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EMPIRICAL COMPARISON OF PYTHON DAG
FRAMEWORKS FOR LOCAL DATA PIPELINES

Richard Kokstein', Cyril Oswald', Michal Kuchai

' Department of Instrumentation and Control, Czech Technical University in Prague,
Technicka 4, Prague 6, richard.kokstein@fs.cvut.cz

Abstract: Building automated and reproducible data pipelines is an essential part of any data-science
work. Choosing the right tool for modeling the pipelines as directed acyclic graphs is therefore
crucial. This study compared the capabilities of Luigi, Snakemake, Kedro, Dagster, and Prefect
for building Python-based, single-machine pipelines on Windows 10 and CPython 3.11. For each
framework, a sample project was created that joined Excel files, cleaned missing values, cached
intermediate results as Parquet files, and trained a linear-regression model. The frameworks were
scored on their pipeline-definition features, persistent caching, node parameterization, requests for
data materialization from external scripts, and pipeline visualization. Snakemake, Dagster and Prefect
scored four out of five points, Luigi scored three, and Kedro scored one. Evidence shows no single
tool excels in every area, but Snakemake provides the best features for building pipelines under the
given constraints. These findings can guide data scientists who need to select a lightweight pipeline
tool that does not rely on containers or cloud platforms.

1 Introduction

Data-science projects, be it for dataset preprocessing or data mining for reports, typically begin as unstructured
interactive notebooks for Exploratory Data Analysis (EDA) and gradually evolve into pipelines composed of
multiple scripts and notebooks. To remain manageable, reproducible, and automatable, these pipelines must be
modeled as Directed Acyclic Graphs (DAGs). Numerous frameworks exist for this purpose, ranging from tools
for small local projects to platforms designed for big data and large cloud deployments. Some frameworks focus
on the scheduling and orchestration of computational resources, while others focus on the pipeline construction,
caching of intermediate results, and parameter sweeps. In collaborative data-science work, a predictable and well-
organized project layout is equally important so that all contributors can navigate the codebase and contribute to it.
One example of such project structure is given by Cookiecutter Data Science'. One of the choices when adopting
the structure is deciding on a tool for managing data pipelines and modeling the DAGs. This empirical comparison
evaluates several popular Python-based DAG frameworks for managing local data pipelines and provides practical
insights for selecting the most appropriate tool.

1.1 Comparison Objective

The evaluated Python-based DAG frameworks for local data-processing pipelines in this study must a) support
Microsoft Windows 10, b) support CPython 3.11 (chosen for compatibility with libraries such as PyCaret),
¢) be installable with pip into a project-local virtual environment managed by venv, and d) have no reliance on
Windows Subsystem for Linux (WSL), Docker, or cloud-native services.

The selected frameworks are assessed on their ability to a) define pipelines concisely and idiomatically,
b) cache intermediate results persistently to avoid redundant computation and automatically propagate updates
through the pipeline, ¢) permit straightforward path-based parameterization of pipeline steps, d) enable ad-hoc
task execution and data retrieval from external scripts and Jupyter Notebooks, and e) generate clear visualizations
of the resulting DAG.

1 https://cookiecutter-data-science.drivendata.org
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Outside the scope of this study and therefore not evaluated are features such as a) task scheduling across
clusters, b) hooks/sensors for external events, ¢) load distribution, d) task parallelization, e) direct integration with
cloud storage, and f) web-based interfaces with features exceeding simple DAG visualization. This study focuses
exclusively on single-machine, locally stored and processed data.

Each framework is assessed by implementing an illustrative yet complete pipeline that a) loads several Excel
files, b) concatenates them, ¢) cleans the data by either discarding columns with missing values or imputing
them with column mean, d) persists intermediate results as Parquet files to enable caching, and e) fits a linear-
regression model. Ad-hoc capabilities are evaluated by executing the pipelines and retrieving the results from
Jupyter Notebooks. For each framework, a short excerpt from the pipeline definition will be shown as a code
listing alongside a DAG visualization made using the built-in tools. All implementations are hosted on GitHub?.

1.2 Related Work

In [1], the author reviewed workflow-orchestration tools suitable for inclusion in the ANALYZA platform
[2]. They emphasized functionality, scalability, security, and usability in production environments, specifically
a Kubernetes platform. The evaluated frameworks were Airflow, Prefect, Snakemake, and Argo Workflows.
Honorable mentions included Luigi, Flyte, Dagster, and Nextflow. The study ultimately selected Argo Workflows.
In contrast, this study examines tools for locally executed Python-based data pipelines on Windows and does not
address distributed, scheduled, or scalable computing.

In [3], the authors surveyed more than forty open-source and commercial pipeline solutions and organised
them into four groups: a) Extract Transform Load (ETL) and Extract Load Transform (ELT) data pipelines,
b) integration, ingestion, and transformation, ¢) pipeline orchestration and workflow management, and d) machine
learning and model deployment. They selected one tool from each group and implemented four representative case
studies on the IDEAL Household Energy Dataset [4, 5]. The selected tools were a) Apache Spark with PySpark in
Jupyter Notebook, b) Microsoft SQL Server Integration Services (SSIS), ¢) Apache Airflow, and d) TensorFlow
Extended (TFX). The implementations are available on GitHub?. Their preferred option was Apache Airflow.
This study takes inspiration from the survey’s sample implementations but focuses in greater detail on a smaller
set of tools intended for locally executed Python-based data pipelines on Windows.

2 DAG Frameworks

For the comparison, the following frameworks were selected: Luigi4, Snakemake’, Kedro®, Dagster7 and
Prefect®. Additional frameworks were considered but excluded for not meeting all the requirements. These are:

 Apache Airflow’ — Airflow is not directly runnable on Windows 10. This can be circumvented by using the
dockerized version. Airflow is very feature rich but also resource-intensive.

» Argo Workflows'® — Argo Workflows is primarily focused on orchestrating parallel jobs on Kubernetes.
For more information, see [1].

» Metaflow'' — Metaflow is not natively supported on Windows. This can be circumvented by running it
within a WSL 2 environment.

* Flyte'” — Flyte is a Kubernetes-native workflow orchestrator that executes tasks within containers.

 DataChain'’® — DataChain is an ETL framework that focuses on processing unstructured and multimodal
data, such as images, text, and PDFs, rather than the typical tabular data.

* Bonobo'* — Bonobo is an ETL framework that did not progress beyond the alpha stage. The last supported
Python version was 3.7, and the project appears to be abandoned.

« JUDI" — JUDI (JUst Do It) is focused on parameter sweeps for bioinformatics. It is built on top of doit.
The last tested Python version was 3.6, and the project appears to be abandoned.

2 https://github.com/Trolobezka/local-py-dag- frameworks 3 https://github.com/DataEng-AMNML/surveypaper
4 https://github.com/spotify/luigi 5 https://github.com/snakemake/snakemake 6 https://github.com/kedro-org/kedro
7 https://github.com/dagster-io/dagster 8 https://github.com/PrefectHQ/prefect 9 https://github.com/apache/airflow
10 https://github.com/argoproj/argo-workflows 1 https://github.com/Netflix/metaflow 12 https://github.com/flyteorg/flyte
13 https://github.com/iterative/datachain 14 https://github.com/python-bonobo/bonobo 15 https://github.com/nchi/JUDI
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Honorable mentions of tools and frameworks related to pipeline execution and data processing are:

« doit'® — Doit is a general-purpose task execution tool whose task definitions are written in Python. It is
similar to GNU Make or Snakemake. Although its core features are declared stable, the project has been
inactive for two years, and the latest tested Python version is 3.10.

« Joblib!” — Joblib provides tools such as persistent caching and parallel execution for lightweight data
pipelines. It is a general package that is not targeted toward a specific use case, such as managing data and
workflows. It could serve as a solid foundation for developing a custom framework.

» MLflow'® — MLflow offers experiment tracking and model management. One notable feature was recipes,
which were executable workflows for transforming data and fitting and evaluating models. This feature is
now deprecated.

2.1 Luigi

“Luigi is a Python [...] package that helps you build complex pipelines of batch jobs. It handles dependency res-
olution, workflow management, visualization, handling failures, command line integration, and much more.” [6, 7]
The basic unit of work in Luigi is the 1uigi.Task. It is a class that contains the functions requires, run and
output. An example of a derived task class from the sample project can be seen in Listing 1. The functions
requires and output return the targets that the particular task requires and creates, respectively. This defines
the structure of pipelines, as requires can return other tasks. The run function contains the logic for process-
ing the input targets and creating the output targets. Tasks are parametrized with class attributes of the type
luigi.Parameter. Targets can represent a variety of data sources. They only need to implement the exists
function.

class CleanData(SingleInMixin, SingleOutMixin, luigi.Task):
method = luigi.EnumParameter(enum=CleanDataMethod) # drop, impute

def requires(self) -> ConcatData: # type: ignore
return ConcatData()

def run(self) -> None:
concat = pandas.read_parquet(self.input_path)
if self.method == CleanDataMethod.drop:
clean = drop_columns_with_missing_values(concat, threshold=0.2)
elif self.method == CleanDataMethod.impute:
clean = impute_columns_with_mean(concat)
else:
raise NotImplementedError (f"Unknown method: '{self.method}'")
clean.to_parquet(self.output_path)

def output(self) -> luigi.LocalTarget: # type: ignore
return luigi.LocalTarget(ROOT / "data" / "processed" /
— f"clean_{self.method.name}.parquet")

Listing 1: Subclass of 1luigi.Task defining a task in a Luigi pipeline

Pipelines in Luigi can be executed by local or central schedulers, both of which can run locally. The central
scheduler offers a web-based interface that can visualize currently running and completed tasks. Figure 1 shows
visualization from the web interface for the sample project. Before running a task from a pipeline, the scheduler
checks whether the output targets exist. If they do, the task will not be executed. While this provides basic caching,
it also prevents the automatic recalculation of outdated tasks and the propagation of updates through the pipeline.

The requires function cannot directly return a luigi.LocalTarget pointing to a file on disk. Therefore, the
sample project uses a more granular definition of each pipeline step, as shown in Figure 1. Each raw input Excel
file is wrapped in a parameterized task, RawDataPoint. Another parameterized task, DataPoint, then converts
these into Parquet files. The rest of the pipeline is consistent with other approaches presented here. The custom
mixins in Listing 1 are optional and only provide more convenient access to target paths.

16 https://github.com/pydoit/doit !7 https://github.com/joblib/joblib 8 https://github.com/mlflow/mlflow
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2.2 Snakemake

“The Snakemake workflow management system is a tool to create reproducible and scalable data analy-
ses.” [8, 9] Snakemake pipelines are defined in a separate file Snakefile using a Python-based language with
YAML-like syntax for rules. An excerpt of the Snakefile from the sample is shown in Listing 2. Rules specify
input and output files and a console command or a script file for data processing. Because of the Python support,
rules can be dynamic. Rules are parameterized in two ways. In path-based parameterization, the input and output
paths contain wildcards, so one rule can create multiple outputs. Rules can also use global parameters loaded
from configuration files or Command Line Interface (CLI) arguments. Input dependencies are defined by refer-
encing the outputs of other rules, which defines the data pipeline. Pipelines run by requesting specific rules or,
for wildcard rules, by requesting specific data files. When a rule executes a Python script, the snakemake variable
is automatically injected into its global namespace and contains all information about the current run.

rule clean_data:
input:
rules.concat_data.output,
output:
"data/processed/clean_{method}.parquet",
params:
threshold=0.2,
script:
"scripts/clean_data.py"

Listing 2: Rule definition in Snakemake

Before execution, a DAG is built from the rule definitions and dependencies are checked from the bottom
up. Snakemake tracks modification times of relevant files, absolute paths of input files, rule parameters, and rule
definition bodies. If changes are found, the rules are rerun and the update is propagated through the pipeline. In the
current implementation, the rerun triggers are very sensitive, resulting in unnecessary reruns of cached rules with
limited configuration options.

