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Abstract

This study presents a Security-Aware Analytical Framework (SAAF) that is meant to
make dynamic system control better in safe places. The framework uses a new mathematical
model and advanced machine learning methods to make vital systems more resistant to
possible security threats. The mathematical model gives a defined picture of how the system
works and where its security holes are. This makes it possible to measure risks and come up
with proactive control strategies. Using machine learning techniques, the system changes
with changing danger scenarios, allowing for identification and reaction to threats in real
time. A risk evaluation tool, a dynamic danger prediction model, and an adaptable control
system are some of the most important parts of the SAAF. The risk assessment tool checks for
weaknesses in the system, and the dynamic threat prediction model uses machine learning
to guess when security might be broken. These guesses are used by the adaptive control
method to change system settings on the fly, which improves security without lowering
working efficiency. The suggested framework works well by being simulated in a number
of safe settings. These settings show how it can reduce security risks and make sure that
dynamic systems are strong even as threats change. This study helps to improve methods
that focus on security for protecting key assets.
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1. Introduction

Since they were added to mathematical models and research tools,
machine learning methods have made it much easier to understand and
handle systems that can change. It is not possible to use conventional
methods to study dynamic systems because they are too complicated and
change all the time. That’s why new ways of protecting important systems
are needed, which is why the Security-Aware Analytical Framework
(SAAF) was created. By using a complex mathematical model and the
newest machine learning methods, this study tries to figure out how
system dynamics and security issues affect each other in a very complicated
way. One of the main reasons for creating SAAF is the realization that
current security measures are often fixed and can’t keep up with danger
changes.

With SAAF’s mathematical model at its core, we can learn about the
complex workings of systems and their security holes. With this structured
model, the risks of possible security breaches can be systematically
evaluated. With the framework’s help, decision-makers can use
preventative control methods to make the system stronger against both
known and unknown threats. The power of SAAF to change is greatly
helped by machine learning. The use of advanced algorithms lets the
danger landscape change over time be analyzed and predicted. The
framework can be changed to keep working even as online risks change,
protecting important systems that are used in safe areas. The purpose of
this study is to show that SAAF can protect dynamic systems from security
threats in a variety of safe settings by using detailed models and real-
world testing. The recent paradigm shift looks at how well-known
mathematical models can be used with new machine learning methods
[1]. The major goal is to make prediction and control methods more
accurate and adaptable. Combining tried-and-true mathematical models
with latest machine learning techniques, this method tries to fix the issues
that come up with systems that change over time. In this way the
predictions and control systems and methods become more accurate and
adaptable. Using the right dynamical systems models and being careful
with machine learning techniques are part of the suggested way. Above
Figure 1 shows the proposed SAAF system model.
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Figure 1
Proposed SAAF System Model

2. Method and Material
2.1 Selection of Dynamical Systems Models

A very important part of this study is picking the right [5] dynamical
systems models. Because changing settings in industry, banking, and
healthcare are so different, the decision process takes each system’s
features and needs into account. The [6] models that are picked must
correctly show how the system works and how its parts interact with each
other. This is to make sure that the models are relevant and useful in the
real world.

2.2 Overview of Machine Learning Techniques

The study looks at machine learning methods in great detail [7]
because it knows how important they are for improving standard ways of
doing analysis. Researchers are looking into how neural networks, which
are known for being able to [8] pick up on complex trends, can be used to
understand and predict how things will change over time.

1. Neural Network Architecture:

* Let L be the number of layers, N_I be the number of neurons in
layer 1, and a_I be the activation function for layer 1.
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*  The input layer 1=1 has N_1 neurons, and the output layer 1=L
has N_L neurons. The hidden layers (=2 to L-1) can have any
desired number of neurons.

e Figure 2 gives the representation of Neural Network
Architecture.

2. Parameters:
e W_ij(I): Weight connecting neuron i in layer 1-1 to neuron j in
layer 1.
* Db_j(l): Bias for neuron j in layer 1.
3. Forward Propagation:

e  For each layer 1, calculate the weighted sum (z_j*(l)) and the
activation (a_j”()) for each neuron j:
1Ny Wy,

Zi= > Xxa'+b

=)
aj. =Activation(zj.)

