of cloth and multilayer stacking
effects. Through neural network prediction of key
dynamic features of complex interactions, combined with
accurate calculation of physics engine, fast and accurate
cloth simulation is realized, which greatly improves the
realism of real-time rendering scenes [15].

To further enhance the robustness and efficiency of
our model, we drew inspiration from the works of
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Filipovic and Lipeika [30], who developed an
HMM/neural network-based medium-vocabulary
isolated-word Lithuanian speech recognition system,
demonstrating the effectiveness of hybrid approaches in
improving recognition accuracy. Additionally, the IHPG
algorithm proposed by Sung and Hsiao [31] for efficient
information fusion in multi-sensor networks through
smoothing parameter optimization provided insights into
optimizing the parameters within our own system to
achieve better performance.

Due to the severe limitation of computing resources
for real-time applications, researchers have actively
explored model optimization and acceleration techniques.
A cutting-edge paper introduces strategies such as
quantization, pruning and knowledge distillation for
neural network models, which effectively reduce the
memory footprint and computational burden of the model,
making complex cloth simulation run smoothly on low-
power devices [16]. In addition, adaptive time step
adjustment algorithm is adopted to further optimize the
simulation performance.

Table 1: Comparison of existing fabric simulation methods

Method Advantages

Limitations Applicable Scenarios

Traditional Physics Engine

High accuracy

Computationally intensive,
poor real-time performance

High-precision simulation

Deep Learning Method A

Good real-time performance

Limited generalization ability

Gaming

Deep Learning Method B

Strong adaptability

Requires a large amount of data

Movie special effects

Method Proposed in This Study Combines real-time
performance with high

accuracy

Various applications from
gaming to movie production

Table 1 summarizes the characteristics of several
mainstream cloth simulation methods and their applicable
scenarios. Although traditional physics engines can
provide high-precision simulation results, they are
difficult to meet the needs of real-time applications due to
their high computational complexity. In contrast, method
A based on deep learning has good real-time performance
and is suitable for game environments with high response
speed requirements, but its generalization ability is
relatively weak and it is not easy to adapt to a variety of
cloth materials. Deep learning method B, with its strong
adaptability, performs well in processing complex
dynamic scenes (such as movie special effects). However,
such methods often require a large amount of training data
to support them, otherwise they may not achieve the
expected results. In contrast, the method proposed in this
study combines the advantages of neural networks and
physics engines, which not only ensures real-time
performance but also does not lose accuracy. Therefore, it
is suitable for a variety of application scenarios from
games to film production. By comparison, it can be seen
that the method of this study has obvious advantages in
comprehensive performance and can better meet the needs
of modern digital content creation.

3 Neural network aided pre-training

of cloth model

3.1 Data

When building real cloth motion datasets for training
deep learning models, we face a humber of challenges,
including how to accurately capture the dynamic behavior
of cloth, how to process this data for efficient algorithm
learning, and how to ensure diversity and generalization
of the dataset. This section delves into this process, from
data collection to post-processing, as shown in Figure 1
[17].

We use a variety of data augmentation techniques
such as rotation, scaling, and flipping. Experimental
results show that the model trained with the augmented
dataset performs better on unseen data, with a 15%
reduction in mean absolute error (MAE). In addition, by
comparing the performance of the test set before and after
augmentation, we found that the MSE of the augmented
model was reduced by 20% when processing fabrics of
different materials, further proving the positive impact of
data augmentation on model performance.
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Figure 1: Data processing flow

The collection of real cloth motion data involves
physical experiments, high-precision camera technology
and sensor use. We first define the basic framework for
data collection:

Experimental design: Select representative cloth
samples covering a wide range of material properties, such
as silk, cotton, hemp, etc., and prepare at least multiple
samples of each material to consider texture and color
variations. At the same time, different mechanical
experimental scenes, such as free fall, wind blowing,
stretching, etc., are designed to simulate various dynamic
situations in the real world.

Data recording: High-speed cameras (frame rate >
240 FPS) are used to simultaneously capture the
movement of cloth from multiple angles, ensuring rapid
and subtle changes are captured. Each experiment was
recorded for at least T seconds, where T was determined
by the type of experiment to ensure adequate capture of
the cloth dynamic cycle [18]. At the same time, the Motion
Capture System (MoCap) was used to record the 3D
coordinates of the key points, formulated as, where t is the

Sample
images X

Category
labels y

L

Random
noise z
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point in time [19].

Environmental control:  Control lighting and
background as consistent as possible in the laboratory
environment, reduce the impact of environmental factors
on data, and ensure repeatability and consistency of data
[20].

Raw data requires careful preprocessing, including
image correction, background removal, and smoothing of
keypoint tracking data to ensure data quality. Key steps
include:

Key point tracking and smoothing: Smoothing the
point traces to reduce noise using optical flow or key point
sequences obtained directly from MoCap data. The
smoothed key point positions are, where is the smoothing
factor, and the value range is usually [0, 1].

In order to improve the generalization ability of the
model, feature extraction is performed on the
preprocessed data and a data augmentation strategy is
implemented:

Feature extraction: extracting features from each
frame of an image, often using methods such as SIFT,
SUREF, or deep learning feature extractors such as ResNet.
Assuming that the extracted features are, then the features
of the entire sequence are represented by, where N is the
sequence length [21].

Data Augmentation: Increases data diversity by
rotating, scaling, flipping, etc., formulated as, where T is
the transformation operation and T is the transformation
parameter.

3.2 Pre-trained network architecture design

Generative Adversarial Networks (GANS) are ideal
for designing pre-trained network architectures to
generate highly realistic cloth dynamic sequences due to
their superior generation capabilities and unsupervised
learning capabilities. This section delves into how
conditional GAN (cGAN), Spa-Temporal GAN (Spa-
Temporal GAN), and optimization loss function strategies
can further improve the performance of models in cloth
dynamics simulations [22].

Multiple and controllable
generated content

Discriminative
modeling

G@zy).y)

Figure 2: CGAN framework
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Traditional GANs learn the distribution of data
through an adversarial process, but in cloth dynamics
simulation we want to generate sequences that not only
reflect the true texture, but also adjust to given conditions
such as material type, wind magnitude, etc. Therefore,
conditional GAN (cGAN) is introduced, adding a
conditional vector ¢ to the input of the generator and
discriminator, representing the desired cloth properties,
the framework of which is shown in Figure 2. The
generator G(z,c) of cGAN can be expressed as Equation
(6).

G(z,c) =Generated Fabric Sequence (6)

where z is a random noise vector and ¢ contains
material properties and dynamics parameters. This design
enables the generated sequence to respond to specific
conditional inputs, increasing the diversity and
controllability of the generated content. At the same time,
the discriminator D(x,c) is also modified to receive the
true or generated sequence x and the corresponding
condition vector ¢ at the same time, and output the
probability estimate of whether the sequence is true or not,
specifically as Equation (7) [23].

D(x,c) =P(Real| x,c)(7)

Considering the complexity of cloth dynamics
simulation, spatiotemporal GANs are designed to capture
the continuity and physical regularity of sequences in time
and space dimensions. The generator of the
spatiotemporal GAN not only generates a single frame
image, but also ensures smooth transitions and physical
consistency between sequences. Given as a sequence of
images, the goal of the spatiotemporal generator can be
formalized as Equation (8).

G, (z,c)=X (8)

Where X should satisfy spatial continuity (pixel
variation between adjacent frames is reasonable) and
temporal consistency (sequence evolution over time
conforms to physical laws). The discriminator of the
spatiotemporal GAN evaluates the truth of the entire
sequence and gives a sequence-level judgment, as shown
in Equation (9) [24].

D, (X, c) =P(Real Sequence| X,c) (9)

In order to further improve the quality and
consistency of the generated sequences, optimizing the
loss function is a key step. In addition to the basic GAN
loss, including the minimization loss of the generator and
the maximization loss of the discriminator, we introduce
the following additional loss terms:

Perceptual Loss: Enhance the realism of an image by
comparing the differences between the generated image
and the real image in the high-level feature space.
Perceptual loss can be expressed as the distance between
two images in a feature representation of a layer of a pre-
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trained convolutional neural network (e.g., VGG), as
shown in Equation (10).

Loere (%) = D1 400 =4 (R (19

where, denotes the feature map of the first layer of
the network.

Cycle-Consistency Loss: In order to enhance
consistency between sequences, a cycle-consistency loss
is introduced to ensure similarity in the transformation
process from the real sequence to the generated sequence
and back to the real domain. This is commonly used in the
task of generating video sequences, in the form shown in
Equation (11) [25].

Ly, (X, X) :%ZII x — %, 1)
t

where, for the generated sequence, is the sequence
obtained by inputting the generator again, striving to be
close to the original input sequence X.

To verify the effectiveness of conditional GAN
(cGAN) and Spa-Temporal GAN (ST-GAN), we
conducted preliminary experiments. The results show that
under the same conditions, ST-GAN is the best at
generating continuous and physically reasonable cloth
dynamic sequences. The MSE of its generated sequences
is 10% lower than that of cGAN, and it scores higher in
visual evaluation. For the choice of recurrent architecture,
we conducted comparative experiments with LSTM, GRU,
and Transformer. The results show that when processing
long sequence data, LSTM is better at capturing long-term
dependencies. The MSE of its generated sequences is 15%
lower than that of GRU, and its performance is more stable
in complex scenarios.

3.3 Feature learning

In the field of cloth dynamics simulation, accurate
characterization and learning of cloth materials and
dynamics parameters is the key to generating natural and
realistic dynamic sequences. Recurrent neural networks
(RNNs) are an effective tool for achieving this goal
because of their powerful ability to process sequential data.
This section delves into feature learning using RNNs, with
particular focus on how to capture and encode cloth
material properties and dynamics parameters to guide
generative adversarial networks (GANS) to generate high-
quality dynamic sequences [26, 27].

RNN is a network with a cyclic structure capable of
modeling sequential data. Its basic unit is updated at each
time step not only based on the current input, but also
considering the hidden state of the previous time step, as
shown in Equation (12).

h = fW,h_, +W,.X +b,) (12)

where, denotes the hidden state at time t, is the
current input, and is the weight matrix from hidden state
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to hidden state and input to hidden state, respectively, is
the bias term, and f is the nonlinear activation function.

However, traditional RNNs have gradient
vanishing/explosion problems when dealing with long
sequences. To solve this problem, Long Short-Term
Memory Network (LSTM) was proposed. LSTM controls
the storage and forgetting of information through gating
mechanism. Its core structure includes input gate,
forgetting gate, output gate and cell state.

Fabric Material Characteristics Learning: The fabric
material (such as silk, cotton, linen, etc.) determines its
visual appearance and physical behavior. We can use
LSTM to learn features extracted from a sequence of
material sample images, such as texture, color,
transparency, etc. The input sequence may be a
preprocessed sequence of image feature vectors, where is
the feature vector of the tth image. The goal of LSTM is
to learn an implicit representation that summarizes the
properties of a material, as shown in Equation 13 [28].

hm =LSTM material ([Vl’VZ""’VT ]) (13)

Dynamic parameter coding: Dynamic parameters
(such as gravity, friction coefficient, elastic modulus, etc.)
are crucial to the movement of cloth. These parameters can
be encoded by RNNs in the form of time series, taking into
account that they may change at different points in time of
the series. Let us also use LSTM to learn the dynamic
characteristics of a time-varying series of dynamic
parameters, as shown in Equation (14) [29].

hp = LSTMdynamics ([ Prs Poyeees DT]) (14)

In order to generate dynamic sequences of cloth that
conform to both material properties and dynamic rules, it
is necessary to effectively fuse the material features and
dynamic features learned above. One method is to directly
concatenate these two feature vectors to form a synthetic
feature vector, and then input this synthetic feature as a
condition to the generator to drive the generation process.
A more advanced approach is to design a multi-modal
fusion module that may incorporate attention mechanisms
or other complex interaction strategies to more finely tune
the effects of materials and dynamics on the resulting
results [30].

In practical applications, the learning performance of
RNNSs can be optimized by a variety of means, such as
using bidirectional RNNs to increase understanding of
context before and after sequences, or by integrating
attention mechanisms to make the model more focused on
key information in sequences. In addition, combining
regularization techniques (such as dropout) with more
advanced initialization strategies can effectively avoid
overfitting and improve model generalization.
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Figure 3: Integrated framework of RNN and GAN
in cloth dynamic simulation

In order to enhance the realism and physical
rationality of the generated sequence, we integrate the
feature vectors extracted by RNN into the conditional
generative adversarial network (cGAN) framework,
especially the architecture combined with space-time
GAN (ST-GAN), whose architecture is shown in Figure 3.
This architecture can effectively capture spatial and
temporal variations in time series. Specifically, generator
G receives noise vector z and condition vector, aiming to
generate realistic dynamic cloth sequence frames, as
shown in Equation (15).

)}Zﬂ_'T = G(Z’ hmp) (15)

At the same time, the discriminator D not only needs
to judge the authenticity of the sequence, but also needs to
evaluate its physical consistency. Its objective function
can be defined as Equation (16).

V(D,G)=E, .. oll0g D(x:r)]+E,; oy, 091~ D(G (2,1, )] (16)

where, represents the real cloth sequence, is the real
data distribution, and is the noise distribution. To further
strengthen physical rationality, physical consistency loss
is introduced, which measures the extent of physical
violations in the generation sequence, such as violations
of Newtonian mechanics principles.
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The physical consistency loss may be designed based
on dynamic equations or prior knowledge inspired by
physics, and the formal expression may involve the
consistency of velocity and acceleration between
consecutive frames, or the reasonable evolution of cloth
folds, etc., as shown in Equation (17).

L(otal =V (D1 G) + ﬂ’phy ’ Lphy (),Z:LT) (17)

In short, deep characterization learning of cloth
material and dynamics parameters through RNN can not
only improve the diversity and controllability of the
generated sequence, but also ensure the physical
consistency and realism of the generated content, opening
up new possibilities for cloth dynamic simulation. With
the continuous progress of algorithms and computing
power, the future application prospects in this field will be
broader.

4 Real-time simulation

technology

4.1 Online adaptation

Online adaptation is a core strategy in real-time
dynamic simulation technology, which enables the cloth
simulation system to respond to user interaction or
environmental changes in real-time, so as to dynamically
adjust the state prediction of cloth and ensure the real-time
and accuracy of simulation results. This mechanism is
critical for enhancing user experience and enhancing the
realism of interactions, especially in applications such as
gaming, virtual reality and interactive design. Here are a
few key aspects:

Real-time interactive feedback mechanisms are the
basis for online adaptation by continuously monitoring
changes in user input or environmental parameters and
responding quickly. For example, in a virtual fitting scene,
where the user adjusts the swing amplitude or wind
magnitude of the garment, the system should calculate the
new cloth state immediately, rather than waiting for the
end of the current simulation cycle. This requires a high
degree of responsiveness and flexibility, usually achieved
through an event-driven programming model.

In order to achieve rapid adjustment, simulation
systems need a flexible model update strategy. This
usually involves on-the-fly adjustments to the current
simulation model, such as modifying physical parameters,
updating dynamic models, or reconfiguring inputs to
neural networks. For example, when a user changes a cloth
material, the model needs to incorporate the physical
properties of the new material in real time, adjusting
parameters such as elasticity and damping coefficients to
reflect these changes.

The core of online adaptive adjustment lies in
dynamic state estimation and prediction. Kalman filter,
particle filter or more advanced adaptive filter algorithms
play an important role here. These algorithms can update
the dynamic state of cloth in real time by combining
current observation data with model predictions, and
provide accurate state estimation even in the face of

dynamic
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uncertainty and noise. Take Kalman filtering as an
example. It iterates through the prediction step and the
update step, gradually modifying the state estimate,
formulated as Equations (18)-(22).

)zk|k—1 =F )’Zk—ﬂk—l +Bu, (18)

Pk = Fi Pk—]Jk—leT +Q, (29)

Ky = Pk|k—1HII (Hpk|k-1HkT +R)™ (20)
)A(k|k = )’zk|k—1 +K(z, - Hkkk|k—1) (21)
R = (1 = KyH )P4 (22)

where, represents state estimation, P is covariance
matrix, K is Kalman gain, F, B, H, Q, R are system matrix,
input matrix, observation matrix, process noise covariance
and measurement noise covariance respectively.

Online adaptation also requires an effective feedback
control mechanism to ensure that simulation results match
user expectations or actual environmental changes. This
usually involves the application of closed-loop control
theory, such as PID controllers, to achieve fast
convergence and steady state prediction by constantly
comparing deviations from expected states to actual
simulated states and adjusting model parameters or inputs
accordingly. The equation for feedback control can be
expressed as Equation (23).

U = Ko (1) + K, [ e(r)dr + K, LU

ot (23)

where, is the control signal, e(t) is the error signal,

are the proportional, integral, and differential gains,
respectively.

There is a natural trade-off between real-time and
accuracy in online adaptation. Too frequent adjustments
may increase the computational burden and affect the
simulation efficiency, while untimely adjustments may
lead to a disconnect between simulation results and actual
interactions. Therefore, the system needs to design
intelligent trigger mechanism and adaptation strategy, and
dynamically adjust the adaptation frequency and accuracy
according to the complexity of the current simulation state,
the availability of computing resources and the real-time
requirements of users to achieve the best balance point.

To achieve online adaptability of the system, we
introduced a Kalman filter and a feedback control
mechanism. Specifically, the Kalman filter is used to
estimate the state variables of the cloth and update these
estimates in real time based on sensor data, thereby
improving the robustness and accuracy of the simulation.
The feedback controller adjusts the simulation parameters
based on the error signal detected in real time to ensure
that the cloth behavior always meets expectations. For
example, the Kalman gain is set to 0.8, and the
proportional, integral, and differential constants of the PID
controller are set to 0.5, 0.1, and 0.3, respectively, to
ensure fast response and stability of the system. The
selection of these parameters has been calibrated through
multiple experiments to ensure the effectiveness and
reliability of the online adaptive mechanism.
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4.2 Neural network reasoning acceleration

strategy

In real-time rendering of 3D cloth dynamic scene
modeling and simulation, the acceleration strategy of
neural network reasoning is critical to ensure high
performance and low latency. Knowledge distillation is an
effective method to reduce the computational complexity
and memory footprint of models by transferring
knowledge from large, complex networks (teacher
networks) to small, efficient networks (student networks)
without sacrificing too much predictive performance. This
section will explore in depth the specific implementation
strategy of knowledge distillation and the mathematical
principles behind it.

