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TUNING OF FOPID CONTROLLER USING GENETIC
ALGORITHM AND PARTICLE SWAM OPTIMIZATION

Nathan Ng’ambi’

1 Department of Instrumentation and Control Engineering, Czech Technical University in Prague, Technicka 4,
Prague, Czech Republic

ngambnat@cvut.cz

Abstract: This article presents a comparative study on the tuning of Fractional order
PID (FOPID) controller using Genetic Algorithms (GA) and Particle Swam Algorithm
(PSO). The objective it to optimize all the five parameters i.e. proportional gain (Kp),
integral gain (K;) derivative gain (Kg), integral order (1) and derivative order (1) for
various linear systems including 2™, 4™ and 6" order dynamics with some time delay.
Performance evaluation is based on time-domain criteria such as rise time,settling
time,overshoot, steady state error and integral error indices. Simulation results show
that Particle Swarm Optimization converges faster and provides superior performance
for higher order and delayed systems, while Genetic Algorithm performs reliably for
low order systems but exhibits limitations as system complxity increases. The aricle
highlights the strengths and weaknesses for both algorithms and discusses practical
consideration for FOPID tunning.

Keywords: FOPID Controller, Fractional Order Control, Metaheuristic, Genetic
Algorithm, Particle Swarm Optimization, Time Delay Systems, Controller Optimization

1 Introduction

Fractional Order PID controllers provide (FOPID or PI*D*) provides an alternative to PID controller by
introducing two additional tuning parameters i.e. A and p which enhance control flexibility and robustness
[1]. In modern control systems where high performance and stability margins are critical, these fractional
orders offer improved tuning precision.

Metaheuristic optmization methods such as Genetic Algorithm (GA) and Particle Swarm Optimization
(PSO) have been widely used to automatically tune controller parameters [2] [3]. This article investigates
the application of GA and PSO in tuning all the five parameters of FOPID controllers with a focus on
comparing their performance across different dynamic systems
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2 Background and Literature Review

Background PID controllers are widely used in industrial process control due to their simplicity and ease
of implementation. However, they often struggle with complex dynamic systems involving nonlinearity,
time delay or higher-order dynamics. To address these limitations, Fractional Order PID (FOPID)
controllers have been proposed, which extend conventional PID by incorporating two additional parameters
the inegral order A and derivative order p. This generalisation allows finer tuning and improved robustness
by shaping system responses more flexibly in both time and frequency domain [1].

FOPID controllersaregoverned by the transfer function:

C(S) = Kp +%+ KdSH (1)
.y u Derivative action
bt S K,

E(s) proportional action U(s)

f-

: integral action

Figure 1. Structure of a fractional-order PID (PI*D*) controller. Adapted from Podlubny,
1999. Image accessed via ResearchGate.

A J

Where Kj, K;and K, represent the proportional, integral and derivative gains and A and p are the non-integer
orders of integration and differentiation. The fractional orders give more freedom in shaping the system’s
response both in the time and frequency domains [1].Despite their advantages, FOPID controllers are
difficult to tune due to their five-dimensional parameter space. Analytical methods or classical tuning rules
(such as Ziegler-Nichols) are often insufficient or inapplicable. As a result, researchers have adopted
metaheuristic optimisation techniques such as Genetic Algorithms (GA) and Particle Swarm Optimization
(PSO) for automatic parameter tuning.

Previous studies have shown that both GA and PSO can effectively tune FOPID parameters. For Instance,
Valerio and da Costa [2] explored heuristic rules and optimisation methods to tune fractional controllers,
and Monje et al. [1] provided a systematic framework for FOPID implementation in control applications.
Chen et al.[5] emphasized the need for inelligent optimization in fractional control due to lack of universal
analytical methods.

In this study, these findings are extended by conducting a detailed comparative analysis of GA and PSO on
tuning FOPID controllers across systems of varying complexity. The evaluation focuses on time domain
performance metrics such as rise time, overshoot, settling behaviour, steady state error and integral error
indices, providing a comprehensive assessment of controller performance. Methodology.
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2.1 Genetic Algorithm

This is an evolutionary optimization technique inspired by the principles of natural selection and genetics.
It operates on a population of candidate solutions and iteratively improves them through selection, crossover
and mutation operators. GA is particularly effective for solving complex, non-linear and multi-modal
optimisation problems, where gradient-based methods fail or become trapped in local minima [2]. Due to
its population- based search and stochastic nature, GA is well suited for tuning all five parameters of the
FOPID controller simultaneously.

2.2 Particle Swarm Optimization (PSO)

This is a population-based stochastic optimisation method inspired by the social behaviour of bird flocking
and fish schooling. In PSO, each particle represents a potential solution and updates its position in the search
space by combining its own best experience with the global best experince of the swarm. PSO is known for
its fast convergence and simple implementation, making it attractive for continous parameter optimization
problems such as controller tuning [3].

In this article, both GA and PSO are applied to tune the five parameters of the FOPID controller:
* Proportional gain K,
= Integral gain K;
= Derivative gain K4
* Fractional Inegral Order A
= Fractional Derivative Order u

The tuning objective is formulated as a minimisation problem, where a performance-based cost function
combines key time-domain indices including integral of Absolute Error (IAE), overshoot, rise time, settling
time and steady state error. This formulation allows a fair and quantitative comparison between GA and
PSO tuned controllers [4].

2.3 Test Systems and Their Transfer Functions

To evaluate the performance of GA and PSO under increasing levels of complexity, a set of plant models
with different dynamic characteristics was selected.

(i) Second-Order System
1

G(S) = G tDGD @)

This system represents a simple stable plant and serves as a baseline case for evaluating tuning accuracy
and covergence behaviour of the algorithms.

(ii) Second-Order System with Time Delay

e—O.SS

G(S) = Qs sDGD ®)

The inclusion of time delay introduces phase lag and tests the ability of GA and PSO to maintain stability
and robustness in delayed systems.
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(iii) Fourth-Order Oscillatory System

1
s*+2s34+35242s+1

G(s) = “)

This system exhibits oscillatory behaviour and higher order dynamics providing a more challenging tuning
scenario where the benefits of fractional orders A and g become more pronounced.

(iv) Fourth-Order System with Time Delay

e—O.4S

G(s) = (5)

s*+253+4352+425+1

This model combines high order dynamics with time delay, significantly increasing tuning difficulty and
allowing deeper evaluation of algorithm robustness.

(v) Sixth-Order Oscillatory System

1
$6+355+55%+453+352+25+1

G(s) = (6)

The sixth-order system represents a highly complex and oscillatory plant, used to access the limitations of
GA and PSO when applied to high-order dynamics without model reduction.

These systems were selected to systematically investigate how GA and PSO scale with increasing system
complexity, oscillatory behaviour, and with time delay effects, which are common challenges in practical
control applications [1],[4].

The primary steps include:
*  Defining the plant model (2"¢, 4", 6t" order)

= Implementing GA and PSO algorithm for parameter tuning
= Designing a performance-based cost function using IAE, overshoot, settling time and steady-state
error

= Extracting and comparing performance metrics

2.4 Algorithm Parameters

Genetic Algorithm (GA) parameters
= Population: 50
= Crossover: scattered (probability= 0.8)
= Mutation: Gaussian (probability= 0.2)
= Selection: Stochastic Uniform
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Paricle Swarm Optimization (PSO) Parameters
= Number of particles: 30
= Inertia weight: 0.7 ( with damping)
= Cognitive coefficient cy: 1.5
= Social coeeficient c,: 1.5

3  Simulation Results and Analysis

The performance of GA and PSO is assessed using time domain metrics such as rise time, settling
time,overshoot, steady state error and integral of absolute error (IAE) as well as frequency domain metrics
like phase margin and gain margin. The goal is to observe both optimization techniques behave under
varying plant complexities and delays.

4.1 2™ Order System

Both GA and PSO achieved excellent performance for the second order system. The GA tuned controller
produced a smooth response with zero overshoot and good steady-state accuracy. PSO achieved a slightly
faster rise time and lower integral error, reflecting faster convergence. For simple low-order dynamics, both
algorithms are effective, with PSO showing a minor advantage in speed.

GA - 2nd Order System Control Signal
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Figure 2 Step Response for 2™ Order System-GA
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PSO - 2nd Order System Control Signal
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Figure 3 Step Response for 2nd Order System-PSO

4.2 2nd Order System with Time Delay

When time delay was introduced, GA maintained stable performance with moderate overshoot and
acceptable steady-accuracy. PSO showed increased sensitivity to the delay to the delay, resulting in higher
steady state error and increased integral error. Although PSO converged quickly, its long term accuracy
degraded compared to GA in this case.

GA - 2nd Order System with Time Delay Control Signal
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Control Signal
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Figure 5 Step Response for 2nd Order with Time Delay-PSO

4.3 4th Order Oscillatory System

For the Fourth-Order oscillatory without delay, PSO outperformed GA, the PSO-tuned controller achieved
faster rise time, better damping, and lower steady-state error. GA produced a slower response with more
persistent oscillations and longer settling time. Convergence plots indicated more efficient optimization by

PSO for this system.
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Figure 6 Step Response of 4th Order Oscillatory System-GA
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PSO - 4th Order Oscillatory System
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Figure 7 Step Response of 4th Order Oscillatory System-PSO

4.4 4" Order System with Time Delay

The presence of both high order and time delay incresed tuning difficulty. PSO maintained acceptable
stability and achieved a better compromise between overshoot and steady state accuracy. GA produced a
conservative controller with nrgligible overshoot but large steady-state error. Indicating insufficient integral
action. Overall, PSO demonstrated superior robustness for delayed 4® order dynamics.
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Figure 8 Step Response of 4th Order System with delay-GA
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PSO - 4th Order System with Time Delay Control Signal
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Figure 9 Step Response of 4th Order System with delay -PSO

4.5 6 Order Oscillatory System

For the 6" oscillatory system, PSO did better than GA. The PSO tunned controller achieved a bounded
response with controlled overshoot and near zero steady state error. In contrast, the GA-tuned controller
failed to track the reference acculately and exhibited poor steady state behaviour. These results highlight
PSO’s superior capability in hanling highly complex oscillatory systems.
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Figure 10 Step Response of 6th Order Oscillatory System-GA
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PSO - 6th Order Oscillatory System Control Signal
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Figure 11 Step Response of 6th Order Oscillatory System-PSO

5 Conclusion

This study compared Genetic Algorithm and Particle Swarm Optimization for tuning Fractional Order PID
controllers across systems of different orders and with time delay. The results show that both algorithms
successfully optimize FOPID parameters and achieve stable closed loop control. Particle Swarm
Optimization consistently provided faster convergence and superior performance for higher order and
oscillatory system. Genetic Algorithms performed well for low order and delayed systems, where improved
steady state accuracy was observed in some cases. As system complexity increased PSO demonstrated
better scalability and robustness than GA. These findings confirm that optimization based tuning is well
suited for FOPID controllers and that algorithm selection should depend on system dynamics and control
objectives, future work will focus on hybrid optimization approaches and experimental validation.
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ANALYSIS OF ONLINE AND OFFLINE SPEECH
RECOGNITION APPROACHES FOR REAL-TIME SYSTEMS

Maksym Hrytsenko '

! Czech Technical University in Prague, Faculty of Mechanical Engineering, Prague, Czech Republic

Abstract:  Speech recognition has become an important component of modern real-time human—
computer interaction systems. This paper presents an experimental comparison of online and
offline speech recognition approaches using multiple speech recognition systems representing different
technological solutions. The evaluation focuses on recognition accuracy, processing latency, and
robustness against different English accents. The experiments were performed using prepared voice
command datasets and speakers with different language backgrounds. The obtained results demonstrate
the trade-offs between cloud-based and local speech recognition systems and highlight their suitability
for different real-time application scenarios.

Keywords: speech recognition, online systems, offline systems, latency, real-time recognition

1 Introduction

Speech recognition is currently used in many modern human—computer interaction systems, including voice
assistants, accessibility tools, and real-time control applications. Recent progress in machine learning and neural
networks has significantly improved the quality and usability of speech recognition systems. At the same time,
both online and offline approaches remain widely used because they offer different advantages depending on the
target application.

When developing systems intended for real-time interaction, selecting a suitable speech recognition method is
an important task. Individual solutions differ in recognition accuracy, processing speed, hardware requirements,
and dependency on internet connectivity. These differences become especially important in applications where
low latency and stable response are required.

This work focuses on the experimental comparison of selected online and offline speech recognition systems.
The paper describes the testing methodology, evaluation criteria, and experimental results obtained during testing
with speakers using different English accents. The goal of the analysis is to compare the behavior of individual
approaches in real-time scenarios and evaluate their suitability for practical real-time applications.

2 Speech Recognition Approaches

Automatic speech recognition systems can generally be divided into online and offline approaches depending
on the method used for audio processing and computation. These approaches differ in latency, computational
requirements, accuracy, and dependency on network connectivity [1, 2].

Modern speech recognition systems are commonly based on deep learning methods and neural architectures
such as recurrent neural networks and transformer models [3, 4]. The choice of a specific approach depends
primarily on the requirements of the target application, especially responsiveness, reliability, and computational
constraints.

2.1 Online Speech Recognition

Online speech recognition systems process audio data using remote server infrastructure. In this approach, the
recorded audio is transmitted through a network connection to cloud-based services where the speech signal is

analyzed using large machine learning models [1]. 14
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The main advantage of online systems is their typically higher recognition accuracy. Since cloud platforms can
utilize significantly more computational resources, they are capable of running larger and more complex neural
models than local systems. Online services also benefit from continuous updates and improvements performed by
service providers.

However, this approach introduces several limitations. The processing pipeline depends on stable internet
connectivity and requires audio transmission to external servers, which may increase latency and raise privacy
concerns. In real-time applications, additional network delay can negatively affect user interaction and overall
system responsiveness.

Typical examples of online speech recognition systems include Google Speech Recognition and cloud-based
Whisper API services[3, 6].

2.2 Offline Speech Recognition

Offline speech recognition systems perform all computations locally on the user device without requiring
internet connectivity. Audio processing, feature extraction, and transcription generation are executed directly on
local hardware [2].

The main advantage of offline systems is their independence from network infrastructure. This improves system
autonomy and privacy because no audio data is transmitted externally. Offline approaches are therefore suitable
for applications operating in environments with unstable internet access or increased privacy requirements.

Another important property of offline systems is the possibility of real-time streaming recognition. Audio
data can be processed continuously during speech input, allowing the system to generate transcription results with
minimal delay [5].

The main limitation of offline systems lies in hardware constraints. Local devices usually cannot provide
computational resources comparable to cloud infrastructure, which may reduce recognition accuracy or require
smaller optimized models. In addition, large neural models may significantly increase CPU and memory usage.

Examples of offline approaches include Vosk and locally executed Whisper models.

2.3 Selected Technologies

Several speech recognition systems were selected for experimental evaluation in order to represent different
technological approaches and practical use cases.

Vosk was selected as a lightweight offline solution optimized for real-time speech recognition and streaming
audio processing [7]. The system can operate on devices with limited computational resources and does not
require internet connectivity. Due to its low latency and offline operation, Vosk represents a suitable approach for
interactive real-time systems.

Whisper was selected as a modern deep learning based speech recognition model developed by OpenAl [6].
Unlike traditional systems, Whisper uses transformer architecture and end-to-end neural processing. The model
is capable of achieving high recognition accuracy, especially for more complex speech patterns and noisy audio
conditions.

Google Speech Recognition was selected as a representative of commercial cloud-based speech recognition
services [5]. The system utilizes remote server infrastructure and large-scale machine learning models to provide
highly accurate transcription results.

The selected technologies therefore represent three significantly different approaches to speech recognition:
lightweight offline streaming recognition, modern large neural models, and commercial cloud-based services. This
selection enables meaningful comparison of their properties in real-time speech recognition scenarios.

3 Experimental Methodology

This section describes the implementation of the testing environment, the experimental methodology, and the
evaluation criteria used for the comparison of speech recognition systems.

3.1 Implementation

The testing environment was implemented in the Python programming language due to its extensive ecosystem
of speech processing libraries and tools. The implementation included modules for audio capturing, preprocessing
of recorded audio, communication with speech recognition libraries, and collection of transcription results.

The testing pipeline was designed to provide identical conditions for all evaluated systems. Audio input
was captured using the same hardware configuration and processed through individual speech recognition
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implementations. The obtained transcriptions were then stored and compared with the expected phrases for
further evaluation.

Several speech recognition libraries and APIs representing different approaches were integrated into the testing
environment. The implementation included both online and offline systems in order to compare their behavior
under the same experimental conditions.

Modern speech recognition systems are commonly based on neural or hybrid architectures combining statistical
methods with deep learning approaches [2, 3, 4]. Real-time speech recognition systems process audio continuously
during speech input, while batch approaches process the complete audio recording after the recording has finished

[1].
3.2 Testing Methodology

To ensure objective comparison between individual speech recognition systems, a predefined testing dataset
consisting of voice commands and common English phrases was prepared. The selected phrases represented
commands of different lengths and complexity levels, ranging from short control commands to longer natural
language sentences.

The testing dataset included the following phrases:

* open browser

* close window

e scroll down

* play music

* open file

 open the browser and search for information
* close the window after finishing the task

e scroll down to the bottom of the page

* artificial intelligence system for voice control

The selected phrases were intentionally designed to include both short and long expressions. Short commands
were used to evaluate recognition speed and responsiveness in real-time interaction scenarios, while longer phrases
were intended to test transcription stability and sentence-level recognition accuracy.

The experiments were performed on a system equipped with an AMD Ryzen 5 4600H processor, 16 GB
RAM, and an NVIDIA GeForce GTX 1650 graphics card. Voice recordings were captured using an iPhone
microphone. The testing process was conducted in a controlled environment using identical hardware configuration
and microphone settings for all evaluated systems. Each phrase was repeated multiple times for every tested speech
recognition approach.

Particular attention was given to accent variability and pronunciation differences. The experiments involved
three speakers with different language backgrounds:

* a Ukrainian speaker communicating in English,
* a Czech speaker communicating in English,
* anative English speaker from Ireland.

The inclusion of multiple accents was intended to simulate more realistic usage conditions and evaluate the
robustness of individual systems against pronunciation variability.
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3.3 Evaluation Criteria

The evaluated systems were compared using multiple criteria relevant for real-time speech recognition
applications. The evaluation methodology focused primarily on recognition accuracy and processing speed.
Recognition accuracy was defined as a discrete value according to the following conditions:

1.0, if the phrase was recognized correctly
Accuracy =1{0.5, if the phrase was recognized partially correctly
0.0, if the phrase was recognized incorrectly

This approach allowed simplified comparison between systems while still reflecting partially successful
transcriptions.
Processing speed was normalized according to the measured response latency using the following equation:

1
d=—
Speed =177

where ¢ represents the speech processing time (latency) measured in seconds. This normalization maps the
resulting value into the interval (0, 1), where lower latency corresponds to a higher score coefficient.

To obtain a final evaluation value for each tested phrase, a weighted scoring method combining recognition
accuracy and processing speed was introduced:

Score =0.7- Accuracy +0.3-Speed

The weighted evaluation prioritized recognition correctness while still considering system responsiveness,
which is essential for real-time applications [5, 1].

4 Results

This section presents the results obtained during experimental evaluation of the selected speech recognition
systems. The analysis focused primarily on recognition accuracy, response latency, and the influence of speaker
accent on the final performance.

Table 1 shows an example of detailed testing results obtained using the Vosk speech recognition system for
the Ukrainian speaker communicating in English. The table includes the original spoken phrase, recognized
transcription, processing latency, and the final weighted score calculated according to the evaluation methodology
described in the previous section.

Tab. 1: Detailed testing results for Vosk (Ukrainian speaker)

No. | Spoken Phrase Recognized Text Time (s) | Score
1 open browser browser 0.91 0.51
2 | close window gold swindle 0.91 0.16
3 scroll down scroll down 0.97 0.85
4 | play music play music 0.88 0.86
5 | open file open file 1.48 0.82
6 | open the browser and | open the browser and of the for 2.45 0.44
search for information information

7 | close the window after | cause the window after finishing 2.99 0.08
finishing the task a did ask

8 scroll down to the bottom | scroll down to the bottom of the 2.48 0.44
of the page beach

9 | artificial intelligence sys- | artificial intelligence system for 342 0.77
tem for voice control voice control

The detailed results demonstrate that short commands were generally recognized with higher accuracy and
lower latency compared to longer natural language phrases. More complex sentences frequently introduced
transcription errors or partially recognized outputs, especially for offline systems.

To provide a clearer comparison between evaluated approaches, average scores for all tested speakers were
calculated. The results are summarized in Table 2. 17
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Tab. 2: Average evaluation results for individual speakers

System Ukrainian Speaker | Czech Speaker | Irish Speaker
Vosk 0.55 0.53 0.47
Whisper 0.84 0.82 0.76
Google Speech Recognition 0.72 0.70 0.64

The obtained results indicate that online systems generally achieved higher recognition accuracy than offline
approaches. However, offline systems demonstrated more stable latency and independence from network
conditions.

The experiments also showed measurable influence of speaker accent on recognition performance. The Irish
speaker achieved slightly lower average scores compared to the Ukrainian and Czech speakers. This behavior is
likely related to accent variability and pronunciation patterns that are less represented in commonly used training
datasets.