Snakemake is used through the CLI, similar to GNU Make, so ad-hoc requests for rules or files from scripts
and notebooks are limited. A DAG visualization can be exported in Graphviz format. The rendered result for the
sample project is shown in Figure 2. Snakemake also offers functionality for generating reports.

2.3 Kedro

“Kedro is an open-source Python framework to create reproducible, maintainable, and modular data science
code.” [10, 11] Kedro works with projects structured as Python packages. Pipelines in Kedro are built from nodes,
which are defined by pure Python functions with named inputs and outputs. The names of the input and output
datasets correspond to entries in the data catalog, which uses the YAML format to define datasets. Two node
definitions and an excerpt from the data catalog from the sample project can be seen in Listings 3 and 4, respectively.
The data catalog specifies the location and type of the data. Kedro offers several data drivers for loading, working
with, and saving different file types. These drivers operate in the background, allowing the pipeline nodes to
receive the loaded datasets without interacting with the file system.

kedro.pipeline.node(
func=clean,
inputs={"concat": "concat_data", "method": "params:drop"},
outputs="clean_drop_data",
name=clean.__name__ + "_drop" + "_node",
),
kedro.pipeline.node(
func=clean,
inputs={"concat": "concat_data", "method": "params:impute"},
outputs="clean_impute_data",
name=clean.__name__ + "_impute" + "_node",

Listing 3: Two node definitions in Kedro 6
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"clean_{method}_data":
type: pandas.ParquetDataset
filepath: "data/processed/clean_{method}.parquet"

Listing 4: Parameterized entry in data catalog in Kedro

The data catalog allows wildcards to be used in dataset entries to parameterize the catalog. Unfortunately,
the matched result of the wildcard is unavailable in the node. Because of this, the node for processing the
parameterized datasets must be manually repeated in the pipeline definition. This can be seen in the parameterized
catalog entry in Listing 4, which defines the output of the nodes in Listing 3.

Currently, Kedro does not offer automatic file-based caching. Pipelines must execute all nodes, even when
there is no change in inputs, parameters, or code. However, a third-party plugin is available that implements
basic caching by tracking changes in inputs and function bodies. Kedro offers a web-based visualization tool,
kedro-viz, that can be used as a standalone tool or within the official Visual Studio Code (VS Code) extension
for Kedro. Its output for the sample project is shown in Figure 3. To invoke pipelines and retrieve datasets during
EDA, Kedro provides a Jupyter Notebook extension.

@inearRegression © raw_data_points

convert_data convert_data convert_data
date: 2025-03-01 date: 2025-04-02 date: 2025-05-03 {
f convert_node
© data_points
s concat_data }
P —
r— clean_data clean_data S
method: drop method: impute F\
\
~
B f cleandropnode M f clean_impute_node
@-coroint @spoint @staoint linear_regression linear_regression . M‘mm - M,“ —
S linear_regression_c drop_node f linear_regression_impute_node
{ |
@awDataPoint @awDataPoint @-=wataPoint 8 tincar_regression.rop.model 8 linoar_segression.jmpute_model
Figure 1: Visualization of the Figure 2: Visualization of the Snakemake Figure 3: Visualization of
Luigi pipeline using the web- pipeline using a CLI command and Graphviz the Kedro pipeline using
based interface the kedro-viz tool

2.4 Dagster

“Dagster is a next-generation open source orchestration platform for the development, production, and obser-
vation of data assets.” [12, 13] The main building block of a Dagster pipeline is an asset. An asset is defined by
applying the dagster.Asset decorator to a Python function that manipulates data in persistent storage. List-
ing 5 shows a definition of an asset from the sample project. Pipelines are built by chaining assets into a DAG.
The process of asset materialization collects data from upstream assets, executes the function, and saves the re-
sult to storage. When the code or dependencies change, the asset becomes unsynchronized. Without advanced
automation or scheduling, assets must be materialized manually to propagate updates. When assets are requested
from code, Dagster does not automatically rematerialize unsynchronized upstream assets. It either executes the
whole pipeline or returns the most recent materialization, which may be outdated.

Assets can be parameterized by time, categorical, or spatial partitions, allowing multiple versions or slices of
the data to exist. Downstream assets must either use the same partitions or behave as aggregators, combining all
incoming partitions into one asset.

Dagster provides a local development server with a web-based interface for pipeline management and visu-
alization. A visualization of the pipeline from the sample project is shown in Figure 4. The web interface is
necessary for comfortable use. During materialization, the code can emit metadata, which are then displayed in

the interface as tables, Markdown, images, or plots. o
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@dagster.asset(
code_version="v1",
partitions_def=clean_partition, # ["drop", "impute']
description="Concatenated data with columns with missing values removed or imputed.",
)
def clean_data(
context: dagster.AssetExecutionContext,
concat_data: pathlib.Path,
) -> pathlib.Path:
method = context.partition_key # current partition
concat = pandas.read_parquet(concat_data)

if method == "drop":

clean = drop_columns_with_missing_values(concat, threshold=0.2)
elif method == "impute":

clean = impute_columns_with_mean(concat)
else:

raise NotImplementedError (f"Unknown partition key: '{method}'")
output_path = ROOT / "data" / "processed" / f"clean_{method}.parquet"
context.add_output_metadata(dataframe_to_metadata(clean))
clean. to_parquet (output_path)
return output_path

Listing 5: Asset definition in Dagster with dagster.asset function decorator

[ clean_data [ linear_regression
B concat_data
Concatenated data with columns with missing va... Linear regression model fitted to the clean datas...
Concatenated Excel files from the raw data direc...
@ Al Q0 @0 @ All Q0 00

Materialized May 10, 12:27 PM
2 partitions 2 partitions

Figure 4: Global asset lineage in Dagster

2.5 Prefect

“Prefect is an open-source orchestration engine that turns your Python functions into production-grade data
pipelines with minimal friction. You can build and schedule workflows in pure Python—no DSLs or complex
config files—and run them anywhere.” [14] In Prefect, data pipelines are built from tasks and flows, which
are defined using the @prefect.task and @prefect.flow function decorators, respectively. Tasks support
persistent caching and represent the most granular, reusable operations. Prefect invalidates caches when task
inputs or function definitions change. It is also possible to define custom invalidation triggers that check file
modification times or file hashes. A task from the sample project is shown in Listing 6. Flows orchestrate tasks
or other flows, effectively defining the pipeline. Both tasks and flows are parameterized using standard function
arguments. Intermediate results from tasks must be manually persisted to disk within the function body.

@prefect.task(cache_policy=INPUTS + TASK_SOURCE + MTIME + BYTES)
def clean(input_path: Path, method: CleanDataMethod) -> Path:
concat = pandas.read_parquet(input_path)
if method == CleanDataMethod.drop:
clean = drop_columns_with_missing_values(concat, threshold=0.2)
elif method == CleanDataMethod.impute:
clean = impute_columns_with_mean(concat)
else:
raise NotImplementedError (f"Unknown method: {method}")
output_path = PROCESSED_DIR / f"clean_{method.name}.parquet"
clean. to_parquet (output_path)
add_table_to_artifact(clean, key=f"table-{method.name}")
return output_path

Listing 6: Task definition in Prefect with prefect. task function decorator
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Prefect provides a local server with a web-based interface. The interface lists historical and ongoing runs and
visualizes the execution timeline. A visualization for the sample project can be seen in Figure 5. To execute
a flow from an external script or notebook, the flow-decorated function is imported and called with the appropriate
arguments. The output of a task in the executed flow is available in a returned Python dictionary containing all the
intermediate results. Alternatively, a partial flow can be defined that includes only the desired tasks and returns the
output from the final task. During execution, the pipelines can create artifacts, such as progress bars, Markdown
text, tables, and images, which are then displayed in the web interface.

Figure 5: Visualization of the Prefect pipeline using the web-based interface

convert-e15

convert-5aa

concat-e10

convert-5c6

3 Results and Discussion

Table 1 shows the frameworks with scores for each objective. The scores were assigned based on the comparison
objectives declared in Section 1.1 and insights from sample projects implemented with selected frameworks.
This section explains the scores of —1, 0, and 17 with some contextual remarks at the end. Scores of 1 are not
discussed.

Table 1: Comparison of selected frameworks across five feature categories. A score of 1 indicates the feature is
documented, available, and readily usable. A score of O denotes the feature is only accessible through custom
extensions or manual effort. A score of —1 means the feature is unavailable or difficult to implement. A super-
script + marks well-designed features with enhanced usability. The total column summarizes the scores for each
tool.

Tool Definitions Caching Parameterization Requests Visualization | Total
Luigi 3.6.0 1+ -1 1 1 1 3
Snakemake 9.3.4 1+ 1 1+ 0 1 4
Kedro 0.19.13 0 -1 0 1+ 1 1
Dagster 1.10.17 1 1+ 4
Prefect 3.4.1 1 1 1 1+ 4

Luigi receives —1 for caching because it provides no official support beyond a simple file-existence check.
Kedro also receives —1 for caching for the same reason as Luigi.

Snakemake receives 0 for requests because its CLI is not convenient to use from a script. Kedro receives 0
for definitions because datasets must be declared in the data catalog, and their names must be reused in a separate
script to define nodes. This introduces manual bookkeeping in larger projects, unless the VS Code extension is
used. Kedro also receives O for parameterization because, although wildcards can be used in the data catalog,
they lead to multiple node definitions. Dagster receives 0 for caching because unsynchronized assets must be
rematerialized manually through the web interface. Prefect receives O for caching because it does not offer cache
invalidation on changes in modification times or content hashes of input files.

Luigi receives 17 for definitions because of its unique, simple, and object-oriented interface. Snakemake
receives 17 for definitions because of its unique YAML-like format with Python support, which allows for
dynamic rule definitions. Snakemake also receives 11 for parameterization because of its well-designed wildcard
system, which injects matched values into the running script. Kedro receives 17 for requests because of its Jupyter
Notebook extension, which provides straightforward access to the pipeline. Dagster receives 17 for visualization
because of its clear, modern, and interactive pipeline visualization in the web interface. Prefect also receives 17

for visualization for the same reason as Dagster. 9
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The Kedro scores are not surprising given that the framework is currently at version 0.19.13 and is in active
development. It is expected that in upcoming versions, the missing or partial features will become available.