The core of knowledge distillation lies in using the
rich expressive ability of teacher network to guide the
learning process of student network. Teacher networks are
typically large, pre-trained models with high accuracy but
computationally expensive, while student networks are

designed to be lightweight and aim for real-time reasoning.

The distillation process involves two key steps: soft label
generation of the teacher network output, and training of
the student network based on these soft labels.

Soft targets provide richer information than hard
labels (i.e., single-category labels) because they contain
the confidence distribution of the teacher network for each
category. Assuming that the output of the teacher network
is a normalized probability distribution, where C is the
total number of classes and represents the probability of
class i, the goal of the student network is to learn to
approximate this distribution. The specific training loss
function can be written as Equation (24).

C
Lgistitiation = _z pi log(p’) (24)
i=1

where is the predicted probability of the student
network for class i. This loss encourages the student
network not only to predict the correct category, but also
to match the teacher network as closely as possible in
probability distribution, thereby conveying "dark
knowledge"-subtle patterns that the teacher network learns
about the data.

In order to make better use of uncertainty information
of teacher network, a hyperparameter called "temperature”
is introduced to adjust entropy of soft label. By increasing
the temperature of the probability distribution of the
output of the teacher network, the soft label can be made
smoother and the information content of the small
probability category can be increased. The adjusted
teacher network output becomes Equation (25).

T

P;:( L PR j(25>
Z(7) Z(z) Z(7)

where is the normalization factor that ensures that the
sum of probabilities is 1. At this point, the loss function
becomes Equation (26).

Y. Qiu

dlstlllatlon = Z

By adjusting, we can retam |mportant category
information while appropriately increasing attention to
other categories, helping students learn more
comprehensive feature representation.

In cloth dynamics simulation, in addition to category
prediction, there may be other tasks of interest, such as the
degree of deformation of the cloth, speed, etc. Multitask
distillation transfers the output of the teacher network on
all relevant tasks as knowledge to the student network,
each task has its corresponding distillation loss, and the
final loss is the weighted sum of the losses of each task,
specifically Equation (27).

log(p?) (26)

L(otal = ﬂlLdistiIIationiclass + ﬂ’z"distillationftaskil +.o.t ]’N LdistillationitaskiN
@7)

where is the weight corresponding to the mission loss,
which needs to be adjusted according to the importance of
the mission.

To evaluate the impact of knowledge distillation on
real-time performance, we tested it on different hardware
configurations. The results show that knowledge
distillation reduces inference time by 20%, which means
that the processing time per frame is reduced from 16ms
to 12.8ms compared to the non-distilled baseline model.
In addition, we found that this performance improvement
is consistent across different GPU configurations,
indicating that the technology has good universality.

In the process of using knowledge distillation
technology to accelerate neural network inference, we
compared the effects of different distillation technologies.
Experiments show that after using knowledge distillation,
the real-time performance of the model has been
significantly improved. Specifically, compared with the
non-distilled baseline model, the distilled model reduces
the inference time by 20%, that is, the processing time per
frame is reduced from 16ms to 12.8ms. This improvement
is consistent under different hardware configurations,
indicating that knowledge distillation technology
effectively improves the real-time performance of the
model and provides stronger technical support for
practical applications.

4.3 Fusion with physics engine

In real-time rendered 3D cloth dynamic scenes,
physics engine is the basis for realizing the natural
movement of cloth. However, pure physics simulations
are often difficult to maintain real-time performance while
ensuring high accuracy. Therefore, cloth dynamics
simulation based on hybrid method becomes a strategy to
balance real-time and accuracy. This strategy combines
data-driven machine learning models with classical
physics algorithms to find the optimal solution between
the two.
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4.4 How the hybrid method works

Hybrid approaches typically involve two parts:
accurate physics-based simulations to capture the
fundamental laws of cloth dynamics, and data-driven
models to supplement physical simulations under specific
conditions, especially when dealing with complex,
nonlinear behavior. Specifically, fusion can be achieved in
the following ways, as shown in Figure 4.

Accurate Physics-Based

Simulation Data-driven modeling

————— e

: Pre-calculatidns and online
: corregtions

| Y
| . . -
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Figure 4: Fusion framework

1) Pre-calculation and online correction: First, use
physics engine to perform offline high-precision
simulation to generate a large amount of cloth motion data.
One or more machine learning models are then trained to
learn patterns in this data. When rendering online, physics
engines are used for real-time simulation and machine
learning models are used for real-time correction to
compensate for errors caused by approximations taken due
to real-time requirements.

2) Hierarchical simulation: cloth is divided into
different levels, with the bottom layer using fast but
perhaps not completely accurate physical models to
handle large-scale motion, and the top layer using machine
learning models to fine-tune local details. In this way, not
only maintain the overall movement of the fluency, but
also ensure the authenticity of the details.

Let the state of the cloth simulated by the physics
engine be, where t represents the time step. Machine
learning models aim to predict the state of the next time
step, based on the current state and possible additional
inputs (e.g. force, velocity, etc.), as shown in Equation
(28).

g“l = fu (S, u; ) (28)

where is an additional input vector representing
model parameters. Fusion strategies can be implemented
in the following ways:

(1) Correction term: Machine learning prediction is
used as a correction term of physics simulation to directly
adjust the output of physics engine, specifically as
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Equation (29).
Si.y =S, +AS, + (St —S, —AS,) (29)

where is the state change calculated by the physics
engine, and is the fusion coefficient that adjusts the
strength of the machine learning correction.

(2) Hierarchical update: If hierarchical simulation is
adopted, the update of the top-level machine learning
model can be expressed as Equation (30).

h h h | h). po(h
S§+i :SE ) + fl\le) (5531155 )’9( )) (30)

Here, and represent the high-level and low-level
cloth states, respectively, and are machine learning models
for high-level.

5 Empirical assessment

5.1 Experiment settings

In order to ensure comprehensive and accurate
evaluation, our carefully designed cloth dynamics
simulation system based on hybrid method is
experimentally built in a high-performance software and
hardware environment. At the software level, we adopted
the industry-standard PhysX 5.0 physics engine, which
was selected for its wide use in gaming and excellent
support for cloth simulation. In addition, the experiment
relies on TensorFlow 2.4, a powerful machine learning
framework, to make full use of its rich library resources
and GPU acceleration capabilities to accelerate the
development and operation of models. On the rendering
side, Unity 2021.3 takes advantage of advanced features,
especially its Advanced Rendering Pipeline (HDRP) and
Physics-Based Rendering (PBR), to provide realistic
visuals for simulations. All experiments were performed
uniformly on Windows 10 Pro 64-bit systems, ensuring
consistency and compatibility of the software
environment.

Five typical cloth materials (silk, cotton, denim,
leather, flannel) and three complex dynamic scenes
(running characters driving cloaks, wind blowing curtains,
characters sitting down causing clothes to fold) were
selected as test cases. Each material and scene is designed
with detailed physical property parameters, such as
density, coefficient of friction, modulus of elasticity, etc.,
to simulate real-world behavior.

The Kalman gain of the Kalman filter is set to 0.8,
and the proportional, integral, and derivative constants of
the PID controller are 0.5, 0.1, and 0.3, respectively. To
ensure the reproducibility of the results, we have recorded
the parameter settings in detail in each step, and provided
the complete code and dataset for other researchers to
reproduce the experiments.

To ensure the comprehensiveness and accuracy of the
evaluation, we built a carefully designed cloth dynamics
simulation system based on a hybrid method in a high-
performance hardware and software environment. At the
software level, we used the industry-standard PhysX 5.0
physics engine, which is widely used in games and has
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excellent support for cloth simulation. In addition, the
experiment relies on the powerful machine learning
framework TensorFlow 2.4, making full use of its rich
library resources and GPU acceleration capabilities to
accelerate the development and operation of the model. In
terms of rendering, Unity 2021.3 uses its advanced
features, especially its Advanced Rendering Pipeline
(HDRP) and Physically Based Rendering (PBR), to
provide realistic visual effects for the simulation. All
experiments were conducted uniformly on Windows 10
Pro 64-bit systems to ensure the consistency and
compatibility of the software environment.

To ensure the reliability and repeatability of the
experimental results, we recorded the details of the
experimental scene settings in detail. Five typical cloth
materials (silk, cotton, denim, leather, flannel) and three
complex dynamic scenes (running characters pushing
cloaks, wind blowing curtains, and characters sitting down
causing clothes to roll up) were selected as test cases.
Detailed physical property parameters, such as density,
friction coefficient, elastic modulus, etc., were designed
for each material and scenario to simulate real-world
behavior.

To ensure the accuracy of fabric simulation, we

Y. Qiu

conducted detailed physical property measurements for
each fabric type prior to the experiment. We measured the
density of fabrics like silk, which is about 1.4 g/cm3, the
friction coefficient between silk and skin, approximately
0.2, and the elastic modulus of cotton fabric, around 0.5
MPa. We also determined the bending stiffness of denim,
about 0.05 N-cm, the shear stiffness of leather, roughly 1
MPa, and the surface roughness of flannel, approximately
1 pm. These parameters were then used in the physics
engine to simulate realistic cloth behavior, with calibration
experiments conducted to refine the settings. In our
specific experimental scenes, we set a running character’s
speed at 5 m/s with a silk cloak, wind speed at 3 m/s for
cotton curtains, and simulated the natural rolling of denim
clothes when a character sits down by adjusting motion
strength and folding patterns.

5.2 Model validation experiment

In this section, a series of contrast experiments are
conducted to verify the simulation effect of hybrid method
under different cloth materials and complex dynamic
scenes.

Table 2: Simulation performance comparison of different cloth materials

Material Type MSE MAE User Perception Score (out of 5) Standard Deviation
Silk 0.10 0.08 45 +0.05
Cotton 0.12 0.10 4.2 +0.04
Denim 0.15 0.12 4.0 +0.03
Leather 0.14 0.11 43 +0.06
Flannel 0.11 0.09 4.6 +0.02

Table 2 demonstrates the performance improvement
of the hybrid method compared to the pure physics engine
when simulating various cloth materials. Specifically, the
hybrid method achieves lower MSE and MAE values for
silk, cotton, denim, leather, and flannel, indicating higher

simulation accuracy. The user perception scores also
indicate that participants were significantly more satisfied
with the dynamic behavior of fabrics generated by the
hybrid method. The standard deviation data show the
consistency of results across different trials.

Table 3: Comparison of complex dynamic scene simulation

Scene Description MSE MAE User Perception Score (out of 5) Standard Deviation
Running Character Pushes Cape 0.11 0.09 45 +0.03
Wind Blows Curtains 0.12 0.10 44 +0.04
Character Sitting Causes Clothing to
Wrinkle 0.13 0.11 4.3 +0.02

Table 3 shows the significant advantages of the
hybrid method over the physics engine in scenarios
involving complex dynamic interactions. The hybrid
method achieves lower MSE and MAE values in the
scenes of "running character pushing a cape,” "wind
blowing curtains,” and "character sitting causing clothing

to wrinkle," indicating improved simulation accuracy. The
user perception scores reflect higher satisfaction with the
dynamic effects generated by the hybrid method. The
standard deviation data further validate the consistency
and reliability of the results across different trials. These
guantitative metrics clearly demonstrate the superior
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performance of the hybrid method in simulating complex
dynamic scenes.
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5.3 Performance evaluation

This section evaluates the hybrid approach in terms
of rendering speed, resource consumption, and
comparison to traditional purely physical simulation
methods.

Table 4: Comparison of rendering speeds

method Average frame rate (fps) | Rendering Delay (ms)
physical engine 30 33
mixed method 45 22
percentage improvement +50% -33%

As shown in Table 4, by comparing the average frame
rate and rendering delay, Table 3 shows that the hybrid
method has a clear advantage in rendering performance.
The average frame rate was increased from 30fps to 45fps,

i.e., an increase of 50%, while the rendering delay was
reduced from 33ms to 22ms, a decrease of about 33%,
demonstrating the effective results of the hybrid method
in improving rendering efficiency.

Table 5: Comparison of resource consumption

resource type physical engine

mixed method

percentage improvement

CPU utilization 75%

60% -15%

GPU occupancy 85%

78% -9%

memory usage 42GB

3.8GB -10%

Table 5 shows the optimization of the hybrid
approach in terms of CPU usage, GPU usage, and memory
footprint. Compared to the physics engine, the hybrid
method reduces resource consumption by 15%, 9%, and
10%, respectively, indicating that the hybrid method is
more efficient and resource-friendly while maintaining or
improving simulation quality.

In the performance evaluation section, we mentioned
that the reduction in computing resources significantly
improved real-time performance. To verify whether this
improvement is applicable to different hardware
configurations, we tested it in a variety of hardware

environments, including systems equipped with high-end
GPUs (such as NVIDIA RTX 3080) and low-end GPUs
(such as NVIDIA GTX 1050), as well as different grades
of CPUs (from Intel i7 to AMD Ryzen 5). The
experimental results show that the hybrid method
performs well on a variety of hardware configurations,
achieving a stable 60 FPS frame rate and maintaining low
MSE and MAE values even on less powerful GPUs or
CPUs. This shows that our method is not only effective on
high-end devices, but also applicable to resource-
constrained environments, greatly enhancing its
practicality and wide applicability.

Table 6: Comparative analysis with traditional methods

index physical engine | mixed method | improvement direction
realism medium tall promote
real-time ordinary tall markedly improve
computational efficiency low crowning promote
resource consumption tall centre lower

As shown in Table 6, considering realism, real-time
performance, computational efficiency, and resource
consumption, Table 6 summarizes the progress of hybrid
methods over traditional pure physics simulations. The
hybrid method significantly improves realism and real-
time performance, improves computational efficiency
from low to medium, and reduces resource consumption,
indicating that it can provide a higher level of simulation

experience as a more advanced simulation technology.

5.4 User experience testing

User experience test collects subjective evaluation of
visual reality and interaction fluency through
guestionnaire survey and on-site observation.
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Table 7: Subjective evaluation of user experience

evaluation index

Rating (out of 5)

proportion of users

visual reality 4.3

86%

interactive fluency 4.1

79%

Finally, Table 7 reflects the effectiveness of the
hybrid approach in practice through direct feedback from
users. Visual authenticity scored an average of 4.3 points,
with 86% of users giving high ratings; interaction fluency
scored an average of 4.1, with positive feedback from 79%
of users, proving that the hybrid approach not only made
breakthroughs in technical indicators, but also effectively
improved the immersion and satisfaction of end users.:

Most users think that the dynamic effect of cloth simulated
by hybrid method is close to reality, especially in the
texture and shadow effect of cloth. User feedback In
complex scene interactions, the hybrid approach reduces
stuttering and improves the overall smooth experience,
although there is room for improvement in very few
extreme scenarios.

Table 8: Comparison of simulation effects for different fabric materials

Fabric Material Physics Engine Simulation Hybrid Method Simulation Result Measurement Result
. Smooth but lacking in natural | Natural, elegant, dynamic, and
Silk flow rich in detail Naturalness Enhanced
Cotton Ordinary wr_lnkles and Natural fol_dmg aqd more Folding and Sagging Enhanced
sagging realistic sagging
Denim Too stiff, lacking in softness Better S|mu_la_t|(_)n of the balance Hardness and Softness Optimized
between rigidity and softness
Slow dynamic response, Quick dynamic response, better Gloss and Dynamic -
Leather lacking in gloss variation gloss representation Response Significantly Improved
Flannel Blurred surface details Clear surface details, strong Surface Details and Significantly Improved
plush texture Texture

Table 8 demonstrates the performance improvement
of the hybrid method over pure physics engine simulation
in mimicking different fabric materials. For instance, with
silk, the hybrid method better captures the natural flow of
movement, significantly improving the observed metric of
“natural draping” compared to the smoother but less
realistic motion produced by the physics engine. For

cotton, denim, leather, and flannel, the hybrid method has
also achieved significant improvements and optimizations
in terms of the realism of wrinkles and sagging, the
balance between hardness and softness, gloss variation
and dynamic response, as well as surface details and
texture.

Table 9: Comparison of simulation in complex dynamic scenes

Scene Description Physics Engine Simulation Hybrid Method Simulation | Result Measurement Result
Person runcr::)r;gly(, pushing a Smooth but unnatural Fluid and natural Naturalness Enhanced
Wind blowing through curtains Rigid and unsmooth Fluid anddr;":z;{al’ rich in Fluidity Enhanced
Person S|tt|nl%lclalzjses clothes to Hard and unnatural rolling Natural rc?elilarl]lgs realistic Natural Rolling Enhanced

Table 9 shows the superior performance of the hybrid
method over the pure physics engine in handling complex
dynamic scenes. In scenarios such as “person running,
pushing a cloak,” “wind blowing through curtains,” and
“person sitting causes clothes to roll up,” the dynamic

effects generated by the hybrid method are more natural
and fluid, with richer details, enhancing the user’s sense
of immersion. Specifically, the hybrid method has seen
enhancements in metrics of naturalness and fluidity.

Table 10: Detailed experimental results

Metric Pure Physics Model Hybrid Method Improvement Percentage
Frame Rate (FPS) 30 60 +100%
Mean Squared Error (MSE) 0.2 0.15 -25%
Mean Absolute Error (MAE) 0.15 0.12 -20%
User Perceptlcgr; Score (out of 30 45 +50%

Table 10 illustrates the hybrid method’s superior
performance across key metrics compared to the pure
physics model, doubling the frame rate to 60 FPS for a 100%
improvement, reducing MSE by 25% to 0.15, and
decreasing MAE by 20% to 0.12, while user perception
scores jumped 50% to 4.5, highlighting the method’s

enhanced real-time capabilities, accuracy, and visual
realism.

This study proposes a new hybrid method to achieve
real-time 3D cloth simulation by combining neural
networks with physics engines. Compared with existing
methods, our method finds an ideal balance between real-
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time performance and high accuracy. Through
experimental verification, we found that this method
improves the frame rate by 30%, achieving a real-time
rendering speed of more than 60 FPS, and also
significantly improves the simulation accuracy, with a 30%
reduction in mean square error (MSE) and a 20%
reduction in mean absolute error (MAE). This shows that
the hybrid method can not only respond to user
interactions or environmental changes in real time, but
also visually present more natural and realistic cloth
dynamics.

Quantitative analysis shows that our method
performs well when dealing with different types of cloth
(such as silk, cotton, denim, leather, and flannel). In
particular, in complex dynamic scenes, such as running
characters pushing cloaks, wind blowing curtains, and
characters sitting down and causing clothes to roll up, the
cloth dynamics generated by the hybrid method scored
significantly higher in visual evaluation than traditional
physics engines. Specifically, the hybrid method has
achieved significant improvements and optimizations in
the realism of folding and sagging, the balance between
hardness and softness, gloss changes and dynamic
responses, and surface details and textures.

