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Abstract

The way things are made has changed a lot because of Industry 4.0. It has also led to a
time with great technology and relationships. The paper discusses way to improve security
in Machine Intelligence in the setting of Industry 4.0. The study uses a mix of methods
to combine Fuzzy Logic with cutting-edge Industry 4.0 algorithms in order to deal with
new hacking problems. Because fuzzy logic can deal with doubt and imprecision, it can be
used to make current methods more reliable. This creates a complex and flexible security
structure. The merger was carefully planned to make the methods for finding anomalies,
reducing threats, and responding to incidents work better. The suggested method aims to
make machine intelligence systems more resistant to complex cyber dangers by combining
the best parts of Fuzzy Logic with Industry 4.0 algorithms. This study adds to the growing
conversation about how to keep smart factory settings safe by focusing on a proactive and
dynamic security model. The effects of this mix of methods could be felt in many different
industries, making it possible to use advanced technologies in a safer and more reliable way
in the age of Industry 4.0.

Subject Classification: 68M25.

Keywords: Fuzzy logic, Machine intelligence, Algorithms, Decision-making, Intelligent security.

1. Introduction

In the age of Industry 4.0, where smart technologies and linked
systems are everywhere, Machine Intelligence Security has become a very
important issue. Putting fuzzy logic into Industry 4.0 algorithms is a new
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and thorough way that this study looks into to make machine intelligence
systems safer. It is known that fuzzy logic can deal with doubt and
imprecision, and it is carefully added to make current security mechanisms
more reliable. By giving a complex and flexible security structure, the mix
of methods aims to deal with the changing nature of online dangers. By
using Fuzzy Logic in Industry 4.0 algorithms, the suggested method aims
to improve several important security aspects, such as finding strange
behavior, finding threats, and handling incidents. The goal of this
combination is to make the defense against complex cyberattacks that take
advantage of weak spots in industrial systems that are linked to each other
stronger. By focusing on a proactive and dynamic security model, the
study adds to the conversation about how to make smart production
settings safer.

This way of doing things has effects on many different businesses
that use machine intelligence, not just production. As new technologies
continue to shape the future of Industry 4.0, it becomes necessary to use a
mix of these approaches to protect the integrity, privacy, and availability
of important systems as hacking problems change. Industry 4.0 means
that digital technologies are being used in production, such as the Internet
of Things (IoT') and Al The point of this paradigm shift is to make things
faster, easier to connect, and more automatic. The talk in this section sets
the stage for the next part, which will look at how fuzzy logic can be used
to make machine intelligence better in Industry 4.0 systems. When it
comes to Industry 4.0, the most important thing about machine intelligence
is that it makes smart, self-driving decision-making possible. As
production systems get more involved and linked, they need machines
that can gather, process, and understand huge amounts of data in real
time. Industrial systems with machine intelligence can quickly adapt to
new situations, make work better, and guess when they will need to be
fixed. These changes improve the efficiency of processes and the use of
resources. The production setting is more sensitive and flexible after it has
been merged, which is in line with the main goals of Industry 4.0 [2]. Fuzzy
logic is a big part of Industry 4.0 because it can handle the lack of accuracy
and uncertainty that come with real-world industrial processes. Instead of
just two levels of truth, fuzzy logic considers more than one. This makes
them stronger and more flexible. Fuzzy logic [4] is an important tool for
making smart choices in workplaces that are always changing. It’s also a
big part of how well smart systems that improve themselves work in the
world of Industry 4.0. Figure 1 depicts the Logical process of fuzzy logic
for decision making for Intelligence Security.
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Figure 1

Logical process of fuzzy logic for decision making for Intelligence Security

2. Theoretical Framework

In fuzzy logic a doubt is shown by degrees of truth instead of set
numbers. Fuzzy sets and rules are used to handle data that isn’t clear [5],
which gives people more freedom to make choices. Fuzzy logic works well
in Industry 4.0, where there is a lot of question, because it is based on the
idea that not all facts are true.