5 Discussion

The experimental results revealed noticeable differences between online and offline speech recognition
approaches.

Online systems achieved higher recognition accuracy, especially for longer and more complex phrases. This
behavior is mainly related to the use of large cloud-based neural models trained on extensive speech datasets.
However, the experiments also showed that online approaches introduce additional latency caused by network
communication, which may negatively affect responsiveness in real-time applications.

Offline systems provided more stable response times and full independence from internet connectivity.
Lightweight solutions such as Vosk were capable of continuous real-time speech processing even on limited
hardware configurations. At the same time, offline systems showed lower robustness when processing longer
phrases or less common pronunciation patterns.

The experiments also demonstrated that speaker accent has a measurable influence on recognition quality.
While all evaluated systems handled moderate pronunciation differences relatively well, stronger regional accents
reduced transcription accuracy. This effect was most visible for the Irish speaker, whose pronunciation differs
more significantly from the speech patterns commonly represented in training datasets.

From a practical perspective, the results suggest that online systems are more suitable for applications
prioritizing transcription accuracy, while offline systems remain advantageous for privacy-sensitive or low-latency
real-time applications.

The experiments were performed on a relatively limited dataset and a small number of speakers. In addition, the
testing process was conducted in a controlled environment using identical hardware configuration and microphone
settings. Therefore, the obtained results should be interpreted primarily as a comparative experimental analysis
rather than a universal benchmark for all speech recognition scenarios.

6 Conclusion

This paper presented an experimental comparison of online and offline speech recognition approaches for
real-time applications.

Several speech recognition systems representing different technological approaches were evaluated using a
unified testing methodology. The analysis included recognition accuracy, processing latency, and robustness
against accent variability.

The obtained results showed that online systems achieved higher transcription accuracy, while offline
approaches provided lower dependency on external infrastructure and more predictable real-time behavior.

Future work may include evaluation on larger multilingual datasets and comparison under real-time noisy
environments.
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GENERATION PIPELINES FOR STRUCTURED
PROCEDURAL DOCUMENTATION
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Abstract:  Technical documentation for industrial machines often contains structured procedures,
section titles, numbered steps, warnings, configuration values, and alarm recovery instructions. This
paper presents a comparative evaluation of four Retrieval-Augmented Generation pipelines for question
answering over structured procedural documentation. The compared approaches are Flat Vector RAG,
Hierarchical RAG, Reranked RAG, and a local GraphRAG-style pipeline. All approaches use the same
documentation dataset and the same final answer generation prompt; the main difference is the retrieval
strategy used before generation. The evaluation uses ten realistic operator-style questions in English,
Czech, and mixed Czech-English. The questions include exact machine identifiers, machine aliases,
missing machine identifiers, alarm codes, exact-value requests, and multi-section procedural requests.
The results show that Hierarchical RAG achieved the strongest retrieval performance on this dataset,
with correct expected source retrieval for all ten questions. Flat Vector RAG and Reranked RAG
were faster but less robust for Czech wording and missing machine identifiers. The local GraphRAG-
style pipeline often retrieved related context, but its top-ranked source selection was weak for exact
procedural lookup. The result is interpreted as a limitation of the simplified local graph retrieval
implementation and of graph-neighborhood retrieval for narrow procedural questions, not as a general
evaluation of the Microsoft GraphRAG framework.

Keywords:  Retrieval-Augmented Generation, technical documentation, procedural documentation,
vector search, reranking, hierarchical retrieval, graph-based retrieval

1 Introduction

Technical service and operating documentation is an important part of industrial machine operation. It usually
contains instructions for machine setup, normal operation, calibration, alarm recovery, maintenance, and final
inspection. In many cases this documentation is stored as PDF, Markdown, or other text-based files and is
organized into manuals, sections, and numbered procedures. Although such structure is suitable for human
reading, it can still be inefficient when an operator needs to quickly find one exact instruction during machine
operation.

Large Language Models (LLMs) can produce fluent natural language answers, but their direct use is not
sufficient for technical documentation. The model may answer from its internal knowledge instead of the real
machine manual. In technical applications this can lead to unsupported steps, incorrect values, or missing safety
instructions. For this reason, the answer must be grounded in the relevant source section of the documentation.

Retrieval-Augmented Generation (RAG) addresses this problem by combining a language model with an
external knowledge base. In a typical RAG system, documents are first divided into smaller text units, embedded
into vectors, stored in a retrieval index, and later retrieved according to the user question. The retrieved context is
then passed to the language model, which generates the final answer based on the selected source material [1, 2].
This makes RAG suitable for machine manuals and service instructions because the system can answer from a
selected document context instead of relying only on the model parameters.

The aim of this work is to design and evaluate several RAG pipelines on structured procedural documentation.
The evaluated approaches are Flat Vector RAG, Hierarchical RAG, Reranked RAG, and a local GraphRAG-style
pipeline. The comparison focuses on how the retrieval strategy influences the final generated answer when all
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approaches use the same source documents and the same answer generation step. The tested questions are designed
to be realistic and include exact machine identifiers, Czech wording, mixed language questions, machine names
written as words, and ambiguous procedural requests.

The main contribution of this work is a unified experimental comparison of RAG pipelines under the same
conditions. The report describes the repository architecture, data preparation process, selected approaches,
evaluation criteria, and observed retrieval behavior. Special attention is given to realistic operator questions, where
the machine identifier may be missing or expressed as a Czech or English alias. The results are then discussed with
respect to retrieval precision, answer grounding, language robustness, and the suitability of graph-based retrieval
for exact procedural lookup.

2 Background

2.1 Retrieval-Augmented Generation

Retrieval-Augmented Generation is a method that extends a generative language model with an external
retrieval component. Lewis et al. introduced RAG as a model that combines parametric memory in a pre-trained
sequence-to-sequence model with non-parametric memory represented by a dense vector index [1]. The retrieval
component selects relevant passages from an external corpus and the generator uses them as context for answer
generation.

In recent work, RAG is commonly divided into several families such as naive RAG, advanced RAG, and
modular RAG [2]. Naive RAG usually consists of document chunking, vector search, top-k retrieval, and answer
generation. Advanced and modular variants add components such as query rewriting, reranking, metadata filtering,
routing, graph-based retrieval, or multi-step retrieval. These extensions are important because simple top-k vector
retrieval may return incomplete or noisy context when the document collection contains many similar sections.

For technical documentation, the retrieval component is especially important. The system should not only
find text that is semantically related to the question, but should also select the correct machine, manual, and
section. The final answer should preserve exact procedure steps, alarm codes, values, component names, and
source references. This requirement makes structured procedural documentation a useful test case for comparing
different RAG architectures.

2.2 Dense Retrieval and Vector Search

Dense retrieval represents text as numerical vectors and compares them in a continuous embedding space. Dense
Passage Retrieval showed that open-domain question answering can be implemented using dense representations
learned by a dual-encoder framework and that dense retrieval can outperform traditional sparse retrieval in several
settings [3]. Sentence-BERT introduced sentence embeddings that can be compared using cosine similarity and
are suitable for semantic similarity search [4].

In this project, dense retrieval is used to represent each procedural section or chunk as an embedding vector.
A user question is embedded in the same vector space and compared with stored chunks. The most similar chunks
are retrieved and used as context for the final answer. For efficient similarity search, FAISS-like vector indexing is
suitable because it was designed for fast nearest-neighbor search over large vector collections [5].

The advantage of dense retrieval is its ability to match semantically similar text even when the question and
document do not use exactly the same words. This is useful for operator-style questions, where the user may
describe a symptom rather than a manual title. The limitation is that vector similarity alone may confuse sections
with similar vocabulary, especially in structured manuals where many sections contain words such as HMI, alarm,
reset, check, or recipe.

2.3 Reranking

Reranking is a common improvement over basic vector retrieval. The system first retrieves a larger set of
candidate chunks using a fast retriever and then applies a second model to rank these candidates more accurately.
Nogueira and Cho showed that a BERT-based model can be used for query-based passage reranking and can
improve passage ranking performance on benchmark datasets [6].

In a RAG pipeline, reranking is useful when the first retrieval stage returns several partially relevant chunks.
Instead of passing all candidates to the generator, the reranker selects the most relevant subset. This can reduce
context noise and improve answer grounding. However, reranking cannot recover a correct chunk if it was not
included in the candidate set retrieved by the first-stage retriever. Therefore, candidate size and first-stage retrieval
quality remain important. 21
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2.4 Hierarchical Retrieval

Hierarchical retrieval uses the natural structure of a document collection. Instead of searching all chunks
globally, the system first selects a higher-level unit such as machine, manual, chapter, or section, and only then
retrieves detailed text from this selected part. This approach is related to recent hierarchical retrieval methods such
as RAPTOR, where documents are recursively clustered and summarized into a tree structure that can be used
during retrieval [7].

For structured procedural documentation, hierarchy is already present in the data. Machine folders contain
manuals, manuals contain sections, and sections contain numbered procedure steps. This structure can be used
directly by a routing component. For example, the system may first identify the machine as 02-110, then select
the manual about label verification, and finally retrieve the section about resetting a barcode alarm. The advantage
is a reduced search space and better control over the selected source. The weakness is that a routing error at the
beginning can be fatal because the system may retrieve only from the wrong manual or section.

2.5 GraphRAG

GraphRAG extends RAG by building a graph representation of the document collection. Instead of treating
chunks as independent text blocks, the system extracts entities, relations, and higher-level communities. Edge et
al. proposed GraphRAG for query-focused summarization, where a graph is created from private text corpora and
community summaries are used to answer both local and global questions [8].

The motivation of GraphRAG is strongest when the question requires relationships between entities, information
distributed across many documents, or a higher-level summary of a corpus. In contrast, the present work evaluates
mostly local procedural questions, where the desired answer is usually contained in one exact section. This
distinction is important for interpretation of the results. The implemented method in this repository is a local
GraphRAG-style prototype: it builds an entity graph and community summaries, but it does not reproduce the
full Microsoft GraphRAG pipeline. Therefore, its results should be interpreted as the performance of this local
graph-based retrieval implementation, not as a general benchmark of the original GraphRAG system.

3 Compared RAG Pipelines

Four RAG pipelines are selected for comparison. All of them use the same documentation dataset and the
same final answer generator. The difference is the retrieval and context selection method.

3.1 Flat Vector RAG

Flat Vector RAG is used as the baseline approach. In this method, all sections or chunks from all manuals are
embedded and stored in one vector index. When a question is asked, the query is embedded and the top-k most
similar chunks are retrieved from the complete collection.

The pipeline can be summarized as follows:

Question — query embedding — global vector search — top-k chunks — answer generation.

This approach is simple and easy to implement. It is also a useful baseline because many practical RAG
systems start from this architecture. The main weakness is that all chunks compete globally. If two machines
contain similar procedures, the system may retrieve a section from the wrong machine. The answer generator may
also receive mixed context from different manuals.

3.2 Hierarchical RAG

Hierarchical RAG uses document structure during retrieval. The system first routes the question to a machine
and then to a manual section. After the section is selected, the corresponding chunk is passed to the answer
generator.

The pipeline can be summarized as follows:

Question — machine routing — manual/section routing — selected section — answer generation.

This method is suitable for structured procedural documentation because the documents are already organized
by machine, manual, and section. It is expected to perform well when the question contains a machine ID or a clear
machine alias. It may also handle Czech aliases such as stodesitka or sto dvandctka if these aliases are included in
the metadata catalog. The main weakness is dependence on the router. If the selected section is wrong, the system
has limited ability to recover. 22
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3.3 Reranked RAG

Reranked RAG adds a reranking stage after the first vector retrieval. The first-stage retriever returns a larger
candidate set, for example top-n chunks. Then a reranker scores each query—chunk pair and selects the final top-k
chunks for answer generation.

The pipeline can be summarized as follows:

Question — vector candidate retrieval — reranking — final top-k chunks — answer generation.

This method is expected to improve over Flat Vector RAG when the vector index retrieves several similar
chunks. It can reduce irrelevant context and help the generator focus on the most relevant procedure. Its limitation
is that the correct chunk must already be present in the candidate set. If the first-stage vector retrieval misses the
correct section, the reranker cannot select it.

3.4 Local GraphRAG-style RAG

The implemented graph-based method builds an additional graph index from the documentation. During
indexing, entities and relations are extracted from chunks. The graph connects machines, manuals, sections,
technical components, alarm codes, recipe names, and other extracted entities. Community-level information is
also summarized and stored for retrieval.

The pipeline can be summarized as follows:

Chunks — entity and relation extraction — graph construction — community summaries — graph retrieval —
answer generation.

During question answering, the system matches query terms to graph nodes, expands the graph neighborhood,
ranks the related chunks, adds community summaries, and passes the resulting context to the same answer
generator. This design is useful for examining whether graph neighborhoods can support procedural question
answering. However, it is a simplified local GraphRAG-style implementation. It relies on rule-based query entity
extraction and token-overlap ranking at query time. It therefore should not be presented as a complete reproduction
of the Microsoft GraphRAG framework. This methodological limitation is considered explicitly in the discussion.

4 Documentation Dataset

4.1 Dataset Structure

The experimental dataset is organized as structured procedural documentation. The root folder contains
machine folders. Each machine folder contains several Markdown instruction manuals. Each manual begins with
metadata and then contains numbered sections with step-by-step instructions.

The current dataset contains two machine groups:

e 02-110: Carton Packaging Cell CP-110,
e 02-112: Shrink Wrap Packaging Cell SW-112.

Each machine contains several instruction manuals. For example, machine 02-110 contains manuals related to
carton packaging, label printer setup, carton erector calibration, tape sealer changeover, and PLC/HMI alarm reset.
Machine 02-112 contains manuals related to tray packaging, film unwinder changeover, shrink tunnel temperature
setup, vision inspection, and PLC alarm recovery.

Each manual contains three sections. A section usually corresponds to one complete procedure, such as a
setup procedure, alarm recovery procedure, calibration procedure, or final check. Since the sections are short and
procedural, the default chunking strategy creates one chunk per section. This preserves the complete procedure
and avoids splitting warnings or expected results away from the related steps.

4.2 Metadata

Metadata is used to preserve the document hierarchy and support routing. Each chunk contains at least the
following fields:

e machine_id, 23
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e machine_name,

e instruction_id,

e instruction_title,
e section_title,

e chunk_id,

* source_path,

e steps_count.

For Hierarchical RAG, machine aliases are also important. The aliases allow the system to map operator
wording to the correct machine. Examples include stodesitka, sto desitka, and one hundred ten for machine
02-110, and sto dvandctka or one hundred twelve for machine 02-112.

S System Architecture

5.1 Common Processing Pipeline

All approaches use the same initial processing pipeline. First, Markdown files are loaded from the
documentation folder. The YAML-like metadata is parsed and the document body is extracted. Then the
document is split into sections. Each section is converted into one chunk with hierarchical metadata. The chunks
are saved as JSON and embedded using a local embedding model. The embeddings are stored in a FAISS index.

The common processing pipeline is:

Documentation — loading — section parsing — chunking — embedding — vector index.
The advantage of this design is that the four compared methods use the same input data. Therefore, differences
in results can be attributed mainly to the retrieval strategy and not to different preprocessing.
5.2 Local and Configurable Language Model Interface

The repository is designed to support a local language model interface. This follows the requirement that
technical documentation may contain internal information and should not necessarily be sent to external services.
A local model can be executed through an Ollama-compatible interface. For practical testing, the same interface
can also be configured to use an OpenAl-compatible provider when local inference is unavailable.

The final answer generator uses the same prompt for all approaches. The prompt instructs the model to answer
only from the provided context and to avoid inventing steps, values, alarms, or component names. This is important
for fair comparison because the generation stage should not be different between retrieval methods.

5.3 Repository Modules

The repository is divided into modules according to responsibility:

e cli: command-line scripts for building indexes and running individual approaches,

e config: project paths, model settings, and prompt templates,

e data: structured procedural documentation and test questions,

e src/ingestion: Markdown loading, section parsing, chunk creation, and metadata catalogs,

* src/embeddings: local embedding model wrapper,

e src/vector_store: FAISS index and chunk storage,

e src/rag: implementations of the four RAG approaches,

e src/router: machine, manual, and section routing,

e src/graphrag: graph extraction, graph construction, community processing, and graph retrieval,
24
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e src/reranker: reranker model wrapper,

e src/evaluation: result logging and manual evaluation helpers.

Each method is tested separately from the command line. This makes debugging easier and prevents one long
test run from hiding method-specific problems. The produced outputs are saved as JSON files and later used for
manual analysis.

6 Experimental Methodology

6.1 Testing Strategy

The experiment evaluates the four RAG approaches on the same set of ten questions. The methods are not
executed as one combined automatic comparison. Instead, each method is called separately with one question
at a time. This allows inspection of terminal output, retrieved sources, routing traces, graph context, and final
generated answers.

The typical testing command sequence for one question is:

e run Flat Vector RAG,
e run Hierarchical RAG,
¢ run Reranked RAG,

e run the local GraphRAG-style pipeline.

Each run stores the final answer, retrieved sources, method name, question, and available metadata. The saved
outputs are then compared manually according to the criteria below.

6.2 Evaluation Questions

The question set is designed to be realistic and not too easy. It includes English, Czech, and mixed Czech-
English questions. Some questions contain exact machine identifiers, while others use aliases or do not mention
the machine directly. This is important because real operators often do not ask questions in the same wording as
the manual.

Table 1 shows the evaluation questions and expected sources.

Tab. 1: Evaluation questions

ID | Question Expected source

QO1 | How do I reset the label verification alarm on machine 02-110, INS-02-110-05, Section 2 — Resetting Label
02-110? Verification Alarm

Q02 | Na stodesitce nejde precist ¢arovy kod na Stitku. Co 02-110, INS-02-110-05, Section 2 — Resetting Label
mdam udélat? Verification Alarm

Q03 | On one hundred ten, the tape is stuck in the sealer. 02-110, INS-02-110-04, Section 3 — Tape Jam
How do I recover it? Recovery

Q04 | Co mdm zkontrolovat pied potvrzenim hotového 02-110, INS-02-110-01, Section 3 — Final Check After
kartonu? Carton Packaging

Q05 | How do I calibrate the vacuum arm for the carton 02-110, INS-02-110-03, Section 1 — Calibration for
erector on 02-110? Type A Carton

Q06 | Fdlie se pretrhla na sto dvandctce, jak obnovit provoz? 02-112, INS-02-112-05, Section 1 — Film Break Alarm

Recovery

Q07 | The shrink tunnel is too hot and shows SHT-09. What 02-112, INS-02-112-05, Section 2 — Shrink Tunnel
is the safe restart procedure? Overtemperature Alarm

QO8 | Jak nastavit folii pro deep tray na 02-112? Potfebuju 02-112, INS-02-112-02, Section 2 — Film Setup for
Sitku, tah a Cas Celisti. Type D Deep Tray

Q09 | How do I check that the camera rejects packages with 02-112, INS-02-112-04, Section 3 — Reject Verification
missing label or damaged film? Test

Q10 | Na shrink lince chci pfipravit deep tray a potom 02-112, INS-02-112-01, Sections 2 and 3
zkontrolovat baleni po smrsténi. Jaké jsou hlavni
kroky?
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The questions are divided into several difficulty categories. Q01 and Q06 are direct procedural questions. Q02,
QO03, and QO6 test machine aliases and language variation. Q04 and Q09 do not directly mention the machine and
therefore test whether the system can infer the correct context from the procedure. Q07 and Q08 require exact
alarm or value handling. Q05 and Q10 are more difficult because they can require more than one relevant section.

6.3 Evaluation Criteria

The evaluation will be performed using five criteria. Each criterion is scored from 0 to 2 points.

Tab. 2: Evaluation criteria

Criterion Description Score

Source retrieval Whether the expected section or | 0-2
acceptable alternative section was
retrieved

Answer correctness Whether the generated answer fol- | 0-2
lows the source procedure correctly

Completeness Whether important steps, values, | 0-2
and warnings are included

Grounding Whether the answer is supported by | 0-2
the retrieved context

Hallucination control Whether the answer avoids unsup- | 0-2
ported steps, values, or components

The maximum score for one question is therefore 10 points. Since ten questions are used, the maximum score
for one approach is 100 points. The final score is calculated as:

10
Scoremethoa = Z (Sretrieval + Scorrectness + Scomplete + Sgrounding + Shallucination)
q=1

where each partial score is assigned manually after inspecting the answer and retrieved sources.

6.4 Expected Weaknesses of the Approaches

Before running the experiment, the expected weaknesses of the methods can be identified from their architecture.

Flat Vector RAG is expected to be simple and robust for direct questions, but it may retrieve chunks from the
wrong machine when the machine is not specified. It may also mix context from multiple similar procedures.

Hierarchical RAG is expected to work well when the machine and section can be routed correctly. Its main
weakness is that a routing error is difficult to recover from. Ambiguous questions may require clarification rather
than direct answer generation.

Reranked RAG is expected to reduce irrelevant context compared with Flat Vector RAG. Its main limitation is
dependence on the candidate set from the first retrieval stage. If the correct chunk is not retrieved as a candidate,
the reranker cannot select it.