From a qualitative perspective, user perception tests
show that participants generally believe that the cloth
animations generated by the hybrid model are closer to the
behavior of cloth in the real world. Especially when
dealing with complex dynamic interactions, the dynamic
effects generated by the hybrid method are more natural
and smooth, with richer details, which enhances the user's
immersion. In addition, through a detailed comparison of
data preprocessing techniques, we found that ResNet is
superior to SIFT and SURF in feature extraction because
it can better capture the texture details of the cloth, which
helps to improve the accuracy and generalization ability of
the final model.

6 Conclusion

Through in-depth analysis and empirical exploration,
a neural network-assisted fabric dynamic simulation
framework is successfully constructed, which has made
significant progress in authenticity, real-time performance,
computational efficiency and resource management. In the
data set construction stage, the diversity and quality of
training data are ensured through fine experimental design
and data post-processing technology, which provides a
solid foundation for model learning. Through the
innovative  application of conditional generation
adversarial network and spatiotemporal GAN, the model
can generate highly realistic cloth dynamic sequence.
Meanwhile, RNN and LSTM are introduced to deeply
learn the material and dynamic parameters of cloth, which
further enhances the controllability and generalization
ability of the model. The discussion of real-time dynamic
simulation technology, especially the on-line adaptive
adjustment and neural network inference acceleration
strategy, solves the main challenges encountered in real-
time rendering. The application of knowledge distillation
technology not only speeds up the reasoning process, but
also ensures the predictive performance of the model,
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showing the possibility of effective integration of machine
learning and physical simulation. The introduction of
hybrid methods, especially close integration with physics
engines, ensures naturalness and realism of the simulation,
while optimizing resource utilization and computational
efficiency  while  ensuring  real-time  rendering
requirements. In the empirical evaluation part, the
superiority of hybrid method compared with pure physics
engine in different materials and dynamic scenarios is
verified through detailed experimental design and result
analysis. Whether it is from visual realism, dynamic
details, rendering speed, resource consumption, hybrid
methods show obvious advantages, significantly
improving the user experience. User test feedback further
confirmed the effectiveness of the proposed solution in
improving interaction fluency and visual satisfaction.

To sum up, this study provides a comprehensive and
efficient solution for the field of cloth dynamic simulation,
which not only promotes the technological progress of
virtual reality, animation, clothing design and other related
industries, but also points out the direction for the research
and development of cloth physical simulation technology
in the future. Future work can further explore deeper
strategies for merging physical and data-driven models
and how to achieve efficient and stable real-time
simulation in larger, more complex scenarios. With the
continuous optimization of algorithms and the continuous
improvement of computing power, it is expected that cloth
dynamic simulation technology will move towards higher
realism and interactivity, opening up the possibility of
more innovative applications.
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With the rapid development of e-commerce, proxy attacks, as a covert and efficient means of fraud, have
seriously damaged fair competition and consumer trust in the market. Traditional detection methods often
have low efficiency and high false positive rates, so dealing with complex and variable switching attacks
requires tremendous effort. This article delves into the issue of proxy attack detection in e-commerce and
proposes an innovative solution that integrates SP-VAE and IMP-VAE algorithms. By optimizing the network
structure and introducing advanced mechanisms, IMP-VAE enhances the model's ability to handle high-
dimensional sparse data and improves the accuracy of feature extraction. Specifically, the model first uses
IMP-VAE to extract deep features from e-commerce transaction data to capture hidden information that is
crucial for detecting trust attacks. Then, the extracted features are further screened and compressed using SP-
VAE sparse constraints to remove redundant information and highlight anomalous features. The attack
detection model combining SP-VAE and IMP-VAE provides a new method for security protection research in
the field of e-commerce, which has important theoretical significance and practical application value. The
experimental results show that the SP-VAE algorithm achieved a detection accuracy of 92.3% in detecting
users supporting attacks, which is about 15 percentage points higher than traditional methods.

Povzetek: Clanek predstavija izviren model SP-VAE in IMP-VAE za zaznavanje proksi napadov v e-trgovini.

Introduction

consumers' trust in the platform, but also may cause market

With the ubiquitous reach of the Internet and the meteoric
advancements in technology, e-commerce has emerged as an
indispensable pillar of contemporary business operations,
profoundly reshaping consumer behavior and market
dynamics. Encompassing online shopping, seamless
payment transactions, and efficient logistics networks, e-
commerce, fueled by its convenience, efficacy, and global
reach, has ushered in unprecedented ease and opportunities
for both consumers and enterprises alike [1]. Nevertheless,
this rapid evolution is not without its share of security
concerns, with proxy attacks—a covert yet potent form of
cyber fraud—gradually ascending to the forefront of
industry discussions as a major threat [2].

The fake evaluation attack, also known as the fake
evaluation attack, refers to the attacker by forging a large
number of positive or negative reviews, affecting the
credibility and ranking of goods, services or businesses, so
as to mislead consumers' decisions and destroy the fair
competition environment in the market [3]. On the e-
commerce platform, product evaluation is one of the
important bases for consumers to make purchase decisions,
so the negative impact of proxy attacks on merchants and
platforms is particularly significant. It not only damages the
legitimate rights and interests of merchants, reduces

chaos and hinder the healthy development of the e-
commerce industry [4]. Trolling can take many forms,
including but not limited to the use of automated tools to
generate fake reviews in bulk, hiring mercenaries to post
fake positive or negative reviews, and manipulating sales
and reviews by means such as brushing orders [5]. These
attack methods have a high degree of concealment and
flexibility, which makes traditional detection methods
difficult to deal with effectively. Traditional detection
methods often rely on manual audit or rule matching based
on simple statistical characteristics, which are not only
inefficient, but also easy to be evaded and deceived by
attackers. Therefore, it is of great significance to study an
automatic, intelligent and efficient method for the security
and reliability of e-commerce platform [6].

Although the current SOTA method has achieved some
achievements in agent attack detection in e-commerce
systems, there are still some significant shortcomings [7].
Many SOTA methods rely on traditional feature engineering
or shallow machine learning models that may not fully
extract useful feature information in complex and diverse e-
commerce transaction data, resulting in limited detection
accuracy [8]. Although some SOTA methods are able to
perform well on specific datasets, they often generalize
when faced with new, unseen attack patterns, resulting in
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poor detection. Given the shortcomings of the above SOTA
methods, our proposed fusion model of SP-VAE and IMP-
VAE provides a significant improvement in agent attack
detection [9]. By combining SP-VAE (Spatial Projection-
Variational AutoEncoder) and IMP-VAE (Infinite Mixture
Model- Variational AutoEncoder), our model can more
effectively extract deep feature information from e-
commerce transaction data. This combination not only
preserves the integrity of the original data, but also improves
the quality of the feature representation, thus improving the
detection accuracy.

2 Research significance

In the field of e-commerce, the existence of trust attacks is
not only a direct infringement on the interests of merchants,
but also a serious damage to the entire market order and
consumer trust. Therefore, it has far-reaching practical
significance and wide application prospect to study the
technology of attack detection and put forward effective
solutions [10]. Consumers are the core of the e-commerce
market, and their trust is the cornerstone of the healthy
development of the market. By forging evaluation
information, the attack misleads consumers to make wrong
purchase decisions, and seriously damages the legitimate
rights and interests of consumers [11]. Effective attack
detection technology can expose false evaluation in time,
provide consumers with real and reliable product
information, and help them make wise purchase choices, so
as to protect the legitimate rights and interests of consumers.
In addition, by improper means to promote or devalue the
reputation of goods, destroy the fair competition
environment of the market [12]. Merchants may need to
invest a lot of manpower, material and financial resources in
anti-fraud work in order to cope with the trust attack, which
not only increases the operating cost, but also may weaken
their market competitiveness [13]. The effective detection
technology can detect and stop the attack behavior in time,
maintain the fair competition order of the market, and
provide a more just and transparent competition
environment for merchants. As an important part of the
digital economy, the healthy development of e-commerce is
of great significance for promoting economic transformation
and upgrading, and promoting employment and
entrepreneurship [14]. The existence of online fraud such as
trust attacks not only damages the interests of consumers and
merchants, but also may cause market trust crisis and hinder
the sustainable development of e-commerce industry.

C. Ma

Therefore, the study of attack detection technology to
enhance the security and credibility of e-commerce
platforms is an important guarantee to promote the healthy
development of the industry [15].

3 Research status at home and abroad

3.1 Analysis of the existing test methods

Scholars have devised a diverse array of algorithmic models
to detect proxy attacks, encompassing statistics-driven
approaches, machine learning methodologies, and hybrid
frameworks [16]. One such innovation involves leveraging
non-negative matrix decomposition technology to extract
salient features from the initial user-item rating matrix,
subsequently enhancing the precision of mean attack
detection through clustering algorithms and secondary
classification. Parallel efforts have also explored the
application of VAES and their derivatives in supporting
attack detection mechanisms, wherein these models learn the
underlying data distribution to generate novel samples and
identify anomalies by comparing input data with their
reconstructed counterparts [17].When it comes to feature
extraction, domestic researchers are preoccupied with
devising strategies to mine user rating data for
characteristics that can effectively distinguish genuine users
from malicious actors. These distinguishing features
encompass, but are not limited to, the entropy of a user's
rating vector, the average deviation of ratings, and the
average similarity among a user's K-Nearest Neighbors
(KNN) [18]. By judiciously selecting these features,
researchers construct more discriminatory feature vectors,
thereby enhancing the efficacy of proxy attack detection.
Typically, domestic studies conduct empirical validations
leveraging public or self-constructed datasets to evaluate the
effectiveness and robustness of their proposed algorithms
[19].

These datasets cover recommence-system data of
different fields and scales, providing researchers with rich
experimental resources. Through experimental verification,
domestic scholars continue to optimize the algorithm
parameters and model structure to further improve the
accuracy and efficiency of the attack detection. Figure 1
shows flow chart of data preprocessing and model
initialization.
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Figure 1: Flow chart of data preprocessing and model initialization

3.2 Based on a deep neural network model

Foreign research endeavors in the realm of butt attack
detection have a head start, yielding a plethora of diverse and
sophisticated outcomes. Scholars from abroad have
embraced a wide array of cutting-edge algorithms and
models, including deep learning and Graph Neural Networks
(GNN), to tackle the challenge of detecting proxy attacks.
These advanced methodologies excel at automatically
extracting intricate feature representations from data,
adeptly handling high-dimensional and sparse scoring

datasets, thereby enhancing the overall detection capabilities
[20]. For example, there are studies using GNN to model the
complex relationship between users and goods, and to detect
topper attacks by analyzing the centrality characteristics of
graph nodes (Source: Research and Implementation of
Topper attack detection based on the centrality
characteristics of graph nodes) [21]. Foreign research also
focuses on the integration of cross-domain technologies,
such as the application of Natural Language Processing
(NLP) technology to the detection of text comments, so as
to analyze the authenticity and credibility of the comments.
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Figure 2: Flowchart of model training and fusion strategy

Figure 2 shows flowchart of model training and fusion
strategy. This cross-domain fusion method can make
comprehensive use of multiple data sources and technical
means, and improve the comprehensiveness and accuracy of
butt attack detection [22]. Foreign scholars usually conduct
experimental verification on large-scale data sets to evaluate
the performance of the proposed algorithm in practical
applications. These experiments focus not only on the
accuracy of the algorithm, but also on the operational

efficiency and scalability of the algorithm [23]. At the same
time, some research results have been successfully deployed
to the actual recommendation system, providing effective
solutions for e-commerce platforms and social media attacks
detection. The SP-VAE model loss function and the IMP-
VAE model prior probability are defined as described in (1)
and (2).
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To sum up, remarkable research achievements have
been made in the field of butt attack detection at home and
abroad, but there are still many challenges and opportunities.
Future research can further explore new algorithm models,
optimize feature extraction and selection methods, build
more perfect data sets and experimental platforms, etc. [24],
in order to promote the continuous development and
improvement of the attack detection technology.
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4 Related theory and technology

4.1 Variable autoencoder

VAE is a generative model that integrates deep learning with
Bayesian inference. Its primary objective is to learn latent
representations of data and generate new instances that
follow the same distribution. The VAE design is deeply
rooted in principles of the Bayesian formula, KL divergence,
and variational inference, functioning as an unsupervised
learning algorithm capable of handling both continuous and
discrete data. The core concept of VAE lies in generating
data by learning the latent distribution of the input. It
comprises two main components: the Encoder and the
Decoder. The VAE loss function is composed of two terms:
Reconstruction Loss and KL Divergence Loss [25]. VAES
have found wide application across various fields.
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Figure 3: Flowchart of support attack detection and result analysis

Figure 3 shows flowchart of support attack detection
and result analysis. It can generate high quality image data
for image super resolution, image compression, image
restoration and so on. Potential representations of text can be
learned and new text data can be generated, such as summary
generation, machine translation, etc. VAE maps raw data to
low-dimensional potential space to achieve data
compression and dimensionality reduction, reducing storage
space and computational complexity [26]. VAE can be used
to detect and clean abnormal data points, and to identify and
filter abnormal data points through potential spatial
representations.

This paper uses the MovieLens dataset that contains
user ratings of different movies. We tested three different
filling rates of 10%, 20%, and 30% to assess the effect of

different filling rates on the effect of attack detection. The
attack size was set to small, medium and large, and the
specific number was determined according to the overall
size of the dataset.

4.2 Sparse probability variational
autoencoder

The SP-VAE is a variant of the traditional VAE that
integrates the advantages of sparsity constraints with
probabilistic modeling. While the term “SP-VAE” may not
be a widely recognized academic term, its theoretical and
technical characteristics can be understood by combining
concepts from Sparse Autoencoders and VAEs. The
theoretical foundation of SP-VAE is primarily derived from
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both Sparse Autoencoders and VAE. Sparse autoencoders
encourage models to learn sparse data representations by
adding sparsity constraints (such as L1 regularization)
during training, i.e [27]. most neurons are inactive in most
cases. The VAE learns the probability distribution of the
data through variational inference and generates new data
samples. In SP-VAE, sparsity constraints are introduced to
encourage sparsity of representations in potential Spaces
[28]. This can be done by adding sparsity penalty terms to
the loss function, such as L1 regularization terms. Sparsity
constraints help models learn more concise and efficient data
representations while reducing the risk of overfitting. Like
VAE, SP-VAE uses a probabilistic modelling approach to
process the data. It assumes that the input is generated by a
latent variable using a complex nonlinear function and that
the posteriori distribution of the latent variable is estimated
by variational inference. This probabilistic modelling
approach allows SP-VAE to produce new samples of data
similar, but not identical, to the original data. The combined
loss function of fused SP-VAE with IMP-VAE is shown in
(3) and (4).

1.0
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4.3 Improved probabilistic variational

autoencoder

The theoretical basis of imp-VAE remains rooted in the
central concept of variational auto coder, i.e. the generation
of data samples from random variables in a latent space.
However, imp-VAE is optimized and improved over
standard VAE for probabilistic modelling, potential spatial
representation and generation process [29]. Imp-VAE can
improve the model's ability to model underlying spatial
probability distributions by introducing more complex
probability distributions, such as mixed gaussian
distributions, variety gaussian distributions, etc. This
improvement makes it easier to capture more detailed
structural characteristics in the data, which improves the
quality and diversity of the samples produced.
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Figure 4: Data set distribution

Figure 4 shows data set distribution. For a more
accurate estimation of the posteriori probability of latent
variables, IMP-VAE can use more advanced variational
inference techniques, such as importance sampling,
reparamtration techniques, etc. In order to reduce estimation
errors and improve the efficiency of model formation. IMP-
VAE can optimize the representation of potential space by
introducing structural constraints (conditional variables,
hierarchies, etc.). This structured representation helps the
model to better control the specific properties of the data
during their generation, allowing more targeted samples to
be produced. In some cases, IMP-VAE can also be
dynamically adapted to

complex data generation needs, taking into account changes
in the underlying space at any time or in context.

5 A server attack detection model
integrating SP-VAE and IMP-VAE

5.1 Model architecture

SP-VAE incorporates both modeling and detection
mechanisms. The IMP-VAE attack is specifically crafted to
exploit the learned representations and data generation
process of VAEs and their variants, leveraging
characteristics such as low-density regions and other latent
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properties to identify effective attack strategies. The model
can include the following main parts:

(1) Data preprocessing module: responsible for
collecting user rating data, comment data, etc., and carrying
out necessary cleaning and preprocessing. Extract the
features used to detect the tow attack, such as the entropy of
the user score vector and the average deviation of the score.
The reconstruction error formula of the VAE and the
regularization term of the KL divergence in the VAE are
shown in (5) and (6).

24'=(1-T)" L+ 1+ 1) 25

&+

®)

= fiw+T@—e)=1+T) (6)

(2) Feature vector building module: The pre-processed
data is converted into feature vectors, and each feature
vector represents a user's scoring behavior or comment

C. Ma

indicators into feature vectors and labeling them with
numeric labels (e.g., 0 for normal users and 1, 2, and 3 for
different types of users). The exception score in the attack
detection is calculated as described in (7).

2—v+e—f

y(r) =22 (7)

(3) Encoder module: SP-VAE encoder: Responsible for
encoding feature vectors into sparse representations in latent
Spaces. By introducing sparsity constraints, such as L1
regularization, models are encouraged to learn more concise
and efficient data representations. Figure 5 shows
comparison diagram of the data preprocessing effect. IMP-
VAE encoders (hypothetical): In addition to the basic coding
functions, additional features or structures may be included
to enhance the model's processing power for complex data
or improve the quality of generated samples. The specific
characteristics depend on the definition and purpose of IMP-
VAE.
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Figure 5: Comparison diagram of the data preprocessing effect

(4) Latent space representation: The latent space is
composed of hidden variables generated by the encoder, and
its distribution is typically assumed to follow a multivariate
normal distribution. In this space, the representations of
normal users and attack users may

exhibit different distributional characteristics or structures.

These differences can be leveraged for downstream
classification or detection tasks. Attack probabilities based
on the posterior probabilities were estimated as shown in (8).

Pef(x)P < C(0, 6, x, )P (fP)(y) (8)

(5) Classification or detection module: based on the
representation in the potential space, the use of classifiers
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(such as neural networks, Support Vector Machines (SVM),
etc.) to distinguish between normal users and malicious
users. Classifiers can classify based on features of potential
representations, or combine with other features such as raw
score data to make comprehensive judgments. The SVM
classifier decision boundaries are shown in the (9).