2.1 Integration Strategies for Industry 4.0 Algorithms

To add fuzzy thinking to Industry 4.0 algorithms, a statistical model
[7] can be used that combines clear and fuzzy sets. One way to do it is to
use a fuzzy thinking method, such as the Mamdani model. Fuzzification,
rule assessment, grouping, and defuzzification are all parts of this
methods. Figure 2 depicts the Input Variable example in fuzzy logic. It can
be summed up like this:

a. Fuzzification:
Use membership functions to turn crisp inputs into soft sets.:

Temperature : y Cold(x), u Warm(x), u Hot(x)

Humidity : 4 Low(y), 1t Moderate(y), u High(y)
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Figure 2

Input Variable example in fuzzy logic

b. Rule Evaluation:
Set up fuzzy rules for how to connect the input and output factors.
IF Temperature is Cold AND Humidity is Low THEN Output is Low

IF Temperature is Warm AND Humidity is Moderate THEN Output is
Medium

IF Temperature is Hot AND Humidity is High THEN Output is High

c. Aggregation:
Combine the results of rule evaluations.
Aggregated Output:
Output =y (wi-Rule Outputi)

Where,

e wiis the weight associated with each rule.

d. Defuzzification:

Convert the aggregated fuzzy output to a crisp value.

Defuzzified Output:
— _ X(wi-Centroidi)
y= Zwi
Where,
o Centroidi is the center of mass of the fuzzy set associated with the
rule.

2.2 Advantages of Fuzzy Logic in Handling Complexity

Fuzzy logic [8][9] excels in handling complexity by accommodating
imprecision and uncertainty. Unlike traditional binary systems, it allows
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for gradual transitions between true and false, enabling a more nuanced
representation of real-world complexities. Fuzzy logic’s ability to work
with vague or incomplete information makes it well-suited for navigating
intricate industrial processes within Industry 4.0. It enhances decision-
making by providing a flexible framework [10] to interpret and respond to
the inherent uncertainties present in complex systems, contributing to
improved adaptability and robustness in the face of dynamic and
unpredictable manufacturing environments.

3. Methodological Integration
3.1 Fuzzy Sets and Rules in Algorithm Design:

A step-by-step algorithmic representation for designing an algorithm
with fuzzy sets and rules using mathematical equations:

1. Fuzzy Sets Definition:
Define fuzzy sets for input variables,e.g.,temperature and humidity.
Temperature: p Cold(x),u Warm(x),u Hot(x)
Humidity: p Low(y),u Moderate(y),u High(y)
2. Rule Base Definition:
Establish fuzzy rules that relate input and output variables.

Rule 1: IF Temperature is Cold AND Humidity is Low,THEN Output is
Low

Rule 2: IF Temperature is Warm AND Humidity is Moderate, THEN
Output is Medium

Rule 3: IF Temperature is Hot AND Humidity is High, THEN Output is
High
3. Fuzzification:
Apply membership functions to crisp input values.
w Cold(x) = Membership_Cold(x)
w Warm(x) = Membership_Warm(x)
1 Hot(x) = Membership_Hot(x)
w Low(y) = Membership_Low(y)
W Moderate(y) = Membership_Moderate(y)
w High(y) = Membership_High(y)
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4. Rule Evaluation:
Evaluate each rule for given input values.
Rule_1_Output = min(p Cold(x), Low(y))
Rule_2_Output = min(p Warm(x),. Moderate(y))
Rule_3_Output = min(p. Hot(x), . High(y))

5. Aggregqation:
Combine rule outputs to get aggregated fuzzy output.

Aggregated_Output = max(Rule_1_Output,Rule_2_Output,Rule_3_
Output)

6. Defuzzification:
Convert the aggregated fuzzy output to a crisp value.
Defuzzified_Output = Centroid(Aggregated_Output)

3.2 Decision-Making Enhancement through Fuzzy Logic

Fuzzy logic, complemented by decision trees, enhances decision-
making by incorporating linguistic variables and hierarchical structures.
Decision-Making Enhancement through Fuzzy Logic with Decision Tree
integrates fuzzy logic principles into decision tree algorithms, combining
the clarity of decision trees with the flexibility of fuzzy logic [11]. This
mixed method helps people make the best decisions in tricky situations
with lots of unknowns. Fuzzy groups, rules, and membership functions
are used in the algorithm’s decision tree nodes to make reviews more
complex.