4 Conclusion

This empirical study confirms that no single framework universally outperforms the others, even under narrow
objectives and strict constraints, such as a framework for local Python-based data pipelines for CPython 3.11 on
Windows 10. Based on the scores in Table 1 and insights from the hands-on experience with the frameworks
from the sample project implementations, Snakemake is the most suitable tool for building data pipelines under
previously mentioned constraints and objectives. Snakemake builds on the strengths of tools like GNU Make
while simplifying the rule definitions with its YAML-like format with Python support. The absence of functions
for requesting rule executions or file materializations from external scripts and notebooks can be overcome by
using the subprocess module in Python, system escape commands in Jupyter Notebooks, or by creating a custom
extension utilizing Snakemake’s internals.
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Abstract: This article describes the development of a full stack application as a
monitoring system of a hydroponic farm. Main feature of the application is retrieval of
the measured data via API using Python library FastAPI and their visualization in
Java Script framework Vue.js. The data are saved to PostgreSQL database, where the
communication with API ensures part of back-end using Python library SOLAlchemy.
The application is deployed on the Docker platform.
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1 Introduction
Nowadays we can observe a pressure on the productivity of agriculture. That is caused by several reasons
like decreasing number of human resources in agriculture, growing population and the trend of people
moving to the cities. Urbanization causes an expansion of the cities which alongside other factors leads to
the decreasing amount of agricultural land [1] [2].
The main challenge in agriculture is therefore an optimization of agricultural processes in the term of
productivity and alongside the reduction of financial costs [1]. That is achieved by use of various
technologies including IoT, sensors [2]. The core of the process optimization is measuring various
quantities like temperature or pH of a substrate and the following analysis of the data. This analysis can
be performed [2] in real time observation or with retrospective data analysis for which the save of the data
is needed. Monitoring is therefore one of the key aspects of smart farming
The article focuses on the development of full stack application monitoring a hydroponic farm on the
Faculty of Mechanical Engineering at the Czech Technical University in Prague. The main quantities
controlled via PLC Siemens Simatic 1200 are temperature, pH and EC [3]. Even though there is a HMI
interface and SCADA system [3], these systems often requires certain technical knowledge. However, an
agricultural expert evaluating and checking the process of growth might not be proficient in the use of
such systems [1]. Web application as a way of monitoring fulfills the requirement of basic knowledge of
Internet and its use builds therefore another step if interconnection of human expertise from non-technical
field with the technically advanced solution. The data retrieval enables the use of data for later analysis.
The implementation of back-end in the Python programming language makes it easy extensible for future
applications like the use of Al for data analysis.
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2 Full Stack Application

2.1 Main tasks

The main task of the web application is to display the retrieved data from the sensors with the
possibility of orientation in the data like a date time filtration. The data can be then analyzed in their raw
form in a table or in the graphical form with the possibility of displaying data from multiple sensors in
one plot. That can help in the optimization based on the analysis of dependencies of the measured
quantities. The observation of the farm is ensured via the connection to the camera in the hydroponic
farm. The last part is the feature enabling you to add the devices and edit the parameters like unit, name of
the device and URL address of the device. These parameters of the sensors are stored in the database in
the table for device management and have an unique key assigned to them. The structure for table
containing the measured values contains id of the measurement, timestamp, measured value and id of the
device as a secondary key through which the measured value is bound to its sensor.

2.2 Implementation and used technologies

For the database the server PostgreSQL has been chosen due to its robustness and ability to process
concurrent transactions [4]. That is crucial for such an application requiring the ability to save measured
data along with the fact that larger number of users can be expected to use the web application.
SQLAIchemy is responsible for the database creation including tables, and building the database from
metadata in case the connection has been interrupted. Table definition uses declarative mapping when the
instance of table created from metadata is automatically assigned to the object used for the data
manipulation [5]. That makes the code simpler and more readable compared with the imperative mapping.

Database interface is built from two parts — managers. They are classes designed to handle data by
their nature. One manager handles the basic device specification, second the dataflow of the data from
measurements. Especially the manager handling the device specification is crucial part of the back-end
since it does not only provide access points to the data from the devices but also contains verification
methods and informative methods like checking whether a device already exists in the database.
Therefore it is widely used in other parts of the back-end for verification or linking the data.

Streaming is executed with the help of a runner. This runner creates thread every time a streaming
device is called and has not been called before. The streaming is then performed on this thread and read
from the main thread. The retrieval of the frames and the connection to the camera uses VideoCapture
class from popular library for image processing OpenCV.

The connection of the database and streaming with the outside world ensures FastAPI - a lightweight
and well-documented API chosen for its simplicity and extendibility [6]. The API includes routers which
similarly like managers group the endpoints according to the data they handle. There are routers providing
web-endpoints for the managers and router built on top of the stream runner. The request scheme as a
template defines data models — prescription how the input parameters of the API endpoints should look
like. These models inherit BaseModel from pydantic library which also performs validation of the input
data passed to the API endpoints.

Front-end is built as a single page application in Vue.js framework. The application is composed of
several single page components. The official page of Vuejs defines single page components as
components where one file contains all — the component’s logic written in java script, HTML template
and CSS styles [7]. The web app for the hydroponic management system follows this idea with one
difference - the application is designed mainly with the help of the Bootstrap toolkit and therefore styling
is defined in separate sass files.
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The components can be generally divided into two parts — views which corresponds to pages in
multi-page applications and components like bricks from which the main views are built. The components
use the data retrieved from API and implement its own logic to embed this data to the HTML elements
defined inside the HTML template. The logic also handles the manipulation with the elements in the user
interface.

Routing of single views inside the web application ensures Vue Router — an official router from
Vue.js developers. The most important views include view for camera output (see Figure ), views for
graphical and tabular measurements representation and views for device management and registration.

The application also contains interface layer written in JavaScript for the communication with the
back-end API. This communication is ensured via axios — HTTP client for browser and Node.js. Interface
performs data retrieval from the API as well as basic data processing like mapping to meet the needs of
the web application.

The graphical visualization (see Figure 2) of measured data is done via implementation of the open-
source library plotly.js. The visualization offers display of data from multiple devices in one plot at the
same time. The possibility of assigning measurements to one of two vertical axes on the control panel
with the adjustable range helps to observe data of two groups of devices with significantly different
ranges in which they measure.
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Figure 2: Data visualization using plotly.js and its control panel.
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2.3 Deployment

The application is deployed on the Docker platform which enables running the application in the
containers — an environment containing all dependencies and executables needed for the final application
to run. That enables running the application independently on the host operating system which
significantly simplifies the implementation process on the target server computer [§].

Every part - database, Python back-end and front-end have their own image which is specified in the
Dockerfiles or in the Docker-compose file. The data are stored in volume, also defined by Dockerfile and
stored on the host PC. Use of docker network allows to expose only the required parts like front-end port
which significantly improves the security of the system. Due to the fact that front-end in Vue.js was built
as client-side application, the important part of the deployment process was creating a proxy server which
enables to call back-end from the context of browser. The ability of proxy server to hide its address is
another step to improve the security of the server back-end. The deployment architecture is shown on the
Figure 3.

Figure 3: Deployment diagram on the server.

3 Conclusion

During the project a complex monitoring system has been developed. That included preparation of the
database for the data retrieval, development of the connecting point to the database via API and building
of monitoring web application enabling visualization of the data, observation and management of the
connections. The use of Docker allows to implement application nearly immediately on the target device
without the need to install and configure all dependencies needed for the database, back-end and front-end
parts of the application.
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Abstract:  This article describes development of a web application for managing agricultural data
from orchards. The goal was to create a secure web application and to extend the existing backend
API. The frontend is created using the JavaScript library React. The identity provider Keycloak is
used for user identity verification. The existing backend includes a PostgreSQL database and a Python
micro-framework FastAPI to create the systems API.
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1 Introduction

Digitalization has an increasingly significant role in many sectors, and agriculture is no exception. Modern
agricultural enterprises generate large amounts of data, the effective management of which is crucial for optimizing
technological processes, planning, and for research purposes [1]. Web applications enable the collection of this
data and provide secure access to it from any location.

This article describes the development and implementation of a web interface for an existing farm information
system that previously lacked one. The main objective was to create a modern, secure, and user-friendly web
application for managing data from fruit orchards. Emphasis was placed on three primary objectives: securing
the entire system through authentication and authorization, extending the existing backend API to support these
security features, and creating a responsive, dynamic frontend.

The JavaScript library React was chosen for frontend development due to its component-based architecture, vast
ecosystem and popularity [2]. The existing backend is built on the FastAPI micro-framework and a PostgreSQL
database. An important component for ensuring security is the identity provider Keycloak, which manages user
authentication and authorization using industry standards like OpenID Connect and OAuth 2.0.

2 Security Concepts

Modern web application security relies on several core concepts and standards to protect data and manage user
access. The concepts mentioned in this section are essential for development of the Agricultural web application

2.1 Authentication and Authorization

Though often used interchangeably, authentication and authorization are distinct processes [3].

* Authentication is the process of verifying a user’s identity. It answers the question, "Who are you?”.
This can be achieved through credentials like a username and password or biometric information (such as
fingerprints, voice or facial features) [4].

* Authorization is the process of granting a verified user permission to access specific resources or perform
certain actions. It answers the question, “What are you allowed to do?”’. Authorization always follows

successful authentication [5]. 16
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2.2 JSON Web Tokens (JWT)

A JSON Web Token (JWT) is an industrial standard (RFC 7519) for securely transmitting information between
entities (usually client and server) as a JSON object. This information can be verified and trusted because it is
digitally signed and encrypted. The token contains all the necessary information about the user (such as user ID
and roles), eliminating the need for the server to maintain session state. A JWT consists of three parts: a header, a
payload, and a signature [6].

2.3 OAuth 2.0 and OpenID Connect (OIDC)

* OAuth 2.0 is an industry-standard framework (RFC 6749) for authorization. It allows a third-party ap-
plication to obtain limited, delegated access to a user’s resources on another service without exposing the
user’s credentials. It defines several flows for obtaining an Access Token, which represents the permission
to access the specified resources [7].

* OpenlD Connect (OIDC) is an identity layer built on top of the OAuth 2.0 framework. It allows clients to
verify the identity of the end-user based on the authentication performed by an Authorization Server. OIDC
introduces the concept of an ID Token, which is a JWT that contains claims about the user’s authentication
event [8].

3 Original architecture of the application

The development began with an existing backend system that provided foundational data management capabil-
ities but lacked a user interface and a security layer. It consisted of two main parts - API and database.

3.1 API

The application layer of the app (backend) was built using the Python micro-framework FastAPI. It featured
a modular structure with individual routers for handling API endpoints, services for business logic, and Pydantic
schemas for data validation and serialization. Communication with the database was managed through the
SQLAIchemy ORM (Object Relational Mapper). While functional for basic CRUD (Create, Read, Update,
Delete) operations, the API did not have any authentication or authorization mechanisms, leaving all endpoints
unsecured.

3.2 Database

The data layer consists of a PostgreSQL database. The schema is managed by Alembic, a database migration tool
for SQLAIchemy. This ensures that the database structure is version-controlled and could be applied consistently
across different environments. The database stores information about orchards, trees within the orchards and
additional data about each tree, it also stores some additional orchard related information, for example the names
of the agents used for sprayings (Fig. 1).

[ genotype
flower_thinning \ | 4
< L / S

= \ |

| S | 4

\ ey /

.‘ ‘\\_\A\ | /,/ ‘ - ) __ 5 file_batch
| tree_image

v e AR
/o ™

|
|
=T k\ // \
N / \

N
tree_data

fruit_thir;ning
Fig. 1: High level overview of the database tables 17
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4 Implementation

4.1 Identity provider

Security is centralized using Keycloak, an open-source Identity and Access Management solution. It supports
a wide range of industry standards including Oauth 2.0 and OpenID Connect [9]. Keycloak handles tasks such
as user registration, login, and token issuance. It is configured to support the specific needs of the application,
including custom clients and roles. Its data is stored inside the same PostgreSQL server, but in separate database
from the Agricultural data.

4.2 Securing the API

The security of the backend was implemented directly within the FastAPI application using its dependency in-
jection system. This ensures that every API request to a protected endpoint undergoes a validation and authorization
process before any business logic is executed.

A Role-Based Access Control (RBAC) system was designed to control data access:

* Orchard-Global-Admin: A superuser role with full permissions across all orchards.

* Orchard-{ID}-Admin: An administrative role for a specific orchard. Users with this role can modify data
only within that orchard.

* Orchard-{ID}-View: A read-only role for a specific orchard.

To ensure the access control system remains synchronized with the application’s data, the backend API was
extended with logic to automatically create and delete these orchard-specific roles in Keycloak whenever an
orchard is created or deleted.