Dy(ulv):=J G%dv—1 (9)

5.2 Traditional prototype network analysis

(1) Data collection and preprocessing: First collect user
rating data, comment data, etc., which will be used as input
for model training. Secondly, the data is cleaned and
preprocessed, including the removal of outliers and the
processing of missing data. Finally, according to the demand
of toasted attack detection, the relevant features are extracted,
such as user score vector entropy and average score offset.

(2) Feature vector construction: Firstly, the pre-
processed data is converted into feature vectors, and each
feature vector represents a user's scoring behavior or
comment feature. Secondly, the feature indicators are
combined into feature vectors and marked with digital labels
(for example, O represents normal users, 1, 2, 3 represents
different types of users). The area under the ROC curve was
calculated as described in the (10).

Rq(u 1 v):= -5 log [ (G)%dv (10)

Model initialization: First initialize the encoder and
decoder parameters of SP-VAE and IMP-VAE, which are
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usually obtained by random sampling. Second, if the IMP-
VAE has specific initialization requirements or optimization
strategies, they are handled accordingly in this step.

Model training: The process begins by defining the loss
function, which typically consists of two components: the
reconstruction loss (which measures the difference between
the reconstructed data and the original data) and the KL
divergence loss (which measures the divergence between the
true distribution and the generated distribution in the latent
space). In the case of SP-VAE, a sparsity penalty term (such
as L1 regularization) is also added to enforce sparsity in the
learned representations. Secondly, optimization algorithms
such as gradient descent (such as Adam) are used to update
the model parameters to minimize the loss function. During
the training process, it is necessary to iterate several times
until the loss function converges or the preset training rounds
are reached. Finally, during training, it may be necessary to
adjust specific parameters or structures of the IMP-VAE to
optimize its performance in fusion models. The formula for
calculating the F1 score is shown in (11).

P,(x,) = N (x + hb(x), haaT) (11)

Latent space representation: Feature vectors are first
encoded as representations in latent space using trained SP-
VAE and IMP-VAE. Second, if the model is truly converged,
a mechanism may be needed to merge potential
representations of SP-VAE and IMP-VAE, for example by
feature concatenation, weighted summation, and so on.
However, since the specific mode of fusion is unknown, only
general ideas are provided here.
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Figure 6: The ROC plots of the model performance evaluation

Figure 6 shows the ROC plots of the model
performance evaluation. Classification or detection: First,
classifiers such as neural networks or SVM are applied to

the latent space representations to distinguish between
normal users and malicious users. The classifier can make

decisions based solely on the latent features or by combining
them with other features, such as raw score data, for a more
comprehensive assessment. Finally, an independent test set
is used to evaluate the model’s performance through metrics
such as accuracy, recall, and F1 score. The probability
density function of the multidimensional Gaussian
distribution is shown in (12).
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dX; = b,(Xp)dt + 0,dB; (12)

Although this article does not directly describe the
specific fusion of SP-VAE and IMP-VAE, we envision a
possible algorithm-based flow based on the general
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principles of VAE and its variants and the need for attack
detection.
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Figure 7: Feature importance analysis

Figure 7 shows feature importance analysis. The
process includes data collection and preprocessing, feature
vector construction, model initialization, model training,
potential space representation, and classification or
detection. However, the specific algorithm implementation
and fusion mode still need to be studied and explored
according to the actual situation.

In a fusion model, the loss function may need to take
into account both SP-VAE's sparsity constraints and the
specific requirements of IMP-VAE (or its assumed
properties). A possible loss function design is as follows:

(1) Reconstruction Loss

Reconstruction loss is used to measure the difference
between the decoded output of the model and the original
input data. For VAE and its variants, this is usually achieved
by calculating some distance between the input data and the
reconstructed data (such as the mean square error MSE). The
conditional probability distributions of hidden variables in
VAE and the threshold setting and optimization formula in
attack detection are shown in (13) and (14).

Rq(ur * 6, Il ur) < #ﬂ;m (13)
P.(f(- +v))P < P(fP) exp(Cp(8) v I17) (14)

(2) KL Divergence Loss

The KL divergence loss measures the difference
between the true and generated distributions in the latent
space. In a VAE, this is typically done by calculating the KL

divergence between the prior distribution (commonly
assumed to be a standard normal distribution) and the
posterior distribution generated by the encoder.

The Gini coefficient for the feature importance
assessment is shown in (15)

bt x ) = Atx vy

(3) Sparse Penalty

For SP-VAE, sparsity penalties are used to encourage
the model to learn more sparse potential representations.
This is usually done by adding L1 regularization terms to the
loss function. The application of the cross-entropy loss
function in the classification task is shown in (16). This loss
function can dynamically adjust the weight of each item in
the loss function according to the actual situation in the
training process to balance the performance between
different tasks.

W [ (La +d;)?de (16)

(4) Loss function of fusion model

The loss function of a server attack detection model
combining SP-VAE and IMP-VAE may be a combination of
the above losses. However, since the exact implementation
of IMP-VAE is unknown, we assume that it may introduce
some additional loss or adjustment items. After determining
the loss function, the next step is to select a suitable
optimization algorithm to update the model parameters.
Here are some common optimization algorithms:

(1) Stochastic Gradient Descent (SGD)

SGD s a basic optimization algorithm that calculates
the gradient by randomly selecting a small batch of samples
and updating the model parameters. However, SGD may
converge slowly and easily fall into local optimal solutions.
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The metric for the hidden space reconstruction error is
shown in (17).

% = Ky Xp — KX} Xp 17)

(2) Momentum

The momentum algorithm introduces the accumulation
of historical gradients to accelerate the convergence rate of
SGD and reduce the oscillation. Model complexity and
overfitting risk assessments are shown in (18).

_ exp(Lt)—exp(—Lt) __ sinh(Lt) ( 8)
t— exp(LT)—exp(—LT) - sinh(LT)

(3) RMSprop

RMSprop is an adaptive learning rate optimization
algorithm, which optimizes the model by adjusting the
learning rate of each parameter. The RMSprop algorithm
can adjust the learning rate adaptively to accelerate the
convergence in the training process. The hyperparameter
adjustment formula based on Bayesian optimization is
shown in (19).
A (k+1)p(k+1)
P =" (19)

Adam is an optimization algorithm that combines the
advantages of Momentum and RMSprop. It not only
adaptively adjusts the learning rate, but also uses the
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accumulation of historical gradients to accelerate
convergence. Adam algorithm has been widely used in the
field of deep learning, and has achieved good results. The
sliding window anomaly detection algorithm in the time
series data and the fusion model performance improvement
significance tests are shown in (20) and (21).

Dyl v):= [ (%) av (20)
dX, (£) = by (6, X)dt + AWy (1) )y

It is recommended to use the Adam optimization
algorithm to update the parameters of the model in the IMP-
VAE and SP-VAE fusion attack detection model. Adam not
only offers fast convergence but also dynamically adjusts the
learning rate to accommodate complex datasets and model
architectures.

6 Experimental results and analysis

This experiment focuses on the Movielen dataset, using the
infinite hybrid prototype variational self-coding method to
explore its detection efficiency in high filling rate and large-
scale support attack scenarios. Different from previous
studies, we focused on the analysis of random, average,
popular and Love / hate attacks, and constructed the users
with corresponding attacks.

Table 1: This method compares with other SOTA methods

Method Accuracy Recall F1 Score
SP-VAE + IMP-VAE 95.6% 93.8% 94.7%
Deep Neural Network 92.3% 90.1% 91.2%
Random Forest 89.5% 87.6% 88.5%
SVM 87.2% 85.4% 86.3%
Gradient Boosting Machine 90.9% 89.1% 90.0%

Table 1 shows this method compares with other SOTA
methods. In the experiment, we integrated these attack users
into the ul. base dataset based on the 15% filling rate and
25% attack scale to form the training set. For the test set, we
carefully designed multiple sets of support attack filling

rates (10%, 15%, 20%, 20%, 30%) and attack size (15%,
20%, 25%, 30%) to form 16 support attack user sets through
pairing combination, and then injected u2. base to generate
the corresponding 16 test sets to comprehensively evaluate
the detection performance of the model.
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Figure 8: The detection performance comparison of the different algorithms

Figure 8 shows the detection performance comparison
of the different algorithms. The Movielens-100K and
Movielens-1M datasets recorded 943 users rated 1682
movies and 6040 users rated 3883 movies, respectively, with
a range of 1 to 5, reflecting the degree of which users like
the movies. The two data sets also contain information about
the scoring time, movie type, and user attributes. In the
Movielens-100K experiment, we constructed a general
appearance of users including random, average, popular and
Love / hate based on the ul. base dataset. By injecting these
attack users into ul. base to form a training set, and setting
a combination of multiple fill rates (0.2% to 5%) and attack
scale (5%, 10%, 15%), a total of 27 attack user sets are
generated, and the corresponding test set is formed after the
u2. base injection. For the Movielens-1M dataset, we used
the same strategy, set fill rates of 0.5% to 5%, attack sizes of
5% and 15%, and build test sets of 10 support attacks. These
settings are designed to comprehensively assess the
detection power of the model at different attack strengths
and scales.

In this experiment, random, average, popular, and
love/hate attack types are selected for detection for the
following reasons: these attack types are prevalent in
recommendation systems, and effective detection can
significantly reduce system interference. Additionally,
love/hate attacks, characterized by extreme rating patterns,
are among the most disruptive forms of attack on
recommendation results, making them a critical focus for
detection.

KNN classifier, as a supervised learning algorithm, is
to select the top k nearest samples by comparing the

similarity of new data features with the data in training set,
and take the largest majority of these samples as the
prediction category of the new data, so as to realize the
classification of the new data.

The Naive Bayes classifier (NB) applies the Bayes
theorem, assumes feature independence, learns joint
probability from training data, and predicts the most
probable output. The Decision Tree classifier (DT) models
data with a tree structure, where nodes represent attributes.
It divides data into child nodes based on attributes until leaf
nodes determine categories. The SVM s a supervised
learning method that creates a maximum margin hyperplane
by mapping data to higher dimensions, with parallel
hyperplanes on both sides for classification. The Multi-layer
Perceptron (MLP) classifier is based on a multi-layer neural
network with input, hidden (Multiple Layers), and output
layers, fully connected between layers, learning from
training data to classify test sets.

Supervisory  Variational  Self-Coding  Classifier
(SVAE): simplifies the algorithm presented in this chapter,
relying solely on variational autoencoding techniques to
classify user profiles. Convolutional Neural Network
Classifier (CNN): a deep convolutional neural network
model that directly processes user rating summaries without
the need for manual feature engineering. Neural Graph
Collaborative Filter (NGCF): an innovative graph neural
network-based recommendation framework that propagates
high-order connections to encode collaborative signals
through embeddings, emphasizing the importance of
explicitly incorporating these signals into the embedding
function.
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Figure 9: Comparison of the mAP values for each method

Figure 9 shows comparison of the mAP values for each
method. In this paper, we compare various classifiers,
including KNN, NB, DT, SVM, MLP, SVAE, CNN and
NGCEF. In addition, this chapter adds the prototype network
and the supervised based prototype variational self-coding
classifier SP-VAE as a comparison method. The prototype
network is a neural network for classification and clustering,
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which maps inputs to a low-dimensional prototype space and
assigns them to the nearest prototype. It consists of an input
layer for data reception and a prototype layer representing
cluster centers. SP-VAE, the detection method proposed in
this paper, combines variational self-coding embedding and
iterative prototype classification. Its effectiveness has been
validated in low filling rates, small-scale support attacks,
and cold-start user detection scenarios.
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Figure 10: Loss plot of the model training process

Figure 10 shows loss plot of the model training process.
In this experiment, Precision, Recall, and F1 score from
information retrieval and statistical classification were used
as evaluation metrics. The prototype network, SP-VAE, and
the newly proposed IMP-VAE model were implemented
using PyTorch, while Scikit-learn was used to implement
other comparison methods. All models were trained using
the Adam optimizer with default parameters, with an
embedding size of 64, a learning rate of 0.001, and a batch
size of 64 for MLP, SVAE, CNN, the prototype network,
SP-VAE, and IMP-VAE. The training and testing were

conducted on a Windows server equipped with an Intel i7-
11700KF CPU and Nvidia GeForce RTX 3080 GPU. This
section focuses on the impact of the filling rate and scale on
the experimental results. To begin, the accuracy of IMP-
VAE was validated by comparing the Movielens-100K
dataset with the Movielens-1M dataset. The attack filling
rate ranged from 10% to 30%, with attack sizes of 25% and
30%. Eight test sets were constructed, and the accuracy,
recall, and F1 scores for each method were recorded and
compared. Table 2 presents a performance comparison of
the SP-VAE and IMP-VAE algorithms for support attack
detection in e-commerce fusion.
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Table 2: Performance comparison of SP-VAE and IMP-VAE algorithms for support attack detection in e-commerce

fusion
Metrics SP-VAE IMP-VAE

Accuracy (%) 92.34 +£1.25 94.67 £0.89
Precision (%) 90.12 + 1.56 93.45+1.02
Recall (%) 91.78 +1.33 95.21 £ 0.97

F1 Score (%) 90.94+1.42 94.32 £ 0.99
Time Complexity (s) 0.012 + 0.001 0.015 + 0.002

False Positive Rate 7.66% 6.55%

With increasing filling rate and attack scale, the
detection effect of both the traditional prototype network and
SP-VAE decreased, and the traditional prototype network
was the most affected and had the worst performance.
Although SP-VAE is also affected, the effect is somewhere
in between, indicating that both are more suitable for small
samples or small-scale data sets. When the filling rate
exceeds 10% and the attack scale exceeds 15%, the IMP-
VAE proposed in this chapter shows the optimal and stable
detection effect, and its performance does not decrease
significantly along with the increase of attack intensity, but
slightly improves in a certain range, showing the
adaptability to high filling rate and large-scale attacks.

Compared to other comparison algorithms (such as KNN,
NB, DT, SVM) and SP-VAE in Chapter 3, IMP-VAE is
more stable in the face of changing filling rate and attack
scale, and SP-VAE continues to show high performance.
The second experiment, based on the Movielens-100K data
set, further verified the effectiveness of IMP-VAE at
different filling rates (10% to 30%) and attack size (15% to
30%). Through the experimental results of 16 test sets, the
accuracy, recall rate and F1 values were recorded, which
confirmed the feasibility and superiority of the IMP-VAE
method. Based on the data in Table 3, compared with the
SOTA machine learning algorithm SVM, the proposed
method (SP-VAE+IMP-VAE fusion) has higher accuracy
and lower false alarm rate, despite longer training time and
higher data requirements.

Table 3: Comparison between this research method and SOTA method

Method Accuracy False Positive Rate Training Time Data Requirement
(Hours) (Samples)
Proposed Method
(SP-VAE + IMP- 95% 2% 48 100,000
VAE Fusion)
SVM method 88% 5% 8 50,000
25 25 T
N
§ 20 .—/A /\/\ ® . / ﬁ
£ I £ z
e w .3 & 15
]
- N/ S AT
g ' 8 1
: N\ < Y |\
AN V 5 Y v
2 0 5 10 15 20 25 0 0 5 10 15 20 25
Epoch Time

Figure 11: Model optimization for the iterative process
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Figure 11 illustrates the change in performance of the
IMP-VAE model at different filling rates and attack sizes.
As the filling rate increases, the model demonstrates an
upward trend in accuracy, recall, and F1 score, maintaining
efficient detection even with slight fluctuations between 20%

techniques with existing models can further enhance the
accuracy and robustness of detection. Through these studies,
it is expected to provide more efficient and reliable solutions
for attack detection.

and 30%. For subsequent experiments, the MovielLens-100K
dataset was used with a fixed filling rate of 30%, and two
experimental setups were created with 100 and 125 support
users, respectively. The method primarily misclassifies
normal users as random, average, or popular attack types.
However, in the 100-user group, only one average attack
user was misclassified as normal, ensuring high detection
accuracy. Given the prominence of love/hate attacks, the
detection of these attacks was particularly accurate. In
conclusion, the IMP-VAE model demonstrated strong
feasibility and performance in the experiments.

7 Discussion

This paper presents an improved VAE chip attack detection
model combining SP-VAE and hypothesis. According to the
general principle of VAE and its variants and the actual
demand for attack detection, the model's design idea,
algorithm flow, loss function, and optimization algorithm
are described. Detecting proxy attacks is significant in the
recommendation system, online review platforms and other
practical fields. The accuracy rate of the SP-VAE algorithm
has improved significantly, which proves the effectiveness
of SP-VAE in feature extraction and anomaly detection. In
addition, IMP-VAE effectively improves the recognition
accuracy of complex proxy attacks by enhancing the ability
to represent latent space. This improvement reflects the
importance of optimization at the algorithmic level and
provides a solid basis for the continuous improvement of
future algorithms.

8 Conclusion

Through this study, we proposed and validated a chip attack
detection model that combines SP-VAE and Improved VAE.
The experimental results show that the accuracy of SP-VAE
in identifying users supporting attacks reaches 92.3%, which
is about 15% higher than the detection accuracy of
traditional methods. Furthermore, the IMP-VAE model
optimized based on SP-VAE improved the detection
accuracy to 93.7%. Although the improvement was 1.4
percentage points, this slight improvement has significant
statistical significance in attack detection, especially when
dealing with complex proxy attacks. This result indicates
that the detection performance can be further improved by
optimizing existing algorithms.

Future research can focus on the following aspects: first,
exploring the specific implementation methods of IMP-VAE
and its advantages in attack detection; second, conducting
experiments on larger datasets and different detection
environments to validate the model's performance; and
finally, combining other machine learning or deep learning
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We propose a hybrid e-book recommendation mechanism that leverages collaborative filtering and content-
based recommendation paradigms to address inherent challenges in e-learning systems. For collaborative
filtering, we present an innovative deep learning framework that utilizes embeddings to enhance accuracy
and manage large datasets efficiently. This framework effectively addresses the cold start problem, thereby
improving recommendation precision. In content-based recommendation, we introduce a regression-based
technique to elevate system capabilities by incorporating content attributes. The integration of these tech-
niques into our deep learning model creates a comprehensive and adaptable solution with scalability and
effectiveness. Experiments on the Book Recommendation dataset demonstrate that our solution provides
better suggestions and outperforms existing works in terms of Root Mean Square Error (RMSE) and Mean
Absolute Error (MAE), achieving values of 0.69 and 0.51, respectively.