The local GraphRAG-style pipeline is expected to help with entity-based and broader questions. However,
it has higher indexing cost and may lose exact procedural detail when community summaries or broad graph
neighborhoods are used instead of exact sections. Since the query-time implementation uses rule-based entity
matching and simple graph-neighborhood ranking, it is expected to be weaker for Czech aliases and precise
step-by-step questions than methods that explicitly route through the document hierarchy.

7 Results

The experiment was executed on the ten evaluation questions from Table 1. Each question was submitted to
all four approaches. The runtime reported in this section includes the complete query-time method call, including
retrieval, routing or reranking when used, and final answer generation. It does not include offline vector index
construction or offline graph construction.

Table 3 summarizes the retrieval behavior. Top-1 accuracy means that the first returned source was the
expected section or an accepted alternative. Recall means that the expected section appeared anywhere in the

26



V. Dudavskyi

RAG Pipeline Comparison

returned context. The column “insufficient answers” counts cases where the generated answer explicitly stated that
the provided documentation did not contain enough information.

Tab. 3: Overall retrieval and answer behavior

Method Top-1 correct source | Correct source anywhere | Insufficient answers | Average runt.[s]
Flat Vector RAG 6/10 7/10 2/10 14.67
Hierarchical RAG 10/10 10/10 2/10 31.47
Reranked RAG 5/10 7/10 2/10 14.30
Local GraphRAG-style 1/10 7/10 3/10 14.90
RAG

The strongest retrieval result was obtained by Hierarchical RAG. It selected the expected source or an accepted
alternative for all ten questions. This is mainly because the method first routes the question to a machine and then
to a manual section, instead of searching all chunks globally. For example, in Q02 the question does not contain the
literal identifier 2-110; it uses the Czech alias stodesitce. The hierarchical router mapped this alias to machine
02-110 and then selected the label verification alarm section. In Q04, the question also does not contain a machine
identifier, but the term karton indicates the carton packaging cell. The router therefore selected machine 02-110
and the section Final Check After Carton Packaging.

Flat Vector RAG performed well on direct English questions and on questions with strong technical keywords.
It returned the correct top source for QO01, Q03, Q05, Q07, Q09, and Q10. However, it failed on Czech and
ambiguous questions. In Q02 it retrieved vision inspection sections from machine 02-112 instead of the label
verification alarm section from 02-110. In Q04 it selected a shrink wrapping final check from machine 02-112,
which is semantically similar to the phrase “final check”, but belongs to the wrong machine and procedure.

Reranked RAG improved the ranking for some direct questions, but it did not solve the main weakness of the
first-stage vector retrieval. It achieved correct top-1 retrieval for five questions and included the correct source
somewhere in the context for seven questions. The results show the expected limitation of reranking: if the correct
section is missing from the candidate set or is weakly represented because of language mismatch, the reranker
cannot reliably recover it.

The local GraphRAG-style pipeline showed the weakest top-1 precision. It selected the correct top source
only for Q09. However, the correct source was present somewhere in the retrieved context for seven questions.
This means that the graph index often found related context, but the query-time ranking did not place the exact
procedural section first. For example, in Q01 the correct label verification section was retrieved, but a more
general PLC/HMI restart section was ranked above it. In QO7 the correct shrink tunnel overtemperature section
appeared in the returned context, but the top source was a packaging section. These results suggest a ranking and
context-selection problem rather than a complete absence of useful graph structure.

Tab. 4: Top-1 retrieval correctness by question

Question | Flat Vector RAG | Hierarchical RAG | Reranked RAG | Local GraphRAG-style RAG
QO1 correct correct correct incorrect
Q02 incorrect correct incorrect incorrect
Q03 correct correct correct incorrect
Q04 incorrect correct incorrect incorrect
Q05 correct correct correct incorrect
Q06 incorrect correct incorrect incorrect
Q07 correct correct correct incorrect
Q08 incorrect correct incorrect incorrect
Q09 correct correct correct correct
Q10 correct correct incorrect incorrect

8 Discussion

The results confirm that the best RAG architecture depends on the structure of the documentation and on the
type of user question. The documentation used in this work is highly structured: it contains machines, manuals,
sections, and short procedural chunks. For this type of corpus, explicitly using the hierarchy is more effective than
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relying only on global semantic similarity. Hierarchical RAG was therefore the most reliable retrieval method in
the experiment.

The success of Hierarchical RAG on Q02 and Q04 is especially important. In both cases the machine identifier
is not written as a number. In Q02 the Czech expression stodesitce is interpreted as an alias for machine 02-110.
In Q04 the machine is inferred from the procedure domain: hotovy karton indicates the carton packaging cell. This
behavior is not possible with pure vector search unless the embedding model and the indexed text represent the alias
or domain context very clearly. The result shows the value of a separate routing step for industrial documentation.

At the same time, Hierarchical RAG was not perfect as a complete question-answering system. In Q06
it retrieved the correct source, but the final answer still stated that the documentation did not contain enough
information. In Q10 the selected source was an accepted alternative, but the question asked for both preparation
of a deep tray and final checking after shrink wrapping. A single selected section was therefore not sufficient for
a complete answer. These cases show that correct retrieval does not automatically guarantee correct generation.
They also show that hierarchical retrieval should support multi-section routing when the question contains several
procedural intents.

Flat Vector RAG and Reranked RAG have the advantage of simpler implementation and lower query-time
latency. They are useful baselines and work well for exact English questions with strong keywords, such as alarm
codes or component names. Their weakness is robustness. When the question is in Czech, when a machine alias is
used, or when the machine is omitted, the methods can select semantically similar but procedurally wrong sections.
Reranking improves ordering only inside the candidate set produced by the first retrieval step. It cannot select a
correct section that was not retrieved as a candidate.

The interpretation of the graph-based result requires care. The method implemented here should be described
as a local GraphRAG-style prototype, not as a full reproduction of Microsoft GraphRAG. The graph index contains
useful information: machines, instructions, chunks, technical entities, alarm codes, recipe names, and communities.
However, query-time retrieval uses rule-based entity matching, graph-neighborhood expansion, and token-overlap
ranking. This is much simpler than a full query-focused graph retrieval pipeline. As a result, the system often
retrieved related neighborhoods but did not rank the exact procedural section first.

Several graph artifacts explain the observed behavior. Some communities are useful, for example a community
that connects carton packaging final check with label verification on machine ®2-110. Other communities are too
broad for exact procedural lookup. For instance, alarm-related communities can connect different machines and
different alarm procedures because they share general entities such as PLC, HMI, Reset Alarm, or restart. Generic
entities such as check, press, confirm, machine, and section can also create noisy graph bridges. This explains why
the local GraphRAG-style method often had good recall but poor top-1 precision.

This result does not contradict the motivation of GraphRAG in the literature. The original GraphRAG work
focuses on query-focused summarization and on moving from local to global understanding over a corpus [8].
Such methods are valuable when a question asks for themes, relations, or information distributed across many
documents. The present experiment is different: most questions require one exact procedural section and ordered
steps. In this setting, the document hierarchy already provides a strong retrieval structure, while broad graph
neighborhoods and community summaries may introduce noise.

A stronger graph-based system for this task would need several improvements. First, the query should be
processed by an LLM-based entity and intent linker that can map Czech expressions and machine aliases to graph
nodes. Second, graph expansion should be limited for procedural lookup, for example to one hop unless the
question explicitly asks for a broader relation. Third, generic entities should be filtered or heavily down-weighted.
Fourth, graph-based scores should be combined with metadata and vector similarity, with strong boosts for machine
matches, alarm code matches, and section title matches. Finally, exact chunks should be placed before community
summaries in the answer context, because procedural questions depend on exact steps and values.

9 Conclusion

This paper compared four retrieval strategies for question answering over structured procedural documentation.
The experiment used the same documentation dataset, the same chunk structure, and the same final answer generator
for all methods. The main variable was the retrieval strategy.

Hierarchical RAG achieved the best retrieval performance in this experiment. It correctly selected the expected
source or an accepted alternative for all ten questions. The result shows that structured routing through machine,
manual, and section metadata is highly suitable for procedural documentation. This is especially useful when
operators use Czech wording, machine aliases, or incomplete questions without explicit machine identifiers.

Flat Vector RAG and Reranked RAG were simpler and faster, but less robust for multilingual and ambiguous
questions. Reranked RAG improved some direct cases, but remained dependent on the initial vector candidate
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set. The local GraphRAG-style pipeline retrieved useful related context in several cases, but its top-ranked
source precision was weak. This should be interpreted as a limitation of the simplified local graph retrieval
implementation and of broad graph-neighborhood retrieval for exact procedural lookup, not as a general negative
result for GraphRAG as proposed in the literature.

The main practical conclusion is that, for structured procedural documentation, the most effective approach
is not necessarily the most complex one. The best retrieval method is the one that matches the structure of the
source material and the type of user question. For the tested dataset, hierarchy-aware retrieval was the most
reliable solution. Future work should improve multi-section routing for complex procedural questions and develop
a stronger graph-based retriever with semantic query-to-entity linking and weighted graph ranking.
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Abstract: With the massive rise of synthetic content generation using Deep
Neural Networks (DNNs) [2], distinguishing real photographs from artificially
created ones is becoming increasingly difficult. This paper explores the feasibility of
detecting Al-generated images using frequency spectrum analysis, specifically the
Radially Averaged Power Spectral Density (RAPSD) method. The aim of the
experiment was to verify whether spectral data alone contains sufficient information
for successful classification without the need for visual content analysis. A 1D
Convolutional Neural Network (ResNetlD) model was designed and trained using
log-transformed RAPSD data and linear regression residuals (Square Error) as
inputs. The results suggest that while frequency analysis reveals specific artifacts of
generative models, robust detection requires combining this approach with other
methods and utilizing high-resolution data.

Keywords: Deepfake detection, frequency analysis, RAPSD, FFT, Convolutional
Neural Networks, ResNetID.

1. Introduction

With the advent of advanced generative models (e.g., Midjourney, Stable Diffusion), the visual
boundary between reality and synthetic content is blurring. This reality poses significant risks regarding
the spread of disinformation and the verification of digital media authenticity. Traditional detection
methods often focus on visual artifacts in the spatial (pixel) domain. This work, however, focuses on an
alternative approach—analyzing the image in the frequency domain.

The fundamental hypothesis is based on the physics of imaging. Real photographs of natural scenes
tend to exhibit a power spectrum that falls off approximately linearly on a log-log scale, a phenomenon
known as the "1/f law." The premise of this study is that artificial neural networks, while generating
visually convincing content, fail to faithfully reproduce this natural spectral characteristic. When
generating an image from latent space (e.g., through up-sampling processes), periodic patterns or high-
frequency noise often emerge, leaving an invisible "fingerprint" on the image.

The goal of this work was to ignore the semantic content of the image and focus purely on the
mathematical analysis of frequency characteristics to distinguish between real and synthetic photographs.
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2. Methodology

Instead of training computationally expensive 2D Convolutional Neural Networks (CNNs) [3] on
full-resolution images, a method of drastic data reduction was chosen. The processing pipeline consisted
of the following steps:

e FFT [1] (Fast Fourier Transform):
Converting the image from the spatial domain to the frequency domain.

e RAPSD (Radially Averaged Power Spectral Density):
A 1D profile was created from the 2D image spectrum by averaging energy values along
concentric circles from the center outward. This resulted in a curve representing energy
distribution across different frequencies.

e [og-Log Transformation:
Data was converted to a logarithmic scale, where the profile of real photographs should
approximate a straight line.

e SE (Square Error) Residuals:
A linear regression of the data (ideal "1/f" line) was calculated, and the deviations (residuals)
of the actual curve from this model were stored.

e Neural Network Training:
The processed 1D vectors (Log-RAPSD and SE residuals) were used to train a 1D
Convolutional Neural Network (ResNet1D) [3] to classify images as either Real or Fake.

e Evaluation:
The trained model was tested on a separate dataset to evaluate its accuracy and ability to
generalize to unseen data.

Through this process, each image was reduced to a 1D vector for the R, G, B, and Gray channels.
This reduction significantly lowered computational complexity and enabled efficient training even on
consumer-grade hardware.
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2.1 Neural Network Model
Given the nature of the input data (1D signals similar to audio waveforms), a 1D Convolutional
Neural Network [3] was selected for classification, specifically a custom ResNetlD architecture. The
model was designed to learn and recognize the specific shapes of spectral curves:

Real Class: Typically characterized by a smooth, linear decay of energy across frequencies.

Fake Class: Characterized by an irregular spectrum, often exhibiting sudden drops or distinct peaks
(spikes) at high frequencies caused by up-sampling artifacts.

Input
(1D Spectral data)

Input: 4 channels
(R, G, B, and Gray)

Residual Block 1
(64 fllters)

(

Residual Block 2
(128 filters)

NE

[ ¥ MaxPool (1/2) v
(

¥ MaxPool (1/2) ¥

<&

Residual Block 3 High-level
(256 filters) features
[ Global AvgPool & Flatten ]

N7

[ Dense Layer (128) & Dropouts ]

<z

Output
(Real/Fake score)

Figure 1 - Architecture scheme of the ResNet1 D model [5] for 1D spectral data classification

3. Results and Discussion

One of the key findings of the experiment was that anomalies in synthetic image data are often
visible even upon visual inspection of the RAPSD graphs. When analyzing the Log-Log RAPSD plots,
significant peaks were observed at specific frequencies in a large portion of the artificial images.

These spectral peaks often corresponded to specific visual or generative artifacts, such as:

e  Unnatural blurring and smudging in texture-heavy areas.

e Added synthetic elements, such as digital filters or effects overlaying the image.

e Checkerboard artifacts, which are a typical byproduct of image generation using GANs
(Generative Adversarial Networks) due to imperfect up-convolution operations.
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Experiments were conducted on a publicly available dataset from KK (Deepfake and Real Images)
[4]. However, the analysis revealed that even the "Real" dataset contained images with anomalous
spectral characteristics. Upon inspection, these were often photographs with heavily applied filters (e.g.,
from social media platforms like Instagram) or images artificially upscaled from lower resolutions. These
modifications disrupt the natural frequency characteristic, necessitating the exclusion of such data from
the training set to avoid confusing the model.

Another factor affecting accuracy was the depth of field. Real photographs taken with high-quality
optics and a shallow depth of field (blurred background) exhibited higher SE (Square Error) values
compared to fully focused images, which initially led to false positives.

3.1 Examples of Intermediate Results
e 2D FFT (Fast Fourier Transform) [1]:

Category - FAKE. Flle: fake_2188.Jpg
2D FFT Spectrum (log scale)

Figure 2 -2D Fast Fourier Transform (FFT) [1] amplitude
spectrum of a fake photograph from the dataset
[4]. Category — FAKE. Left — original image,
right — 2D FFT Spectrum in log-log scale

Category — REAL. File: real_620.Jpg
Original Image 2D FFT Spectrum (log scale)

”
:
.
H
- : &
i
.

Figure 3 - 2D Fast Fourier Transform (FFT) [1]
amplitude spectrum of a real photograph from
the dataset [4]. Category — REAL. Left —
original image, right — 2D FFT Spectrum in
log-log scale
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e RAPSD (Radially Averaged Power Spectral Density) [2] in Log-Log Transformation:

G channel - example of linear fits and MSE
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Figure 3 - Comparison of 1D RAPSD [2] profiles from grey color data (Log-
Log scale)
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Figure 4 - Comparison of 1D RAPSD ([2] profiles from red color data (Log-Log
scale)
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SE (Square Error) Residuals:
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Figure 6 - Visualization of Square Error (SE) residuals on fake data
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Figure 5 - Visualization of Square Error (SE) residuals on real data
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e Neural Network Training:

Figure 7 - Training and validation accuracy curves during the learning process. The convergence of both curves
around 66%
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e Evaluation:

Dataset analysis and preprocessing initial training on the uncleaned Kaggle dataset [4]
showed strong signs of overfitting. While accuracy on the training set rose to 75%, validation
stagnated around 45-55%. The reason for the low success rate was the aforementioned
fundamental flaws in the "Real" dataset [4] (revealed via visual inspection, listing Real photos
with the highest MSE error, and listing photos not containing a human face).

e  Absence of faces: Many images did not contain a human face but only noise, or
they were photographs of cartoon drawings of human faces.

e  Digital filters: A significant number of "real" photographs contained added
digital layers (e.g., snow effects, text overlays, strong Instagram filters). These modifications
introduce high-frequency noise and sharp edges into the frequency spectrum, which the model
erroneously interpreted as artifacts of generative networks (Fake). Several of these elements
appeared in the dataset even after initial cleaning, which may have been one of the reasons for
the poorer results.

To resolve most of these issues by preventing the neural network from learning on this
invalid data, a two-phase cleaning process was implemented:

Ist Face Detection (MTCNN): The MTCNN detector was used to automatically
identify and remove images that did not contain a valid human face.

2nd Listing Real photos with highest MSE or SE: Both of these methods helped list
photographs where the problem appeared most frequently (though this was not a rule for all
photographs).

3rd Spectral Filtration (Blacklist): A "blacklist" of indices was created for images
that contained a face but were degraded by digital noise or text, which would confuse the
spectral model training.

Training results after cleaning the dataset [4] and removing damaged samples, the
model stabilized significantly. The final experiments used a combination of two signals as
input:

e  Log-RAPSD: The shape of the power spectrum.

e  SE (Square Error): Residuals (deviations) from the ideal linear 1/f model.

The ResNet1D model achieved an accuracy of approximately 66% on the validation
set. Although this is not an absolutely high value, the key result was the consequent
convergence of the training and validation curves. By removing noise, we managed to

eliminate model "hallucination," where the model stopped learning specific noise in the data
and began learning general spectral characteristics.
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Figure 9 - Log-log graph of biggest MSE in dataset of RAPSD data of Real photos
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3.2 Implementation Specifics on macOS

During development on the Apple Silicon platform (M2 Pro chip), a specific technical issue
was identified when training with the PyTorch framework. The training script repeatedly crashed
with RuntimeError Or BrokenPipeError messages during data loading.

The cause was identified as the difference in process management (multiprocessing start
method spawn vs. fork) on macOS. The standard PyTorch pataLoader attempts to parallelize
data loading, which conflicts with the macOS restriction on forking processes.

The issue was resolved by setting the parameter num workers=0 in the DataLoader

initialization: train loader = Dataloader (dataset, batch size=64, shuffle=True,
num workers=0)

While this setting disabled parallel data loading (forcing it to run in the main process), it
ensured the stability of the script execution on the local machine.

4. Conclusion

This work examined the feasibility of detecting Al-generated images using frequency spectrum
analysis—specifically the Radially Averaged Power Spectral Density (RAPSD) method and Square Error
(SE) residuals—utilized within a 1D Convolutional Neural Network (ResNet) architecture [3]. The
experiments demonstrated that the frequency domain contains valuable signal data suitable for partially
distinguishing synthetic content, particularly in the high-frequency range.

However, a primary finding of this study is the method's high sensitivity to input quality. The initial
assumption of a strictly linear spectral decay (the 1/f law) in real photographs proved to be a
simplification. Many real images, especially those sourced from social media, exhibit concave spectral
characteristics or high-frequency disruptions due to compression, post-processing, and digital filters.
Consequently, these modified real photos become mathematically indistinguishable from synthetic
images for the spectral model, leading to false positive detections.

To mitigate this, a stricter definition of "real photography" was required. After thoroughly cleaning
the dataset of images [4] without valid faces and those with extreme digital noise, the model achieved a
stable accuracy of approximately 66%. Furthermore, it was observed that detection success rates correlate
with the native resolution of the analyzed images; higher-quality inputs yield more reliable spectral
fingerprints.

These results suggest that while the RAPSD/SE analysis is not suitable as a standalone "all-in-one"
detector, it represents an efficient and fast tool for revealing specific types of generative artifacts. In
future work, this method will be integrated as a supplementary module into more complex detection
systems. The combination of spectral analysis with spatial visual analysis is expected to enable robust
detection that is resilient to both visually superior deepfakes and filtered real photographs.
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Abstrakt: Optické soustavy obsahuji fadu optickych prvkii, které je nutné spolehlivé
upevnit v mechanické konstrukci. Bézné metody montize nemusi byt vhodné pro
aplikace s vysokymi naroky na presnost, teplotni stabilitu nebo pouZiti ve vakuu.
Jednou z mozZnych alternativ je pdjené spojeni skla a kovu, jehoz realizaci vSak
komplikuje zejména Spatnd smacivost skla beéznymi pdjkami a rozdilnd teplotni
roztaznost spojovanych materiali. Tato prace se zabyva moznosti vyuziti india, které
se vyznacuje nizkou teplotou tani a vysokou plasticitou. Pri experimentalnim nandsent
india za zvySené teploty a mechanické aktivaci povrchu se za urcitych podminek
podarilo vytvorit soudrzné spojeni skla s kovem. Dalsi prace bude zamérena na
optimalizaci procesu a charakterizaci mechanickych vlastnosti spoje.

Klic¢ova slova: pajeny spoj, indium, optomechanika

1. Uvod

Optické prvky v optickych systémech je nutné vhodnym zpisobem uloZzit do mechanické konstrukce
tak, aby byla zachovana jejich poloha, orientace a pozadované optické vlastnosti. Mezi bézné zptisoby
uloZeni patfi zavitové pojistné krouzky, elastické O-krouzky, lepené spoje, pruzné elementy nebo
mechanické tvafeni drzaku pies okraj optického prvku [1]. V praxi existuje cela fada modifikaci téchto
zakladnich principt, které umoznuji ptizptsobit ulozeni konkrétni aplikaci [2-4].