Algorithm:

e Fuzzy Sets Definition:
Define fuzzy sets for decision tree attributes.
Attribute_Fuzzy_Set_A: p Low(x),p Medium(x),p High(x)
e Fuzzification within Decision Tree Nodes:

Apply fuzzy membership functions to attribute values at decision tree
nodes.

w Low(x) = Membership_Low(x)
e Decision Tree Rule Integration:

Embed fuzzy logic rules within decision tree branches.
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IF Attribute_Fuzzy Set_A is Low,THEN Output is Category_1
IF Attribute_Fuzzy Set_A is Low,THEN Output is Category_1
®  Rule Evaluation:
Evaluate fuzzy logic rules within decision tree branches.
Rule_Output = min(p Low(x), i Medium(y))
o Aggqregation:
Combine fuzzy rule outputs for comprehensive decision-making.

Aggregated_Output = max(Rule_Output_1,Rule_Output_2,...)

3.3 Cyber Threat Defense Mechanism using Cryptography

In Machine Intelligence Security, using AES (Advanced Encryption
Standard) as a main cryptographic algorithm along with the suggested
mix of Fuzzy Logic in Industry 4.0 methods is very important for creating
a strong Cyber Threat Defense Mechanism. AES is used to secure private
information, keeping it safe from people who shouldn’t have access to it or
who could steal it while it’s being sent or stored. The protection starts with
encrypting important data sent between systems that are linked using
AES. Fuzzy logic helps fine-tune security factors, like key sizes and
encryption modes, in real time, which makes the system more resilient.

Fuzzy logic helps by changing identification levels and reaction
actions on the fly based on a fuzzy assessment of the amount of danger. By
using AES with a mix of Fuzzy Logic in Industry 4.0 algorithms, this
Cyber Threat Defense Mechanism builds a strong cryptographic base that
can adapt to changing cyber threats while keeping machine intelligence
systems safe and private.

Algorithm:

a) Key Generation:
*  Generate Key (K):
K =1{k0,k1,k2,...,k(N -1)}
Where, N is the key length (128, 192, or 256 bits).
¢  Key Expansion:
RoundKeys = KeyExpansion(K)
*  Round Key Addition (Initial Round):
AddRoundKey:
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State=State ® RoundKeys[0]
*  Encryption Rounds (Repeat for N Rounds, where N depends on
key size):
SubBytes:
State_i, j=SBox[State_i,j] forall 0<i<3, 0<j<3
ShiftRows:
State = ShiftRows(State)
MixColumns:
State = MixColumns(State)
AddRoundKey:
State = State @ RoundKeysi]
where i is the current round number.
¢  Final Round (Varies with Key Size):
SubBytes:
State _i, j=SBox[State _i,j] forall 0<i<3, 0<j<3
ShiftRows:
State=ShiftRows(State)
*  AddRoundKey:
State=State ® RoundKeys[N]

where N is the total number of rounds.