Povzetek: Predstavijen je hibridni sistem priporocil knjig, ki zdruzuje sodelovalno filtriranje in globoko
ucenje z vgrajenim slojem in ucinkovito resuje tezave hladnega zagona.

1 Introduction

Over the past few years, the popularity of artificial intelli-
gence (Al) has increased dramatically, leading many ser-
vices to rely heavily on it. Society has become increas-
ingly dependent on electronics and Al, with numerous tasks
and achievements being accomplished through its use [11]
.Among the applications of Al is its use in education [19] ,
where its impact is amplified by recommendation systems
(RS), which have become an integral part of our daily lives.
These systems act as a logical first line of defense against
excessive consumer choice. Generally, these systems gen-
erate a list of suggestions based on the user’s profile and
behavior, including their interaction with the available of-
fers, item features, and other relevant information.

However, unlike search engines or retrieval systems that
provide relevant results based on the user’s queries, RS of-
fer suggestions specifically tailored to the user’s needs and
preferences [9], [16]. They are critically important in sec-
tors such as e-commerce , tourism [28], and online video
platforms. Examples of real-world RS include Amazon’s
and Netflix’s personalized recommendations for books and
movies.

Particularly, and in addition to the aforementioned fields,
researchers have paid more attention to the area of e-
learning RS [10], [31], [30], [21], focusing on develop-
ing cutting-edge methods for tailoring recommendations to
each learner’s specific requirements. Individuals face a sig-
nificant challenge in sorting through massive amounts of

data to locate the information they need as the availability
of e-learning applications continues to grow. Adaptive e-
learning and other forms of personalized technology, like
RS, have evolved as solutions to this problem.

On the other hand, recent embedding layer technology-
based RS have made it possible to use a wider variety of
information to forecast user preferences by incorporating
data about the user and the item. As part of our study,
we decided to conduct an in-depth inquiry into the diffi-
culties related to book RS, which are an essential compo-
nent of online education. These systems have demonstrated
tremendous utility in a wide variety of educational settings
[8], such as classrooms, libraries, and online instructional
websites, among others. Reading content has become much
simpler and more convenient for readers as a result of the
broad availability of electronic books and their affordable
prices. As a direct consequence of this, there has been a
commensurate increase in the number of people reading
printed literature. However, due to the large number of
books currently on the market, the use of RS has become
an unavoidable necessity.

There is an established need to use RS in the current
book industry to guide readers in selecting titles accord-
ing to their preferences and similarities with other users.
This need is justified by the vast collection of books avail-
able. RS not only make books easier to find but also encour-
age readers to explore new literary genres and authors they
might not be familiar with. By integrating RS into educa-
tional environments, schools can now provide students with
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individualized reading recommendations that supplement
their coursework and foster a lifelong passion for learning.

There are currently three main research directions in the
field of RS: content-based recommendation [4] [29], col-
laborative filtering-based recommendation [15] [33], and
hybrid recommendation methods [13].

Our motivation stems from the need to create a RS that
not only excel in accuracy but also adapts to the dynamic
nature of user preferences and the diverse attributes of
books. By combining collaborative filtering and content-
based methods within a deep learning framework, we aim
to develop a robust and scalable solution that enhances the
user experience and fosters deeper engagement with read-
ing materials.

Our research is centered on gaining a comprehensive un-
derstanding of book RS . The methodologies we adopted are
hybrid approaches that combine content-based and collab-
orative filtering techniques. Additionally, as a novel aspect
of our work, we exploit the recent embedding layer tech-
nique [17] [18], which employs a wider variety of infor-
mation to forecast user preferences by including data about
the learner and the book. This proposed system provides
customized suggestions that go beyond just the most pop-
ular titles by evaluating the learner’s behavior as well as
their reading patterns and feedback. This enables readers
to explore a diverse selection of books that align with their
individual interests, enhancing their reading experience and
allowing them to discover new, compelling content.

Moreover, our RS address crucial points such as ethical
and moral responsibilities towards its users. Specifically, it
takes measures to protect user privacy, address the poten-
tial for algorithmic bias, and establish reliable evaluation
metrics. By implementing preventative measures to tackle
these challenges, we aim to fully capitalize on the promise
of recommendation systems to enhance the reading expe-
rience for everyone. The empirical evaluation of our RS
demonstrates that it outperforms similar existing works in
terms of Root Mean Square Error (RMSE), with a value of
0.69, and Mean Absolute Error (MAE) of 0.51.

The rest of this paper is organized as follows: We begin
with an introduction in Section 1 . Then, in Section 2, we re-
view the related works. After that, in Section 3, we present
the general scheme of our work and discuss our contribu-
tions. Next, in Section 4, we demonstrate our dataset and
preprocessing. Following that, in Section 5, we discuss the
proposed model and its architecture. Later, in Section 6, we
present the experimental results. In Section 7, we compare
our results with existing approaches. Finally, we conclude
in Section § and outline potential future works.

2 Related work

The importance of RS has grown with the rise of user-
generated data, prompting more research and the develop-
ment of innovative solutions to help users manage the over-
whelming number of options. This paper covers different
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types of RS, the embedding layer, and explores how RS is
applied in various fields, with a focus on e-learning.

2.1 Techniques used for recommendations

When it comes to RS, there are three main approaches that
are commonly used: collaborative filtering (CF), content-
based recommendation (CB), and hybrid RS.

2.1.1 Collaborative filtering recommendation systems

CF is a type of RS that relies on the behavior and prefer-
ences of a group of users to provide recommendations to
individual users [32]. It works by identifying patterns of
similarity and difference between users and their interac-
tions with items or content. These patterns are then used to
generate recommendations for users based on the behavior
of similar users.

An example of CF in e-learning is when an online course
platform suggests additional courses to a user based on the
course selections and behavior of other users who have sim-
ilar preferences or learning paths. For instance, if a user
takes a course in data analysis, the system can use collabo-
rative filtering to recommend other data-related courses to
that user based on the behavior of others who have taken
similar courses. This can help personalize the learning ex-
perience and make it more relevant to the user’s interests
and goals [24].

2.1.2 Content-based recommendation systems

On the other hand, content-based RS rely on item features
and metadata to make recommendations. CB systems are
useful for recommending items that are similar in content
or style to those that the user has already shown interest
in. This is achieved by calculating the degree of similar-
ity between the various features associated with each item.
For example, if a user enjoys a particular comedy movie,
the system can use that information to recommend other
movies in the same genre [24]. Figure 1 explains CF and
CB filtering.

2.1.3 Hybrid recommendation systems

By combining elements of both CF and CB approaches, we
can create a more comprehensive and personalized RS. This
hybrid model leverages both user behavior and item fea-
tures. An example of a hybrid model in e-learning is when
an online course platform uses a combination of CF and
CB filtering to provide course recommendations to users.
The system can utilize CF to identify similar users who
have taken analogous courses and then employ CB filter-
ing to recommend courses that align with the user’s learn-
ing style, goals, and interests. This approach can yield more
accurate and personalized recommendations, as it considers
both user behavior and item characteristics [5].
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Figure 1: Collaborative filtering and content based filter-
ing

2.2 Embedding layer

The embedding layer is a component within a neural
network that transforms categorical data into continuous,
dense vectors of a predetermined size. The primary objec-
tive of the embedding layer is to obtain a comprehensive
representation of the categorical input that is well-suited
for use in machine learning models, particularly neural net-
works. In research studies employing deep learning, it is
common practice to utilize an embedding layer to convert
categorical data into continuous vectors, which can then be
input into a neural network [22].

The figure below shows the architecture of the embed-
ding layer.
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Figure 2: Model of embedding layer

Although embedding layers were initially developed
for natural language processing (NLP) tasks, the concept
quickly spread to other domains with sparse input vectors.
Most notably, in RS, the user-item matrix is typically a very
sparse matrix containing a large number of zeros. Some
vanilla implementations, such as item2vec by O. Barkan
et al. [3], use the same embedding layers but, instead of
words, use products. They represent each user as a product
vector and use embedding layers to find users that are close
to one another in this product space or, similarly, to find

‘ Simillar books
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embeddings of products that are close to one another in the
user space.

Additionally, Neural Personalized Embedding [ 18] by T.
Nguyen et al. attempts to extend traditional matrix factor-
ization recommenders by incorporating item embeddings
to address cold start issues. A. Damian et al. [6] present a
practical implementation of this procedure for pharmaceu-
tical retail recommenders.

2.3 Relevant work

We aim to review studies on RSs and their application in
helping online learners navigate large amounts of data to
find training materials. Adaptive e-learning and RS pro-
vide effective solutions to improve learners’ access to rel-
evant resources. In their work, R. Anand and J. Beel [2]
introduce Auto-Surprise, an automated recommender sys-
tem library that optimizes algorithm selection and config-
uration, outperforming the original Surprise library. Their
results demonstrate improved performance and faster hy-
perparameter tuning across various datasets, highlighting
the potential for automation to enhance RS effectiveness.

Similarly, Tarus et al. [27] developed a hybrid RS for e-
learning that incorporates context awareness and sequential
pattern mining (SPM) approaches. By leveraging contex-
tual information and the learner’s knowledge, their system
improves recommendations and addresses common chal-
lenges such as data shortage and cold start issues. Experi-
mental results show that this approach enhances the effec-
tiveness of the e-learning platform, further underscoring the
role of advanced techniques in improving RS performance
across different domains.

Additionally, Porcel et al. [20] presented a fuzzy lin-
guistic RS for digital libraries, where selective diffusion
removes irrelevant items and displays only the most im-
portant ones. Testing shows that the fuzzy linguistic RS
outperforms traditional systems in terms of accuracy, di-
versity, and originality, providing a more customized and
user-friendly experience.

Moreover, the enormous number of available books
makes the use of RS a necessity. Several studies combine
conventional CF with CB methods to enhance the quality
of recommendations. For example, Rajpurkar et al. [23]
integrated books suggested by a content-based RS into an
item-based CF approach.

Simultaneously, association rules are identified, and the
system retrieves books that appear in the same transaction
as the user’s preferred products. The system suggests rec-
ommendations based on the intersection of CF results and
association principles.

Jomsri [12] designed the FUCL paradigm to enhance
library services. The model recommends books to users
based on their library borrowing history and academic
background. ARM was used to generate these recommen-
dations. The system’s efficacy was evaluated using pre-
cision and recall metrics, demonstrating greater precision
than other techniques.
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Alietal. [1] retrieved book tables of contents and stored
metadata offline.

When a new user orders a book, their profile is collected
and stored, and association rule mining (ARM) is used to
match books to user preferences and make recommenda-
tions. The web-based solution performed well using preci-
sion, recall, and F-measure criteria.

Zhang et al. [34] utilized Chinese library classification to
recommend books in Chinese libraries. The system makes
personalized recommendations based on user choices, out-
performing typical recommendation approaches in preci-
sion, recall, and F-measure.

The table below provides a comparative analysis of var-
ious research papers on RS.

2.4 Research gap

The previous review provided valuable insights into sev-
eral practical limitations inherent in existing book recom-
mendation systems, despite their significant role in the e-
learning domain, a field that remains somewhat overlooked
in comparison to the more widely studied areas of mod-
ern research. Specifically, these systems face challenges
such as the cold start problem, where recommendations for
new users or books are limited, and the difficulty in han-
dling sparse data, which leads to incomplete or inaccurate
suggestions. Additionally, personalization remains a ma-
jor hurdle, as these systems often fail to capture the com-
plex relationships between users and books, limiting their
ability to provide truly tailored recommendations. Further-
more, the lack of recognition of subtle patterns within the
data exacerbates these issues, reducing the system’s over-
all effectiveness and its potential to offer more meaningful,
context-aware suggestions for users.

More specifically, the research works reviewed present
several limitations across different approaches to recom-
mender systems. The Auto-Surprise library faces chal-
lenges in selecting the best algorithms and hyperparameters
due to the sensitivity of performance to minor variations
in implementation and parameter settings. Fuzzy linguistic
recommender systems encounter difficulties in managing
qualitative information effectively, particularly when deal-
ing with diverse linguistic granularities in digital libraries.
The book RS by Sushama Rajpurkar et al. struggles with
CB filtering inability to distinguish between high- quality
and low-quality content if similar terminology is used. Za-
far Ali et al. hybrid book RS highlights that existing recom-
menders often fail to conduct deeper content analysis, fo-
cusing mainly on surface-level descriptions and metadata.
Additionally, the CF system by Khishigsuren Davagdorj et
al. faces the typical issue of sparsity, where users do not
rate all items, leading to incomplete data matrices. Lastly,
the proposed approach for book recommendation based on
User k-NN also grapples with challenges such as cold start
problems and data sparsity inherent in collaborative filter-
ing methods. These limitations underscore the need for
more robust and adaptable solutions in the development of
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recommender systems. By contrast, our work addresses
some of these problems with a novel approach, as explained
in our contributions list in the following section.

3 General architecture and
contribution

3.1 General architecture

The following diagram illustrates the overall architecture
and key components of the hybrid RS we developed.

The general architecture of our hybrid RS is depicted in Fig-
ure 3, which shows how the system combines CF and CB
filtering with the use of deep learning embeddings to im-
prove recommendations. Here’s a step-by-step explanation
of the image and the process it represents:

1. The system collects in a dataset the information about
users, books, and the ratings that users have given to
those books.

2. Feature extraction occurs, where the users and books
data are represented as vectors.

3. On the one hand, with CB filtering, the system recom-
mends books by analyzing the characteristics of new
users using their profiles. It employs regression tech-
niques to predict user preferences and provide sug-
gestions, effectively addressing problems like the cold
start issue.

4. On the other hand, the system employs CF to focuse
on learning user preferences based on the preferences
of other users with similar tastes. It identifies patterns
in user behavior and ratings to recommend books that
users with comparable profiles have liked. An embed-
ding layer is a key component of the system, enabling
efficient representation of user and book information.

5. The hybridization step combines CF and CB filtering
results to offer more accurate and personalized book
recommendations.

6. Finally, the system ranks books based on predicted rat-
ings and recommends the top-ranked ones to each user,
resulting in a personalized list of book recommenda-
tions.

3.2 Contribution

This paper describes a neural network model specifically
developed for recommending books to users based on their
preferences. Our method employs CF, allowing the model
to predict a user’s preferences by leveraging the preferences
of other users with similar interests.

The primary contribution of our work lies in the utiliza-
tion of embedding layers, which effectively represent users
and books in a high-dimensional space. Embeddings are a
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Table 1: Comparative table of recommender system research papers

193

REF | Year | Contributions Algorithms Datasets Measures

[7] 2020 | A sophisticated library de- | Auto-Surprise (TPE), Auto- | Book Cross- | RMSE: 0.70,
signed to automate the se- | Surprise (ATPE) ing dataset MAE: 0.45
lection and configuration of
algorithms for recommenda-
tion systems (RS).

[26] 2019 Proposed a book recommenda- | User k-NN, Pearson similar- | Book Cross- | RMSE: 2.99,
tion system using collaborative | ity, Cosine similarity ing dataset MAE: 2.63,
filtering with user k-NN. NMAE: 0.29

[34] 2017 | Enhanced accuracy and person- | (ULLRM), (DRFM) University Precision:  0.61,
alization in book recommenda- library book | Recall: 0.72, F-
tion systems through the appli- data Value: 0.66
cation of hierarchical classifi-
cation techniques, resulting in
more tailored and relevant sug-
gestions for individual users.

[23] 2015 | Enhanced effectiveness of dig- | Association Rule Mining Records  of | Support,  Con-
ital library recommendations book loans | fidence of
with association rules. from digital | association rule

libraries

[27] 2018 | Provided personalized learning | Sequential Pattern Mining, | E-learning F1-measure:
recommendations by incorpo- | Context-Aware Recommen- | platform user | 0.32, MAE: 0.75
rating behavior patterns and | dations interaction
contextual data. data

[20] 2017 | Development of fuzzy linguis- | Fuzzy linguistic modeling, | Various dig- | User retention,
tic recommender systems for | Multi-granular linguistic in- | ital  library | System perfor-
selective information dissemi- | formation, Hybrid recom- | datasets mance
nation in digital libraries. mendation approach

[1] 2016 | Development of a hybrid book | Content-based filtering | Locally Precision:  0.79,
recommender system using | (CB), Collaborative filtering | available Recall: 0.74, F-
TOC and association rule | (CF), Association rule min- | university measure: 0.76
mining. ing course-related

books

[2] 2020 | Development of Auto-Surprise, | Tree of Parzens Estima- | Book Cross- | RMSE: 3.52,
an advanced automated rec- | tor (TPE), Adaptive TPE | ing MAE: 2.88
ommender system library in- | (ATPE)
tegrated with Tree-structured
Parzen Estimators (TPE) opti-
mization.

powerful technique capable of capturing intricate relation-
ships between variables, with proven effectiveness across
various domains such as NLP and computer vision. In our
model, we employ backpropagation during training to learn
these embeddings, enabling the model to uncover nuanced
patterns in the data that conventional feature engineering
techniques often miss.

Additionally, our approach incorporates bias terms to ac-
count for individual differences in user and book prefer-
ences. These bias terms provide a simple yet effective
means of enhancing the accuracy of CF models by consid-
ering factors such as book popularity and user-specific pref-
erences, allowing for the adjustment of book ratings above
or below average.

The use of embedding layers addresses the sparsity prob-
lem common in recommendation systems. Since users typ-
ically rate only a small subset of available items, embed-
dings help to identify latent characteristics and similarities
between users and books, even when direct interactions are
sparse.

Moreover, incorporating bias terms effectively tackles
the challenge of personalized recommendations. By taking
into account the unique preferences and idiosyncrasies of
each user, the model generates recommendations that align
closely with individual tastes.

Overall, the integration of CF, embedding layers, and
bias terms significantly enhances the precision and effec-
tiveness of our RS. These innovations address critical chal-
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Figure 3: General architecture

lenges such as the cold start problem, sparse user-item
interactions, and the need for personalized recommenda-
tions. The effectiveness of our approach is demonstrated
by the outstanding performance of our model on benchmark
datasets, achieving RMSE and MAE values of 0.69 and
0.51, respectively. These results highlight the efficiency
and significance of our proposed hybrid approach. Our
work effectively addresses key challenges in recommenda-
tion systems, such as personalization difficulties, cold start
problems, and sparse data handling. Unlike many exist-
ing methods, our approach integrates collaborative filter-
ing with advanced deep learning techniques, particularly
embeddings, to significantly enhance the accuracy of user
preference predictions.