Irjected sinttomer seal P T—— (o)
# %
% #
% ¥
~ 7 7

Obr. 1  Priklady klasickych metod uloZeni optickych prvku [1].

Vyssi naroky na konstrukci vznikaji zejména u presnych optickych soustav a zafizeni pracujicich ve
specifickych podminkach. Zmény teploty a rozdilné koeficienty teplotni roztaznosti optického prvku a
jeho drzdku mohou zpiisobovat zmény polohy, deformace a vznik mechanického napéti. Konstrukce
mize byt dale zatéZovana vibracemi, mechanickymi razy, provozem ve vakuu nebo lokalnim ohfevem
zpusobenym intenzivnim optickym zafenim. Mechanické napéti prenasSené na opticky prvek je nezaddouci
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zejména proto, ze mize vést k deformaci optickych ploch a u nékterych materiala také ke vzniku
napétového dvojlomu. Zptsob ulozeni optického prvku tak mize ptimo ovlivnit vysledné vlastnosti celé
optické soustavy [5].

Specifickou skupinu piedstavuji trvalé spoje optickych prvki s kovovymi drzaky. Jejich realizace je
komplikovana rozdilnymi fyzikalnimi a chemickymi vlastnostmi skla a kovu, a pfedev$im rozdilnou
teplotni roztaznosti obou materialll. Pfi ochlazovani spoje tak mtize vznikat zbytkové mechanické napéti,
které muze vést az k deformaci nebo poskozeni optického prvku. Pro vytvoreni trvalého spoje lze vyuzit
nekolik technologickych piistupt. Nejjednodussi je lepeni, jehoz pouziti vSak mize byt omezeno teplotni
stabilitou lepidla, starnutim, odplyfiovanim ve vakuu nebo napétim vznikajicim pii vytvrzovani [6].
Alternativou jsou napiiklad difuzni [7], laserové [8] a anodické spojovani [9]. Tyto metody mohou
vytvaret pevné spoje, Casto vSak vyzaduji pfesné fizené podminky, specidlni technologické vybaveni nebo
vysSi procesni teploty.

Zajimavou alternativou pro ulozeni optickych prvka je pajeni, které umoziuje vytvorit kompaktni
kovovy spoj bez pouziti organického lepidla. Jeho vyhodou mtze byt také vyuziti ve vakuu nebo za
smacivost béznymi pajkami. V praxi se proto vyuziva napiiklad predchozi metalizace povrchu skla [10],
aktivni pajky [11] nebo mechanicky ¢i ultrazvukové aktivované procesy [12]. Vyslednou kvalitu spoje
ovliviiuje také stav povrchu a pritomnost oxida¢nich vrstev.

Pro nizkoteplotni pajeni je zajimavym materidlem indium. Jeho teplota tani je piiblizne 157 °C a
zarovenl se jedna o velmi mekky a tvarny kov. Plasticka deformace india mize do urCité miry
kompenzovat rozmérové zmény a mechanické napéti vznikajici mezi materialy s rozdilnou teplotni
roztaznosti. Indium a pajky na jeho bazi jiz byly zkoumany pro spojovani skla, kiemene a dalSich
optickych materiali s kovovymi drzaky [13].

Predkladana prace se proto zabyva experimentadlnim ovefenim relativné jednoduchého zpiisobu
vytvoreni spoje mezi sklem a kovovym drzakem pomoci india. Zvoleny postup je zalozen na zahtati
spojovanych soucasti, naneseni india a mechanické aktivaci povrchu béhem jeho aplikace. Predbézné
experimenty ukdzaly, ze za urcitych podminek lze timto zplisobem vytvofit soudrzny spoj skla s kovem.
V této fazi prace vSak nebyly kvantitativné stanoveny vSechny technologické parametry ani mechanicka
pevnost vytvoreného spoje. Prace ma proto charakter studie proveditelnosti, na kterou mize navazat
optimalizace technologického postupu a experimentalni charakterizace vyslednych spojt.

2. Princip spojovani skla a kovu pomoci india

Péjeni je zalozeno na vytvofeni spoje pomoci pfidavného kovového materidlu, ktery se pfi procesu
roztavi, zatimco zakladni spojované materialy zustavaji v pevném stavu. Pro vytvoreni kvalitniho spoje je
dialezité, aby roztavena pajka vytvorila dostateény kontakt s povrchem obou spojovanych materiald.
Tento proces je Uzce spojen se smacivosti povrchu. Smacivost povrchu lze charakterizovat pomoci
kontaktniho thlu (viz obr. 1) a adhezni prace, kterd vyjadiuje energii potiebnou k oddéleni kapaliny od
povrchu substratu [14].

a) ' b)
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Obr. 2 Tlustrac¢ni schéma a) nesmacivého a b) smacivého materiala [14].

42



Uliana Finaeva Studie proveditelnosti spojovani skla a kovu pomoci india pro montaz
optickych prvki

V ptipadé pajeni smacivost popisuje schopnost roztavené pajky rozprosttit se po ¢istém povrchu
spojované¢ho materialu a vytvofit s nim kontakt. Adheze na rozhrani mize byt zprostiedkovana
fyzikalnimi interakcemi, naptiklad van der Waalsovymi silami, pfipadné vznikem chemickych vazeb
mezi pajkou a substratem. V ptipad€ skla je situace komplikovanéjsi nez pii pajeni dvou kovovych
soucasti, protoze sklo neni béznymi pajkami snadno smacitelné a vysledné chovani vyrazné¢ zavisi na
chemickém a mechanickém stavu povrchu [14]. Vzhledem k obtizné smacivosti sklenénych povrchii
nelze pfi jejich pajeni posuzovat pouze vlastnosti samotné pajky. Vyznamnou roli hraje rovnéz zpiisob
aktivace povrchu a pouzity technologicky postup. Vybrané ptiklady pajek a technologickych postupi
pouzivanych pii experimentalnim spojovani skla jsou uvedeny v tab. 1. Kratky seznam piikladi obsahuje
metody jejichz pracovni teploty neptesahuji 300 stupiiti, pro zachovani jednoduchosti manipulaci vzorky.

Tab. 1. Vybrané piiklady pajeni skla popsané v odborné literatute, teploty do 300 °C.

P4jka / spojovaci material Teplota Spojované materialy | Zpisob aktivace / technologie
uvedend ve
zdroji
Sn-28Bi 138,5 °C | SiO, / Al 2024 Ultrazvukova asistence [12]
Sn-Ag-Cu (SAC0307) 227 °C | Nerez, K9 CW Laser [15]
Sn-9Zn 240 °C | Borofloat 33 / Cu Anodicka aktivace [16]
In 157 °C | sklo / kov — tato prace | mechanicka aktivace karta¢em

Z uvedené tabulky je patrné, Ze spojovani skla pajenim lze realizovat riznymi kombinacemi pajeciho
materialu a zptisobu aktivace rozhrani. Pro experimentalni ovéteni v této praci bylo zvoleno €isté indium
(99,9 %) v kombinaci s jednoduchou mechanickou aktivaci povrchu. Jeho teplota tani je ptiblizné 157 °C
a jedna se o velmi mekky a tvarny kov. Nizka teplota tdni omezuje tepelné zatizeni béhem samotného
spojovani a velikost zbytkového napéti vznikajiciho pfi ochlazovani materiald s rozdilnymi koeficienty
teplotni roztaznosti. (Piestoze ptiprava sklenéného povrchu zahrnuje kratkodoby ohiev na vyssi teplotu,
vlastni spojeni pfedem indiovanych soucasti probiha v oblasti 150160 °C). Plasticita india umoznuje
casteCné kompenzovat vzajemné rozmérové zmény spojovanych materiali a tim omezovat pienos
mechanického napéti do optického prvku nejen za vysokych teplot.

Pii piipravé sklenéného povrchu lze vychazet také z doporuceni vyrobce Indium Corporation pro
spojovani nekovovych materialt. Pro sklo, kifemen a glazovanou keramiku je doporuceno povrch nejprve
zahtat ptiblizn€ na 350 °C a nasledné pred aplikaci pajky ochladit na nizsi teplotu. Takovy postup mize
podpofit nasledné vytvoteni pfilnavé vrstvy india na povrchu. Vlivem mechanického a tepelného zatizeni
muze ve skle vznikat do¢asné nebo zbytkové napéti. Pii nerovnomérném ohfevu se povrchové vrstvy
zahtivaji a roztahuji rychleji nez vnitini Casti materialu, coz v disledku nizké tepelné vodivosti skla vede
ke vzniku vnitintho napéti. Pfi dostate¢né pomalém vyrovnani teplot mize toto nap€ti postupné
zaniknout, zatimco pii rychlém nebo nerovnomérném ochlazovani mize ¢ast napéti v materialu zistat.
Zbytkové napéti zvySuje nachylnost skla k prasknuti pti nasledném tepelném ¢i mechanickém zatizeni a
lze jej omezit vhodné fizenym zihanim. U piesnych optickych soustav je proto zaddouci minimalizovat
nejen mechanické namahani optického prvku, ale také teplotni gradienty vznikajici béhem procesu
montaze.

Z hlediska tepelného zatizeni je vSak vedle maximalni dosazené teploty dulezita také jeji prostorova
rovnomérnost. V dfive provedenych autory experimentech s ohievem sklenénych vzorki proudem
horkého vzduchu bylo pozorovano, ze vzorky o tloust’ce 4-8 mm snasely bez poruseni teploty nejméné
okolo 300 °C a rovnéz teplotni oblast pfiblizn¢ 150-160 °C odpovidajici aplikaci india. K destrukci
vzorkll dochazelo zejména pii nerovnomérném ohievu, pfi¢emz misto poruseni bylo spojeno s lokalni
oblasti nizsi teploty vzdalenéjsi od centra proudu horkého vzduchu. Toto pozorovani ukazuje, ze pii
navrhu postupu je tieba omezit nejen absolutni teplotu skla, ale pfedevsim teplotni gradienty, které mohou
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zpusobovat vznik tepelné indukovaného mechanického napéti.

Zasadnim krokem zkoumané technologie je ndsledna mechanicka aktivace povrchu béhem nandseni
roztaveného india. Samotné roztaveni india na povrchu skla a kovu nemusi vést k jeho dostatecnému
rozprostieni a prilnuti. Mechanické roztirani narusuje povrchové vrstvy a podporuje vytvoieni kontaktu
mezi roztavenym kovem a substratem. Pfesny mechanismus vzniku rozhrani vSak nebyl v ramci této
prace analyticky stanoven.

3. Navrh a experimentalni ovéreni technologického postupu

Pred zahajenim experimentu byly sklenény vzorek i kovovy protikus o¢istény vodou se saponatem
za pouziti plastového kartace. Povrchy byly nasledné odmastény acetonem a ponechany k vyschnuti.
Povrch kovového protikusu byl dale mechanicky upraven brusivem SiC o zrnitosti 80. Po brouseni byl
kovovy dil znovu o¢istén saponatem, odmastén acetonem a vysusen.

Sklenény vzorek byl vlozen do stolni tavici pece uréené pro zpracovani kovii a béhem pfiblizn¢ 30
minut zahtat z pokojové teploty (cca 25 °C) na 350 °C. Po dosazeni této teploty byl ponechan k
postupnému ochlazeni na pfiblizn¢ 160 °C. Indiovd folie byla pfed pouZzitim oc€iSténa acetonem a
vysusSena. Sklenény vzorek byl néasledné vyjmut z pece a na jeho zahtaty povrch byla pfiloZena indiova
folie. Po jejim roztaveni bylo indium intenzivné mechanicky roztirano karta¢em z korozivzdorné oceli,
dokud nebyla na povrchu vytvorena souvisla vrstva s charakteristickym zrcadlovym vzhledem.

Obdobnym zpiisobem byl zpracovan kovovy protikus. Po zahtati byl na jeho pfipraveny povrch
nanesen a pomoci kartd¢e mechanicky rozetien roztaveny indiovy material. Oba vzorky s vytvofenou
vrstvou india byly nasledné opét vlozeny do pece a zahiaty na ptiblizné 150-160 °C.

Po vyjmuti z pece byly indiované plochy sklenéného a kovového vzorku pfiloZzeny k sobé a
mechanicky stlaceny. Sestava byla pied upnutim obalena textilii, ktera slouzila jako ochrana sklenéného
vzorku pied pfimym kontaktem s Celistmi sveéraku. Pritlak byl vytvaren ru¢nim utahovanim svéraku az do
okamziku, kdy jiz nebylo mozné jeho rukojet’ béznou rucni silou dale otacet. Takto upnuta sestava byla
ponechéna k volnému ochlazeni po dobu nejmén¢ jedné hodiny. Po uvolnéni ze svéraku bylo pozorovano
vytvoreni soudrzného spoje mezi sklenénou a kovovou casti.

Pouzity postup mél v této fazi charakter predbézného experimentalniho ovéteni technologie. Po
vychladnuti a vyjmuti sestavy ze svéraku nedoslo pii bézné manipulaci k samovolnému oddéleni soucasti.
Ptitlacna sila pii spojovani nebyla métfena a nebyly kvantitativné stanoveny ani skute¢na plocha spoje,
drsnost povrchll po mechanické tpraveé nebo tloustka vytvorené vrstvy india. Experiment proto doklada
predevsim moznost vytvoreni spoje za uvedenych podminek, nikoliv jeho kvantifikovanou pevnost nebo
reprodukovatelnost.

4. Zavér

V ramci prace byla experimentalné ovéfovana moznost vytvoreni trvalého spoje mezi sklem a
kovovym substratem pomoci Cistého india. Navrzeny postup vyuziva tepelnou pfipravu spojovanych
soucasti, mechanickou tpravu kovového povrchu a mechanickou aktivaci roztaveného india pomoci
kartaCe z korozivzdorné oceli. Timto zplisobem se podatilo vytvofit souvislou vrstvu india na povrchu
skla i kovu a naslednym zahfatim, pfitlacenim a ochlazenim obou ¢asti bylo dosazeno soudrzného spoje.

Experiment tak potvrdil zakladni proveditelnost navrzen¢ho zplsobu spojovani. Pro dalsi
optimalizaci technologie se jako vyznamné jevi zejména fizeni teplotniho rezimu, pfiprava povrchi a
zptsob mechanického roztirani india. Z hlediska sklenéného prvku je nutné vénovat pozornost zejména
rovnomeérnosti ohfevu a omezeni teplotnich gradientt, které mohou vést ke vzniku vnitiniho napéti a
naslednému porusenti skla.

V soucasné fazi vSak nebyla stanovena pevnost ani skutecnad plocha vytvofené¢ho spoje a nebyly
presné fizeny parametry, jako jsou pfitlacna sila, drsnost povrchu nebo tloustka vrstvy india. Vysledky
proto nelze povazovat za Uplnou charakterizaci technologie, ale za uspésné prvotni ovéteni jejiho
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principu. Dalsi prace by méla byt zaméfena predevsim na zvySeni reprodukovatelnosti procesu, presngjsi
fizeni technologickych parametrti a méfeni mechanické pevnosti spoje. Pro vyuziti v optomechanickych
aplikacich bude vhodné rovnéz ovéfit stabilitu spoje pfi teplotnich zménach a jeho vliv na mechanické
napéti a polohu upevnéného optického prvku.
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Abstrakt: Cldnek se zabyvd ndvrhem a implementaci webové aplikace pro monitoring primyslovych
zarizeni v priimyslovém prostiedi. Popsdna je architektura systému, komunikace s priimyslovymi za-
Fizenimi pomoci technologie OPC UA, vyuZiti systému KEPServerEX a implementace backendové cdsti
aplikace pomoci frameworku FastAPI. Soucdsti prdce je také ndvrh databdzové vrstvy, autentizace uZi-
vatelii a vizualizace dat v redlném case.

Klic¢ovd slova: FastAPI, OPC UA, KEPServerEX, IloT, priimyslovd automatizace, monitoring zafizeni

Abstract: This paper focuses on the design and implementation of a web application for monitoring
industrial devices in an industrial environment. The system architecture, communication with indus-
trial devices using OPC UA technology, the use of the KEPServerEX platform, and the implementation
of the backend application using the FastAPI framework are described. The paper also includes the
design of the database layer, user authentication, and real-time data visualization.

Keywords: FastAPI, OPC UA, KEPServerEX, IloT, industrial automation, device monitoring

Anotace

Tato price se vénuje analyze digitalizace vyroby ve spole¢nosti Doosan Bobcat EMEA s.r.0. a ndslednému
navrhu i implementaci webové aplikace pro centralizovany monitoring primyslovych zafizeni. Hlavnim cilem je

sjednotit roztfisténa data z riznych systému a poskytnout uzivatelim jednotné rozhrani pro spravu, vizualizaci a
diagnostiku stroju v redlném ¢ase pomoci standardu OPC UA a modernich webovych technologii.
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1 Uvod

V soucasné dobé dochdzi v prumyslovém prostfedi k vyraznému ndrGstu digitalizace a automatizace vyrob-
nich procest. S timto trendem, Casto oznacovanym jako Primysl 4.0 [4], souvisi rostouci potieba efektivniho
sbéru, spravy a vizualizace dat z vyrobnich zafizeni. Ve velkych podnicich vSak Casto nastdva situace, kdy jsou
data a ndstroje pro jejich zpracovani roztiistény napfi¢ riznymi systémy, coz komplikuje jejich vyuZit{ a snizuje
prehlednost celého prostiedi.

Tato prace vznikla na zakladé redlnych potieb spole¢nosti Doosan Bobcat EMEA s.r.0., konkrétné vyrobniho
zdvodu na DobfiSi. Ve spolecnosti je vyuzivan systém KEPServerEX od spole¢nosti PTC [1], ktery slouZi jako
komunika¢ni rozhrani pro pfipojeni Sirokého spektra primyslovych zafizeni, od PLC automatl az po roboticka
pracovisté. PfrestoZe tento systém umoznuje centralizovany sbér dat, chybél jednotny systém poskytujici prehled
o fyzickém umisténi zafizeni, jejich sit' ové konfiguraci a aktudlnim provoznim stavu.

Cilem prace je tedy navrh a implementace webové aplikace, ktera tyto nedostatky odstranuje, sniZuje zavislost
na drahych externich licencich a vytvaii zdklad pro dalsi rozvoj v oblasti primyslové digitalizace.

2 Analyza soucasného stavu

Ve spole¢nosti Doosan Bobcat EMEA s.r.o. byly identifikovany hlavni nedostatky v oblasti spravy dat. Ex-
istujici softwarové ndstroje pro monitoring jsou casto dodavany externimi vyrobci a jsou omezeny na specifické
typy zafizeni, naptiklad pouze na svarovaci roboty. Tyto systémy jsou licen¢né zpoplatnény, coZ zvySuje ndklady
pfi kazdém poZadavku na rozsifeni funkcionality.

Pro ostatni zafizeni, jako jsou CNC stroje, PLC automaty nebo momentové ndstroje, byla evidence vedena
nejednotné, nejcastéji v aplikaci Microsoft Excel. Tento zpiisob spravy trpi vysokou chybovosti, neaktudlnosti
dat a absenci propojeni na redlnd provozni data. Absence jednotné vizualizace, napiiklad ve formé interaktivni
mapy vyrobniho prostoru, vyznamné ztéZovala diagnostiku pifi vypadcich komunikace, kdy bylo nutné manudlné
dohleddvat IP adresy a umisténi datovych zdsuvek.

3 Teoreticka vychodiska

Pro nédvrh nového feseni bylo nutné vyjit z principti Industrial Internet of Things (IIoT) [3]. IIoT predstavuje
propojeni primyslovych senzort a fidicich systému se softwarovymi aplikacemi za dcelem optimalizace vyroby

[6].

3.1 Prumyslova komunikace a OPC UA

Klicovym prvkem v této vrstvé je standard OPC Unified Architecture (OPC UA) [9]. Na rozdil od starSich
proprietarnich protokoli nabizi OPC UA platformni nezavislost a vysokou miru zabezpeceni [10]. UmozZiiuje
vytvaret sémanticky bohaté informacni modely, kde jsou data organizovana do uzli (nodes) obsahujicich nejen
hodnotu, ale i metadata.

V architektuie systému hraje roli integracniho middlewaru software KEPServerEX [2, 19]. Ten pomocf speci-
fickych ovladaci (drivers) komunikuje s heterogennimi zafizenimi (Siemens, Allen-Bradley) a nasledné tato data
publikuje pfes OPC UA server smérem k nadfazenym aplikacim.

3.2 Webové technologie a backend

Moderni webové aplikace jsou postaveny na architekture klient-server [5]. Pro vyvoj backendu byly zvaZovany
tfi hlavni frameworky jazyka Python: FastAPI, Flask a Django.

FastAPI bylo zvoleno pro svou vysokou vykonnost, nativni podporu asynchronntho programovéni a automat-
ické generovani dokumentace [11]. Django sice nabizi robustni systém [13], ale pro potfeby rychlé integrace s
primyslovymi servery se jevilo jako prili§ komplexni. Flask [12] naopak postradd nékteré moderni prvky, které
FastAPI implementuje jiz v zdkladu.