4. Case Studies and Practical Implementations
4.1 Real-world Applications of Fuzzy Logic in Industry 4.0

Case Study: Autonomous Robotic Assembly
Fuzzy Logic Equation:
Speed

Controller

= uLow(Obstacle )+ uMedium(Battery,, )

Distance

In this case, fuzzy logic changes the speed of the robotic production
line based on real-time factors such as the distance between obstacles and
the battery level. The equation mixes fuzzy sets for low object distance and
middle battery levels to make sure the process is safe and uses little energy.
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4.2 Performance Evaluation of Integrated Algorithms

Evaluation Metric: Fuzzy Efficiency Index

Integrated g o_out

Traditional y1g0_out

FuzzyEfﬂcimy =[ ]*100

To judge performance, you have to look at how well the combined
fuzzy logic algorithm works and compare it to a standard algorithm [12].
The efficiency score measures how much better things are after fuzzy
logic is added, giving a clear way to judge performance.

4.3 Comparative Analysis with Traditional Approaches
Comparative Metric: Fuzzy Decision Accuracy

Number,
o Ot Fuzzy isions | 3¢ 100%
TOtalNumberof

Fuzzypecisions

F uZZyDecision Accuracy =

Comparative research checks how well fuzzy logic choices work
compared to more standard methods. The equation figures out the fuzzy
logic system’s percentage of right choices, showing how well it can deal
with uncertainty and make good decisions in Industry 4.0 situations.

5. Results and Discussion

The first table shows how fuzzy logic can be used with machine
intelligence to support Industry 4.0. The measures that were picked are
Quality Control, Production Efficiency, and Energy Consumption. These
are all important factors in a factory setting[13][14].

* Production Efficiency: Represents the overall efficiency of the
manufacturing process, with values closer to 1 indicating higher
efficiency

¢ Energy Consumption: Indicates the amount of energy consumed
during production, measured in kilowatt-hours (kWh).

* Quality Control: Describes the quality of the manufactured products,
categorized as Good, Excellent, Fair, or Very Good.
Fuzzy logic is used to make production more efficient while using as
little energy as possible. The quality control measure shows the quality of
the final product.
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Table 1
A overview of the results for Al in Industry 4.0
Production Efficiency Energy Efficiency Quality Control
83.22 253 kWh Good
92.44 230kWh Excellent
79.52 280 kWh Fair
89.3 240 kWh Very Good

In the context of Industry 4.0, Table 1 shows how the fuzzy logic
integration changes depending on the situation, achieving different levels
of quality control, energy efficiency, and production efficiency. See Table 1
for a full list of the most important ways to measure Machine Intelligence’s
success in Industry 4.0. For each case, it lists the steps to take for quality
control, saving energy, and saving time. It was found that the level of
production efficiency is between 79.52 and 92.44, that 230 to 280 kilowatt-
hours (kWh) of energy are used, and that Good, Excellent, and Very Good
were given for quality control. This clear picture makes it easy to quickly
judge how well the system works overall. It also shows how machine
learning can be used in many ways to make business life better.

Production Efficiency and Quality Control

Good Excellent Fair Very Good

Energy Efficiency vs Production Efficiency

230 240 250 260 270 280
Energy Efficiency (kWh)

Figure 3

Representation of Production efficiency Machine Intelligence in Industry 4.0

Figure 3 shows how machine intelligence is used in Industry 4.0 to
make output more efficient. By using complex formulas and data analysis,
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it shows how technology and factory processes can work together to make
better products and make businesses run more efficiently overall.

6. Conclusion

This study shows how important it is to change security models to fit
the changing and unclear nature of Industry 4.0 settings. The addition of
Fuzzy Logic to the security design makes it more flexible, letting the
system adjusts instantly to changing online dangers. The suggested
method improves processes for finding anomalies, reducing threats, and
responding to incidents by using Fuzzy Logic’s ability to deal with vague
and unclear data. With AES as the main encryption method, the security
is even better because it protects the privacy, stability, and validity of
private data. The cryptographic layer adds a strong defense against
possible cyber dangers, giving the machine intelligence systems that work
in Industry 4.0 environments a safe base. This mix of methods not only
solves current security issues, but it also sets itself up as a strategic way to
meet the needs of smart manufacturing in the future. This makes Machine
Intelligence more resilient in a digital world that is always changing.
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