For each incoming request, a security dependency is triggered to:

1. Extract and Validate JWT: The Access Token is extracted from the Authorization header. The system
then validates the token’s signature against Keycloak’s public key, verifies its expiration date, and confirms
that the token was issued for this specific client. If the token is invalid the API returns 401 Unauthorized

2. Extract User Permissions: Upon successful validation, the user’s roles are extracted from the token’s
payload.

3. Enforce Endpoint Authorization: The extracted roles are then checked against the required permissions
for the specific endpoint. If the user lacks the necessary role, the APl immediately returns a 403 Forbidden
error, preventing any unauthorized access. For some endpoints additional filtration based on the user roles
is needed to filter the data the user has access to. This is done in the services files.
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Fig. 2: Chart illustrating some parts of the API's authentication and authorization flow

4.3 Frontend

The user interface is built with React. It’s responsible for all data presentation and user interaction. Key libraries
include React Router for client-side navigation, TanStack Query for managing server state, which simplifies data
fetching, caching, and synchronization with the UI and keycloak-js. Styling is handled with CSS Modules to ensure

component style encapsulation.

4.3.1 Authentication Flow

User authentication is handled via the OpenID Connect (OIDC) protocol using the Authorization Code Flow,
which is the most secure method for web applications [8].

1. The user initiates login in the React application, which redirects them to the Keycloak login page.

2. The user authenticates with their credentials directly against Keycloak. 19
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3. Upon successful authentication, Keycloak redirects the user back to the application with a single-use autho-
rization code.

4. The React application exchanges this code for an ID Token and an Access Token from Keycloak’s token
endpoint.

The Access Token (JWT) is then included in the Authorization header of every request to the backend API to
prove the user’s permissions.

4.3.2 Dynamic UI Components

Access control is visually enforced by conditionally rendering Ul elements. For example, buttons for creating,
editing, or deleting data are only rendered and visible to users with the correct administrative roles (e.g., Orchard-
Global-Admin or Orchard-{ID}-Admin). Users with view-only permissions (Orchard-{ID}-View) see a read-only
version of the interface with the action buttons hidden. This provides an intuitive user experience (UX) where
users are presented with actions they are permitted to perform.

4.3.3 API Communication

A service layer was created to handle all communication with the backend API. A base request function ensures
that the JWT Access Token is automatically attached to the Authorization header of every outgoing request.
This approach simplifies data-fetching logic within the individual components.

4.4 Deployment

The entire application is containerized using Docker to ensure consistency and portability across differ-
ent environments. The multi-container setup is managed by Docker Compose. A single configuration file,
docker-compose.yml, defines all the services required for the application to run:

* fms-postgres: A PostgreSQL database instance for storing both application and Keycloak data.

* keycloak: The Keycloak identity provider service. It automatically imports a predefined realm configuration
from a JSON file on startup.

 api: The FastAPI backend service.
e frontend: An Nginx web server that serves the built React application.
* mailhog: A development SMTP server for testing email functionalities.

This setup allows the entire application stack to be launched with a single command (docker compose up
-d --build), which simplifies the deployment and guarantees that every developer works with an identical
environment.

All the necessary files can be found in this Github repository https://github.com/MatejMasata/DP_
FullStack

5 Conclusion

This article describes some parts of the development of a secure and modern web interface for an existing
agricultural information system. The implementation of a identity provider Keycloak and a RBAC model ensures
that data access is strictly controlled based on user roles. The resulting application provides a user-friendly and
responsive interface that provides a solid foundation for future development.
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Abstrakt:  Tento clanek se zaméfuje na identifikaci a modelovini bubnovych pracek (DDW) pouZi-
vanych v procesech prani buniciny. Nastiriuje zdaklady prani buniciny a zdiraziiuje potrebu licinného
odstrariovdni ligninu a kontaminanti za iicelem zlepseni kvality produktu a sniZeni spotfeby chemick-
ych ldatek. Systém DDW, ktery funguje na principu vytésiiovaciho prani, je predstaven jako kompakini
a ucinné reseni pro vicestupriové cisténi. Prdce dale modeluje dynamické chovani systému DDW po-
moci pristupu ARMAX, ktery zachycuje jak vstupné-vystupni vztahy, tak charakteristiky Sumu. Vysledny
model je ovéFen na zdkladé namérenych dat a prokazuje vysokou presnost predpovédi pro vétsinu vys-
tupui systému. Analyza ukazuje, Ze modelovani metodou ARMAX je vhodné pro charakterizaci procesu
DDW a nuiZe byt pouZito k optimalizaci vykonu systému v primyslovych aplikacich.

Klicova slova:  Prani buniciny, Drum Displacer Washer, dynamicky systém, model ARMAX, identi-
fikace systému

Abstract:  This paper focuses on the identification and modeling of the Drum Displacer Washer (DDW)
used in pulp washing processes. It outlines the fundamentals of pulp washing, emphasizing the need
for effective removal of lignin and contaminants to improve product quality and reduce chemical con-
sumption. The DDW system, which operates on the principle of displacement washing, is introduced
as a compact and efficient solution for multi-stage cleaning. The study models the dynamic behavior of
the DDW system using the ARMAX approach, which captures both input-output relationships and noise
characteristics. The resulting model is validated against measured data, demonstrating high predictive
accuracy for most system outputs. The analysis shows that ARMAX modeling is suitable for character-
izing the DDW process and can be used to optimize system performance in industrial applications.

Keywords: Pulp washing, Drum Displacer Washer, dynamic system, ARMAX model, system identifi-
cation
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1 Introduction

The pulp at this point is already cooked and contains no solids. However, it still contains lignin dissolved in
water, which is undesirable in terms of the quality of the final product. Lignin causes the pulp to discolour because
lignin is optically active, so it must be removed. For this purpose, washing technology is used to separate the
lignin and other impurities. If we have washing between bleaching steps, the main purpose of washing is to save
chemicals . The different bleaching steps have different pH and use different chemicals [1]. If the pulp was not
washed well, a large amount of chemical would be used to neutralize the chemical from the previous bleaching
step.

The separated lignin is not used as waste, but is used to generate energy, which is then used in the steam
production process [1]. This step is important not only from an economic point of view, but also in terms of
sustainability and reducing the environmental impact of the entire production process.

The main objective in the development of the pulp washing technology was and still is to achieve maximum sav-
ings in chemicals and water. The water and chemicals used in the process are often recycled and reused, minimising
waste and reducing negative environmental impacts. The water passing through the process is not discharged im-
mediately but is reused and reused at different stages of production, contributing to the economic efficiency of the
whole process.

There are several different methods for washing pulp, which differ in the way water and impurities are removed.
Each of these methods has its specific advantages and is suitable for different stages of the production process.

The dewatering washing method is based on the mechanical removal of water under increased pressure. For
this purpose, presses are used which consist of perforated cylinders. These cylinders compress the pulp and at the
same time extract the excess water [2]. The result of this process is a thickening of the pulp, which becomes more
compact. However, after pressing, the pulp has to be ground again in order to be able to work with it further. This
is why the dewatering process is followed by a tearing and thinning process [1]. Thinning is a key step as it ensures
that the pulp remains thin enough to be pumped through the pipeline for further processing. Without this step, it
would be difficult to ensure its efficient transport.

Wash liquor
v y Y _
Pulp feed Washing |/ .| Washing | /] _| Washing .| Washing Pulp discharge
stage 1 | stage2 [ stage 3 stage n o
Filtrate

Figure 1: Counter-current principal [2]

The displacement washing method works on the principle of exchanging dirty water for clean water. The
water is fed into the process in large quantities and gradually washes away the contaminants. In contrast to the
dewatering method, the consistency of the pulp is not changed - its structure remains the same [3]. However, this
method requires a significant amount of water, which can be a disadvantage, especially in terms of natural resource
consumption and wastewater treatment costs.

In practice, these two basic washing methods are often combined. In fact, the washing of pulp does not take
place in a single step but in several stages, each of which may be carried out in a different way [2]. In addition, the
principle of counter-current washing is often used between the washing steps. This system is designed to minimise
water consumption and maximise the efficiency of the process. Counter-current washing consists of introducing
the cleanest water into the last stage of the wash, where the pulp is already almost clean. The filter water from
this stage is then gradually used in the previous washing stages, where the less clean pulp is processed [2]. This
principle is evident in the Figure 1.

This principle results in significant water savings because the water is not immediately discharged but is effec-
tively recycled. This not only reduces production costs, but also contributes to a more sustainable use of natural
resources and reduces the ecological footprint of the entire pulp production process.
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1.1 Drum Displacer Washer

The Drum Displacer Washer (DDW) is a specialised pulp washing machine that enables efficient and econom-
ical multi-stage cleaning within a single system. Up to four stages of washing can take place in this equipment,
which greatly increases its efficiency and reduces the water and chemical consumption required for the washing
process [3]. The principle of the four stages of washing is shown in the Figure 2.

l Wash liquor

| 22 ¢

Pulp feed Pulp discharge

-

Figure 2: Multi-stage washing principal [2]

The DDW uses displacement washing, which means that dirty water is gradually replaced by cleaner water
without the need for a full discharge, helping to optimize water consumption and minimize waste.

The basic design element of this device is a hollow perforated cylinder that rotates slowly. During this move-
ment, the cylinder moves the pulp between the individual shower nozzles, which flush it intensively. A slight
vacuum is maintained in the cylinder to help effectively remove water from the pulp, thereby effectively drying it
and reducing its dirt content [2]. The water from the nozzles that is used for rinsing is collected and subsequently
recycled in the next stages of the process [3]. This recirculation system contributes significantly to the economy
and environmental sustainability of the operation.

Compared to other multi-stage washers, the Drum Displacer Washer has one significant advantage - its compact
design allows for significant space savings, which is especially crucial in operations with limited space [2]. Thanks
to its innovative technology, the DDW is an efficient solution for industrial pulp washing with optimised operating
costs.

<@= Washing liquid
[ <<= Washing liquid

NP —— [ <= Washing liquid

o
2 =>

=

Vacuum filtrate =,

Figure 3: DDW scheme [4]

The Figure 3 shows that the main input is pulp in, and the other inputs are washing targets. It can also be seen
how water is collected and reinjected into the DDW. The outputs of the DDW are clean pulp and filtrate. The inputs
that have been mentioned will be used in the following sections to describe the static and dynamic behaviour of
DDW.
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2 Dynamic model of DDW2

Dynamic systems are essential in many fields, as they describe how systems change over time. These systems
appear in both natural environments and human-made structures, helping us interpret, predict, and influence real-
world behavior. They are typically classified by characteristics such as linearity, randomness, and whether they
operate in continuous or discrete time [5]. Mathematical tools like differential and difference equations are used
to model how these systems evolve.

This paper will focus on a brief description of the ARMAX method and its subsequent use to identify a dynamic
model of the DDW device.

3 ARMAX model

The ARMAX (AutoRegressive Moving Average with eXogenous input) model is an extension of the basic
ARX model to include a part that models noise using a moving average. This model is suitable for cases where the
noise in the system is autocorrelated, i.e. does not exhibit white noise properties [6]. By adding the MA (moving
average) part, the structured effect of random disturbances on the system output can be better captured.

The general form of the discrete linear ARMAX model can be written in back-sliding (regression) form as
follows [7]:

n ]

Ik == ai-ylk=il+ Y bi-ulk—j1+ ) c;-elk =] ()
j=1

i=1 i=1

Ag™")-y[k]=B(g™")-ulk]+C(g™") €[] 2

Matrices A and B behave in the same way in the ARMAX model as in the ARX model - they describe the
dynamics of the system in the relationship between output and input. Specifically, matrix A represents the au-
toregressive part of the model, i.e. the dependence of the current output on its previous values, while matrix B
describes the influence of the input variable on the output of the system [7]. A new matrix also appears in the
ARMAX model C, which represents the so-called moving average part and is used to model the noise dynamics.
This component allows to capture the correlated noise at the output [7], leading to a more accurate model, espe-
cially when the disturbance is of a structured (time-dependent) nature. These matrices are shown in the diagram
in Figure 4, and their use is also illustrated.

elk]
cq)
AQT)
ufk] . B(q ) Y Kl yIKI
AQT

Figure 4: ARMAX model diagram

The fourth order of the system was chosen for the ARMAX method. For matrix B, the second order was tested
first, but this did not lead to a successful result. Therefore, the matrix B is finally a combination of second and
fourth order.