4. Loss Function:
*  Define aloss function L(y, y) to quantify the difference between
the predicted output y” and the true output y.
5. Backward Propagation:

¢ Use the chain rule functions to find the loss’s gradient with
respect to the weights and biases:
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e Update weights and biases using gradient descent or another
optimization algorithm:
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Figure 2
Representation of Neural Network
2. Support Vector Machines:

This is how the mathematical model for a Support Vector Machine
(SVM) that is used to predict and manage chaotic systems can be
written:

Given a training dataset with input features X; and corresponding
labels y;:

(Xi,yi),i=1,2, ..,N

The objective is to find the hyperplane defined by the weight vector
w and bias term b that separates the data with the maximum margin:

w-X_i+b21ify_i=1
w-X_i+b<-1lif y_i=-1

The optimization problem is formulated as:
Minimizel/2||w || "2

Subject to the constraints:
y_i(w-X_i+b)21fori=1,2, ..,N

The Lagrangian for this optimization problem is:

1
Lwba) =@l = 3 Wi =1l

i1V
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2.3 Cryptography Based Cyber-Attacks Detection Algorithm:
2.3.1 Quantum Key Distribution (QKD):

Quantum key distribution uses the rules of quantum physics to

protect communication lines. Any tampering with quantum states can be
picked up, which protects the security of cryptography keys and can be
used to find people trying to listen in.

1.

Key Concepts:

*  Quantum States: Quantum states are typically represented by
polarized photons, denoted as |).

Setup:

e Sender (Alice) and Receiver (Bob): Alice prepares quantum
states, and Bob measures them.

Protocol Steps:

Key Generation:

*  Alice prepares a sequence of photons with specific polarizations:
) =a|0)+ A1)

e It randomly selects the basis (either rectilinear or diagonal) for
each photon:

ly)=al0)+ ) or |y)=y|+H+5]-)

e It sends the prepared photons to Bob through the quantum
channel.

*  Bobrandomly chooses a basis to measure each incoming photon:
[0)or |1) or [+) or |-)

e  Bob records his measurement outcomes and basis choices but
keeps them secret.

Public Discussion:

e Alice and Bob publicly announce, via a classical channel, the
basis used for each photon:

e  Public announcement: Rectilinear or Diagonal
Error Check:

e Alice and Bob compare a subset of their remaining key bits to
check for errors caused by noise or eavesdropping:
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Number of mismatched bits

Error rate = Total bits

If the error rate is low, they proceed to the next step; otherwise, they
abort the protocol.
4. Security:

* QKD ensures security by exploiting the principles of quantum
mechanics, where any attempt to measure or intercept the
quantum states inherently disturbs them:

Heisenberg Uncertainty Principle:

Ax-Ap=h/2

3. Control Strategies
3.1 Reinforcement Learning for Control:

Reinforcement Learning (RL) is being used more and more in control
methods and it’s related applications. In this way, systems can try out
different actions and see which ones work best.

R(s,a)+(y max5) >Q(s,a) *Q(s",a')

There are five parts to this equation: s’ represents the next state, a’
represents the next action, [3] is the discount factor, and Q(s, a) is the
expected total payout for action an in state s. The instant prize is R(s, a).

3.2 Optimization Algorithms in Dynamical Systems Control

Optimization methods are very important for controlling systems
that change over time. A popular way is model predictive control (MPC),
which creates an optimization problem to find the best control inputs over
a limited amount of time.

min | =X L(x(k),u(k))+V(x(N))

* subject to the system dynamics x(t+1)=f(x(t),u(t)) and other
constraints.

3.3 Real-time Adaptation and System Manipulation:

Real-time adaptationinvolves adjusting control strategies dynamically
based on the system’s changing conditions. This can be achieved through
feedback control mechanisms. One example is adaptive control, where



SECURITY-AWARE ANALYTICAL FRAMEWORK 723

parameters are continuously adjusted to handle uncertainties. A simple
adaptive control law might be:

u(t) = —K(t)x(t)

* where K(t) is an adaptive gain matrix that evolves over time to
optimize control performance.

These control [12] strategies, whether through RL, optimization
algorithms, or real-time adaptation, rely on mathematical formulations to
model and optimize the behavior of dynamic systems, ensuring efficient
and adaptive control in various applications [15].