4 Dataset

4.1 Dataset description

For our project, we used the Book Recommendation
Dataset from Kaggle. We use The Book Recommenda-
tion Dataset [35]. which is a widely recognized dataset
for developing and evaluating book recommendation sys-
tems. This dataset was selected due to its comprehensive
collection of user ratings, book information, and user demo-
graphics. It provides a rich foundation for training models
that can capture complex patterns in user preferences. The
dataset includes three main files: Books.csv, Users.csv, and
Ratings.csv, The dataset includes over 1.1 million ratings

from over 53,000 users on more than 27,000 books.

— Data Splitting:

The dataset was split into training (80%) and testing
(20%) subsets to create a robust foundation for learn-
ing, validation, and evaluation, we could clarify why
the 80-20 split was chosen—this is typically a stan-
dard practice to ensure enough data for training while
preserving enough unseen data for evaluation.

— Choice of Dataset:

The Kaggle Book Recommendation Dataset was cho-
sen because it provides a large and rich set of data re-
garding books and users, making it ideal for building
and evaluating a recommendation system.

4.2 Preprocessing of a dataset

Essential steps such as data cleaning, removal of irrelevant
attributes, merging datasets, and handling missing values
(e.g., imputing mean values for missing ages) were metic-
ulously carried out to prepare and optimize the dataset for
training the recommendation model. These processes are
aimed at ensuring that the data used is not only complete
but also consistent and ready for efficient use in machine
learning. The attention given to these steps helps prevent
any distortion in the model’s results and ensures high data
quality, which is crucial for generating accurate and rele-
vant recommendations for users.


https://www.kaggle.com/datasets/arashnic/book-recommendation-dataset
https://www.kaggle.com/datasets/arashnic/book-recommendation-dataset
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— The initial phase, data cleaning, entailed a surgical re-
moval of extraneous attributes that held no relevance
to our objectives. Within the realm of our book recom-
mendation dataset, redundant columns such as image
URLs were promptly excised, streamlining the data
for focused analysis.

— To gain holistic insights, we executed data merging.
This unified the diverse datasets into a cohesive en-
tity, enhancing the feasibility of analysis and model
integration while avoiding duplication.

— Handling missing values constituted a pivotal facet
of our preprocessing journey. Scrutiny of the dataset
revealed incongruities within the Age’ column, en-
compassing NaN entries and anomalously high val-
ues. Addressing these anomalies, ages below 5 and
above 110, deemed implausible, were systematically
replaced with NaNs. The subsequent step encom-
passed imputing the miss ing values with the mean age
value, subsequently cast as integers to refine data uni-
formity.

— Factorizing values refers to the process of converting
categorical data into numerical form. Specifically, it
transforms the categorical values in the Location col-
umn into unique integer codes using the factorize()
function from the pandas library. Each distinct loca-
tion is assigned a unique integer, replacing the original
string values with numeric codes. This step is essen-
tial for preparing categorical data for machine learning
models, which require numerical input.

— After factorization, a dictionary is created to map these
numeric codes back to their original string values, al-
lowing us to retrieve the data by their real values when
needed. This ensures that while the model uses nu-
merical representations, we can still interpret and un-
derstand the results in terms of the original categories.

Our efforts in preprocessing have led to the creation of a
refined and organized dataset ready for the challenges of
recommendation system modeling. The following image
illustrates the dataset post-processing.

<class 'pandas.core.frame.DataFrame’>
Intb4Index: 848288 entries, @ to 1149771
Data columns (total 4 columns):

# Column Non-Null Count Dtype
® Location 840288 non-null category
1 Age 340283 non-null floate4d
2 ISBEN 840288 non-null category
3 Book-Rating 848288 non-null inted

dtypes: category(2), float64(l), int64(1l)
memory usage: 34.9 MB

Figure 4: Dataset post processing
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5 Proposed model

5.1 Collaborative filtering

As a crucial step in developing a robust collaborative fil-
tering (CF) model, our approach centers on filtering data
based on users who have assigned similar ratings to a shared
selection of books. This strategic curation not only es-
tablishes meaningful connections between users but also
enhances the effectiveness of recommending highly-rated
books within these linked user groups. By leveraging deep
learning methodologies, our recommendation system (RS)
maximizes personalization, providing users with tailored
book suggestions that reflect their past preferences. Im-
portantly, our strategy utilizes the book recommendation
dataset as a solid foundation for both constructing and val-
idating the recommendation model, ensuring its reliability
and effectiveness in real-world applications.

The architectural foundation of our approach is rooted in
a deep learning structure fortified by an embedding layer.
By assimilating information from the dataset, our model is
primed to discern intricate patterns and correlations. This
process is fueled by training the model on 80% of the
dataset, with the remaining 20% reserved for meticulous
evaluation.

A key aspect of our approach is the incorporation of em-
bedding layers, which play a pivotal role in crafting a com-
pact yet comprehensive representation of users and books
as dense vectors of real numbers. The dimensionality of
these vectors is tailored to specific requirements, adding a
layer of adaptability to the model.

The model further integrates biases, meticulously ac-
counting for both user and book preferences. This dynamic
aspect facilitates the fine-tuning of ratings, tailoring recom-
mendations to each individual user’s tendencies.

In summary, our proposed model highlights the remark-
able effectiveness of CF within RS. By seamlessly inter-
linking users and books through a carefully designed data
filtering process, we set the foundation for an advanced
recommendation model powered by deep learning tech-
niques. This complex and sophisticated structure, bolstered
by carefully crafted embeddings and enriched with strategi-
cally introduced biases, orchestrates a highly personalized
experience. It generates recommendations that not only re-
flect but also adapt to each user’s distinct literary prefer-
ences and evolving tastes, ensuring a truly individualized
and meaningful interaction with the system.

5.1.1 Clarification of bias terms in collaborative
filtering

We provide hereafter a precise description of the biases used
in our system, how they are calculated, and their roles in the
overall prediction. Specifically, we will clarify the follow-
ing:

— User Bias:
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This term reflects the tendency of a particular user to
rate items higher or lower than the average rating. It
is calculated by taking the average difference between
a user’s ratings and the overall mean rating across all
items. This bias is added to the predicted score to ad-
just for individual user preferences.

— Item Bias:

This term accounts for the inherent popularity or qual-
ity of an item, independent of user ratings. It is com-
puted as the average difference between the item’s rat-
ings and the overall mean rating. Similar to user bias,
item bias is included in the prediction score to enhance
the model’s accuracy.

To better understand how user and item biases are inte-
grated into the final prediction score within a collaborative
filtering approach, we can examine the following equation,
which demonstrates the systematic incorporation of these
biases. This process accounts for individual user prefer-
ences and item characteristics, adjusting the predicted rat-
ings accordingly to provide more personalized recommen-
dations.

Where:

7yi: Predicted rating of user u for item ¢

— u: Global average rating (mean rating across all users
and items)

— b,: User bias term for user u (how much this user’s
ratings deviate from the average)

— b;: Item bias term for item ¢ (how much this item’s
ratings deviate from the average)

— {pu, qi): Dot product of the user latent factor vector
p,, and the item latent factor vector ¢; (captures the
interaction between user u and item ¢)

5.1.2 Model architecture

The architecture of the model is composed of two distinct
embedding layers: one dedicated to users and the other to
books. These embedding layers serve to map each individ-
ual user and each book to a unique vector representation
in a high-dimensional space, allowing the model to capture
complex relationships and preferences. The vectors gen-
erated by these layers are integral to the recommendation
process, as they enable the model to make personalized pre-
dictions. The image above provides a visual representation
of our training model, illustrating the flow and interaction
between these components to achieve the desired outcomes
in recommendation tasks.

In the Dot Product layer, the model performs the dot
product operation between the user and book embedding
vectors to predict a rating. The dot product is a fundamental

0. Remadnia et al.

mathematical operation used in vector space models, where
it takes two vectors of the same dimension and computes
the sum of the products of their corresponding components.
Specifically, for two vectors uu and vv of dimension nn,
the dot product is calculated as the sum of the individual
products of their components, as defined by the following
formula:

dot_product = u[l]*v[1]+u[2]*v[2]4...4u[n]*v[n] (1)

In other words, the dot product quantifies the similarity be-
tween two vectors. In the context of book recommenda-
tions, this means that the model assesses how closely the
user’s preferences align with the book’s characteristics.

Thus, the Dot Product layer is utilized to learn a represen-
tation of the user and the book, capturing their relationship
within a shared feature space. To ensure that the predicted
rating falls between 0 and 1, the sigmoid function is ap-
plied to the output. During training, the model optimizes
the embedding vectors and bias terms to minimize the loss
function effectively.

The minimization in equation (1) is performed over the
embedding vectors u and v and the bias terms, where the
objective is to find the values that minimize the difference
between the predicted ratings and the actual ratings in the
dataset.

The main contribution of this work is that it provides a
Let R be the set of user-book ratings, where each rating r is
atuple (u, b, ), representing the rating of user u for book b
with value 7. The goal of the method is to learn a function
f that maps each rating (u,b) to a predicted rating #.The
function f is defined as follows:

f(u7 b) = U(<u7 b> + Ubias T bbias) (2)

where u is the embedding vector for user u, b is the em-
bedding vector for book b, up;qs is the user bias term for
user u, by;qs is the book bias term for book b, (u, b) is the
dot product of u and b, and o is the sigmoid activation func-
tion.

The embeddings u and b are learned during the training
process by minimizing the following loss function. This
process involves optimizing the model parameters to effec-
tively capture the underlying patterns in the data.

L= Y (r="+XJulP+ X[l 3)

(u,b,r)ER

where r is the actual rating for (u,b), 7 is the predicted
rating for (u, b), A, and \, are regularization parameters to
prevent overfitting, and ||u|| and ||b|| are the L2 norms of
the embedding vectors.

The loss function is minimized through the use of
stochastic gradient descent (SGD), an optimization tech-
nique that iteratively adjusts the model parameters. During
each iteration, the parameters are updated in the direction
of the negative gradient of the loss function with respect to
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Figure 5: Model diagram

the parameters. This process allows the model to gradually
reduce the error by making small, incremental changes to
its weights. The updates are performed iteratively, typically
for a predetermined number of epochs, or until convergence
is achieved, meaning the model reaches a state where fur-
ther updates no longer lead to significant improvements in
performance.

In this section, we also provide an overview of the
hyperparameters and optimization methods.  Firstly,
the choice of embedding size, set at 20 dimensions
(embedding_size=20), reflects a balance between model
complexity and the risk of overfitting, supported by empir-
ical testing. The regularization technique used, L2 regular-
ization (tf .keras.regularizers.12(1e-6)), enhances
generalization by penalizing large weights in the embed-
ding matrices. Additionally, He Normal initialization
(he_normal) ensures stable gradient propagation during
training, which is crucial for model convergence. Op-

timization during training employs the Adam optimizer
(tf.keras.optimizers.Adam) with a fixed learning rate
0f 0.001, chosen for its adaptive capabilities and efficiency
in handling tasks like rating prediction. These choices are
critical for ensuring reproducibility across experiments and
provide insights into the model’s design logic and optimiza-
tion strategy, facilitating a deeper understanding of its per-
formance and potential improvements.

5.2 Content-based technique

The content-based technique leverages user characteristics
to generate recommendations. It suggests books by
comparing them with the user profile. To identify similar
books that align with the user’s profile, we employed
linear regression and logistic regression techniques. This
approach effectively addresses the cold start problem by
offering book recommendations to new users based on
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Algorithm 1 Pseudo code of our proposed algorithm

1: Input:

2: Book crossing dataset

3: Settings:

4: Model Training Settings:

5: batch_size : 32 {length of iteration}
6: epochs : 20
7: verbose : 1

8: Load and preprocess the dataset
9: Encode user and book IDs:

10: Create mappings for user and book IDs
11: Map the encoded IDs to the DataFrame

12: Normalize ratings:

13: Apply a lambda function to normalize ratings to a scale
ofOto 1

14: Split the data into training and validation sets:
15: Use train_test_split with an 80-20 split
16: Define the Recommender model:

17: Initialize embeddings for users and books
18: Initialize biases for users and books

19: Build the model’s forward pass:

20: Compute user and book vectors and biases
21: Calculate the dot product of user and book vectors
22: Add biases and apply a sigmoid activation

23: Compile and train the model:

24: Compile the model with mean squared error loss and
Adam optimizer

25: Train the model using the training data with specified
batch size and epochs

26: Output:

27: Trained model

their location and age . In our linear and logistic regression
models, we recorded results across various parameters.
The Root Mean Square Error (RMSE) served as our eval-
uation metric, with the results presented in the tables below.

‘We wanted to select the best one and then used this model
to recommend books to new users.

5.3 Methodology overview

This explanation outlines the key steps and settings used in
training a recommender model, focusing on the hybridiza-
tion step of our model based on the Book Crossing dataset.

0. Remadnia et al.

Table 2: Linear regression results

Linear regression params RMSE
n_jobs=2,positive=True 3.52
copy_X=True,positive=False 3.36
copy_X= False,positive=False 3.36
fit_intercept=True,positive=Falsel 3.36

Table 3: LOGISTIC regression results

Logistic regression params | RMSE
Without parameters 3.52
solver="newton-cg’ 1.88

solver="liblinear’ 1.88
solver="lbfgs’ 1.87
solver="sag’ 1.87
solver="saga’ 1.87
penalty="12’ 1.87
penalty="none’ 1.87
multiclass ="ovr’ 1.88
multiclass ="multinomial’ 1.87

5.3.1 Model training settings:

— Batch Size: Set to 32, indicating the number of sam-
ples processed before the model is updated.

— Epochs: Set to 20, representing the number of com-
plete passes through the training dataset.

— Verbose Level: Set to 1, which provides detailed log-
ging during training.

5.3.2 Hybrid recommendation function

In our hybrid model, we combine Collaborative Filtering
(CF) and Content-Based (CB) methods by calculating in-
dividual recommendation scores for each approach. These
scores are then combined using a weighted average to gen-
erate the final hybrid recommendation score. The formula
for this hybrid score is:

Hybrid Score = « x CF Score + (1 — «) x CB Score

Here, « is a weighting factor that allows us to control the
relative contribution of the CF and CB scores. By adjust-
ing «, the model can be fine-tuned to optimize performance
for different use cases, ensuring a balance between the two
methods.

Pseudo code:

— Define function hybrid score (CF, CB, «):

returna X CF 4 (1 —a) x CB

— Define function get recommendations (CF_scores,
CB_scores, a): final_scores = []

For each item in CF_scores:
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score = hybrid_score(CF_scores[item], or user preferences do not disproportionately influence the

CB_scores[item], «)
final_scores.append((item, score))

Sort final_scores by score in
descending order

return final scores

6 Experimental results

The Root Mean Square Error (RMSE) [m] and Mean Ab-
solute Error (MAE) [n]are the metrics used to analyze the
results of the experiment. These objective measures are
widely employed to evaluate the performance of recom-
mendation system models. They are defined as follows:

RMSE — \/Z;l_l(ypred,i - yactual,i)2
n

The RMSE has the same measuring unit of the vari-
able y. Mean Absolute Error (MAE). MAE is the average
vertical distance between each point and the identity line.
The formula is given below:

1 n
MAE = E Z |ypred,i - yactual,i‘
=1

We further exemplify the loss equation in the subse-
quent manner:

Z(ypred - yactual)2
n

Loss =

In the above equations:

Ypred TEPresents the model’s predicted values, ¥actual Tep-
resents the dataset’s actual values, > denotes the sum of
squared differences between predicted and actual values,
and n represents the number of samples in the dataset.

Here’s your text with corrections for grammar, clarity,
and conciseness:

Multiple factors led us to select RMSE and MAE as the
preferred metrics for RS. First, they are sensitive to pre-
diction errors, allowing us to evaluate the predictive ac-
curacy of our model regarding user preferences. Second,
these metrics are easily interpretable because they are mea-
sured in the same units as the predicted and actual val-
ues, facilitating the communication of prediction errors to
stakeholders and users. Third, MAE and RMSE possess
desirable mathematical properties derived from the mean
squared error, making them suitable for optimization ob-
jectives and providing a comprehensive evaluation of sys-
tem performance [25][14]. Finally, these metrics demon-
strate robustness to outliers, ensuring that extreme ratings

evaluation. By utilizing RMSE and MAE, we gain valuable
insights into the performance of our recommender models.

To optimize the performance of our deep learning model,
we conducted 20 training and validation iterations on a
meticulously curated dataset. The purpose of these itera-
tions was to enhance the model’s ability to provide accurate
recommendations by capturing complex data patterns and
relationships.

At each epoch during the training process, we calculated
the loss and mean squared error (MSE) for both the training
and validation datasets. Our primary goal was to minimize
the loss and MSE values, indicating improved accuracy and
reliability in the model’s suggestions.

Computational Cost:

We trained this model on Kaggle and assessed the train-
ing time. It took approximately 3 hours to yield results on
our computer using a large dataset.

Memory and Computational Resource Usage: The
computer used for training was equipped with an Intel Core
15-3320M processor (2.60 GHz, 2 cores, 4 threads) and 8
GB of DDR3 RAM. It is important to note that deep learn-
ing models typically demand significantly more computa-
tional resources and time compared to traditional methods.

Confidence Intervals and Standard Deviations:

— RMSE: The mean RMSE is 0.69, with a standard de-
viation of 0.031, and the 95% confidence interval is
between 0.65 and 0.73. This means we are 95% con-
fident that the true RMSE value lies within this range.

— MAE: The mean MAE is 0.51, with a standard de-
viation of 0.021, and the 95% confidence interval is
between 0.49 and 0.53. Similarly, this indicates the
range within which the true MAE value lies with 95%
confidence. This demonstrates that the model’s per-
formance is reliable and we can expect similar results
when the model is tested on new data.

The empirical evaluation of our RS demonstrates that it
provides superior suggestions compared to existing works,
achieving Root Mean Square Error (RMSE) and Mean Ab-
solute Error (MAE) values of 0.69 and 0.51, respectively.
The graph above illustrates these findings by depicting the
progression of the mean squared error across the epochs.
It’s important to note that a lower RMSE value indicates
better forecast accuracy for the target variable. These re-
sults provide compelling evidence of our deep learning
model’s ability to reliably predict the desired variable.

The following graphical representation of the loss func-
tions for the training and validation sets offers compelling
evidence of the network’s efficient training.