The resulting matrices look as follows:

4 0 0 2 21 2
A=(0 4 0Of, B={4 2 0f, C=|2
0 0 4 4 4 2 2
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The identification of the ARMAX model was performed in MATLAB using the armax () function from the System
Identification Toolbox, which accepts matrices A, B and C. The conversion of the model to the transfer functions
was performed using the t£f () function.

The ARMAX model provided results in the form of a discrete mathematical model from which the individual
transfer functions of the system were subsequently derived. These transfer functions are expressed in detail in
Equations 3 - 11. A notable exception is equation G,3, which was set to zero. The reason for this decision is that
the analysis did not identify any measurable dependence between the input variable MV20 and the output variable
CV22 . The other transfer functions were determined in a standard manner and reflect the expected dynamic
behavior of the system.

Gyt = cval _ —0.0014z71+0.0014772 3
MVI18 1-22z7140.66z72+1.1z73 -0.65z~4

Gy e cval _ —0.00065z"1 +0.000657~2 @
MV19  1-2277140.66z72+1.1z73 -0.65z~4

Gia= cval _ -13x1077z7! )
MV20 1-2.277140.66z72+1.1z73-0.65z74
CV22  0.0051z71+0.00039z72-0.0055z73 -2.7x 1073774

G21= Yvig = 14+-21-0.57-240.0013z-3 +0.5;~4 ©

Z D2 . Z D3

Gy = cv22 0.0043z~1 - 0.004372 o
MVI19  1+-z"1-0.5z-2+0.0013z73 +0.5z74

Gz = %22% 0 ®)

Gyt = CV23 _ —0.0022-0.00043z"" +0.0074z "2 ~0.00487 3 ©
MV18 1-2277140.75:72 412773 -0.747~4

Gy CV23 _ ~0.0026+0.004z"" —0.00025z"% ~0.0012z 3 (10)
MV19 1-2.227140.75272+1.2z73 - 0.74z74

Gn Ccv23 -6.3%x1077+6.3x107 771 (11

TMV20  1-22:-140752-2+1.22-3 07472

Figure 5 compares the model values with the measured data. It can be seen that the model predicts the CV
value very well. The model performs best for CV23, where the MSE value is equal to 1.8677. The model for CV22
came out the worst. This may be due to some unmonitored fault that is present in the system, here it would be good
to look more into the process. But despite the minor discrepancies, the model follows the trends very well.

MSE: 4.2943
-~ 20 —model
N o
= original
5 15
10 I I I I I I I I ]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Samples x10*
MSE: 12.1792
N —model
g 40 —original
0 30
20 1 1 1 1 1 |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Samples x10*
MSE: 1.8677
20
™ —model
g 15 —original
(@)
10 | | | ]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Samples «10*

Figure 5: Validation of model ARMAX
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4 Conclusion

This study presents a successful identification of a dynamic model for the Drum Displacer Washer (DDW)
system using the ARMAX method. By capturing both the deterministic dynamics and the stochastic noise compo-
nents, the model offers a realistic and predictive framework for describing system behavior. Validation against real
process data shows high accuracy, especially for the CV23 output. Although discrepancies were noted for CV22,
these are likely due to unobserved system disturbances. Overall, the ARMAX-based model proves effective for
optimizing DDW operations, contributing to more efficient, cost-effective, and environmentally sustainable pulp
washing processes.

The results and conclusions presented in this article are based on the author’s master’s thesis [8], which ad-
dresses the topic in greater depth. More detailed theoretical background, methodology, and extended data analysis
can be found in the full version of the thesis.
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Abstrakt: Tento clanek se zabyva odvozenim pohybovych rovnic soustavy
kvadrokoptéry se zavésenym zdavazim ve 3D prostoru, které byly nasledné pouzity
k analyze a modelovani systéemu a k navrhu riznych algoritmit vizeni kvadrokoptéry
v ramci mé diplomové prdace. Odvozeni probéhlo na zdkladé Eulerovy-Lagrangeovy
rovnice druhého druhu a bylo symbolicky zpracovano v MATLAB pomoci Symbolic
Math Toolbox. Dale byla provedena linearizace systému a byl odvozen linedarni
State-Space model. Na konci uvadim odezvy nelinedrniho matematického modelu na
riizné hodnoty otacek motorii s cilem ovérit, zda chovani kvadrokoptéry se zavazim
odpovida stanovenym pozadavkiim.

Kli¢ova slova: Kvadrokoptéra se zavésenym zdavazim, rovnice pohybu kvadrokoptéry,
Eulerova-Lagrangeova rovnice druhého druhu, MATLAB, linearizace, State-Space.

1. Uvod

V poslednich letech zaznamenaly bezpilotni letecké prostiedky (UAV — Unmanned Aerial Vehicles),
zejména kvadrokoptéry, znacny rozvoj nejen v oblasti zabavy, ale i v primyslovych a védeckych
aplikacich. Stale castéji se uplatiiuji také i v armadnich a bezpecnostnich operacich, naptiklad v
prizkumu, sledovani nebo pii zasazich specidlnich jednotek. Vyznamny impuls k jejich vyvoji a
vyuzivani poskytl ozbrojeny konflikt na Ukrajin€, kde se UAV staly klicovym prvkem moderniho bojisté.
Schopnost kvadrokoptéry manévrovat v omezeném prostoru, byt ve stavu viseni, pfistavat na malych
plochéach a nést rtizné druhy néakladu otevird nové moznosti vyuziti, napiiklad v logistice, zachrannych
operacich pri ptirodnich katastrofach, fotografovani atd. Proto vytvofeni matematického modelu je
klicovym krokem k efektivnimu fizeni takovych systémi. Tento ¢lanek se zaméfuje pravé na odvozeni
modelu kvadrokoptéry se zavéSenym zavazim ve 3D prostoru. Model je soucasti mé diplomové prace,
kde slouzi jako zaklad pro navrh a testovani rtiznych fidicich algoritm.

2. Odvozeni

2.1 Popis systému

Systém kvadrokoptéry (téz dron) o hmotnosti M se zavéSenym zavazim o hmotnosti m a délkou lana

d je zobrazen na Obr. 1. Ram kvadrokoptéry je povazovan za tuhy a symetricky. Pro popis pohybu jsou
zavedeny dva soufadnicové systémy. Prvnim je inercialni systétm O ={X,Y,Z}, také globalni
soufadnicovy systém, jehoz osa Z je svisld a kolma k zemi a osa X sméruje na sever. Druhym je
soufadnicovy systém télesa Oy = {xg, Vg, Zg}, ktery je umistén v hmotném stfedu dronu a je s nim pevné
spojen. Na rozdil od jinych praci [[1], [2], [3]], ve kterych jsou osy soustavy télesa shodné s osami ramu
28



Valerii Lisnychuk Matematicky model kvadrokoptéry se zavéSenym zavazim ve 3D

kvadrokoptéry, tj. v konfiguraci “plus”, pouzivam konfiguraci “X”, tzn. jak je vidét z obrazku, osy x5 a
Vg jsou umistény mezi vrtulemi.

Kvadrokoptéra ma ¢tyti vrtule, kazda z nich generuje tahovou silu 7; a odporovy moment 7; vlivem
odporu prostedi. Aby se zabranilo rotaci kvadrokoptéry kolem osy zg a vyrovnal se moment, protibézné
motory se otaceji v opacnych smérech. Konkrétné motory 1 a 3 se otaceji proti sméru hodinovych
rucicek, zatimco motory 2 a 4 se otaceji ve sméru hodinovych rucicek.

Pro pohyb kvadrokoptéry pozadovanym smérem je nutné menit otacky piislusnych motort. Pro
zvednuti/snizeni je nutné, aby se rychlost kazdého ze Ctyf motort zvySovala/snizovala o stejné hodnoty.
Pokud se rychlost motord 1 a 2 snizi a rychlost motor( 3 a 4 se zvysi, dojde k natoc¢eni kolem osy yz o
uhel pitch () a zaroven k pohybu ve sméru X. Obdobné, pokud se zvysi rychlost motorti 1 a 4 a snizi se
rychlost motorti 2 a 3, dojde k natoceni kolem osy xp o uhel roll (¢) a zaroven k pohybu ve sméru Y. A
konec¢né, pokud se rychlost motort 1 a 3 zvysi a rychlost motori 2 a 4 se snizi o stejné hodnoty, dojde
k nato¢eni kolem osy zp o uhel yaw (). V pocateénim stavu se piedpoklada, Ze orientace
souradnicového systému télesa Oy a globalniho souradnicového systému O je stejna (tj. odpovidajici osy
jsou rovnobézné a uhly jsou nulové), pficemz translacni poloha systému Op vUci systému O miize byt
libovolna. Tato orientace dronu je definovana jako pocatecni a bude oznacena jako O, = {xBo, VBy» ZBO}.

(xp: Yp» Zp)

mg Y

Obr. 1  Schéma kvadrokoptéry se zavéSenym zavazim [autor]

Ke stfedu hmotnosti kvadrokoptéry je pomoci nepruzného a tuhého lana pfipevnéno zavazi. Jeho
poloha v prostoru je dana uhly a a B, které vyjadiuji vychyleni zavazi vzhledem k pocatecni orientaci
O, - Jin}’frr}i slovy, pii jakékoli orientace dronu jsou uhly zévazi vyjadieny vzhledem k jfeho pocatecni
orientaci. Uhel a je thel mezi vektorem tihy kvadrokoptéry a projekci lana v roviné XZ. Uhel S je uhel
mezi samotnym lanem a projekci lana vroviné XZ. Zvolené thly lepe popisuji kmitani zavazi a
nezpusobuji problémy pfi linearizaci systému nez klasické sférické soutadnice v [4].

Poloha tézisté kvadrokoptéry v inercidlni soustavé je dana vektorem & = [x,y,z]7, orientace se
popisuje pies Eulerovy uhly a je reprezentovana vektorem 0 = [¢, 8,17 (4j. roll, pitch, yaw), nakonec
vychyleni zdvazi je dino vektorem u = [a, f]7. Tim padem je vektor zobecnénych soufadnic oznacen
jako q = [x,v,2,¢,0,¢,a,B]".
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2.2 Popis transformaénich matic

dimenze a os se zvySuje slozitost, zejména u rotacniho pohybu. Je nutné zohlednovat porad1 rotaci, typ
rotace (vnitini, vn&jsi) a dalsi faktory, které ovliviiuji dynamiku pohybu. Proto uvadim popis matic, které
jsou nezbytné pro popis pohybu kvadrokoptéry v prostoru.

Prvni ddleZitou transformacni matici pro dany systém je rotatni matice Ry, ktera provadi
transformaci ze soustavy télesa do inercialni soustavy (z lokalniho do globalniho). Pfedpoklada se poradi
elementarnich vnitinich rotaci z-y’-x"’, kde kazda nasledujici rotace se provadi vzhledem k ose nové
otocené souradnicové soustavy télesa. To znamena, Ze prvni rotace o thel 1 (yaw) se provadi kolem osy
zp puvodni soustavy télesa, druha rotace o thel 8 (pitch) se provadi kolem osy yg, ktera byla oto¢ena po
prvni rotaci, a tieti rotace o uhel ¢ (roll) kolem osy xjz, ktera byla otocena po druhé rotaci. Vysledna
rotaéni matice je definovand jako soucin elementarnich rota¢nich matic kolem zminénych os. Pro
zjednoduseni zapisu se pouzivaji zkratky s(x) = sin(x),c(x) = cos(x), t(x) = tan(x).