4 Analyza pozadavku a navrh reSeni

Na zédkladé provedené teoretické analyzy a identifikovanych nedostatkt soucasného stavu byly definovany

v

pozadavky na novy systém, které vychazeji z redlnych potieb podnikového prostfedi zdvodu v Dobfiisi. Tyto
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pozadavky tvori zdklad pro nasledny navrh vicevrstvé architektury, zpiisobu zpracovani dat a volbu technologii.

4.1 Funkcni pozadavky

Funkéni pozadavky definuji konkrétni sluzby a operace, které musi systém vykonavat pro koncové uzivatele

[5].

e Evidence zarizeni: Zikladnim pozadavkem je vytvofeni rozsifujici evidence primyslovych zafizeni. Pro-
toZze systém KEPServerEX standardné neobsahuje vSechna metadata, aplikace tyto informace dopliiuje o
IP adresy, fyzické oznaceni datovych zdsuvek, pfislu§nost k vyrobni hale a pfesné soufadnice umisténi [1].
Tato struktura umoziluje efektivni propojeni provoznich (OT) a informac¢nich (IT) dat.

e Monitoring v redlném ¢ase: Kli¢ovou funkcionalitou je sledovéni aktudlniho stavu technologii bez nutnosti
pfepinat mezi vice ndstroji. Data jsou ziskdvdna pomoci standardu OPC UA a u kaZdého zafizeni jsou
sledovany stavové proménné (napi. Online, Offline, Error, Idle nebo Maintenance) [10]. Tyto stavy jsou v
systému reprezentovdny barevnym znacenim pro okamzitou orientaci uZivatele [9].

e Interaktivni mapa: Systém nabizi vizualizaci vyrobniho prostoru pro obé haly (horni i spodni zavod)
a specidlni detail pro robotickd pracovisté. Mapa je navrzZena hierarchicky — uzivatel miZe prechdzet od
celkového pohledu na halu pfes vyrobni linky aZ k detailu konkrétniho stroje, kde jsou k dispozici fotografie,
sit ové parametry a pfimé odkazy na technickou dokumentaci nebo 3D modely.

4.2 Nefunkcni pozadavky
Nefunkéni pozadavky urcuji kvalitativni vlastnosti a provozni omezeni systému [5].

o Skalovatelnost a vikon: Systém je navrzen tak, aby zvladl budouci roziteni na dalii vyrobni lokality a
ndrust poctu uzivatell. Pro zajisténi plynulé odezvy byl stanoven interval aktualizace stavovych dat na 20
sekund, coZ ptfedstavuje optimdlni kompromis mezi aktudlnosti informaci a zatiZenim podnikové sité [7].

e Bezpecnost a dostupnost: Aplikace je provozovdna vyhradné v interni siti spoleCnosti, piipadné pfres
zabezpeCené VPN piipojeni [8]. Systém podporuje ruzné uzivatelské role (administrator, technolog, tdrzba),
které definuji rozsah opravnéni pro editaci dat nebo piistup k administratorskym funkeim [17].

4.3 Architektura systému

Navrzend architektura je striktné vicevrstvd, coZ zajiSt'uje modularitu a snadnou udrzbu. Cely ekosystém je
provozovan v kontejnerizovaném prostfedi pomoci nastroje Docker Compose [18].

o Integracni a komunikaéni vrstva: Na nejnizsi drovni jsou primyslova zafizeni (PLC, roboty, momentové
ndstroje), kterd komunikuji s KEPServerEX. Ten plnf roli integracniho middlewaru a sjednocuje heterogenni
data do jednotného adresniho prostoru OPC UA [19].

o Aplikacni vrstva (Backend): Serverova ¢ést postavend na frameworku FastAPI vyuziva asynchronni kni-
hovnu python-opcua. Backend vystupuje jako OPC UA klient, ktery dynamicky odebird data ze zdroje,
transformuje je a predava frontendu.

e Databazova vrstva: Pro ukladédni statickych metadat a logovéani uZivatelskych akci byla zvolena relani
databaze PostgreSQL [14]. VyuZiva se zde také rozsifeni pgvector, které umoZziuje pokrocilé sémantické
vyhleddvani zafizeni na zdkladé podobnosti nazvi, coZ zvySuje uzivatelsky komfort [14].

4.4 Zabezpeceni a autentizace

Zvolené feseni bezpecnosti kombinuje vyhody ti{ standardi, které spolec¢né tvofi robustni systém pro spravu
identit [15].

o LDAP a OAuth2: Proces autentizace je delegovan na podnikovy LDAP server, coz umoZziuje uzivatelim
vyuZivat stavajici prihlaSovaci udaje [15]. Model OAuth2 slouZi jako zastieSujici autorizacni rdmec definu-
jici toky dat mezi klientem a backendem [17].

e JWT (JSON Web Token): Po Gspésném ovéfeni identity vygeneruje backend digitdlné podepsany bezs-
tavovy token JWT [16]. Tento token obsahuje informace o uZivateli a jeho opradvnénich a je pfendSen v
hlavi¢ce kazdého ndsledného pozadavku. Diky bezstavovosti JWT je systém snadno Skdlovatelny, protoze
server nemusi uchovévat informace o aktivnich relacich v paméti [16].
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S Implementace

Tato kapitola se vénuje praktické realizaci navrZeného systému. Implementace vychdzi z navrZzené architektury
a popisuje postupné kroky vedouci k vytvoreni funkéni aplikace.

Projekt byl realizovan v jazyce Python ve verzi 3.10 za vyuziti vyvojového prostiedi PyCharm. Pro zajisténi
Cistoty projektu a oddéleni zavislosti bylo vyuZit virtudln{ prostfedi (venv), ve kterém byla sprdva knihoven
provadéna prostiednictvim néstroje pip. Pro spravu citlivych ddajt, jako jsou ptihlasovaci tdaje k databazi, byl
vyuZzit soubor .env.

5.1 Kontejnerizace

Zésadnim krokem pro zajiSténi pfenositelnosti a snadného nasazeni aplikace byla kontejnerizace pomoci
nastroje Docker [18]. Cely systém je definovan a spravovan pomoci ndstroje Docker Compose, ktery se sklada
ze dvou hlavnich sluzeb:

o Web (Backend): Sluzba vyuZivé obraz postaveny na python: 3. 10-bullseye. Dockerfile zahrnuje insta-
laci systémovych zavislosti pro databazové ovladace a nédsledné spusténi aplikace pomoci serveru Uvicorn
[11].

e DB (Databaze): Sluzba reprezentuje databazovy server PostgreSQL s rozsifenim pgvector. Dulezitym
prvkem je vyuziti mechanismu healthcheck, ktery ovétuje ptripravenost databdze, nez se k ni backend pokusi
pfipojit [14].

5.2 Integrace OPC UA

Kli¢ovym prvkem implementace je napojeni na primyslovy server KEPServerEX [2]. Pro tento dcel byla
vyuzita knihovna python-opcua, kterd umoZziuje backendu vystupovat v roli OPC UA klienta.

Backend se pfipojuje k endpointu serveru a prochdzi jeho hierarchicky adresni prostor. Uzly v OPC UA stromu
jsou mapovany na konkrétni ID zafizeni vedend v relacni databdzi. Provozni data nejsou do databdze ukldddna
permanentné, ale jsou nacitdna on-demand pti poZadavku uZivatele [10]. Tento pfistup zarucuje, Ze zobrazované
hodnoty jsou vzdy aktudlni pfimo ze zdroje a sniZuje ndroky na synchronizaci dat.

6 Uzivatelské rozhrani

Uzivatelské rozhrani aplikace bylo navrzeno s cilem poskytnout prehledny a intuitivni ndstroj pro praci s daty
z prumyslovych zafizeni, pficemz hlavni diraz byl kladen na srozumitelnost technickych informaci a minimal-
izaci sloZitosti ovladani. Navrh vychdzi z principu centralizace — uZivatel md vSechny relevantni informace na
jednom misté, coz eliminuje potfebu piechdzet mezi vice specializovanymi aplikacemi. Rozhranf je realizovdano
jako webova aplikace piistupnd prostfednictvim béZného prohliZece, coZ odstraniuje nutnost instalace dodate¢ného
softwaru na klientské stanice.

Zakladn{ struktura stranek je generovana na stran¢ serveru pomoci §ablonovactho systému frameworku FastAPI,
zatimco dynamické prvky a interaktivita jsou zajiStény klientskou logikou v jazyce JavaScript. Vstupnim bodem
do systému je domovskd obrazovka, kterd uzivatele logicky sméruje do jednotlivich modult (seznam zafizent,
mapy, sprava) na zdkladé jeho uZzivatelské role definované v systému LDAP.

6.1 Interaktivni mapa vyrobniho zavodu

Hlavnim pilifem rozhrani je interaktivni mapa, kterd slouZi jako primarni ndstroj pro prostorovou orientaci
v rdmci vyrobnich hal. Mapa je navrzena hierarchicky, coZ uZzivateli umoZiuje plynule pfechazet od celkového
pohledu na halu (horni nebo spodni zdvod) pies konkrétni vyrobni{ linky az k detailu jednotlivych stroji. Tento
pristup zabranuje informa¢nimu zahlceni a umoZziiuje rychlou identifikaci problémovych oblasti.

Duilezitym prvkem je vizudlni kédovani stavu zafizeni pomoci barevného znaceni. U béZnych zafizeni je barva
ikony odvozena od typu pouZitého komunikacniho ovladace, coz usnadiiuje identifikaci typu pfipojeni [4, 3]. U
kritickych zafizeni, jako jsou robotickd pracoviste, barva reprezentuje aktualni provozni stav v redlném Case (napf.
zelend pro aktivni provoz, cervend pro chybovy stav, Zlutd pro ddrzbu) [10]. Tato vizualizace je aktualizovana v
pravidelnych intervalech bez nutnosti manudlniho obnovenf stranky.
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6.2 Dashboard a vizualizace dat

Dashboard predstavuje detailni pohled na konkrétni primyslové zafizeni a je strukturovan do nékolika logick-
ych sekci pro maximalni pfehlednost.

e Technické informace: Uvodni sekce zobrazuje metadata uloZena v databazi PostgreSQL, jako je ndzev
zafizeni, komunikacni kandl, IP adresa a sit'ovy port.

e AKkeni panel: Umoziuje uzivateli provadét operace nad zafizenim. Pro bézné uzivatele jde o refresh dat,
zatimco administratofi zde maji pfistup k editaénim funkcim.

o Lokalizace: Soucasti dashboardu je vizualizace fyzického umisténi v ramci haly a fotografie zafizeni, coz
usnadiiuje identifikaci stroje pfimo na dilné.

e Provozni data: Klicovou ¢ést tvoif dynamicka tabulka aktudlnich hodnot jednotlivych tagi, které jsou v
redlném Case vycitany ze systému KEPServerEX prostfednictvim protokolu OPC UA.

Tato kombinace statickych metadat a zivych procesnich dat poskytuje operatordm i technologim komplexn{
prehled nezbytny pro rychlé rozhodovani a efektivni diagnostiku.

7 Zavér

V rdmci projektu byl Gspé$né navrzen a implementovan systém pro monitoring priimyslovych zafizeni ve
spole¢nosti Doosan Bobcat EMEA s.r.0. Vysledna webova aplikace sjednocuje data z roztfisténych zdroji, nahrazuje
neefektivni tabulkové evidence a poskytuje vizualni pfehled o vyrobnim prostredi v redlném Case.

Implementované feSeni vyuZivajici standard OPC UA a modern{ framework FastAPI prokazalo vysokou stabil-
itu a nizkou latenci. Diky kontejnerizaci pomoci Dockeru je aplikace snadno prenositelnd a pripravend na budouci
roz§ifovani o dal§i moduly, jako je prediktivni tdrzba nebo analytické reporty. Tento projekt tak tvoii pevny pilif
pro dalsi faze digitdlni transformace podniku.
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IDENTIFIKACE A RIZENI HYDRAULICKEHO _
SUBSYSTEMU MECHATRONICKEHO DAVKOVACE
KAPALIN

Daniel Cech '
! Fakulta strojni, Ceské vysoké uéeni technické v Praze (FS CVUT)

Abstrakt: Tento clanek se zabyva analyzou, identifikaci a navrhem fizeni hydraulického subsystému
automatického davkovace kapalin. Komplexni systém je dekomponovdin na tii zdkladni casti, pricem?
duraz je kladen na silné nelinedrni hydraulicky obvod. Kviili vyraznému pdsmu necitlivosti a asyme-
trickému setrvacnému dobéhu membrdanového cerpadla byl sestaven matematicko-fyzikalni model a
provedena experimentdlni identifikace. Na zdkladé simulacni komparace zpétnovazebniho PD reguld-
toru a dopredného Fizeni byla pro softwarovou implementaci zvolena doprednd kompenzace s vyuZitim
lineami interpolace po cdstech. Validace systému, podloZend analyzou nejistot dle metodiky GUM, po-
tvrdila dosaZent poZadované presnosti davkovani s rozsitenou nejistotou max. 0,22 ml, coz bezpecné
spliiuje toleranci 1,0 ml.

Klicova slova: mechatronika, davkovac kapalin, identifikace systému, dopredné rizeni, GUM, Arduino

Abstract: This paper deals with the analysis, identification, and control design of a hydraulic subsystem
for an automatic liquid dispenser. The complex system is decomposed into three main parts, with a pri-
mary focus on the highly non-linear hydraulic circuit. Due to the significant dead zone and asymmetric
overrun of the diaphragm pump, a mathematical-physical model was formulated and an experimental
identification was carried out. Based on a simulation comparison between a closed-loop PD controller
and feedforward control, a feedforward compensation using piecewise linear interpolation was chosen
for the software implementation. System validation, supported by a GUM uncertainty analysis, confir-
med the achievement of the required dosing accuracy with an expanded uncertainty of up to 0.22 ml,
well within the £1.0 ml tolerance.

Keywords: mechatronics, liquid dispenser, system identification, feedforward control, GUM, Arduino

1 Uvod

Tento ¢lanek vychdzi z ndvrhu a realizace prototypu automatizovaného napojového davkovaciho systému s
oto¢nym ramenem.Zafi{zen{ je integrovano do $asi plastového modelu zemédélského stroje John Deere T670i.
Systém vyuzivd distribuovanou dvouvrstvou architekturu: nizkodroviiové deterministické fizeni v redlném Case
obstardvi mikrokontrolér Arduino UNO, zatimco nadfazenou vrstvu s dotykovym uZivatelskym rozhranim a da-
tabdzizajisfuje jednodeskovy pocita¢ Raspberry Pi 4B. Hlavnim cilem tohoto mechatronického stroje je nezdvisle
detekovat pritomnost sklenic na Sesti plnicich pozicich a nasledné do nich s vysokou presnosti automaticky davko-
vat nastaveny objem tekutiny v rozmezi 10 aZ 40 ml.

Pro dosazenispolehlivého chodu a poZadované presnosti ddvkovani je nezbytné analyzovat dynamiku celého
zafizeni.Z hlediska teorie automatického fizeni 1ze komplexni systém navrZzeného davkovace dekomponovat na tfi
zakladni,vzdjemnéinteragujicisubsystémy:

1. Hydraulicky subsystém: Piedstavovany membranovym Cerpadlem, hadicovym vedenim a ddvkovaci tryskou.

Cilem je pfesné objemové davkovani tekutiny.

2. Mechanicky subsystém: Tvofeny servopohonem pro piesné polohovani tsti hadice. Vykazuje zanedbatel-
nou dynamiki, nebof servomotor obsahuje vlastni interni regulaéni smycku polohy.
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3. Termodynamicky subsystém: Zahmujeprestupteplauvnitiskiinés elektronikou. Je efektivné fesen zajisté-
nim aktivnihoproudénivzduchu s vyuzitim dvoustavového spindni s hysterezi (spinaci prah 40 °C, vypinaci

30 °C), ¢imzZ je zamezeno nezddoucimu kmitani akéniho ¢lenu.
JelikoZ mechanicky a termodynamicky subsystém lze povazovat za spolehlivé oSetfené, predmétem dalsi ana-
Iyzy a ndvrhu fizeni je vyhradné hydraulicky subsystém [1], ktery je pro uZivatelskou funkci — ptesné davkovani v

~ew s

rozsahulO az 40 ml s chybou do +1, 0 ml — nejkritictéjsi.

2 Metody a identifikace modelu

2.1 Matematicko-fyzikalni model

Systém se skldda ze dvou tzce provazanych fyzikdlnich oblasti. Pohon erpadla zajistuje stejnosmérny motor,
jehoz dynamikaje popsana diferencidlni rovnici obvodu kotvy a rovnici mechanické rovnovahy [1]:

u(t) =R~i(t)+Ldi—(t)+cew(t) (D
dt
Jd“:lgt) = epi(t) = M, (1) - Bw(1) @)

ZatéznymomentM, (t) pisobici zpétnéna motor je piimou funkei tlakového spadu. Redlny pratok Q (¢) vychazi
z Bernoulliho rovnice a empirického modelu tlakovych ztrat [2]:

Ap(1) = Ry - Q(1)]Q ()] + pgAh 3)

2.2 Experimentalni identifikace

Systém byl podroben experimentélni identifikaci [3], kde vstupem je stiida PWM signalu u(t) € (0,255) a
vystupem priitok Q (7). V intervalu PWM € (0, 60) byla identifikovdna mrtvd zéna (Obrdzek 1). Jako nomindlni
pracovni bod byl pro zajisténi stabilniho proudéni bez pénéni zvolen vykon PWM = 150.

Staticka charakteristika systému (Zavislost ustaleného priitoku na PWM)
35

30 A

254

20 1

15 A

10 A

Ustaleny objemovy pratok Qss [ml/s]

—e— Naméfené hodnoty pritoku
@® Zvoleny pracovni bod (PWM=150)

50 73 160 léS léO 1%5 260 2é5 2%0
Strida ridiciho signalu PWM [-]

Obradzek1: Staticka charakteristika ¢erpadla odhalujici mrtvé pdsmo v nizkych hodnotach buzeni.

Zasadnimzjisténim byla asymetrie mezi fazi nabéhu a setrvaénym dobéhem (Obrazek 2). Zatimco ustdleny
pratok odpovidal hodnoté 19,06 ml/s, pfi zkraceni doby Cerpani vykazoval primérny pritok prokazatelné vyssi
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Zavislost zdanlivého priimérného pritoku na dobé ¢erpani
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Obrazek?2: Zavislost primérného pritoku na dobé Cerpani — projev asymetrie ndb¢hu a dob&hu.

hodnoty(az 19,61 ml/s prodobubéhu | sekundu). Tento konstantni zbytkovy objem, zptisobeny kinetickou energii
kapaliny, by pfi linedrnim fizen{ zptlisoboval systematické pielévani malych davek.

Dynamikandbéhubyla na zdklad€ analyzy vysokofrekvenc¢niho videozdznamu (240 FPS) aproximovdna mo-
delem 1. fddu s dopravnim zpozdénim:

G) = o e " 4)
3 Vysledky a navrh rizeni
3.1 Simulace uzaviené regulacni smycky vs. dopiredné rizeni
Regulovanou veli¢inou je celkovy objem V(¢), ktery je dan integralem okamzitého pritoku:
v = [ omar )

Z ptitomnosti integralu vyplyva, Ze systém vykazuje astatismus. Pokud by byl pro fizeni aplikovan standardni
PID reguldtor vznikl by systém s astatismem 2. fadu, coZ by vedlo k prekmittim. Vzhledem k nemoZnosti od¢erpani
kapaliny zpét byl simulacné testovan pouze PD reguldtor s dopfednou kompenzaci:

N-s
G =K, +K;j—— 6
R (S ) P d S+ N ( )

Ackoliv PD regulétor v simulacich vykazoval nulovou trvalou odchylku, jeho prakticka realizace by vyzadovala
ndkladnysnimacpritoku. Pro findlni implementaci bylo proto zvoleno dopi‘edné fizeni s vyuzitim 1-D kalibra¢ni
tabulkya po c¢astech linedrni interpolace (Obrazek 3). Tento pfistup v sobé implicitné zohlediuje nelinearity i
asymetricky dobéh kapaliny:

Vier =V,
L (n-1) 7

Tpump =114 5=

3.2 Validace a GUM analyza nejistot

NP4

Validace dopfedného fizeni na nezavislé sadé zadanych hodnot (n = 20 prokazdouhladinul0—40 ml) prokdzala

stiedn{ absolutni chybu MAE = 0, 08 ml (viz Obrazek 4).
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Srovnani regulacnich pribéhl (PD vs. dopfedné fizeni) a vlivu poruchy na pinéni

20.0 {r——————=— oo
T ¢ [ Poruchova veliéina:
R Snizeni pritoku o 50 %
15.0 4
— 12.5
E
5
5 10.0 1
o
7.54
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Zéadana hodnota (w=20ml)
PD regulace (Bez poruchy)
254 PD regulace s poruchou
Dopfedné fizeni (Bez poruchy)
Dopfedné fizeni s poruchou
0.0 - : - Vstup poruchy
T T T T T
0.0 0.5 1.0 15 2.0 2.5
Cas [s]

Obrdazek3: Simula¢ni porovnani uzaviené smycky s PD fizenim a dopfedného fizeni.
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Obrazek4: Grafickd prezentace validace ptesnosti ddvkovani.