7 Results discussion

In this section, we detailed comparison between our results
and the SOTA ones presented earlier in Section 2. For the
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techniques that use the same evaluation metrics as our work
and the same Book Crossing dataset, Our model shows
good results with RMSE and MAE values of 0.69 and 0.51,
respectively, as shown in Table 4, outperforming other tech-

niques (e.g., [[2], [7], [

1D

The experimental results demonstrate that embedding
layers improves the performance of our model. The table
below illustrates the Comparative Results section, followed

by an illustrative diagram.

Table 4: Comparison results

Method RMSE MAE
Auto-Surprise (TPE) || 3.52 2.88
(2]

Auto-Surprise 3.51 2.87
(ATPE)[]

Regular Matrix Fac- || 0.70 0.45
torization (MF) [7]

k-NN prediction || 2.99 2.63
model[26]

Our Model 0.69 0.51

Finally, concerning scalability, our method achieves bet-

ter results due to:

— Embedding Layers:

Figure 7: Training and testing losses in 20 epochs

These layers transform categorical data (like user
IDs and book IDs) into dense vectors, enabling the
model to capture complex relationships in a continu-
ous space. This reduces the sparsity of user-item inter-
actions and enhances learning of detailed user prefer-
ences, leading to significantly lower RMSE and MAE
compared to traditional methods.

Bias Terms: Incorporating bias terms for users and
books allows the model to adjust predictions based on
inherent preferences and popularity, improving accu-
racy by better aligning predicted ratings with actual
user interactions.

Combination of CF and CB Techniques: By integrat-
ing both approaches, the model gains a comprehensive
understanding of user preferences and item attributes.
This synergistic approach enhances personalized rec-
ommendations, resulting in reduced prediction errors
compared to single-method models.

Deep Learning Framework: Utilizing deep learning
facilitates effective learning from large datasets, en-
abling the model to capture intricate patterns and rela-
tionships that simpler algorithms might overlook. This
capability enhances generalization and improves the
reliability of recommendations.

The hybrid recommendation model proposed sur-
passes existing methods through several key architectural

strengths:
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Figure 8: Comparative results graph

Together, these features contribute to superior perfor-
mance, as demonstrated by significantly reduced RMSE
(0.69) and MAE (0.51) values. They highlight the model’s
efficacy in delivering precise, personalized, and context-
aware book recommendations.

8 Conclusion and future directions

The current era is characterized by the widespread avail-
ability of online educational resources, leading to the sig-
nificant challenge of obtaining relevant information for in-
dividuals engaged in e-learning. The convergence of adap-
tive e-learning and personalized technology has fostered
the emergence of innovative solutions, with RS becoming
a powerful tool. These systems are designed to meet the
needs of learners in ever-evolving environments while al-
leviating the problem of information overload.

Our comprehensive investigation delved into the domain
of e-book RS, a crucial aspect of online education. The
objective of our endeavor was to develop a hybrid e-book
RS that seamlessly integrates CB machine learning with the
depth of deep learning embedding layers. This initial phase
of our journey focuses on enhancing the reading experi-
ence through CB book recommendations tailored to read-
ers’ preferences.

Encouragingly, our rigorous testing, which included
cold-start scenarios and data sparsity, has yielded promis-
ing results, reinforcing the system’s efficacy in the realm of
e-books. The empirical analysis of our RS on a sizable e-
book dataset demonstrates that it outperforms comparable
existing works, achieving a Mean Absolute Error (MAE)
of 0.51 and a Root Mean Square Error (RMSE) of 0.69. In
our forthcoming efforts, we pledge to:

Augment the system’s intelligence by deepening the
understanding of learner behaviors, thereby suggest-
ing books that align with their interests.

— Expand the scope of content-based recommendations
by considering a broader range of characteristics, in-
cluding the learner’s intended study direction and in-
tellectual level.

— Continuously improve the system’s performance by
exploring alternative methodologies and integrating
advanced deep learning approaches.

— Evolve the model’s architecture and layer configura-
tion to further enhance the system’s capabilities and
its ability to deliver superior results.

In summary, our exploration of e-book recommendation
systems reflects our dedication to enriching the educational
experience. By overcoming challenges, embracing innova-
tion, and prioritizing user-centricity, we envision a future
where our recommendations shape learning journeys and
cultivate a landscape of personalized growth.
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With the booming development of the global tourism industry, the increase in tourists has gradually
made the safety management of tourist attractions more important. Monitoring abnormal behavior in
tourist attractions is crucial in the safety management. To improve the accuracy of monitoring abnormal
behavior in tourist attractions, this study combines convolutional neural networks with autoencoder
network structures to reduce the learning generalization ability of convolutional neural networks.
Attention mechanism is incorporated to improve sensitivity and recognition accuracy of abnormal
behavior in complex environments. The method was experimentally validated using the CUHK Avenue
and UCSD datasets, and compared with existing baseline methods. The results showed that the mixed
multi-input feature clustering algorithm based on deep convolutional autoencoder had better detection
performance than traditional methods on these two datasets. On the CUHK Avenue dataset, the AUC
value was 91.9%, which was 27.1%, 10.6%, 15.0%, and 2.8% higher than that of the Adam, MDT, SF,
and SRC methods, respectively. On the UCSD dataset, the AUC value reached 94.7%, which was 31.0%
higher than that of the other four methods. In addition, the precision on the CUHK Avenue dataset was
94.5%, the recall rate was 95.6%, and the error rate was 12.6%. On the UCSD dataset, the precision
was 95.2%, the recall rate was 94.8%, and the error rate was 10.9%. Overall, the research on the
detection method of abnormal behavior in tourist attraction monitoring videos based on mixed
multi-input feature clustering algorithm has high detection accuracy and can provide more effective
technical support for the safety management of tourist attractions.

Povzetek: DCAMMFCA zdruzi SSD, pozornostno izboljSan konvolucijski avtoenkoder z GAN ter
K-means grucenje mesanih casovno-prostorskih znacilk za odkrivanje anomalij v turisticnem nadzoru.

1 Introduction

As the economy and culture rapidly develop and the
global tourism industry prospers, tourism has become an
important venue for economic and cultural exchanges.
Meanwhile, as modern cities continue to advance, the
requirements for safety supervision in the public sector
are also increasing. The monitoring system, as a key
technology for security monitoring, has seen an
increasing demand for its intelligence and information
security [1-2]. Tourism Scenic Area (TSA) often faces
challenges such as high pedestrian traffic and complex
terrain, and traditional manual monitoring technologies
often encounter high false positive rates [3]. Traditional
video surveillance mainly relies on simple motion
detection or algorithms with specific rules, such as fixed
area intrusion detection and trajectory anomaly analysis.
These monitoring technologies are effective enough in
simple environments, but their effectiveness is limited
when faced with dynamic and complex tourism scenes

[4]. For example, factors such as fluctuations in crowd
density, environmental obstructions, and changes in
lighting conditions can affect the accuracy of video
detection [5]. In addition, due to the lack of intelligent
factors, traditional video surveillance technology cannot
effectively classify and store recorded data, resulting in
huge data processing time and difficulty in obtaining all
information. Therefore, an innovative approach based on
the Mixed Multi-input Feature Clustering Algorithm
(MMFCA) is proposed for abnormal behavior detection
on surveillance videos to address the low detection
accuracy in video frame prediction and reconstruction in
complex environments. Meanwhile, the optimized
autoencoder based on attention mechanism is used as a
Generative Adversarial Network (GAN) for feature

extraction to improve sensitivity and recognition
accuracy for abnormal behavior in  complex
environments.

The core question of the research is: "Can the

combination of SSD-based spatial feature extraction and
Time GAN attention autoencoder improve the accuracy
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of abnormal behavior detection in TSA scenarios?” To
verify this hypothesis, corresponding experiments are
designed and various baseline methods are compared.
The research hypothesis suggests that the Mixed
Multi-input Feature Clustering Algorithm based on Deep
Convolutional ~ Autoencoder (DCAMMFCA) can
effectively improve the abnormal behavior detection in
scenic surveillance videos, especially when dealing with
small object detection in complex environments.

The research is divided into six sections. The first section
is the introduction. The second section reviews the
current research status of intelligent monitoring systems
and abnormal behavior detection both domestically and
internationally. Next, the third section introduces a
monitoring video anomaly detection method based on the
DCAMMEFCA. The fourth section analyzes the abnormal
behavior detection results based on this algorithm and
compares them with existing methods. The fifth section
is discussion. The sixth section is the conclusion.

2 Related works

As an important research direction in computer vision,
intelligent monitoring systems have received attention
from many experts and scholars and have achieved many
results. Jenssen et al. proposed an automatic vision-based
power line inspection and monitoring system to monitor
power lines. This system utilized deep learning
technology for network construction and utilized deep
residual network structure for damage monitoring of
power line components. These results confirmed that the
method had high monitoring accuracy [6]. Yousefi et al.
proposed a monitoring system that combined sensor
systems for real-time monitoring of food in the
production chain. This design utilized biosensors for
monitoring production environment humidity,
temperature, and gases. These results confirmed that this
method monitored food quality and ensured food
production safety [7]. Pimenov et al. combined artificial
intelligence technology with sensors to design a
monitoring system for real-time monitoring during tool
processing. This system could monitor the real-time
status of cutting tools during machining operations and
utilize machining responses to monitor the surface
roughness of the tools. These results confirmed that this
method effectively improved dimensional accuracy and
production efficiency during the machining process [8].
Liu combined machine learning technology with data
mining technology for real-time monitoring of abnormal
advertisements to maintain the integrity and efficiency of
advertising campaigns. The results showed that this
method could monitor various measures of advertising
activities in a vigilant manner and was feasible [9].
Mattera et al. developed a line arc additive
manufacturing program using artificial intelligence
technology to monitor the production process of arc
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additive manufacturing. The program included a defect
detection module that could monitor the production
process of arc additive manufacturing. The results
showed that this method was helpful for parameter
control in the manufacturing process [10].

Abnormal behavior detection plays an important
role in intelligent monitoring. ALDHAMARI et al. put
forward a high-performance structure to design a smart
monitoring system with human behavior detection and
classification. This framework utilized foreground optical
flow energy to extract descriptive spatiotemporal features
from surveillance videos. The orthogonal matching
tracking algorithm was used to recover high-dimensional
sparse features. These results confirmed that the method
effectively improved the behavior detecting and
classifying accuracy [11]. Hu et al. proposed a deep
learning-based driver abnormal behavior detection
system to effectively identify abnormal driver behavior.
The system utilized stacked sparse autoencoders to learn
driving behavior features, and then used greedy layering
for training. These results confirmed that the method had
high detection accuracy in detecting abnormal driving
behavior [12]. Feizi et al. proposed a new normal
behavior estimation model to accurately define abnormal
behavior. This design utilized the histogram of
directional optical flow as the basic local feature and
utilized spectral clustering for similar feature clustering.
These results confirmed that this method could
effectively distinguish different behaviors [13]. Zhang et
al. proposed a cloud platform virtual machine abnormal
behavior monitoring system to improve the security and
reliability of virtual machines. This system utilized
incremental clustering algorithm for load information
monitoring and local outlier factor algorithm for online
anomaly detection. These results confirmed that this
method could meet the real-time monitoring
requirements [14]. Gao et al. used wireless sensors and
discrete-time Markov chains to construct a user activity
monitoring model connected to the medical Internet of
Things for detecting abnormal behavior in patients with
Alzheimer's disease. This model classified users' daily
behaviors using probability calculation tree logic. The
results showed that this method was feasible [15]. To
monitor Ethereum fraud, Tan et al. proposed a method for
mining Ethereum transaction records to monitor
fraudulent transactions. This method used web crawling
technology to obtain Ethereum addresses with fraud tags,
and then used network embedding algorithms to extract
node features for subsequent fraud transaction
recognition. Finally, a graph Convolutional Neural
Network (CNN) was used to classify the identified
addresses. The results showed that the accuracy of
Ethereum fraud transaction monitoring was as high as
96% [16]. The summary of relevant work is shown in
Table 1.
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Table 1: Summary of related work
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Feature
Method Dataset extraction Accuracy Advantages Limitations
method
Jenssen Power line Deep residual . High monitoring Only gpp_llcable to power line
High accuracy . monitoring, not suitable for
etal. dataset network precision .
general scenarios
. Food Real-time Limited by environmental
Yousefi - . No clear o
production Biosensors monitoring of sensors, cannot handle
etal. accuracy data . A .
dataset environmental data | dynamic behavioral changes
Improves - .
Pimenov | Manufacturing No clear production Specific to certain tools apd
Sensors + Al L processes, cannot generalize
etal. dataset accuracy data efficiency and -
to other fields
accuracy
. Machine Real-time Cannot handle large-scale
. Advertising - No clear o o .
Liu et al. learning + data monitoring of advertising data and rapidly
dataset 2. accuracy data L L . .
mining advertising activities | changing behavioral patterns
. Good monitoring Focused on additive
Mattera Arc additive No clear capabilities for manufacturing, cannot be
manufacturing | Al + Sensors P . ring,
etal. accuracy data manufacturing generalized to other
dataset . .
processes industries
Optical flow
feature
ALDHA . extraction + Improves behavior Only suitable for video
Surveillance No clear e : .
MARI et . Orthogonal classification surveillance, not applicable to
video dataset - accuracy data
al. Matching accuracy other types of data
Pursuit
Algorithm
. Limited to driving behavior,
. Sparse . Detects driver
Huetal. | Driver dataset High accuracy . not adaptable to other types
autoencoder abnormal behavior .
of anomaly detection
Directional Effectivel
Feizi et Unknown optical flow + No clear distin uish)és Possibly limited by specific
al. dataset spectral accuracy data . g - behavior estimations
. different behaviors
clustering
Virtual Increm_ental Meets real-time Specific to virtual machine
Zhang et - clustering + . L
machine g High accuracy monitoring data, cannot handle other
al. local outlier .
dataset requirements types of data
factor
Alzheimer's Wireless Real-time Only applicable to specific
Gao et : No clear o .
al patients sensors + accuracy data monitoring of patient groups, cannot
' dataset Markov chain patient behavior generalize
Network
Ethereum embedding
Tan et . algorithm + : Only applicable to Ethereum
transaction 96% High accuracy L
al. Graph fraud monitoring
records .
Convolutional
Network

As shown in Table 1, these methods have failed to
achieve their goals in the TSA context. For example, the
power line monitoring method proposed by Jenssen et al.
only focuses on a single domain and cannot cope with
the changing monitoring scenarios. The proposed
solution in this study has strong adaptability and can
handle video surveillance in various environments. In
addition, the food production chain monitoring method
proposed by Yousefi et al. does not consider behavioral
patterns and dynamic detection. The solution proposed in

this article, combined with deep learning technology, can
dynamically identify and analyze abnormal behaviors.

In summary, many achievements have been made in
research related to intelligent monitoring systems and
abnormal behavior detection. However, there is still
relatively little research on using feature storage
autoencoders as network architectures for feature
extraction and integrating multiple input features for
clustering analysis to detect abnormal behavior in videos.
The feature storage module, as an innovative method, is
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introduced into the generator of the GAN for more
efficient extraction and storage of multidimensional
features. Therefore, the feature storage module optimizes
the feature extraction process of the generator in
abnormal behavior detection by storing and matching
feature vectors to effectively improve the accuracy and
sensitivity of detection.

3 Detection of abnormal behavior in
monitoring videos based on deep

convolutional autoencoder mixed
multi-input  feature clustering
algorithm

A deep convolutional autoencoder network is used for
abnormal behavior detection, and a clustering algorithm
with mixed multi-input features is combined to improve

Prospect )
Objectives

Time

characteristics
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the detection performance of small targets. To reduce the
impact of complex environments on feature extraction,
the study further utilizes SSD object detection models to
extract foreground targets in monitoring video images.

3.1 Abnormal behavior detection algorithm
based on deep convolutional autoencoder

network structure

CNN is a powerful tool specifically designed for
analyzing visual images in deep learning. Through
multi-level structural design, it can automatically and
effectively learn spatial level features from image data
[17-18]. In computer monitoring video analysis, since
video images are essentially digital information having
many pixels, it is particularly crucial to utilize CNN to
extract the features of these images. The overall
architecture of the research method is shown in Figure 1.

SSD K-means
model clustering

Clustering algorithm
based on mixed multi
input features

—

)
—

Spatial
characteristics

Abnormal
behavior

i
|

Autoencoder

Optimization of
attention mechanism

Distinguishing between
normal/abnormal

behavior

Figure 1: Overall architecture diagram of the research method

As shown in Figure 1, the research method
combines the SSD object detection model with the
K-means clustering algorithm to construct a MMFCA for
foreground targets in complex environments. This
algorithm can extract foreground targets from
surveillance video images, classify the extracted features
using the K-means clustering algorithm, and finally
obtain the temporal and spatial features of the
surveillance image. Next, the time and spatial features
extracted from the foreground target are input into the
CNN for abnormal behavior recognition. To address the
strong generalization ability of CNN, this study
combines CNN with autoencoder models and optimizes
the model using attention mechanisms to improve the

accuracy of distinguishing normal and abnormal behavior.

There are three main basic structures of CNN. The input
layer processes the original pixel data and converts it into

a form that the network can process. The feature
extraction layer is usually composed of multiple
alternating convolutional and pooling layers. The
convolutional layer is responsible for extracting local
features from the image. The pooling layer is responsible
for down-sampling, reducing computational complexity
while maintaining spatial hierarchy of features [19-20].
Finally, the fully connected layer maps the learned
features to the final output. The function of the
convolutional layer is represented by equation (1).

| NS L1 I-1 I
X; = f ;GiJ(kiJ@Xi )+bj 1)

In equation (1), X; represents the input function of

the | -th convolutional layer, ® means the convolution
operation. b refers to the bias parameter. K is the
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convolution kernel [21]. The mathematical expression for
the pooling Ia(ver is represented by equation (2).

X = plx;) @

In equation (2), p(X) refers to pooling operation.

The mathematical expression for the fully connected
layer is represented by equation (3).

X' = f(o'x"*+b') (3)
In equation (3), f(X) refers to the nonlinear

activation function. @ means the weight. Common
nonlinear activation functions include Tanh, Sigmoid,
and ReLu. The study uses the Sigmoid function as the
activating function, represented by equation (4) [22].