R,yx = R,(¥) - Ry(0) - Ry (¢) =
c@)c@) s(@)s@c@) —c(P)s(@) c(P)s@)c@) + s(P)s(¥)
= [c@)s@) s(@)s(@)s@) +c(P)c(®) c(@P)s(@)s@) —s(P)c)
—s(6) s(¢)c(6) c(¢)c(6)

Druhou transformacni matici je specialni matice W ,,,,, ktera udava vztah mezi vektorem uhlove

(M

rychlosti v soustavé télesa [p, q,7]” a rychlosti zmény Eulerovych uhl [¢, 9,1/'1]T popisujicich orientaci
télesa v inercialni soustavé [[2], [3], [5]]. Matice se uréi postupnym promitanim derivaci Eulerovych uhla
z jejich odpovidajicich soufadnicovych systémil do soutadnicového systému kvadrokoptéry s ohledem na
sekvenc¢ni charakter rotace popsany diive.

P r 0 -s(6) ||¢
[Q]=Wzyx 61=10 c(@ cO)s(@)]|6 2)
r )| 10 —=s(@) c(@)c(@P)]|

2.3 Rovnice sil kvadrokoptéry

Kazdy motor kvadrokoptéry generuje tahovou silu T; podél osy zg a odporovy moment 7; kolem osy
zg v odpovidajicim sméru (otaceni proti sméru hodinovych ru¢i¢ek je povazovano za kladny smér).
Z aerodynamickych zakont a vlastnosti vrtule sila a moment jsou tmérné druhé mocnin€ tthlové rychlosti
motoru w; pres tahovy koeficient k a odporovy koeficient b. Pokud ptedpoklddame konstantni hodnoty
koeficientti a Ze motory a vrtule maji stejné vlastnosti, pak se vektor tahové sily Ty a vektor to¢ivého
momentu Tg pusobici v soustave télesa rovnaji:

0
TB= T =S4T =k Tl 0} (3)
l- (T1+T4 T, —Ts) k'l'(w%+w‘%_w%_w§)
TB_[ ]_ L-(T3+ T, — T1_T2) = k-l-(w§+w§—wf—w§), )
T1+T3— T, — T4 b-(w%+w§—w§—w£)

kde [ je délka kolmice od motoru do osy (je stejna do os xg a yg, protoze dron je symetricky).

Tim padem, v systému kvadrokoptéry se zavéSenym zdvazim mame Ctyii fidici vstupy ve tvaru
tahové sily T a toc¢ivych momentt [T¢,, Tg, Tw]TV soustave télesa. Spravnéjsi by bylo fici, Ze skutecnymi
fidicimi vstupy jsou druhé mocniny thlovych rychlosti motorti w?, aviak pro jednodusi zépis rovnic a
analyzu systému budeme uvazovat vstupy ve tvaru sily a momentu.

30



Valerii Lisnychuk Matematicky model kvadrokoptéry se zavéSenym zavazim ve 3D

2.4 Rovnice pohybu
Uvazujeme nasledujici ptredpoklady pii odvozeni matematického modelu kvadrokoptéry se
zavéSenym zavazim:
kvadrokoptéra je tuhé symetrické téleso s rovnomérnym rozlozenim hmoty v roving€ xgz-yp
lano je tuhé, nepruzné a nehmotné
lano a zavazi povazujeme za matematické kyvadlo, které je pfipojeno ke hmotnému stiedu dronu
neuvazujeme odpor prostiedi a vngjsi sily jako vitr jsou nulové
motory a vrtule jsou stejné
parametry systému se neméni s Casem

Pohybové rovnice jsou symbolicky odvozovany v MATLAB za pouziti Symbolic Math Toolbox a
vychazi z Eulerovy-Lagrangeovy rovnice druhého druhu, ktera ma nasledujici tvar:
4(OL)_9L _ pnec i
dt (aq]_> aq,- - Q] ) ] =1 8! (5)
kde j je Cislo zobecnéné soufadnice, q; je j-td zobecnénd soufadnice a QJY-LC je j-ta nekonzervativni sila
pusobici na soustavu. Zpopisu systétmu je vektor zobecnénych soufadnic definovdn jako
q = 191,92, 93,94, 95,96, 97,9517 = [x,y,2,¢,0,9%,a, B]7. Odpovidajici nekonzervativni sily jsou
definovany jako [QT¢, QF¢, Q31" = R,yx - [0,0,T]", [QF¢, QF°, Q&°]" = T a nakonec Q7¢ = Q¢ =0,
nebot’ na zavazi neplisobi zadné nekonzervativni sily.
Lagrangian £ je definovan jako rozdil mezi kinetickou a potencialni energii soustavy:

L = E; — E, (6)

Kinetické energie soustavy se rovna souctu kinetickych energii transla¢niho a rotacniho pohybu kazdého
z téles. Kineticka energie kvadrokoptéry se rovna:
N S R TR R
Eyy =5MX+-My+-Mz+-1 1, (7
kde J = Wgyx I W,y je Jakobiho matice vyjadfujici matici setrvaCnosti Ig kvadrokoptéry
v inercialni soustavé [2], neboli energii rotacniho pohybu télesa v inercialni soustavé. Matice maji
nasledujici tvar:

J =
[xx 0 —]xxS(Q) g
0 Lyyc($)? + I,5(¢)? Ly c(@)e®)s(@) = Lc@c®s@) |,
—Lx5(0)  Lyyc($)c(0)s(@) — Lzc(@)c(0)s(@)  I.,c(P)?c(0)? + Iy c(0)?5(h)? + Lixs(6)?

L 0 0O

Iz=|0 L, 0f L,=1I,, ©)
0 0 I,

kde Iy, Iy, I, jsou hlavni momenty setrvacnosti kolem odpovidajicich os t€lesa.

Kineticka energie zavazi se rovna:

1.1 L1
Ey, = SMXp +-my, +-mzy, (10)

T . o y S < . . A
kde [xp,yp,zp] jsou soufadnice stfedu hmotnosti zavazi v inercialni soustave, které ale jsou zavislé
proménné a vyjadiuji se pfes zobecnéné souradnice takto:

xp =x +d - cos(B) sin(a)
Yp =y +d-sin(f) (11)
z, =z — d - cos(f) cos(a)
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Potencialni energie systému se rovna souctu potencialni energie kvadrokoptéry a potencidlni energie
zaveéseného zavazi a je popsana nasledujicim vztahem:
E, = Mgz +mgz, = Mgz + mgz — d - cos(f) cos(a), (12)
kde g je tihové zrychleni plisobici proti osy Z svéta.
Dosazenim rovnic (7)-(12) do rovnice (6) dostaneme Lagrangian, ktery vypada nasledovng¢:

L =—Mgz —mgz + mgdc(a)c(B) +5 (M + m) (&% + 32 + 22) + 2 L ? + - (I c($)? +
LS (@)2)0% + 2 (s (0)? + Lyyc(0)25($)? + Lpc($)2c(0)2) Y + s md2f? +~md?c(B)?a? —
Lxes(0)Y + (Lyy — L, )c(@)c(8)s(¢) 69 + md(c(B)yp + c(a@)c(B)xd + c(B)s(a)zd +
c(@)s(B)zB — s(@)s(BIxB). (13)
Dale dosazenim (13) do rovnice (5) dostavdme osm nelinearnich pohybovych rovnic popisujici soustavu

kvadrokoptéry se zavéSenym zavazim. Z divodu rozséhlosti a slozitosti rovnic nebudou tyto rovnice
uvedeny v odvozeném tvaru.

2.5 Rovnice pohybu v maticovém tvaru

Pro lepsi vzhled Ize rovnice odvozené v piedchozi ¢asti zapsat v nasledujicim maticovém tvaru:

M(q@)-4+C(q.q9- q+G(q) =L u (14)
kde M(q) € R®*® je matice hmotnosti a setrvacnosti, €(q,q) € R®*® je Coriolisova matice obsahujici
gyroskopické a dostiedivé efekty, G(q) € R®*! je gravitatni matice a L(q) € R®** je matice koeficientii
vstupl. Vektor q € R81 je uz znidmy vektor zobecnénych soutadnic q = [x,v,z,¢,0,¢,a,B]7 a
u= [T, T¢ To) Tw]T € R**! je vektor vstupli sytému tvoreny tahovou silou a to¢ivymi momenty. Matice
byly rovnéz symbolicky vyjadieny v MATLAB a maji nasledujici tvar:

my; O 0 0 0 0 myy; mqg
0 my, O 0 0 0 0 Mye
0 0 mg; 0 0 0 Mms, Mag
0 0 0 I 0 —I.s(0) 0 0
M@= o o o 0 me  ma 0 0 (15)
0 0 0 —Iys(0) mgs Mg 0 0
my;; 0  mys 0 0 0 md?c?(B) 0
lmgl Mg, Mg 0 0 0 0 md?]
kde  myy =my; =mgz=M+m, my; = my; = mdc(a)c(B), myg = mg; = —mds(a)s(B),
Mg = Mg, = mdc(f), M3y = My3 = mdc(B)s(a), Mss = Iyy02(¢) + 1,,5%(¢),
Mse = mes = c(P)c(O)s()(Iyy — I1z). Mes = Luc2(@)C2(0) + I,y c2(8)s*($) + L5 (0),
Mmsg = Mgz = mdc(a)s(p),
0 0 0 O 0 0 «¢;; —mdcos(B)sin(a)B
000 O O 0 O —md sin(B) p
0 00 O 0 0 «¢3; mdsin(a)cos(B)p
C(q,q) = 0 0 0 0 45 ¢ O 0 ’ (16)
0 0 O Css 0 Cse 0 0
0 0 0 Cgg s 0 O 0
000 0 0 0 cp 0
loo o 0 0 0 c 0 |

kde co = ) (Luxc(8) + 1, 2 (@)e(8) — Lyc*($)c(6) — Lyyc(8)s*(§) + 1,,c(8)s* () ) -
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~0/(2Lyyc(@)s(@) = 2156 )s(P)). cos = 1 (215, () O)5(D) — 2Uzyc(@)c2O)s($)) -
0 (Lx€(8) = Ly c2(@)e(6) + +15,¢2(B)e(6) + Ly c(0)52($) — Lz0(8)s*($) ), Cas =
8 (Lyyc(@)5(®) = Lzc(@)s(@®)) = P (Lexc(8) + Iy c2($)c(8) = Lyc*($)e(6) — Lyyc(0)53(¢) +
L(©)52(9) ). co5 = =0 (Lyyc(@)s($)5(8) = 1,¢($)s($)s(0)) — P (21,,c(8)s()c? () +
+21y,c(0)5(6)5%(§) — 2L c(8)5(8) ), a6 = —pec(@)c2(0)5($) (Iyy — I2),
css = Pe(0IsO)(Lzc2(§) + Ly s2($) = L), €17 = —md (ac(B)s(@) — 2Bc(@)s(R))),
¢37 = md (ac(@)c(B) = 26s(@)s(B) ). €7 = —mdZs(2B)f, cg7 = mdc(B)s(B)c,
0
0

(M +m)g
G(q) = : , (17
0
mgd sin(a) cos(f)
mgd cos(a) sin(f)

s(@)s() + c(@)c@)s(6) 0
c(P)s@)s(6) —c(P)s(p) 0
c(¢)c(6) 0

L(q) = 0 (18)

SO R OO O O O

—

SO OO

0
0
0
l 0

2.6 Linearizace a linearni stavovy model

V piipad¢€ analyzu systému a pro navrh fidicich algoritmi je nutny linedrni model systému. Zaprvé
prepiSeme maticovy tvar (14) na soustavu diferencidlnich rovnic prvniho fadu (nelinearni stavovy model),
ktera ma tvar:

x(t) = f(x(0), u(®))
y(©) = g(x(0), u(®))

kde funkce f(x(t),u(t)) je vektor stavovych rovnic, Casto také vektor pravych stran, a funkce
g(x(t), u(t)) je vektor vystupnich rovnic, x(t) je stavovy vektor, u(t) je vektor vstupi systému a y(t)
je vektor vystupl systému, ktery obvykle reprezentuje méfitelné veliCiny systému. Nelinearni stavovy
popis systému pak vypada nasledovne¢:

(19)

o [a@®1 _ q(©)
x(®) = [q(t)] = [M*(L(q) ‘u(®) - C(q.9) - 4(O) — 6(q)) ], (20)
y(®) =€ x(®)

kde x(t) = [q(t), q(t)]" tvofi stavovy vektor. Pro dany systém funkce g(x(t),u(t)) je linearni a je

definovana diagonalni matici C, ktera ma jednicky na pozicich odpovidajicich tém stavovym veli¢inam,
které jsou pozadovany na vystupu (které jsou meétitelné).