55



Daniel Cech Rizeni hydraulického subsystému davkovace

Pro exaktni verifikaci byla provedena analyza dle mezindrodni metodiky GUM [4]. Byla zahrnuta nejistota
typu A (u4) a tfi slozky typu B (up): digitdlni rozliSeni vahy (+0, 1 g), ulpivani kapek na trysce (+0,05ml) a
zjednodusenimodelu hustoty referenénithomédia— vody (1 g = 1 ml) [5]. Vyslednd rozsifend nejistota méireni U
(prokoeficient rozsifeni k = 2) se v zdvislosti na objemu pohybovala v intervalu:

U=2-\Ju +u3 € (0,14;0,22) ml (8)

Tabulka 1: Komplexni bilance nejistot méfeni pro vybrané valida¢ni hladiny

Vier (ml] | uy [ml] | up [ml] | uc [ml] | Uk =2) [ml]
10 0,030 0,065 0,072 0,14
20 0,047 0,068 0,082 0,16
30 0,072 0,072 0,101 0,20
40 0,081 0,077 0,112 0,22

4 Zavér

Experimentdlnivalidace prokdzala, Ze navrZené empirické dopfedné fizeni spliiuje s vysokou rezervou stano-
veny poZadavek na maximdlni chybu davkovani =1, 0ml v celém pracovnim rozsahu. Rozsifend nejistota dosghla
maximalné0, 22 ml.

Ackoliv absence zpétné vazby zvysuje citlivost systému na vnéjsi parametry — primarné na zménu viskozity
vlivem teploty a na vykyvy napdjeciho napéti — piedstavuje toto feSeni pro danou aplikaci optimalni kompromis
mezi piesnosti a technologickou sloZitosti. Cdste¢nou eliminaci citlivosti na viskozitu pomoci dynamické teplotni
kompenzace lze uvazovat jako pfedmét budouciho vyvoje.
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Abstrakt

Model Predictive Control (MPC) se v poslednim desetileti etabloval jako pfedni
strategie pro Fizeni slozitych energetickych systémi, véetné bateriovych tlozist a re-
ziden¢nich mikrositi. Tento ¢lanek prinasi uceleny piehled soucasnych vyzkumnych
a pruamyslovych trendt v této oblasti. Analyzuje piechod od tradi¢niho k ekono-
mickému prediktivnimu Fizeni (EMPC), integraci metod strojového uceni v ramci
Data-Driven MPC, propojovéani s bateriovymi digitalnimi dvojc¢aty a implementaci
stochastickych pristupt pro efektivni zvladani systémovych nejistot.

1 Uvod: Od klasické regulace k EMPC

Tradi¢ni regulaéni smycky a heuristické systémy Fizené pevnymi pravidly (Rule-Based
Control) naraZeji v moderni energetice na své limity. V prostiedi s vysokou penetraci
obnovitelnych zdroji, kde dochazi k prudkym vykyviim ve vyrobé a na trzich s elektii-
nou se objevuji negativni spotové ceny, je nutné nasazovat systémy schopné proaktivniho
planovani.

Odpovédi na tyto vyzvy je Model Predictive Control (MPC), optimaliza¢ni metoda,
ktera vyuziva interni model k predikci budouciho chovani systému a vypocitava sekvenci
fidicich akei sité [1]. Tradi¢ni MPC je ideélni pro sledovani pevné dané referenéni trajek-
torie. Pokud je vsak cilem napiiklad komplexni energeticka optimalizace, moderni praxe
se piiklani k tzv. Economic Model Predictive Control (EMPC).

EMPC piimo integruje ekonomické cile do tcelové funkce. Systém neoptimalizuje
pouze technicky chod, ale napiimo maximalizuje finanéni zisk (nebo minimalizuje pro-
vozni naklady) na zakladé dynamickych spotovych cen, distribu¢nich poplatki a nakladu
na opotfebeni [2|. Obecna ucelova funkce EMPC se obvykle zapisuje jako:

H-1

muinZEG(a:k,uk,pk) (1)
k=0

kde /. je ekonomicka nakladova funkce, xy je stav systému, uy je fidici akce (napf. vykon
baterie) a pj reprezentuje ¢asové proménné externi parametry (ceny elektfiny, pocasi) v
horizontu H (prediction horizon). V praxi to znamené, ze EMPC dokaze chovani systému
proaktivné planovat. Algoritmus se tak muze napiiklad rozhodnout pretopit budovu ¢i
nabit bateriové tlozisté v dobé, kdy je k dispozici nadbytek levné soléarni energie (nebo
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jsou spotové ceny na trhu velmi nizké ¢i dokonce zaporné). Takto naakumulovanou energii
pak systém vyuzije k preklenuti vecerni cenové Spicky, ¢imz napiimo minimalizuje celkové
provozni naklady bez naruseni uzivatelského komfortu.

2 Nastup strojového uceni: Data-Driven MPC

Klasicky pristup k MPC (tzv. White-box modelovéani) vyzaduje presné diferencialni rov-
nice popisujici fizeny systém. Sestaveni a kalibrace takovych termodynamickych ¢ elektro-
chemickych modeli pro kazdou individualni budovu je vSak v masovém méritku komeréné
neudrzitelna.

Tuto bariéru v soucasnosti prekonava Data-Driven MPC (DDMPC). Misto feseni slo-
zitych fyzikalnich rovnic vyuziva DDMPC modely strojového uceni (Black-box nebo Grey-
box), jako jsou Random Forest, XGBoost nebo hluboké neuronové sité. Tyto algoritmy
se u¢i dynamiku systému ¢isté na zékladé historickych dat ze senzort a elektroméri [3].

Pokro¢ilé studie z poslednich let [4] navic ukazuji trend propojovani DDMPC s vy-
svétlitelnou umeélou inteligenci (XAI, nap¥. SHAP hodnoty). To umoziuje nejen efektivné
fidit spotfebu a vyrobu, ale také vizualizovat, které faktory (napf¥. venkovni teplota vs.
cena elektfiny) mély na rozhodnuti algoritmu nejvétsi vliv. Vyhodou DDMPC je snadna
skalovatelnost a schopnost adaptace na ménici se zvyklosti spottebiteli [5].

3 Digitalni dvojcata a Health-Aware Control

Agresivni vyuzivani baterii pro cenovou arbitraz pfinasi problém v podobé zrychlené de-
gradace ¢lanki. Aby EMPC nepfinaselo kratkodobé zisky na tkor znic¢eni hardwaru, in-
tegruji se do Fidicich smycek Bateriova digitalni dvojcata (Digital Twins).

Digitalni dvojce je virtualni replika fyzického systému, kterd v redlném case asimiluje
data (napéti, proud, teplota) a pomoci pokro¢ilych algoritmi simuluje vnitini elektroche-
mické stavy, které nelze primo zmérit. Frameworky jako PyBaMM dnes umoziuji rychly
béh zjednodusenych, avsak vysoce presnych models (napf. Single Particle Model - SPM),
které predikuji prostorové rozlozeni teploty a koncentraci iontu lithia [6].

Nejnovéjsi vyvoj sméfuje k tzv. Physics-Informed Neural Networks (PINN) a hybrid-
nim dvojcatim, kterd kombinuji fyzikdlni zaklady s neuronovymi sitémi pro zpresnéni
odhadu stavu zdravi baterie (SoH) [7]. MPC regulator propojeny s takovym dvojéetem
mize dynamicky upravovat své limity (tzv. Health-Aware Control) a odmitnout lukra-
tivni obchod na spotovém trhu, pokud by predikovany nartst vnitini teploty ¢lanku vedl
k neadekvatni degradaci a narusil tak celkovou ekonomiku vlastnictvi.

4 7Zvladani nejistot: Stochastické MPC

Vsechny vyse zminéné prediktivni strategie jsou silné zavislé na presnosti vstupnich dat.
Deterministické EMPC predpokladé, Zze predikce solarni vyroby nebo spottebitelského
chovéni jsou absolutné presné. Sebemensi odchylka v predikci v8ak muze vést k prekroceni
limiti jistice a k obrovskym finanénim penalizacim.

Reéenim, které se postupné dostava z akademického vyzkumu do praxe, je Stochas-
tic MPC (SMPC). Na rozdil od deterministického pristupu modeluje SMPC budoucnost
pravdépodobnostné. Pracuje s nejistotou pomoci tzv. chance constraints (pravdépodob-
nostnich omezeni) [8]. 58



SMPC matematicky garantuje, ze systémové limity budou dodrzeny s predem defi-
novanou pravdépodobnosti (napf. 95 %). To umoznuje fidicimu systému najit optimalni
balanc mezi agresivnim vytézovanim sité pro maximalni zisk a konzervativnim piistupem
zajistujicim bezpecnost. Studie z Narodni laboratofe pro obnovitelnou energii (NREL)
prokazuji, ze v ramci HEMS (Home Energy Management Systems) poskytuje SMPC vy-
razné robustnéjsi vysledky pri poskytovani sluzeb flexibility a odezvy na stranu poptavky
(Demand Response) [8].

5 ZAvér

Budoucnost fizeni energetickych tlozist a mikrositi se posouva z roviny hardwarové in-
frastruktury do sféry pokrocilého softwaru. Fuze ekonomického Model Predictive Control
s metodami datového modelovani (XGBoost, LSTM) odstrafiuje bariéru nutnosti sesta-
vovani slozitych matematickych modeli pro kazdou instalaci. Propojeni s bateriovymi
digitalnimi dvojcaty nasledné zajistuje, ze tato umélé inteligence respektuje limity fyziky
a maximalizuje nejen denni zisk, ale i dlouhodobou Zzivotnost aktiv.
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Ondiej Pecina AMD Ktria Pytorch Pipeline

PIPELINE PRO AUTOMATIZOVANE NASAZENI MODELU Z
PYTORCH NA FPGA KRIA KV260 S VITIS AI 3.5

Ondrej Pecina
Fakulta strojni, Ceské vysoké uceni technické v Praze (FS CVUT)

Abstrakt: Nasazovani hlubokych neuronovych siti na FPGA akcelerdtory, jako je AMD Xilinx Kria
KV260, je typicky krehky proces vazany na konkrétmi model, ktery tésné provazuje kvantizaci, kompilaci
a ladéni béhového prostredi, a nuti tak vyvojare prepisovat kéd pro kazdou novou architekturu. Predkla-
ddam univerzalni pipeline pro nasazeni Fizenou registry, ktera automatizuje celou cestu od checkpointu
v PyTorch aZ po inferenci na desce s vyuzitim Vitis Al 3.5 a akcelerdtoru DPUCZDXSG. Ustiednim
ndvrhovym principem je oddéleni aspektit modelu, datové sady a hardwaru do tFi autoritativnich re-
gistrii, diky cemuz miiZe jediné jadro nezavislé na iiloze — inspekce kompatibility s DPU, volitelné
strukturni provezavani, INTS8 kvantizace, kompilace, prenos a béhové prostredi na desce — obslouZit
klasifikaci obrazu i detekci objektii bez tiprav kédu pro konkrétni model. Pipeline ve fazi hardwarové
orientované pripravy vynucuje podmnoZiny operdtori privétivych pro DPU, nahrazuje nepodporované
aktivace a izoluje postprocessing na strané CPU tak, aby sloZité dekodéry ziistaly numericky konzis-
tentni od kalibrace na hostiteli aZ po spusténi na desce. Tok dopliiuje vicevlaknové béhové prostredi
typu producent—konzument s profilovanim po jednotlivych fazich, které zpristupriuje béhové parametry
— soubéznost instanci DPU, hloubku vstupni fronty a vektorizovanou cestu predzpracovani. Vysledny
framework predstavuje reprodukovatelny a rozsiritelny vzor pro nasazovini na FPGA, ktery podstatné
sniZuje inZenyrské usili pri prenosu novych modelii z PyTorch na edge hardware p¥i zachovani presnosti
a kompatibility s DPU.

Klicova slova: FPGA, Kvantizace, Hardwarova akcelerace, Vitis Al, Pytorch

Abstract: Deploying deep neural networks on FPGA accelerators such as the AMD Xilinx Kria KV260
is typically a brittle, model-specific process that tightly couples quantization, compilation, and runtime
tuning, forcing developers to rewrite code for every new architecture. I present a universal, registry-
driven deployment pipeline that automates the complete path from a PyTorch checkpoint to on-board
inference using Vitis Al 3.5 and the DPUCZDXS8G accelerator. The central design principle is the
separation of model, dataset, and hardware concerns into three authoritative registries, allowing a
single task-agnostic core — DPU compatibility inspection, optional structural pruning, INT8 quanti-
zation, compilation, transfer, and the on-board runtime — to serve both image classification and ob-
Ject detection without model-specific code changes. In a hardware-aware preparation stage, the pipe-
line enforces DPU-friendly operator subsets, replaces unsupported activations, and isolates CPU-side
post-processing so that complex decoders remain numerically consistent from host calibration through
on-board execution. The flow is complemented by a multi-threaded, producer—consumer runtime with
per-stage profiling that exposes runtime parameters — DPU instance concurrency, input-queue depth,
and a vectorized preprocessing path. The resulting framework provides a reproducible and extensible
blueprint for FPGA deployment that substantially reduces the engineering effort of porting new Py-
Torch models to edge hardware while preserving accuracy and DPU compatibility.

Keywords: FPGA, Quantization, Hardware Acceleration, Vitis Al, Pytorch
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1 Uvod

Rozsiteni hlubokych neuronovych siti ve vizudlnich aplikacich zvySilo poptdvku po inferenci na okraji sité
(edge), kde omezeni latence, spotfeby a ochrany soukromi dat casto znemoZiiuji pfenést vypocet do cloudu. Pro-
gramovatelna hradlova pole (FPGA) jsou pro toto nasazen{ atraktivni platformou: spojuji energetickou d¢innost
vlastniho datového toku s rekonfigurovatelnosti potfebnou pro sledovani rychle se vyvijejicich architektur modeld.
Deska AMD Xilinx Kria KV260, postavend kolem akceleratoru DPUCZDX8G[1, 2], pfedstavuje typického za-
stupce této tiidy levnych edge akcelerdtord uréenych pro produkéni nasazeni. Prakticka cena za dostdni modelu na
zafizeni vSak zlistava vysoka.

V typickém pracovnim postupu Vitis AI musi natrénovanad sit projit kontrolou kompatibility s DPU[3], INT8
kvantizaci s reprezentativni kalibraci, hardwarové orientovanou pfipravou grafu, kompilaci do .xmodel specific-
kého pro zafizeni, prenosem na desku a nakonec spusténim ptes béhové prostfedi, které kolem DPU organizuje
preprocessing a postprocessing. Tyto faze jsou té€sné provdzané a ve vétSiné publikovanych postupi jsou spojeny
kédem specifickym pro dany model. Kazda novd architektura tak znovu vyZaduje zna¢né inZenyrské sili: je nutné
vyhledat a nahradit nepodporované operatory, znovu rozdélit dekodéry mezi DPU a hostitelské CPU, udrZet nume-
rickou shodu mezi kalibraci a pfedzpracovanim na desce a znovu doladit vldknové zpracovani béhového prostiedi.
Vysledkem je proces nasazeni, ktery je kiehky, obtizné reprodukovatelny a téZko rozsifitelny napii¢ tlohami.

Tento ¢lanek pfedstavuje univerzalni pipeline pro nasazeni fizenou registry, kterd toto oddéleni ¢ini explicitnim.
Metadata modelu, datové sady a hardwaru jsou zachycena ve tfech autoritativnich registrech, coz umoziiuje, aby
jediné jadro nezdvislé na iloze — inspekce, volitelné strukturni profezdvani, INT8 kvantizace, kompilace, pfenos a
béhové prostfedi na desce — obsluhovalo heterogenni tlohy bez tiprav kédu pro konkrétni model. Faze hardwarové
orientované piipravy vynucuje podmnoziny operatort privétivych pro DPU a izoluje postprocessing na strané CPU,
takZe slozité dekodéry zlistavaji numericky konzistentni od kvantizace na hostiteli azZ po spusténi na desce.

Obecnost frameworku demonstruji napfic klasifikaci obrazu i detekci objektt, pfi¢emz detekce zahrnuje dvé
zésadné odliSnd paradigmata integrovand za jedinym rozhranim: detektor zaloZeny na kotvidch (anchor-based),
ktery zachovava surové viceuroviiové tenzory DPU s dekédovanim a potladenim nemaxim (NMS) na CPU, a de-
tektor bez kotev (anchor-free) typu end-to-end, ktery eliminuje NMS pomoci parovani one-to-one a vybéru top-k.
Postup dopliiuje vicevlaknové béhové prostfedi na desce typu producent—konzument s profilovanim po jednotli-
vych fazich, jez zpfistupiiuje béhové parametry — soubéZnost DPU, hloubku vstupni fronty a vektorizovanou cestu

predzpracovani — které 1idi kompromis mezi propustnosti a latenci na redlném hardwaru.
Piinosy této prace jsou:

e Registry-driven architecture, kterd oddéluje aspekty modelu, datasetu a desky a umoziiuje, aby jediné jadro
nasazenf cililo na vice tloh a modeld bez zmén logiky jednotlivych fazi.

* Metodika hardware-aware preparation, ktera systematicky vynucuje omezeni operatord DPU a rozdé€luje
post-processing mezi DPU a ARM CPU pfi zachovani numerické shody v celém postupu.

 Rozsifitelné, instrumentované béhové prostfedi na desce, které integruje heterogenni detekéni paradigmata
za jedinym rozhranim a zpfistupniuje laditelné parametry soubéznosti a pfedzpracovani.

* Komplexni vyhodnoceni na desce Kria KV260, jez vykazuje reprodukovatelnou kompilaci a spusténi napiic
tlohami spolu s charakterizaci propustnosti, latence DPU, spotfeby a energie na snimek.

2 Vitis Al nastroje

2.1 Tok nastroju Vitis Al a akcelerator DPU

Vitis Al 3.5 je vyvojovy zasobnik spole¢nosti AMD pro inferenci neuronovych siti na hardwaru Xilinx[3]. Pro
edge zafizeni jako Kria KV260 je vypocet realizovan jednotkou DPU (Deep-learning Processing Unit) — v naSem
pripadé konfiguraci DPUCZDX8G_ISA1_B4096 béZici na 300 MHz[2]. DPU je programovatelny akcelerdtor s
pevné danou instrukéni sadou, ktery vykondva kvantované celociselné (INT8) operace. Tok nasazeni sestdvd z
nékolika fazi: inspekce kompatibility grafu s DPU, kvantizace s kalibraci na reprezentativnich datech, kompilace
do mezireprezentace XIR a ndsledné do souboru . xmodel specifického pro cilovou architekturu, a konecné béhové
spusténi prostiednictvim knihovny VART (Vitis AI Runtime). Pro analyzu kompatibility a kvantizaci poskytuje
knihovna pytorch_nndct rozhrani Inspector a torch_quantizer.
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2.2 INTS kvantizace a omezeni operatori DPU

DPU vykonava pouze podmnoZinu operaci podporovanych béznymi frameworky a pracuje vyhradné v celoci-
selné aritmetice. To prinasi dvé zdsadni omezeni. Za prvé, kvantizace po trénovani (PTQ) prevadi vahy a aktivace
na INT8 pomoci kalibracnich statistik; nespravné zarovnand normalizace mezi kalibraci na hostiteli a pfedzpraco-
vanim na desce vede k degradaci pfesnosti[4, 5]. Za druhé, ne v§echny operdtory jsou podporovany nebo efektivné
mapovany na DPU. Konvoluce, ddvkova normalizace (BatchNorm), ReLU, pooling a concatenation pati{ mezi spo-
lehlivé podporované; naopak attention mechanismy, softmax, dynamicky reshape, operace naro¢né na permutace
a nékteré fluze aktivaci (napiiklad depthwise konvoluce s LeakyReLLU) jsou problematické nebo nepodporované.

Operace, které DPU nezvladd, musi byt bud’'nahrazeny ekvivalenty pfivétivymi pro DPU, nebo pfesunuty na ARM
CPU jako soucdst postprocessing.

2.3 Adaptace modeli privétiva pro DPU

Dtisledkem téchto omezeni je, Ze modely navrZzené pro GPU casto nelze nasadit na DPU bez dprav. BéZné
strategie zahrnuji nahrazeni nepodporovanych aktivaci (napfiklad SiLU za LeakyReLU nebo ReLU), odstranéni
attention bloki a rozdé€leni vypoctu mezi DPU (pétef sit€ a hlavy) a CPU (dekddovani, NMS, sestaveni masek). U

detektor objektl je to obzvlasté vyrazné: kotevni dekédovani a NMS zahrnuji fazeni, indexovani a podminénou
logiku, které jsou pro DPU nevhodné, a proto se typicky ponechdvaji na CPU[6].

2.4 Souvisejici nastroje pro nasazeni

AMD poskytuje Model Zoo s pfedkompilovanymi modely a referenénimi piiklady[3], které vSak pokryvaji
fixni sadu architektur a pfedpokladaji, Ze uZivatel pro nové modely pirevezme a upravi piiklady specifické pro dany
model. Existujici komunitni a vendorové postupy obvykle vazi logiku nasazeni piimo na konkrétni model, ¢imz
vznikd duplicita kodu a kfehkost pfi pfechodu na novou architekturu. Akademické prace o nasazeni CNN na FPGA
se Casto zamétuji bud na ndvrh hardwarového akceleratoru, nebo na optimalizaci jediného modelu, méné pozor-
nosti v§ak vénuji softwarové-inZenyrské reprodukovatelnosti a rozsititelnosti celého toku napfic vice dlohami[7].
Chci tuto mezeru zaplnit: namisto optimalizace jediného modelu navrhujeme architekturu fizenou registry, ktera
oddéluje aspekty modelu, datové sady a hardwaru, a umoziuje tak jedinému jadru nasazeni obsluhovat heterogenni
ulohy bez tprav kédu pro konkrétni model.