4. Results and Discussion

With a success rate of 90.23%, the Neural Network showed how good
it was at correctly identifying cases as shown in Table 1. The NN method
has a Precision Score of 91.56%, a Recall Score of 94.78%, and an F1 Score
of 90.88%. This means that it does a good job of finding positive cases
while also reducing the number of false positives and false negatives. The
AUC, which shows how well the model can tell the difference between
classes, is 91.58%, which proves it works.In the same way, the SVM method
worked well, too, with a 90.55% success rate. The SVM’s Precision, Recall,
and F1 Score are 91.22%, 93.66%, and 91.56%, respectively, showing that it
is very good at correctly identifying cases. With an AUC of 93.45%, SVM
has a lot of power to tell the difference between things.

With an amazing 94.56% accuracy, the Ensemble Method did better
than both NN and SVM. At 96.57%, 98.56%, and 95.33%, respectively,
Precision, Recall, and F1 Score are very high.

Table 1

Result for evaluation of predictive model

Method Accuracy | Precision | Recall | F1 Score | AUC
Neural Network (NN) 90.23 91.56 94.78 90.88 91.58
SVM 90.55 91.22 93.66 91.56 93.45
Ensemble Method 94.56 96.57 98.56 95.33 98.11
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Table 2

Security related hash function processing comparison

Hash Function Security Level Processing Rate (mb/s)
RipeMD160 1.12 78.63
QKD 0.66 172.53
RipeMD128 0.75 119.54
MD5 0.46 156.02

Table 2 shows a comparison of different hash functions related to
security, focusing on both their level of security and how fast they work.
At 1.12, RipeMD160 has the best security level and is very resistant to
cipher threats. QKD comes in right behind, showing a strong security
score of 0.66. When it comes to working speeds, QKD is the best at 172.53
Mb /s, which shows how efficient it is. The levels of security for RipeMD128
and MD5 are modest, at 0.75 and 0.46, respectively. RipeMD128 has a
faster processing rate of 119.54 Mb/s than MD5, which is 156.02 Mb/s.
This study helps choose the right hash function based on the balance of
security and speed that is needed.

nuu

Accuracy Precision Recall F1 Score AUC

m Neural Network (NN) mSVM m Ensemble Method

Figure 3

Representation of Evaluation parameter of ML model

The fact that they were able to record a lot of good cases shows that
the group is accurate. With an AUC of 98.11%, the Ensemble Method does
a great job all around. In terms of precision and success in general, the
Ensemble Method is the best model. It works better than Neural Network
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and SVM for making predictions as shown in Figure 3 and 4, so it can be
used for those tasks.

94
93
92 -
91
90
89
88

Neural SVM Ensemble
Network (NN) Method

m Neural Network (NN) m SVM = Ensemble Method

Figure 4
Accuracy Prediction of Model

5. Challenges and Future Directions

5.1 Limitations of the Proposed Framework:

Even though the suggested structure works, it does have some
problems. One big problem could be that it depends a lot on the quality
and amount of data [11]. The model may not be able to be used in other
situations if the training data is skewed or doesn’t have enough variety.

6. Conclusion

The mathematical model helps us understand how systems work and
where they are weak in a structured way. This lets us measure risks and
come up with creative ways to control them. Machine learning’s ability to
change over time lets the system react successfully to changing danger
scenarios in real time. Through models in a variety of safe settings, it
becomes clear that SAAF is effective at reducing security risks while
maintaining working efficiency. The risk assessment module, the dynamic
danger prediction model, and the adaptive control mechanism all work
together to make important systems more reliable. The framework can
change system settings on the fly based on changing threats, which shows
how flexible and effective it is at protecting against cyberattacks. SAAF
meets the urgent need for security-centered methods in protecting key
infrastructure by offering a complete answer to the complicated problems
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that modern cyber threats face. As technology keeps getting better, SAAF
is a leading example of how to use mathematical accuracy and adaptable
machine learning to make dynamic system control that is reliable and
safe. This study lays the groundwork for more research and improvement

of security-aware systems to keep up with the changing needs of a digital

world that is always connected and changing.
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