Linearizace probiha kolem rovnovazného bodu, v kterém kvadrokoptéra se zavazim je v rovnovaze a

ve stavu viseni, tj. motory generuji celkovou tahovou silu rovnou tize systému. Hodnoty stavli a vstupti v

pracovnim bodé se rovnaji x,=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]" aug=[(M + m)g,0,0,0]".
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Pak Ize linearni rovnice reprezentovat ve stavovém prostoru takto:
Ax(t) = A, - Ax(t) + B, - Au(t)
) 2n
Ay(t) = C.-Ax(t) + D, - Au(t)
kde Ax(t) = x(t) — x5 a Au(t) = u(t) — ug jsou odchylky od bodu linearizace. Matice A., B, C. a D,
jsou Jakobiho matice, které jsou definovany nasledovné:

a, =% (22)

€ ox (xsus)

B.=XL (23)

¢ ou (xsus)

c. =2 (24)

¢ oxl gy

99
D, =—= 25
¢ au (xsrus) ( )
Derivaci pravé strany zrovnice (20) a dosazenim hodnot pracovniho bodu byly urceny matice
linearniho stavového modelu v parametrickém tvaru, které¢ jsou uvedeny dale. Vystupni matice C, je
definovana stejné jako matice € a matice D je nulova.

@8X8 H8><8
00 0 0 Mimg o T 0
M M
0 0 0 —Mmg 0 0 mg
M M
00 0 0 0 0 0 0
A;=0 0 0 0 0 0 0 0 058 (26)
00 0 0 0 0 0 0
00 0 0 0 0 0 0
0 0 0 0 _(M+m)g 0 _(M+m)g 0
Md Md
l() o o W+mg 0 0 0 _ (M+m)g J
Md Md
(0)10><4-
0 0 0
M+m
0 = 0 0
IXX
Be= 0 o0 — o0 (27)
Ly
o o0 o0 —
IZZ
l 0 0 0 0 |
0 0 0 0

Jak nelinearni, tak i linearni model byly realizovany v Simulink pomoci blokt /ntegrator a MATLAB
Functions, do kterych byly vepsany odpovidajici ¢asti pohybovych rovnic.

3. Ovéreni dynamiky

V dané casti uvadim odezvy odvozeného nelinedrniho matematického modelu na rtizné hodnoty
otacek motort. Cilem je ovéfit dynamiku kvadrokoptéry se zavéSenym zavazim a potvrdit, Ze jeji chovani
odpovida predpokladiim a popisim uvedenym v casti 2.1. Simulace probihaly v MATLAB/Simulink s
parametry systému uvedenymi v nasledujici tabulce.
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Tab. 1: Parametry systému.

Parametr Hodnota
M 2kg
m 1kg
Ly =1, 0,0222 kgm?
1, 0,0429 kgm?
l 0,2051 m
d 1m
k 2,3-1073 N(ot/s) ™2
b 5,4-107° Nm(ot/s)™2
g 9,81 m/s?

3.1 Scénar 1: Natoceni pitch

V tomto scénafi posilam na vstupy modeld takové otaCky motord, ze motory 1 a 2 generuji vetsi
tahovou silu nez motory 3 a 4. Vlivem nerovnovahy vznika to€ivy moment, ktery vyvolava zapornou
rotaci pitch (8). Soucasné vlivem rozkladu celkové tahové sily na svislou i vodorovnou slozku dochazi k
pohybu dronu v zdporném sméru osy x.

Poloha kvadrokoptéry Orientace kvadrokoptéry

=)

1
—_
T

. — (1)
-20 — o)
i —

x(1) y() 2(1)|

1
(O8]

x [m],y [m], z [m]
¢ [deg], 0 [deg], v [deg]

1
N
w e

0 05 1 15 2 25
t [s] t [s]

Obr. 2 Poloha a orientace kvadrokoptéry, scénar 1 [autor]

3.2 Scénar 2: Natoceni roll

Obdobn¢ jako vysSe, vtomto scénaii posilam na vstupy takové otacky motort,, ze motory 1 a 4
generuji vetsi tahovou silu nez motory 2 a 3. Vlivem nerovnovahy vznika to¢ivy moment, ktery vyvolava
kladnou rotaci roll (¢p). Soucasné vlivem rozkladu celkové tahové sily na svislou i vodorovnou slozku
dochazi k pohybu dronu v zdporném sméru osy y. Protoze dron je symetricky, odezva je stejna (bez
uvazovani znaménka), jenom pro jiné uhly a soufadnice.

0 Poloha kvadrokoptéry En 30 Orientace kvadrokoptéry
£ = —— (1)
N1 =0l —00)
£l E p— )
E S,
>
=ab 0 —— v ——a0] \ 10
= o0
— Q
4 ! l ! ! L =) I ! ! l |
0 0.5 1 1.5 2 2.5 3% 0 0.5 1 1.5 2 2.5 3

t [s] t [s]

Obr. 3  Poloha a orientace kvadrokoptéry, scénar 2 [autor]
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3.3 Scénar 3: Natoceni yaw a zména vySky

V tomto scénaii kombinuji dva nezavislé pohyby dronu a to tak, Ze zvysuji otacky motord 1 a 3 a
neménim otacky motorti 2 a 4. Celkova tahova sila se zvysi a zaroven odporové momenty na vrtulich
nejsou v rovnovaze. To vyvolava pohyb kvadrokoptéry nahoru a kladnou rotaci yaw (1) kolem svislé osy.

Poloha kvadrokoptéry En Orientace kvadrokoptéry
ER  —C y(t) z(t)] = — ()
~ 0.6 B —0(t)
— o0 ¢
E o4 g £
” £
=02 = 2r
— Q
<o | | = | |
0 1 2 3% 0 0.5 1 1.5 2 2.5 3

t [s] t[s]

Obr. 4  Poloha a orientace kvadrokoptéry, scénar 3 [autor]
3.4 Scénar 4: Vliv kmitani zavazi
V poslednim scénéfi pro zajimavost uvadim vliv kmitani zavazi na pohyb kvadrokoptéry, ktera je
v rovnovazném stavu viseni. Pocate¢ni poloha zavazi je nastavena na @ = 15° a f§ = 0°, tzn. kmitani
bude probihat v roviné xpzp systému Op . Jak je vidét z obrazku, zdvazi a dron maji ustalené kmity
z diivodu absence aerodynamického odporu. Dale je vidét, ze kmitani podél uhlu @ vyvolava kmity

kvadrokoptéry v ose x a ve vySce z. Analogické chovani lze pozorovat, pokud zavazi bude kmitat podél
uhlu B, coz zpiisobuje kmitani dronu v ose y.

0+ Vychyleni zavazi Poloha kvadrokoptéry
EN) E 021 [——x(t) ——y(®) ——=1)
ot
— 0 L
on
(0]
=107 \/ \/ £ 005}
S 10) o)

-20 : !

0 1 2 3 5 O 1 2 3 4 5
t [s] t[s]

Obr. 4  Poloha kvadrokoptéry a orientace zavazi, scénai 4 [autor]

4. Zavér

V tomto ¢lanku byl piedstaven podrobny popis odvozeni pohybovych rovnic soustavy kvadrokoptéry
se zaveéSenym zavazim ve 3D. Vysledkem je sada matic v parametrickém tvaru, na jejichz zakladé byl
vytvofen model systému v MATLAB/Simulink. Déle bylo provedeno ovéfeni dynamiky pro rtzné
hodnoty vstupnich otacek motorid. Vysledky simulaci ukazuji, Ze dynamika dronu odpovida skutecnosti a
schématu na Obr. 1. Konkrétn¢ vznika pohyb ve sméru osy x resp. y pii natoceni o uhel pitch (0) resp.
roll (¢p) zménou otaek odpovidajicich motord. Dale dochézi k svislému pohybu (stoupani/klesani) a
natoCeni yaw (1) kolem svislé osy. Na Obr. 2 lze vidét snizeni vysky z kvadrokoptéry. K tomu dochazi
v disledku natoceni kvadrokoptéry a rozkladu celkové takové sily na svislou a vodorovnou slozku.
Protoze neni implementovana zpétnovazebni regulace, otacky a tahové sily na motorech zistavaji
konstantni a pfi dal§$im natoc¢eni dronu se hodnota svislé slozky celkové tahové sily zmensuje, coz vede k
neschopnosti udrzet kvadrokoptéru ve stavu viseni.
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Petr Musil Virtualni laboratof

I'Jlohy pro virtualni laborator v JavaScriptu

Petr Musil !
I Technicka 4, 160 00, Praha 6, petr.musil@fs.cvut.cz

Abstrakt: Tento dokument popisuje navrh, jak bylo postupovano béhem vytvareni nové
virtualni laboratore pro predmét automatické rizeni. Ditvodem bylo, zZe puvodni virtualni
laborator prestala byt vyhovujici z hlediska provozu v modernich webovych prohlizecich.
Dalsim diivodem bylo zatraktivnit ulohy pro nové studenty a tim také zvysit zajem o predmet.
Ulohy byly napsany v jazyce JavaScript s HTML a CSS a to bez frameworkii, diky tomu bylo
docilené, Ze je leze spoustét v libovolném webovém prohlizeci.

Klicova slova: JavaScript, virtualni ulohy, logické rizeni, HTML Canvas

Abstract: This document describes the design and process of creating a new virtual
laboratory for the Automatic Control course. The main reason was that the original virtual
laboratory was no longer compatible with modern web browsers. Another goal was to make
the tasks more attractive for new students, thus increasing interest in the subject. The tasks
were written in JavaScript with HTML and CSS without using frameworks, allowing them to
be run in any web browser.

Keywords: JavaScript, virtual tasks, logical control, HTML Canvas

1. Uvod

Cilem této prace bylo vytvofit novou virtudlni laboratot pro pfedmét Automatické tizeni
vyuéovany na CVUT v Praze. Piivodni laboratof byla vytvofena pomoci Java applettl, které
byly vykreslovany ve webovém prohlizeci. Tyto appletové aplikace jsou vSak dnes jiz zastaralé
a moderni webové prohlizece je nepodporuji, zejména z ditvodu bezpecnostnich rizik. Pro
spusténi piivodni laboratofe bylo nutné instalovat dopliiky tfetich stran a zapnout v prohlizeci
rezim zpétné kompatibility, coz zna¢n€ omezovalo pfistupnost a pouzitelnost laboratoie. Nova
virtualni laboratoft je vytvofena v jazyce JavaScript s pouzitim HTML a CSS, coz zajistuje jeji
dostupnost ve vSech modernich webovych prohlizecich bez nutnosti dalSich uprav. Projekt se
zam¢til na zajisténi budouci udrzitelnosti kodu a na atraktivitu uloh, aby se zvysil zajem
studentii o predmét.
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2. Pouzité technologie

<div class=div-1">Toto je div s odkazem <a [[EIEISSUNENN-> Klik </a>.</div>

<div>
class="div-1" Toto je div s odkazem <a> i

F7 testhimi. Kik

Obrazek 1: DOM struktura

Nova laboratof byla vyvinuta s vyuzitim tfi klicovych webovych technologii: HTML,
CSS a JavaScript.