3 Architektura systému

Navrhovand pipeline je postavena na jediném navrhovém principu: oddéleni aspekti toho, co se nasazuje, jaka
data se pritom pouzivaji a kde vysledek bézi. Tento princip se promitd do tif autoritativnich registri a do jadra
nezavislého na tloze, které tyto registry konzumuje. V této kapitole popisuji navrhové cile, datové registry, faze
toku a mechanismus hardwarové orientované piipravy modelu.

3.1 Navrhové cile

Architekturu ¥di tfi cile. Prvnim je nezdvislost na iiloze: tytéZ faze inspekce, kvantizace a kompilace musi
obslouZit klasifikaci i detekci bez vétveni logiky podle konkrétniho modelu. Druhym je reprodukovatelnost: kazdy
béh musi byt plné uréen deklarativni konfiguraci, takZe vysledné artefakty 1ze odvodit z piikazu a obsahu registra.
Tretim je rozSiFitelnost: pridani nového modelu, datové sady nebo cilové desky md vyzadovat pouze zdznam v
registru, nikoli zménu kédu jednotlivych fazi.

3.2 Registry rizené metadaty

Tti kofenové konfiguracni soubory tvoii jediny zdroj pravdy. Registr modelti (model_config.py) zachycuje
typ ulohy, ndzev modelu, zavadé¢ zdrojového grafu, vstupni tvar, cestu k checkpointu, vypocetni naro¢nost v GOPs
a u detektord téZ metadata dekodéru (pocet tiid, kroky, kotvy nebo typ bezkotevniho dekodéru, prahy, reg_max
a max_det). Registr datovych sad (dataset_config.py) zachycuje kalibracni a obrazové cesty, nazvy slozek,
usporddané popisky tfid a normalizacni konstanty. Registr desky (board_config. py) zachycuje cestu k architek-
tufe DPU, IP adresu a uZivatele desky, Spickovy vykon DPU v GOPS, pocet aktivnich vldken a pomocné funkce
pro telemetrii spotfeby.

Toto oddélenti je klicové: skripty jednotlivych fazi nikdy nezakédovavaji konstanty modelu, datové sady ani
desky natvrdo, nybrz je ¢tou z registrii. V dasledku toho se zména cilového modelu nebo desky provede tpravou
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deklarativnich metadat, a nikoli logiky toku, ¢imz se eliminuje tfida chyb plynoucich z roztrousenych, vzdjemné
nekonzistentnich konstant.

3.3 Jadro nezavislé na dloze

(2

Sdilené jadro orchestruje Sest fazi. Faze inspekce oveéri kompatibilitu grafu s DPU a vytvoii zpravu identifiku-
jict operace ptifazené CPU. Volitelnd faze prorezdvdni provadi strukturni redukci modelu[8, 9]. Faze kvantizace
provede INTS kalibraci na reprezentativni podmnoZziné dat a exportuje kvantovany graf[4]. Faze kompilace pteloZi
kvantovany graf pfes mezireprezentaci XIR do souboru .xmodel specifického pro architekturu desky. Volitelnd
faze prenosu presune na desku pouze soubory potfebné pro aktivni tlohu. Konecné béhové prostredi na desce vy-
kond inferenci. Orchestrator voli task-specifické zavadéce a béhové programy na zdkladé typu tlohy uvedeného v
registru modeld, takZe rozsifeni o novy model nevyZaduje zdsah do fidici logiky.

3.4 Hardwarové orientovana piiprava modelu

Mezi zdrojovym grafem v PyTorch a kvantizaci leZi faze pfipravy nezdvisla na tloze, jejimz tikolem je uvést
model do podoby piivetivé pro DPU. Tato faze plni tfi role[10]. Zaprvé vynucuje podmnoZinu podporovanych
operdtorii — nahrazuje nepodporované aktivace a odstrafiuje konstrukce, které DPU efektivné nemapuje, jako jsou
attention bloky. Zadruhé rozdéluje postprocessing mezi DPU a ARM CPU: pétef sit€ a hlavy béZi na DPU, zatimco
operace ndro¢né na fazeni a indexovdni, jako je dekdédovani detekci a NMS, ztistavaji na CPU. Zatfeti udriuje
numerickou shodu, nebof normaliza¢ni konstanty z registru datovych sad pouziva identicky pfi kalibraci na hostiteli
i pfi predzpracovani na desce, ¢imz se predchazi degradaci pfesnosti pii kvantizaci.

Tato faze je zamérné parametrizovand typem ulohy a metadaty dekodéru z registru. TentyZ mechanismus pii-
pravy tak obslouZi rtizné architektury: rozhoduje na zdkladé deklarovanych metadat, nikoli na zdkladé napevno
zakédovanych predpokladii o konkrétnim modelu. Tim je zachovdna nezavislost jadra na tloze i v nejcitlivéj$im

misté celého toku.

4 Implementace a rozSiritelnost

V této kapitole ukazuji, jak se navrhové principy z kapitoly 3 projevuji v praxi. Nejprve popisuji, jak se novy
model pridava vyhradné pres registr, poté na pripadové studii detekce demonstrujeme schopnost jediného rozhrani
obslouzit zdsadné€ odlisnd paradigmata, a nakonec popisujeme instrumentované béhové prostiedi na desce.

4.1 Pridani modelu pies registr

Rozsiteni pipeline o novy model spociva v zapisu jediného zdznamu do registru modelt, ktery deklaruje typ
dlohy, zavadé¢ zdrojového grafu, vstupni tvar a cestu k checkpointu[10]. U vlastnich modelti zdznam déle uvadi
pole source: "custom" spolu s odpovidajicimi cestami k souboru, YAML konfiguraci nebo repozitafi, podle
nichZ zavadé¢ v modulu pro préci s modely sestavi graf. Zadna faze toku — inspekce, kvantizace ani kompilace — se
pritom neménti; jadro odvodi veskeré chovani z deklarovanych metadat. Tim se pfidani modelu redukuje z Gpravy
koédu napti¢ faizemi na lokdlni, deklarativni zménu.

4.2 Heterogenni detekce za jedinym rozhranim

Silu oddéleni modelu od toku ilustruji integraci dvou detektorti zaloZenych na odliSnych paradigmatech, jez
vSak sdileji tutéZ infrastrukturu nasazeni.

Model YOLOVS predstavuje detekci zaloZenou na kotvach (anchor-based)[11]. Jeho detekcni hlava je na hosti-
teli ponechdna ve formé surovych vicedroviiovych vystupt P3/P4/P5, zatimco kotevni dekédovani a NMS probihaji
na ARM CPU. Aktivace SiLU jsou nahrazeny ReLU, aby byl graf pfivétivy pro DPU. Metadata dekodéru — kroky,
kotvy a prahy — jsou uvedena v registru a sdilena mezi kvantizaénim testem a béhovym programem na desce.

Model YOLOvV26 naproti tomu predstavuje bezkotevni (anchor-free) detekci typu end-to-end[12]. Pomoci
obalu nad architekturou Ultralytics se na DPU vystavi pouze vétev one2one, ¢imZ se eliminuje potfeba NMS; vybér
detekci se provadi top-k selekci pfimo v INTS8 prostoru. Nepodporované moduly (C2PSA, PSABlock, Attention)
jsou z grafu cileného na DPU vylouceny a aktivace SiLU jsou nahrazeny ReLU.

Klicové je, Ze obé architektury vyuzivaji tytéz faze inspekce, kvantizace a kompilace; li$i se pouze deklarova-
nymi metadaty dekodéru a logikou postprocessing na CPU. TatdZ pipeline tak bez dprav fidiciho kédu obslouZi
detektor s kotvami i bez nich, ¢imz se prakticky potvrzuje nezdvislost jadra na dloze.
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4.3 Instrumentované béhové prostredi na desce

Béhové prostfedi na desce je navrzeno jako vicevldknova architektura typu producent—konzument. Producent-
skd vlakna provadéji pfedzpracovani na CPU (zména velikosti, letterboxing, normalizace) a vkladaji snimky do
fronty, zatimco konzumentska vldkna asynchronné spoustéji inferenci na DPU pfes VART. Tim se ptekryvda CPU
pfedzpracovéni s vypoctem na DPU a maximalizuje se propustnost.

Béhovy program zpfistupniuje nékolik laditelnych parametri, jez fidi kompromis mezi propustnosti a latenci:
pocet soubéznych béhovych instanci DPU (--threads), pocet producentskych vldken (--producers), hloubku
vstupni fronty (--queue-size) a pfepinace pro vypnuti vykreslovan{ a ukladani vystupti (--no-draw, -~—no-save).
Predzpracovani normalizace je urychleno vektorizovanou vyhleddvaci tabulkou (LUT): pokud jsou normalizacni
koeficienty vsech tii kandli shodné, aplikuje se tabulka jedinym voldnim np . take nad celym snimkem, ¢imz se
vyrazné snizi ndklady na normalizaci v horké smycce.

Pro analyzu vykonu obsahuje béhovy program rozsahlé profilovani po jednotlivych fazich
(--profile, --profile-json). Pro kazdy snimek se zaznamendvaji dil¢i latence od pfipravenosti pfedzpraco-
vani, pres ¢ekdni ve vstupni a vystupni fronté, aZ po pripravenost vysledku a celkovy vystup. Tyto metriky umozZiuji
odhalit izkd mista — napiiklad hladovéni konzument ¢i nartist zpoZdéni ve fronté — a kvantifikovat dopad soubéz-
nosti DPU.

5 Diskuse

5.1 Ziskané poznatky

ZkuSenost s ndvrhem pipeline potvrzuje, Ze hlavni zdroj tfenf pfi nasazovani na DPU neni samotnd kvantizace
¢i kompilace, nybrz roztrousené piedpoklady specifické pro konkrétni model, datovou sadu a desku. Soustfedéni
téchto predpokladt do tif registrl pfineslo velky piinos vici vynaloZenému usili: jakmile jsou metadata deklara-
tivni, stava se pfidani modelu lokalni zménou a faze toku zlstavaji stabilni. Druhym poznatkem je, Ze numericka
shoda mezi kalibracf na hostiteli a pfedzpracovanim na desce je kiehkd a musi byt vynucena sdilenim tychZ nor-
malizacnich konstant z registru, nikoli jejich nezdvislym definovdnim na obou strandch. Tfetim poznatkem je, Ze
hranice mezi DPU a CPU je u detektort pfirozenym navrhovym rozhranim: ponechani dekédovani a NMS na CPU
umoznilo integrovat kotevni i bezkotevni paradigma beze zmény fidici logiky.

5.2 Omezeni

Pipeline ma v soucasné podobé nékolik omezeni. Podpora klasifikace a detekce je stabilni a ovéfend na hard-
waru, avSak sémantickd a instanni segmentace zlstavaji ve stavu rozpracovanosti: existuje registrace modell a
kostra béhového programu, ale cesta vyhodnoceni piesnosti neni dosud dokonc¢ena. Obdobné je strukturni profe-
zavani pomoci ndstroje Vitis Al Optimizer pfitomno, smycky pro obnovu presnosti po profezani se vsak stéle ladi.
Dale je pipeline cilena na konkrétni konfiguraci DPU desky Kria KV260; pfenositelnost na jiné architektury DPU
je sice diky registru desky koncepcné primocard, nebyla vSak v této praci experimentdlng oveérena.

5.3 Hrozby pro validitu

Z hlediska méfeni vykonu je relevantni, Ze béhové prostiedi je zaloZeno na Python rozhrani VART a vektorizo-
vaném zpracovani v NumPy. Pfesné hardwarové ¢asovani prenosit DMA a vypoctu uvniti DPU proto nenf od reZie
Python vrstvy plné oddélitelné; vykazované latence DPU zahrnuji i ndklady na voldni API. Méfend propustnost a
latence rovnéz zavisi na poctu vldken, hloubce fronty a poctu producentti, takZe jednotliva ¢isla je nutno interpreto-
vat vZdy v kontextu konkrétni konfigurace béhu. Kone¢né reprodukovatelnost kompilace byla ovéfena na omezené

podmnoziné modeld a datovych sad; zobecnéni na $irs$i spektrum architektur je pfedmétem dal$iho ovéfovani.

6 Zavér a budouci prace

V této préci jsem predstavil univerzalni pipeline pro nasazeni modeld z PyTorch na FPGA akcelerdtor Kria
KV260 s vyuzitim Vitis AI 3.5. Ustfednim piinosem je architektura fizend registry, kterd oddéluje aspekty mo-
delu, datové sady a hardwaru do ti{ autoritativnich konfiguraci a umoZziuje, aby jediné jadro nezavislé na dloze
— inspekce, volitelné profezdavani, INT8 kvantizace, kompilace, pfenos a béhové prostfedi na desce — obslouzilo
klasifikaci i detekci bez tprav kodu pro konkrétni model. Ukdzal jsem, Ze hardwarové orientovand piiprava grafu
dokaze systematicky vynutit omezeni operatortt DPU a rozdélit postprocessing mezi DPU a ARM CPU pii za-
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chovani numerické shody napfi¢ celym tokem. Rozsifitelnost frameworku jsem dolozili integraci dvou zdsadné
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odlisnych detekénich paradigmat — kotevniho a bezkotevniho — za jedinym rozhranim a doplnili ji instrumento-
vanym, vicevlaknovym béhovym prostiedim s laditelnymi parametry soubéznosti a profilovanim po jednotlivych
fazich.

Vysledkem je reprodukovatelny a rozsititelny vzor pro nasazovani na okraji sité, ktery podstatn€ sniZuje inZe-
nyrské usili pfi pfenosu novych modeld z PyTorch na FPGA hardware, aniZ by obétoval piesnost ¢i kompatibilitu
s DPU.

V budouci praci se zaméfim na dokonceni cesty vyhodnocenf pfesnosti pro sémantickou a instancni segmentaci,
dotazeni smycek pro obnovu presnosti po strukturnim profezani a na rozsiteni podpory o dalsi architektury DPU
prostfednictvim registru desky. Ddle planuji presnéjsi oddéleni hardwarového ¢asovani DPU od reZie béhové vrstvy

2%

a Sirsi experimentalni ovéfeni reprodukovatelnosti kompilace napfi¢ rozsahlejsi sadou modeld.
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Abstrakt:  Tato prdce se zabyva resersi modelii pouzivanych pro popis a predikci atmosférické koroze
materidlii se zamérenim na klasické korozni modely a moderni metody strojového uceni. V prvni casti
Jsou popsdany vybrané modely korozivity atmosféry, véetné jejich principu, vyhod a omezeni. Druhd cdst
prdce je vénovdna metoddam strojového uceni vyuZitelnym pro analyzu a predikci korozniho chovani na
zakladé experimentalnich a environmentalnich dat. Pozornost je zamérena zejména na metody redukce
dimenzionality dat a predikcni algoritmy, jako jsou Random Forest, Support Vector Regression, Gra-
dient Boosting, umélé neuronové sit¢, LSTM a ARIMA.

Prdce je soucasti projektu zaméreného na predikci miry atmosférické koroze z namérenych dat po-
moci metod strojového uceni. Cilem projektu je analyzovat zavislosti mezi parametry prostredi a ko-
roznim ubytkem materidlu a navrhnout model schopny presné predikce korozniho chovdni v redlnych
podminkdch. Vysledky reserse slouZi jako teoreticky zdklad pro navrh a implementaci predikcniho sys-
tému.

Klicova slova: koroze, strojové ucent, predikce

Abstract: This thesis presents a review of models used for the description and prediction of atmospheric
corrosion of materials, with a focus on both classical corrosion models and modern machine learning
approaches. Thefirst part describes selected models of atmospheric corrosivity, including their princi-
ples, advantages, and limitations. The second part is devoted to machine learning methods applicable
to the analysis and prediction of corrosion behavior based on experimental and environmental data.
Particular attention is paid to dimensionality reduction techniques and predictive algorithms such as
Random Forest, Support Vector Regression, Gradient Boosting, Artificial Neural Networks, LSTM, and
ARIMA.

The work is part of a project focused on predicting the rate of atmospheric corrosion from measured
data using machine learning methods. The aim of the project is to analyze relationships between en-
vironmental parameters and corrosion loss of materials and to develop a model capable of accurately
predicting corrosion behavior under real operating conditions. The results of this review serve as the
theoretical foundation for the design and implementation of the predictive system.

Keywords: corrosion, machine learning, prediction

1 Modely korozivity atmosféry

1.1 Heuristické modely

Heuristické modely pfedstavuji empiricky zaloZené piistupy, které vyuZivaji experimentdlni data k identifikaci
vzort chovani vedoucich k predikei priibéhu atmosférické koroze. Tyto modely jsou zpravidla vytvareny na zdk-
ladé statistickych korelaci mezi environmentalnimi parametry a miry atmosferické koroze. Vyhodou heuristickych
modeld je jejich relativné jednoduchd implementace a nizkd vypocetni naro¢nost. Nevyhodou je vSak skutecnost,
Ze ziskané vztahy byvaji platné pouze pro specifické materidly, prostiedi a experimentdlni podminky. Modely navic
neposkytujihlubsivhled do fyzikdlnich a elektrochemickych mechanismi koroze. Vysledky mohou byt citlivé i

na malé zmény okolnich podminek, coZ omezuje jejich zobecnitelnost a vyuZitelnost v praxi.[1] 66
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1.1.1 Norma ISO 9223:2012

Tato norma se zaméfuje na korozivitu kovt a slitin a korozivitu atmosféry. Zejména jejich klasifikaci, urcenf a
odhad.V ¢asti 8.2 "Normative corrosivity estimation based on calculated first-year corrosion losses” rovnice ¢. 4
popisuje tbytek materidlu strukturnich konstrukef z hliniku za prvni rok na zdkladé priimérné ro¢ni depozice SO,
a Cl~, primérné rocni teploty a primérné ro¢ni relativni vlhkosti. Rovnice nebere v potaz tvar konstrukce ani jiné
podminky[2]

Rovnice vypada ndsledovné:

Foorr =0, 0042P2,73e(0,025RH+fA1) +0, 0018S2,606(0,02RH+0,O94T)

, kde

Tcorr j€ piirtstek koroze/tbytek konstrukce za prvni rok [um],
T je primérna teplota za tento rok [°C],

RH je primérna relativni vlhkost béhem roku [%],

P, je praimérnd depozice SO, za den béhem roku [mg/ m2d],
Sy je primérna depozice CI~ za den b&hem roku [mg/m>d].

1.2 Deterministické vicestupniové modely

Deterministické modely jsou zaloZeny na matematickém a elektrochemickém popisu jednotlivych dil¢ich pro-
cest atmosgrické koroze. Tyto modely umoziiuji postupné rozsifovani o dalsi fyzikalni a chemické déje, napiiklad

transpot iontd, tvorbu koroznich produktti nebo difuzni procesy. Diky tomu lze dosdhnout vyssi pfesnosti simu-
laci, avSak za cenu zvySené vypocetni naro¢nosti.[1]

1.2.1 GILDES

Model GILDES se pouZiva pro popis lokalizované atmosférické koroze kovii v pfitomnosti tenkych vrstev elek-
trolytu. Zahmuje kinetiku korodujictho systému vcetné interakci mezi plynnym a kapalnym prostiedim. Model
je rozdélen do Sesti vrstev: plyn — rozhrani — kapalina — usazenina — elektroda — pevny materidl. Kazd4 z téchto
vrgev je popsana samostatnymi diferencidlnimi rovnicemi, které modeluji transport latek, chemické reakce a elek-
trochemické procesy. Model GILDES tak poskytuje detailni fyzikaln{ reprezentaci korozniho systému. Nevyhodou
modeluje skute¢nost, Ze nezohledriuje napiiklad vliv geometrie konstrukce nebo lokdlni nehomogenity materidlu.[1]

G (Gas) ?_
| (Interface) G

L (Liquid)

D (Deposition)
E (Electrodic)  @-=--

S (Solid) \

Obr. 1: Schéma modelu GILDES [3]

1.2.2 MITReM

MITReM je matematicky model urceny pro simulaci transportu iontd a chemickych reakei v elektrochemickych
systémech. V oblasti atmosférické koroze se vyuziva zejména pro modelovani procesi probihajicich v tenkych
vratvach vlhkosti na povrchu kovli. Model umoziiuje detailni analyzu zmén koncentraci iontli, pH prostiedi a
tvorby koroznich produktli v Case. PfestoZe poskytuje velmi presné vysledky, byvd jeho pouziti v primyslovych

aplikacich omezeno vysokou vypocetni ndro¢nosti, zejména pfi trojrozmérnych simulacich.[1]
67
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1.2.3 Celularni automat

Celulami automat (CA) je diskrétni matematicky model sloZeny z pravidelné usporddanych bunék, jejichz stav
se méni v jednotlivych casovych krocich podle pfedem definovanych pravidel. Tento pfistup je vhodny pro simulaci
slozitych systémi zaloZenych na lokdlnich interakcich.[1]

J. Saunier a jeho tym definovali ¢tyfi mozZné stavy bunck pro vyuZiti CA pfi simulaci koroze: rozpousStédlo
(S), kov (M), produkt koroze (L) a chodec (W). Chodci reprezentuji ionty kovi difundujici skrze vrstvy koroznich
produktt.Vyhodou celularnich automatt je schopnost modelovat lokdln{ $ifeni koroze a vznik koroznich defektt s
relativnénizkymivypocetniminaroky Chemicka podstata procesu je vSak do znacné miry nahrazena statistickymi

pravidly premény bunék.[1]

2 Modely strojového uceni

Metody strojového uceni nachdzeji v oblasti predikce korozivity atmosféry stdle §ir$i uplatnéni. Jejich hlavni
vyhodou je schopnost zpracovdvat rozsdhlé datasety a identifikovat pomérné jednoduse i nelinedrni vztahy mezi
environmentalnimi parametry a koroznim poskozenim materiald.