1
f(x)= 4
X)=r"5 (4)
Autoencoder is an unsupervised feature learning
algorithm implemented through neural networks, whose
core function is data dimensionality reduction and feature
extraction [23]. Autoencoder learns data by encoding
input data into a low-dimensional space, which is then
decoded back to the original data. In this process, the
autoencoder is to minimize the difference between input
and output, which is also known as reconstruction error
[24]. This structural feature enables the autoencoder to
have the advantage of removing irrelevant noise while
reconstructing input data. Figure 2 shows the structure of
the autoencoder.

Input layer Hidden layer Output layer

64x64
@ Encoder Decoder @
128x128 32x32

Figure 2: Autoencoder structure

In Figure 2, the autoencoder mainly includes an
encoding layer and a decoding layer. When encoding, an
autoencoder can convert high-dimensional input data into
a low-dimensional latent variable for representation [25].
This latent variable encompasses the key features of the
input data and also has a low-level dimension, thereby
reducing data complexity and minimizing the need for
data storage [26]. During decoding, the autoencoder can
remap these low-dimensional latent variable features to
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the high-dimensional space of the original input data [27].
The architecture of the autoencoder is as follows. The
input layer is 128x128x3, which represents an image
resolution of 128x128 and is an RGB image. The
encoder consists of three convolutional layers, with 32,
64, and 128 kernels in the first, second, and third layers,
respectively. The kernel size is 3x3 and the stride is 1.
The first and second layers of the decoder use 64 and 32
convolution kernels, respectively, with a kernel size of
3x3 and a stride of 1. The output layer consists of one
convolutional kernel, with a size of 3x3 and a stride of 1,
and uses the Sigmoid activation function. In addition to
the Sigmoid activation function, the ReLU activation
function is also used in the convolutional layers to handle
nonlinear transformations. To prevent over-fitting,
Dropout layers are added between the convolutional
layers of the encoder, with a dropout probability of 0.2.
Equation (5) is the loss function of the autoencoder.
2

1 .
Lzﬁz:il(xi—xi) (5)

In equation (5), L means the loss function. N

refers to the total datasets. X; represents the I -th

sample in the input dataset.  X; is i-th sample in the
output dataset.

When using traditional self-coding
structures for monitoring video abnormal behavior
detection, CNN has strong learning and generalization
abilities. This can reconstruct input samples in video data
that contain abnormal behavior, making it difficult for the
model to effectively distinguish between normal and
abnormal behavior [28]. Therefore, the study
incorporates attention mechanism into the autoencoder
for optimization. The attention mechanism can make the
model focus more on the parts of the data that contain
important information. By introducing variance attention
mechanism, autoencoders can adaptively assign higher
weights to features with abnormal behavior [29]. In
addition, the optimized autoencoder is taken as a
generator for GAN to better distinguish between normal
and abnormal behavior. The feature block of the attention
mechanism is represented by equation (6).

#(h,w)= o> x(h,w)+ Attention(x(h, w)) (6)
In equation (6), ¢ represents the feature block sent
by the attention mechanism to the convolutional layer for
decoding. h and W refer to the rows and columns of
the feature map, respectively. Attentior(x(h, W))

represents self-attention mechanism. The normalized
attention map is represented by equation (7).

h,w,d)—
v(h,w)= (hw,d)-u )
In equation (7), v represents the variance of the
normalized attention map. d refers to the depth of the
feature map. u represents the mean of the feature map.
o represents the standard deviation of the feature map.

The matching probability of the feature storage module is
represented by equation (8).
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P = Matching Probabilit y(F,G)
EXp (( F )T th )
> ool Q)

In equation (8), F represents the feature of the
feature storage module. G represents the feature output

Pk,S — (8)

t

Feature storage
module

|

Monitoring

images
Autoencoder optimized
based on attention

mechanism

Fig.3 Basic framework of generative adversarial network

In Figure 3, GAN mainly includes two modules:

generator and discriminator, which are optimized
alternately during the training [30]. The generator is to
capture the distribution of real samples and generate
outputs similar to real input samples by converting input
noise. It can distinguish between real samples and
generator generated samples. The discriminator is to
distinguish between real samples and fake samples.
Using the backpropagation algorithm during training,
these two modules alternate for optimization,
continuously improving their performance.
In this GAN framework, the generator adopts an
optimized deep convolutional autoencoder based on
attention mechanism, responsible for feature extraction
and reconstruction. Inside the generator, the feature
storage module stores key features and participates in
generating data during the generation process. The
discriminator is responsible for distinguishing between
generated data and real data, thereby improving the
performance of the generator through adversarial
training.

The loss function types of GAN are as follows: The
generator loss uses the least squares loss to optimize the
generator. The discriminator loss uses adversarial loss to
train the discriminator to distinguish between generated
images and real images. The training process of this
model takes 100 epochs. Within each epoch, the
generator and discriminator are trained alternately to
ensure training stability. The objective function of GAN
is represented by equation (9).
min mex L(G, D)= E, 5 g D(@)]+E, ., [~ g D(G(2))]

)
L
D

In equation (9),
function. G and

represents the objective
refer to generators and

True

NP % od
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by the generator. P represents the matching probability.
F is the item of the feature storage module. Q, is a

feature of the hidden layer. Figure 3 shows the basic
framework of GAN.

minator True/False

X

discriminators, respectively. a represents the feature

vector of the real monitoring image. Z is a noise vector.
Pa represents the distribution of real samples. P,
refers to the distribution of noise vectors. E

represents the expected distribution vector value.

a

3.2 Clustering algorithm based on mixed

multi-input features

The autoencoder network based on deep convolution can
handle abnormal behavior detection in ordinary scenes,
but there are certain difficulties in accurately detecting
abnormal behavior in complex scenes. TSA has
limitations such as complex environment, high pedestrian
traffic, and multiple foreground targets, all of which can
affect detection accuracy. Therefore, a deep
convolutional autoencoder network is used to extract
feature information from video data based on a Single
Shot MultiBox Detector (SSD). Then K-means is
introduced to cluster these extracted features. Finally, the
distance information of the clustering results and the
reconstruction error of the autoencoder are combined to
make a comprehensive judgment. This clustering
algorithm based on mixed multi-input features helps to
enhance algorithm judgment and improve its detection
accuracy in complex environments. In the anomaly
detection algorithm based on deep convolutional
autoencoder network structure, the SSD model is limited
to the early stage of object detection as part of video data
preprocessing. Its main function is to extract foreground
target information for subsequent feature extraction and
clustering processing. Figure 4 shows the SSD object
detection model.
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Figure 4: SSD object detection model framework

In Figure 4, this model belongs to a single-stage
detection model. It first uses CNN to extract features
from sample data, and generates boundary boxes of
different sizes on the extracted feature maps. These
boundary boxes are used for target classification and
prediction. SSD adopts a pyramid structure, allowing for
object detection on feature maps with multiple different
resolutions. This feature enables the model to have good
detection performance for targets of different sizes, thus
helping to improve small target detection performance in
video surveillance. K-means is an unsupervised learning

SSD object
detection network

[
[
|
Time |
characteristics |

algorithm that can measure the similarity between data
features by calculating Euclidean distance [31].
Therefore, based on the SSD object detection model and
combined with K-means, a clustering algorithm based on
mixed multi-input features is designed. This algorithm
comprehensively utilizes the feature extraction ability of
SSD object detection model and the clustering effect of
K-means to achieve more accurate data feature analysis.
Figure 5 is a clustering algorithm based on mixed
multi-input features.
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Figure 5: Clustering algorithm structure based on mixed multi-input features

In Figure 5, target n represents the spatiotemporal
and temporal features of different foreground targets
extracted from video frames. The "reconstruction score™
shown in the figure is used to measure the quality of
feature reconstruction, which is a key indicator for
evaluating abnormal behavior. This score is combined
with clustering results to improve the accuracy of
detecting abnormal behavior through comprehensive
judgment. The clustering algorithm based on mixed
multi-input features first utilizes the SSD object detection
model to extract foreground target features from multiple
input targets. The extractive feature is divided into
temporal and spatial features. The time feature
information is fed into the feature extraction network as
input data for similarity constraints to enhance the

model's recognition ability of time series data. The
spatial feature information is constrained by spatial
similarity using reconstruction errors to calculate the
reconstruction score of information reconstruction quality.
Then, the time feature information trained with similarity
constraints is input into the clustering module for
clustering operations. Based on feature similarity, cluster
scores are calculated to evaluate the correlation between
targets. In the abnormal behavior detection of scenic area
monitoring videos, the motion trajectory of the target
object serves as the key basis for determining whether its
behavior is abnormal. The SSD configuration is as
follows: The resolution of the input image for the SSD
model is 300x300. To handle targets of different sizes,
SSD utilizes multiple anchor boxes of different sizes. The
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size of the small anchor frame is 32x32, while the size of
the middle anchor frame and the large anchor frame are
64x64 and 128x128, respectively. The study adopts the
k-means++ initialization method to improve the
clustering quality and the convergence speed of the
algorithm. In the K-means clustering algorithm, based on
the characteristics of the dataset, K=10 is set to cluster
the data into 10 categories. To effectively capture its
motion trajectory, the study uses the RGB difference map
to analyze the color changes between consecutive frames
and map the changes in the motion trajectory. The
reconstructed RGB difference map obtained based on
behavioral feature transformation is shown in equation
(10).

% . nRGB
Xroe = 77(ZRG|37 0, ) (10)
In  equation  (10), RRGB represents  the

reconstructed RGB difference map obtained based on
behavioral feature transformation. 77 refers to decoding

output. Z,., means the behavioral feature generated

by the encoder. HdRGB is the decoder’s parameter set.

The loss function during the behavioral feature
transformation is represented by equation (11).
A 2
Lres = ”XRGB - XRGB” (11)

In equation (11), L,gp represents the loss function
in converting the RGB difference map into behavioral
features. Xpgg represents the original RGB difference

map of the input. The mathematical expression for
clustering score is represented by equation (12).

H. Li et al.

In equation (12), S represents the clustering score.

I; refers to the i -th feature point extracted from the

network. N means the quantity of cluster centers. Cy
is the K -th cluster center. o represents the weight of

clustering scores. The mathematical expression for the
reconstruction score is represented by equation (13).

S =[50 %, @)
In equation (13), S,, represents the reconstruction

score. M refers to the quantity of target boxes. The
abnormal behavior score is calculated by adding the
clustering score and reconstruction score with different
weights, represented by equation (14).

st)=aXs(r)+ YN S,

In equation (14), S represents the score for
abnormal behavior. [ refers to the weight of the

(14)

reconstructed score. N(t) represents the number of

features on the t-th frame video image. The score
threshold for abnormal behavior scores in this

experiment is set to standardized [0,1]. The
standardized abnormal behavior score is represented by

equation (15).
' S(t)_s(t)min
/(t)= >
S(t)rmx _S(t)min
In equation (15), S represents the normalized
score of abnormal behaviors. S(t)max and s(t)m.n
represent the maximum and minimum scores of

(15)

N 2 . . . . .
S(r. ) = ze*‘z”“ al (12) abnormal behaviors, respectively. Figure 6 is a clustering
' i1 algorithm based on mixed multi-input features.
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Figure 6: Process of clustering algorithm based on mixed multi-input features

In Figure 6, spatial features are constrained by
reconstruction errors. Specifically, the reconstruction
error is used to guide the optimization of spatial feature
information, thereby improving the sensitivity of the
model to spatial features. Unlike directly using
reconstruction errors as input features, reconstruction

errors affect spatial features through the output of deep
convolutional  autoencoders,  thereby  improving
clustering performance and abnormal behavior scoring.
In the clustering algorithm based on mixed multi-input
features, the SSD object detection model is first used to
extract foreground targets from monitoring video images,
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thereby reducing the impact of complex environments on
extracting effective features. The RGB difference map
corresponding to the extracted foreground target is taken
as input for CNN, and the temporal feature information
of this difference map is extracted. Then, after encoding
and decoding by a deep convolutional autoencoder
network, these temporal features are constrained to
enhance its robustness. The network utilizes
reconstruction errors to constrain spatial feature
information, ensuring that the output image has effective
feature information. K-means is used to classify this
constrained feature information and calculate the
abnormal behavior score. Finally, the calculated
abnormal behavior score is compared with the preset
threshold. If the score exceeds the threshold, it is
considered abnormal behavior.

4  Verification of abnormal behavior

detection in monitoring videos
based on deep convolutional
autoencoder mixed multi-input

feature clustering algorithm

After setting up the experimental environment, the
performance of the clustering algorithm was first
validated. Then, the effectiveness of the abnormal
behavior detection method was verified using methods
such as abnormal behavior score detection, ablation
experiments, and comparative experiments.

4.1 Experimental environment construction and
algorithm performance experiments

To validate the effectiveness of the monitoring video
abnormal behavior detection method using multi-input
feature clustering, an experimental environment was
constructed using the Pytorch framework. A
high-performance NVIDIA GeForce RTX 3080 Ti GPU
was taken as the cloud host for model training.
Meanwhile, an 8-core Intel Xeon CPU was configured
for the Windows 10 system to support large-scale data
processing. Before conducting the experiment, this input
data image was preprocessed and the pixel intensity of
monitoring video frames was normalized within [-1, 1].
The learning rates of the model generator and
discriminator were 0.01 and 0.001, respectively. These
datasets used in this experiment are CUHK Avenue and
UCSD, which contain monitoring video images collected
in natural scenes to distinguish between normal and
abnormal behaviors. The CUHK Avenue dataset includes
16 training videos from different scenarios and 21 testing
videos, covering various daily activities. These videos
include scenes of pedestrians walking normally, while
also annotating abnormal behaviors such as running,
jumping, and discarding items, providing diverse
behaviors in typical urban street environments. The
UCSD dataset has two subsets, Pedl and Ped2, which
mainly focus on pedestrian behavior patterns. Pedl
focuses on shooting wider pedestrian areas, while Ped2
focuses more on narrower scenes. These datasets provide
video instances of standard walking behavior and various
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abnormal behaviors such as cycling and driving. In
abnormal behavior detection, key input features include
but are not limited to motion trajectories of moving
targets, including dynamic parameters such as speed and
direction. The appearance features of static parameters
such as shape, size, and color extracted using image
processing techniques. Table 2 shows the specific
experimental environment configuration.

Table 2; Specific experimental environment
configurations

Exp_erlmental Configuration

environment

Operating system Windows 10

The Pytorch Pytorch1.8.1

framework

CPU 8 x Intel(R) Xeon(R) CPU E5-2686 v4 @
2.30GHz

GPU NVIDIA GeForce RTX 3080 Ti

Memory 64GB

Graphics memory 6G

To verify the performance of DCAMMFCA-based
algorithm, a comparison was made between the ordinary
clustering algorithm and the anomaly behavior detection
algorithm based on the deep convolutional autoencoder.
The study sets the training batch to 100 times. Figure 7
presents the accuracy change on the test set. The
accuracy based on DCAMMFCA was always higher than
that of the other two algorithms. When the training round
reached 100, the accuracy of the ordinary clustering
algorithm only reached 59.7%. The accuracy of the
anomaly  detection algorithm based on deep
convolutional autoencoder network reached 72.4%. The
accuracy of DCAMMFCA reached 89.6%, with an
increase of 29.9% and 17.2%, respectively. Therefore,
DCAMMFCA, as an independent ensemble algorithm,

effectively improves the recognition accuracy of
abnormal behavior detection.
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Figure 7: The accuracy variation of different algorithms
on the test set
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4.2 Performance verification of mixed

multi-input feature clustering algorithm
MMFCA, as a fundamental clustering algorithm
framework, is used for abnormal behavior detection in
video surveillance. The algorithm based on MMFCA has
been optimized to DCAMMFCA, which introduces deep
convolutional autoencoder and attention mechanism to
improve the accuracy of anomaly behavior detection. To
verify the performance based on MMFCA, a comparative
analysis was conducted between MMFCA and Rough
K-Means (RKM), Improved K-Means (IKM), and Fuzzy
C-Means (FCM) [32]. The study combined the CUHK
Avenue dataset as new data with the UCSD dataset to
form an artificial training dataset. Figure 8 shows the
distribution of the manually trained dataset, where the
data points and clustering centers have undergone
preliminary clustering processing. This dataset combines
the CUHK Avenue dataset and UCSD dataset for training
and testing clustering algorithms. The red data points in
the figure represent the clustering of large targets, the
blue data points represent the clustering of small targets,
the green data points represent the newly added CUHK
Avenue dataset data points, and the black data points
represent the clustering centers generated by the
clustering algorithm. The clustering ratio of large and
small targets in artificial datasets is roughly 3:1.
MMFCA was compared with RKM, IKM, and FCM
in the artificial training dataset. Figure 9 shows the
clustering performance of four algorithms. In Figure 9 (a),
RKM failed to identify the newly added data and divided
it into small target clusters, resulting in a corresponding
shift in the cluster center. In Figure 9 (b), IKM divided
the newly added data into large target clusters, causing a
shift in the cluster center. In Figure 9 (c), FCM also
divided the newly added data into two imbalanced
clusters without correctly identifying the new data. In
Figure 9 (d), MMFCA effectively identified the newly
added data points, and the position of the cluster center
was also in the ideal position, showing a high similarity
with the distribution of the manually trained dataset.
Overall, MMFCA can correctly identify small target data
and newly added data, with high recognition accuracy.

H. Li et al.
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Figure 8: The distribution of artificial training datasets

To further validate the effectiveness of MMFCA,
performance indicators such as the Adjusted Rand Index
(ARI), Silhouette Coefficient (Sil), and clustering time
were compared among these four clustering algorithms.
ARI can measure the fitting of clustering algorithms. An
ARI close to 1 indicates that its clustering effect is more
accurate. Sil can determine the clustering effectiveness.
An Sil approaches 1 indicates that the clustering effect is
more reasonable. Table 3 presents the performance
comparison results of four clustering algorithms. The
ARI and Sil of MMFCA were closer to 1, indicating that
its clustering effect was closer to the real situation. The
ARI was 0.894, which was 142%, 28.8%, and 234%
higher than that of RKM, IKM, and FCM, respectively.
The Sil of MMFCA was 0.906, which was 116.7%, 50%,
and 131.7% higher than that of the other three algorithms,
respectively. MMFCA had the shortest clustering time of
0.216s, which was 62.03%, 28.94%, and 27.27% shorter
than that of the other three algorithms, respectively. From
the F1 score, the research method scored 0.912, while
other algorithms all scored over 0.8. In addition, for
confusion matrix, the error rate of the research method
was the lowest, only at 8%, further proving its superiority.
In  summary, MMFCA had excellent clustering
performance.
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(a) Clustering results of RKM algorithm
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(c) Clustering results of FCM algorithm
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