2.1 Algoritmy pro sniZeni dimenzionality vstupnich dat

V piipadé rozsdhlych dataseti mize velké mnoZstvi atribut vést k nadmérné vypocetni naro¢nosti, preuceni
modelunebo sniZen{ interpretovatelnosti vysledkli. Proto se vyuZivaji algoritmy pro redukci dimenzionality dat,
jejichz cilem je zachovat co nejvétsi mnoZstvi relevantnich informaci pfi sou¢asném omezeni redundantnich nebo
irelevantnich atributt.

2.1.1 Koeficient maximalni informace (MIC)

~s o

MIC je statisticka metoda slouzici ke zjisfovani zavislosti mezi dvéma proménnymi. Na rozdil od klasickych
korela¢nich metod umoziiuje efektivné detekovat také nelinedrni vztahy mezi atributy. Hodnota MIC se pohybuje

Vv

v intervalu [0; 1], kde vy$§i hodnota znamena silnéj$i zavislost mezi proménnymi.[4]

Spole¢nd informace I mezi atributyx, y se pocitd nasledujici rovnici:

o Py
1(X;Y) = ;{y;P(x,y)log (p(x)p(y)) v

, kde p je neurcitost

Hodnotakoeficientu maximalni informace je pak vyjadfena normalizaci na interval [0;1]

I*(D,x,y) } )

MIC(D) = maxy.y {log(min(x,y))

, kde D je dataset

2.1.2 Analyza hlavnich komponent (PCA)

N

PCA patfi mezi bézné techniky pro predzpracovani dat. Metoda transformuje piivodni proménné na novou

mnoZzinuvzdjemnénezavislych hlavnich komponent, které zachovavaji co nejvetsi ¢ast variability dat. Tim dochazi
ke kompresi dat pfi minimdln{ ztrat€ informace a soucasné ke zlepSeni stability ne¢kterych predikénich modelt. [5]

Hlavni komponenty jsou vlastni vektory kovarianéni matice normalizovaného a centrovaného datasetu. Radf se
podle velikosti jim ndleZicich vlastnich Cisel a ddle se pouZiva pouze urcity pocet nejdilezitéjsSich komponent a
dochazitakke snizeni poCtu atribut v datasetu. Tyto nové “atributy” vSak jiZ nemaji ve svém jednotlivém vyznamu
nic spole¢néhos pivodnimi veli¢inami.
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Pokud mdme matici dat X € R"*P (kden je polet pozorovani a p je poCet proménnych), kterd je centrovand,

neboliproni plati

inj =0;j=1,...,p
i=1
, pak se mize vypocitat kovariaéni matice S
1

xTx.
n—1

S =

Pro vypoctenou kovaria¢ni matici se naleznou vlastni vektory a vlastni ¢isla podle rovnice
S Vi = /l,'Vi
, kde 4; jsou vlastni ¢isla

a vj jsou vlastni vektory/hlavni komponenty.

Poté se vybere prvnich k hlavnich komponent a je moZné transformovat data do matice Z
Z=XV

,kdeV = [vl Vo ... vk]
Transformovand data pak budou mit rozméry n x k.

2.1.3 Random forest (RF)

Random Forest je ensemble algoritmus vyuZivajici velké mnozZstvi rozhodovacich stromd. Kazdy strom je
trénovdn na ndhodné vybraném podvzorku dat a atributd, ¢imz dochdzi ke sniZenf rizika preuceni modelu. RF lze

v s

vyuZzit nejen k predikci, ale také k identifikaci nejvyznamnéjsich atributl ovliviiujicich vystupni proménnou.

Permutacni dilezitost Po natrénovini modelu jsou ndhodné promichdny hodnoty vybraného atributu a ndsledné
je sledovan pokles presnosti modelu. Vyraznéjsi pokles presnosti indikuje vyssi vyznam daného atributu pro
predikci.[6]P¥i procesu se daji sledovat i ukazatele jako MSE, nebo R>.

2.2 Algoritmy predikce
2.2.1 Regrese pomoci podptirnych vektora (SVR)

SVR je regresni metoda zaloZend na principu podptrnych vektorti. Cilem algoritmu je nalézt funkci, kterd co
nejlépe aprximuje zdvislost mezi vstupnimi a vystupnimi daty pii zachovani definované tolerance chyby. Diky
vyuZzitijadrovych funkci je SVR schopna modelovat i vyrazné nelinedrni vztahy mezi proménnymi. [7]

2.2.2 Gradient Boosting

GradientBoosting pfedstavuje ensemble metodu zaloZenou na postupném skladani slabych modeld, nejcastéji
rozhodovacich stromt. Jednotlivé modely jsou trénovany sekvencné tak, aby minimalizovaly chyby pfedchozich
modeld. Modemi implementace, napfiklad XGBoost nebo LightGBM, patii mezi nejvykonnéjsi algoritmy pro
tabullova data. [8]

2.2.3 Umélé neuronové sité (ANN)

Umélé neuronové sité predstavuji pokrocilé modely inspirované strukturou biologickych neuronovych siti.
VyuZzivaji se pro regresi, klasifikaci i analyzu ¢asovych fad. Hlavni vyhodou ANN je schopnost aproximovat velmi
slozité nelinedmi vztahy mezi vstupy a vystupy. Vyznamnym milnikem ve vyvoji ANN bylo zavedeni algoritmu
zpétnéhositeni chyby (backpropagation), ktery umoznil efektivni trénovani vicevrstvych siti.[9, 10]

BéZny model neuronupodle McCullocha a Pittse je definovan rovnici:

N
y=rf wix; —0
&g .
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Aktivac¢ni funkce neuronurozhodujeo vysledném vystupu neuronu a zavadi do modelu nelinearitu, kterd je
kli¢ova pro schopnost sité ucit se slozité vztahy.

224 LSTM

LSTM (Long Short-Term Memory) je specidlni typ rekurentnich neuronovych siti uréeny pro praci se sekvencnimi
daty napriklad ¢asovymi fadami. Architektura LSTM umoZziiuje uchovavat dlouhodobé zavislosti v datech a
soucasné eliminovat problém mizejiciho gradientu. Klicovou soucdsti modelu jsou tzv. brany (forget gate, in-
put gate a output gate), které reguluji tok informaci uvnitf sité.[11]

2.2.5 ARIMA

s Xz

Model ARIMA kombinuje autoregresivni ¢ast (AR), diferencovani (I) a klouzavy primér (MA). Model je
vhodny zejména pro analjzu a predikci Casovych fad se sezénnim nebo linedrnim charakterem. Vyhodou mod-
elu ARIMA je relativné nizkd vypocetni naroCnost a dobrd interpretovatelnost vysledkd. Naopak nevyhodou je
pozadavek na stacionaritu ¢asové fady a omezend schopnost modelovat vyrazné nelinedrni vztahy.

Obecnérovnice pro model ARIMA(p, d, q) je

P q
1—Z¢iy') (1-L)X, =c+ (1 +Ze,-L") &
i=1 i=1

, kde L predstavuje vystupy z minulych krokd,
p je fad AR casti,

¢i jsou AR koeficienty,

d je stupen diferencovani,

Xt je vystup tohoto kroku,

¢ je konstanta,

6; jsou koeficienty MA casti,

q je fad MA casti,

a & je ndhodnd chyba.

Hodnotyp, d a q se urcuji pomoci riznych néstroji (napf. autokorelacni funkce, informacnich kritérii nebo
automatiké algoritmy), koeficienty ¢; a 6; jsou pak nejCastéji pocitdny metodou maximdalni vérohodnosti nebo
metodounejmensich ¢tvercti.[12]
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VYPOCETNE USPORNA METODA
PROSTOROVEHO SROVNAVANI CT SNIMKU
NOSNICH DUTIN

Ing. Oto Vrdna '
L Ustav pristrojové a vidici techniky, Fakulta strojnt, CVUT v Praze, vranaoto@cvut.cz

Abstrakt:  Sledovdni anatomickijch zmén v case, napriklad pri hodnoceni pooperacniho ho-
jent, vyzZaduje presné prostorové srovndni 3D obrazovych dat z rizniych vysetreni. Béziné
pouzivany postup spoléhd na ukotveni dat k rozsdhlé stabilni anatomické strukture, cozZ je
ale vgpocetné ndrocné a vyzaduje zpracovani velkého objemu dat i mimo oblast skutecného
zdajmu. Tato prdce se zabyvd ndvrhem automatizovaného postupu zpracovani C'T dat, jehoZ
cilem je dosahnout srovnatelné presnosti vjrazné uspornéjsim zpusobem, vhodnym pro nasa-
zeni na bézném vipocetnim vybavend klinickych pracovist. Byl vyvinut automatizovany systém
v jazyce Python, ktery vstupni C'T data nejprve izotropné prevzorkuje a ndsledné segmentuje.
Navrzeny postup, pracujici primo s oblasti zajmu, byl porovndn s konvencnim pristupem vy-
uzivajicim rozsdhlou referencni strukturu, a to na datech redlniyjch pacientiu s pooperacnimi
zménami v oblasti nosnich dutin. Visledky ukazuji, Ze 1ispornéjsi pristup dosahuje srovna-
telné presnosti pri podstatné nizsich ndrocich na vypocetni cas i pamet.

Klicova slova: pocitacovd tomografie, prostorovd registrace, zpracovani obrazu, vypocetni
efektivita

1 Uvod

Dlouhodobé sledovani anatomickych zmén patii mezi diilezité néstroje pro objektivni hodnoceni po-
operacniho vyvoje, sledovani progrese onemocnéni i planovani navazujici 1écby. Aby bylo mozné snimky
z ruznych ¢asovych okamzikt vzajemné porovnat, je nutné je nejprve prostorové sjednotit — tomuto pro-
cesu se ika registrace [1]. Automatizované zpracovani dat za timto icelem vsak nardzi na dva zasadni
problémy.

Prvnim je nerovnomérné rozliseni béznych klinickych CT vysetieni, kdy je rozliseni v jedné roviné
vyrazné jemnéjsi nez vzdalenost mezi jednotlivymi fezy. To pfi generovani 3D modelu vede k viditelnym
»schodovitym*® artefakttm, které jsou zvlast problematické u tenkosténnych struktur, jako jsou prave
nosni dutiny, kde mohou znehodnotit pfesnost nésledného vypoctu transformace [2].

Druhym problémem je promeénlivost sledované oblasti po operaci. Chirurgické zakroky, otoky nebo
zanétlivé procesy zptsobuji lokalni zmény tkané, kvili kterym se standardni registracni algoritmy, jako je
klasicky Iterative Closest Point (ICP) [3], mohou ,zaseknout® a konvergovat k anatomicky nespravnému
Teseni.

7 téchto duvodu se v oboru obecné predpoklada, ze nejvyssi spolehlivosti lze u podobnych dat do-
sahnout pouze ukotvenim k rozsahlé stabilni struktute — typicky nedotcené kostni stavbé lebky, ktera je
poopera¢nimi zménami ovlivnéna minimélné [1, 4]. Naproti tomu piimé srovnavani samotné operované
oblasti je povazovano za rizikové pravé kvuli zminéné topologické promeénlivosti [4].

V praxi to znamend, ze fada pracovist, kterd by z podobné analyzy mohla tézit, k ni dnes nema
realny pristup — nikoliv kvuli nedostatku dat, ale kvuli ndrokiim na vypocetni infrastrukturu. Pokud
by se ukazalo, ze srovnatelné vysledky lze ziskat i bez nutnosti zpracovavat rozsdhla referenéni data,
otevrelo by to cestu k béznéjsimu vyuziti téchto nastroju i mimo specializovana vyzkumna centra.

Cilem této price je experimentdlné ovérit, zda je s daslednym predzpracovanim dat (zejména izot-
ropnim prevzorkovanim [2]) mozné dosdhnout srovnatelné pfesnosti i vyrazné dspornéjsim piistupem,
pracujicim primo s oblasti zajmu, a nabidnout tak postup realisticky nasaditelny i bez specializovaného
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vypocetniho vybaveni. Za timto 1ic¢elem byl navrzen a implementovan kompletni automatizovany zpra-
covatelsky retézec, od nacteni vstupnich CT dat az po kvantitativni vyhodnoceni obou porovnavanych
pristupu, ktery je popsan v nasledujici kapitole.

2 Metodika

2.1 Predzpracovani dat a extrakce 3D modelti

Do prace byla zahrnuta anonymizovand CT data pacienti s pooperacnimi zménami v oblasti nosnich
dutin, vzdy ve dvojicich predoperac¢niho a poopera¢niho snimku.

Vzhledem k nerovnomérnému rozliseni vstupnich dat byla vSechna CT data nejprve izotropné pre-
vzorkovana na krychlové voxely, jejichz velikost byla odvozena od nejjemnéjsiho rozliseni v ptivodnich
datech. Tento krok potlacuje vznik ,schodovitych“ artefaktt a zajistuje hladké a topologicky spojité
povrchové modely, nezbytné pro stabilni vypodet registrace [2].

7 takto pripravenych dat byly nésledné extrahovany 3D povrchové modely prahovanim podle radi-
odenzity (Hounsfieldovy jednotky). Pro segmentaci vzduchovych dutin byl pouzit prdh —300 HU, pro
kostni tkan 200 HU. Po vyhlazeni Gaussovym filtrem byla pro generovani vysledné polygonalni sité
pouzita metoda Marching Cubes [5].

Pro potteby srovnavaci (referenéni) metody byla z dat déle izolovana horni ¢ast lebky, odpovidajici
stabiln{ a pooperacné nedotéené kostni struktuie, zatimco pohyblivé struktury (dolni celist, kréni péter)
byly z dat odstranény, aby do srovnani nevnasely nezadouci odchylky.

2.2 Porovnavané pristupy

Byly navrzeny a porovnany dva pristupy registrace.

Metoda A (lokalni) pracuje piimo s cilovou oblasti (nosnimi dutinami) pomoci postupné zpresio-
vaného algoritmu ICP [3, 6, 7], ktery v nékolika krocich (s klesajici toleranci 10, 5 a 2 mm) hledd nejblizsi
odpovidajici si body mezi snimky a iterativné je k sobé priblizuje.

Metoda B (referenéni) naopak vychézi z izolované horni ¢dsti lebky jako stabilnfho anatomického
orienta¢niho bodu. Snimky jsou k sobé nejprve hrubé prirazeny pomoci algoritmu RANSAC [8], odolného
vici lokalnim odchylkdm, a nasledné doladény standardnim algoritmem ICP. Takto ziskand transformace
je pak aplikovana na cilovou oblast nosnich dutin.

2.3 Hodnoceni vysledkt

Presnost obou metod byla hodnocena pomoci stiedni kvadratické odchylky (RMSE) mezi odpovi-
dajicimi si body povrchit a pomoci 95. percentilu Hausdorffovy vzdalenosti (HD95), ktery na rozdil od
klasické Hausdorffovy vzdélenosti neni citlivy na ojedinélé extrémni odchylky zptisobené napr. netplnym
prekryvem zorného pole pri sniméni. Dale byl sledovan podil bodt lezicich v rdmci zvolené tolerance
(2 mm) a souhrnny index kvality registrace, kombinujici oba uvedené parametry. Vypocetni ndro¢nost
obou metod byla posuzovdna podle celkového ¢asu zpracovan{ a maximélni vyuzité operaéni paméti [9].

3 Vysledky a diskuse

Srovnani bylo provedeno na datech 24 pacientii. Obé metody dosahly prakticky shodné presnosti
— stredni kvadratickd odchylka na cilovych strukturach byla u obou pristupt 0,73 4+ 0,05 mm, tedy
hluboko pod hranici bézné vyzadovanou pro kraniomaxilofacialni chirurgii. Pii podrobnéjsim srovnani
jednotlivych pacientii nepresdhl rozdil mezi metodami 0,03 mm u RMSE, 0,43 mm u HD95 a 1,5 % u
souhrnného indexu kvality. Obé metody tedy konverguji prakticky ke stejnému prostorovému reseni, a
to i v okrajovych oblastech ovlivnénych netiplnym zornym polem sniméani.
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Method A g#%%

Obr. 1: Vizualni srovnani prostorové odchylky obou metod na povrchu cilové struktury; barevnd skala
znazornuje absolutni odchylku v mm.

Zcela odlisny obrazek se ale ukazal u vypocetni naro¢nosti. Metoda A dosahla pramérného vypocet-
niho ¢asu 31,2 4+ 3,7 s, zatimco Metoda B potrebovala v priaméru 86,1 £ 11,2 s — tedy témér trikrat vice.
Obdobny pomér platil i pro operacni pamét: 573 + 56 MB u Metody A oproti 1580 + 173 MB u Metody
B.

Porovnani vypocetni a casové narocnosti (N=24)
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Obr. 2: Srovndn{ prumérného vypocetniho ¢asu a maximélni alokované paméti pro obé metody (N = 24).

Tento rozdil plyne z toho, ze Metoda B musi navic segmentovat, izolovat a transformovat rozsahla data
celé lebky, zatimco Metoda A pracuje pouze s mnohem mensi oblasti skute¢ného zajmu. Ziskané vysledky
tak ukazuji, ze srovnatelné presnosti 1ze dosdhnout i bez nutnosti zpracovavat objemna referen¢ni data,
a to i v ptipadech, kdy pooperacni snimky vykazuji vyrazné lokalni zmény nebo netplné zorné pole.

7 praktického hlediska je tento rozdil podstatny zejména tam, kde se podobna analyza mé provadeét
opakované nebo na vétsim poctu pacientu — naptiklad pri hromadném zpracovani dat v rameci klinické
studie. Zatimco Metoda B kviili svym narokim na pamét i ¢as prakticky vyzaduje vykonnou pracovni
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stanici, Metoda A je diky nizké vypocetni naroc¢nosti dobte skalovatelna a lze ji spustit i soubézné na
vétsim mnozstvi dat bez vyraznych naroku na hardwarové vybaveni pracoviste.

3.1 Omezeni a dalsi smérovani

Ziskané vysledky je tfeba vnimat v kontextu charakteru pouzitych dat a zvoleného postupu. Soubor
24 pacientil, byt postacujici pro prokazani srovnatelnosti obou metod, je z klinického hlediska stale
pomérné maly a pro obecnéjsi zavéry by bylo vhodné jej v budoucnu rozsirit, idealné i o data z jinych
pracovist a CT pristroju s odlisnymi zobrazovacimi protokoly. Rovnéz by bylo piinosné ovérit, jak si
lokélni pristup poradi s pripady jesté vyraznéjSich pooperacnich defekti, nez jaké byly zastoupeny v
tomto souboru dat.

Dalsi smér vyzkumu se nabizi také ve zpracovani samotném. Aktudlni implementace spoléhd na pevné
nastavené prahy pro segmentaci (zalozené na Hounsfieldovych jednotkéch) i na manuédlné zvolenou po-
sloupnost toleran¢nich kroku registra¢niho algoritmu; jejich automatickd adaptace na konkrétni vstupni
data by mohla déle zvysit robustnost celého postupu. Zajimavym rozsitenim by bylo také otestovani na-
vrzeného pristupu na jinych anatomickych oblastech nez na nosnich dutinédch, kde lze podobné vypocetni
uspory ocekavat za predpokladu dostatecéné vyrazné lokalni geometrie cilové struktury.

4 Zavér

Tato prace ovérila, ze pro prostorové srovnani pooperacnich CT dat nosnich dutin lze dosdhnout
srovnatelné presnosti (RMSE 0,73 £0,05 mm) jak postupem vyuzivajicim rozsahlou referenéni strukturu
lebky, tak vyrazné tspornéjsim pristupem pracujicim primo s cilovou oblasti. Druhy uvedeny ptistup
ptritom vyzaduje zhruba tfetinovy vypocetni cas a tfetinovou paméfovou néroc¢nost. Navrzeny postup
tak otevira cestu k nasazeni podobnych analytickych néstroji primo na bézném vypocetnim vybaveni
klinickych pracovist, bez nutnosti investic do specializovaného hardwaru.

Prestoze byly vysledky ovéfeny na omezeném souboru pacientt a téma by si jisté zaslouzilo dalsi
zkoumdni (zejména na vétsim a ruznorodéjsim souboru dat), podafilo se ukazat, ze vypocetni dspornost
a klinicky dostatecnd presnost nejsou nutné protichtidné pozadavky. To je povzbudivé zjisténi pro budouci
praktické nasazeni podobnych nastroju v kazdodenni klinické praxi.
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