HTML (HyperText Markup Language): HTML slouZzi k vytvofeni zdkladni struktury
a obsahu webovych stranek. Poskytuje univerzalni format pro publikovani textli, obrazka a
dalSich multimediélnich prvka. [1]

CSS (Cascading Style Sheets): CSS umoziiuje stylovani a rozvrzeni webovych stranek.
Odd¢luje obsah HTML od jeho vizuélni prezentace, coz zlepSuje Citelnost a udrzbu kodu.
Pouziti responsivniho designu pomoci media queries zajist'uje, ze aplikace je vhodna pro rizné
velikosti obrazovek. [1]

JavaScript: JavaScript pfidavéa interaktivitu a dynamické chovani. Byl pouzit pro
logické fizeni, manipulaci s DOM a vytvafeni animaci v HTML Canvas, coZ umoziiuje
zobrazovani vysledki fizeni v realném case.[2]

3. Navrh a implementace

Nova virtudlni laboratoi byla navrzena tak, aby zachovala kli¢ové funkce ptvodni
verze, ale zaroven prinesla modernéjsi a uzivatelsky piivétivejsi prostiedi. Cely vyvoj probihal
od zakladu, bez pouziti kédu z plivodni laboratote, coz bylo nutné kvtili zastaralosti pavodni
technologie a potfeby modernizace. To umoznilo kompletné pfepracovat laboratot, a zaroven
zajistit nezavislost na starych a jiz nepodporovanych prvcich, jako byly Java applety. Nova
verze laboratofe byla navrzena s ohledem na budouci rozsititelnost a snadnou tidrzbu, coz bylo
jednim z hlavnich pozadavka.

Vyvojové prostiredi a nastroje:

Pro vyvoj laboratoie byl pouzit editor Visual Studio Code, ktery poskytuje bohaté
moznosti pro praci s kdédem v jazycich HTML, CSS a JavaScript. Tento editor umoziluje
vyuzivat rozsifeni, jako je Live Server, ktery simuluje béh aplikace na serveru a automaticky
aktualizuje zobrazeni v prohlizeci po kazdé tpravé kodu. To vyznamné urychlilo testovani a
ladéni aplikace, protoze jakékoliv zména byla ihned viditelna.

Pro grafickou stranku laboratote byl vyuzit software GIMP (GNU Image Manipulation
Program), ktery slouzil k upravam a tvorbé rastrové grafiky. Neékteré prvky byly navic
generovany pomoci umél¢é inteligence a nasledné upraveny tak, aby vyhovovaly pozadavkim
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na animace a vizualni ztvarnéni tloh. Tvorba grafiky byla ¢asové naro¢na, jelikoz musela byt
prizpisobena potfebam jednotlivych uloh a zaroven zajiStovat estetickou a funkéni stranku
aplikace.

Struktura a organizace kédu

HTML soubory: Tyto soubory definuji zdkladni strukturu kazdé ulohy v laboratofi.
Kazda tloha mé sviij vlastni HTML soubor, ktery obsahuje veskeré prvky potiebné pro
vykresleni ulohy v prohlizeci.

JavaScript soubory: JavaScript je srdcem celé laboratote a zajiStuje veskerou logiku a
interakci. Kod byl rozdélen na dvé ¢asti — jeden soubor obsahuje skripty spolecné pro vSechny
ulohy (napf. manipulace s logickymi bloky a jejich propojeni), zatimco druhé ¢ast je vénovana
specifickym skriptim pro jednotlivé ulohy.

CSS soubory: Pro stylovani byly vytvofeny CSS soubory, které zajistuji vizualni
stranku laboratote. Kazda uloha ma sviij vlastni CSS soubor pro specifické styly, zatimco jeden
hlavni CSS soubor spravuje obecné styly a rozlozeni celé aplikace. Diky tomu lze snadno
upravovat vzhled celé laboratote nebo jednotlivych uloh bez nutnosti slozitych zasahti do kodu.

Slozka s obrazky: Obrazky byly rozdéleny do podadresaiti podle jednotlivych tloh, coz
umoznuje snadnou spravu a Upravu grafiky. Kazdy obrazek je propojen piimo s konkrétni
ulohou, coz usnadiiuje jejich vyménu nebo aktualizaci. V této slozce jsou také umistény
zdrojové soubory pro GIMP, které umoznuji Gpravy a ptizptisobeni grafiky dle potieby.

4. Funkénost nové virtualni laboratoie

Obrazek 2: kompletni cast pro tvorbu logiky
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Obrdazek 3: Ukazka pouziti logiky a animace

Mr_ W

Nova laboratof nabizi uzivatelsky ptivétivé rozhrani, které¢ umoznuje studentiim 1épe
pochopit principy automatického fizeni diky interaktivnim Ulohdm. Logické bloky jsou
vykreslovany pfimo v prohliZze¢i pomoci HTML Canvas, coZ umoziuje vizualizaci vysledkt
logického fizeni v redlném Case. Animace a interakce mezi prvky zajist'uji, Ze studenti mohou
piimo sledovat zmény a vyhodnocovat chovani systému.

Laboratof je navrZena tak, aby byla snadno rozsifitelnd a upravitelna. Vyuziti Cistého
JavaScriptu bez frameworkd zajistuje, ze kéd bude kompatibilni s budoucimi verzemi
webovych standardi, coz usnadituje dlouhodobou udrzbu a ptizpisobeni.

5. Zaveér

Nova virtualni laboratot spliiuje poZadavky modernich webovych aplikaci a odstrafiuje
nedostatky plvodni verze. Diky vyuziti JavaScriptu, HTML a CSS je laboratot plné
kompatibilni s dneSnimi prohlizeci, coz vyrazné zlepSuje pfistupnost a pouzitelnost. Zaroven
se podarilo zvysit atraktivitu uloh pro studenty, coz pfispiva k vétSimu zdjmu o predmét
Automatické fizeni. Nova laboratof predstavuje robustni a flexibilni nastroj, ktery Ize snadno
prizpusobit budoucim potifebam vyuky.
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Abstrakt:  Zesitovani rohovky s intaktnim epitelem (tramsepitelialni CXL) je
alternativni metoda ke standardnimu postupu, ktery vyzaduje odstranéni epitelu.
Transepitelialni pristup eliminuje nutnost mechanické de-epitelizace, ¢imz se snizuje
vyskyt nékterych nezadoucich ucinkii, jako je bolest nebo riziko infekce. Na druhé
strané je jeho ucinnost stile predmétem vyzkumu, predevsim kviilli omezenému priniku
riboflavinu pres epitel.

Klic¢ova slova: Zesitovani, rohovka, iontoforéza, epitel,

1. Uvod

Keratokonus piedstavuje postupné se zhorSujici ektatické onemocnéni rohovky, které muze
zpusobit vazné naruSeni zrakovych funkeci. Nemoc se zpravidla za¢ina projevovat v pozdni fazi
puberty nebo na zacatku dospélosti a jeji pribéh mize byt rizné rychly. Bez odpovidajici 1écby
muze stav pokrocit natolik, Zze bude vyzadovat transplantaci rohovky. Zastaveni progrese
keratokonu se primarn¢ dosahuje prostfednictvim zesitovani kolagenovych vladken rohovky.
Pivodni drazd’ansky postup pro zesitovani zahrnuje odstranéni rohovkového epitelu [1]

2. Uvodni piehled o technice zesit'ovani rohovky

2.1 Zaklani princip

Rohovkové stroma predstavuje komplexni strukturu tvotfenou predev§im kolagennimi vlakny
typu I a V, kterd jsou propojena prostiednictvim zékladnich proteinli hlavnich proteoglykant.
Mezi tyto kli€ové proteoglykany patii keratokan, lumikan, mimekan a dekorin, jejichZ vzajemné
interakce hraji zasadni roli v udrzovani prithlednosti stromatu.[2]

Procedura zesitovani posiluje zminéné vazby vytvorenim dodatecnych kovalentnich spoji mezi
aminoterminaly kolagennich postrannich fetézcii a zakladnimi proteiny proteoglykani, které se
nachazeji v mezibunétné hmoté. Tento proces vyznamné piispiva ke zpevnéni stromalni
struktury. [2]

Mechanismus, kterym CXL zvySuje tuhost stromatu, souvisi s modifikacemi praméru
kolagennich vlaken a snizenim vzdéalenosti mezi jednotlivymi fibrilami. Vyzkumné studie
prokézaly piiblizné¢ 5% nartst tloustky kolagennich fibril po aplikaci CXL. Soucasné byla
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dokumentovana pozitivni korelace mezi intenzitou ozafeni a redukci interfibrilarnich
vzdalenosti. [2]

3. Techniky bez porusSeni epitelové vrstvy

3.1 Soucasny stav transepitelialnich technik

Transepitelidlni neboli "epithelium-on" (epi-on) techniky CXL byly vyvinuty s nékolika
hlavnimi cili. Primarné se zaméfuji na sniZzeni pooperacni bolesti pacientli, minimalizaci
komplikaci souvisejicich s rdnou a redukci rizika infekce. Dal§im vyznamnym piinosem je
moznost provadéni 1é€by mimo operacni sal, coz piinasi praktické vyhody pro zdravotnicka
zafizeni 1 pacienty.[3]

Presto se tyto techniky stdle povazuji za méné G¢inné ve srovndni s konvencnim piistupem
odstranujicim epitel. [3]

3.2 Nékteré metody

3.2.1 Zrychlené zesitovani

Bunsen-Roscoeliv zdkon stanovuje, ze biologickd odpoveéd’ tkdn€ na ozateni je funkci celkové
absorbované davky energie, pficemz tato davka pfedstavuje produkt intenzity svételného zdroje a
Casu pusobeni. Na zaklad¢ tohoto pravidla reciprocity je mozné zachovat stejny 1é¢ebny tc¢inek
pii pouziti vyssi intenzity svétla a odpovidajicim zkracenim délky ozafovéani. Tento fyzikalni
princip poskytuje odivodnéni pro implementaci rychlejSich protokolti cross-linkingové
terapie.[4]

3.2.2 lontoforéza

Iontoforéza je neinvazivni metoda pro dodavani lécivych latek do téla pomoci mirného
elektrick¢ého proudu, ktery usnadiuje pronikdni nabitych molekul biologickymi tkanémi .
Vzhledem ke svému negativnimu elektrickému naboji a pfiznivym charakteristikim byl
riboflavin pouzit tento typ podani v ramci procedury zesit'ovani. [4]

4. Porovnani konven¢ni techniky s transepitelialni

Studie zaméfené na biomechanické vlastnosti vyuZzivajici Brillouinovu mikroskopickou analyzu
zkoumaly mechanickou pevnost rohovky jako méfitko efektivity cross-linkingu. Tato méteni
umoznila pfimé srovnani mezi piistupem zachovavajicim epitel a standardni metodou s
odstranénim epitelu podle protokolu z Drazd’an. Vysledky prokazaly, Ze mechanicka rigidita
rohovky dosazena pfi pii zachovani epitelu je ptiblizné o 70 % niZ8i neZ u konvenéniho postupu
s odstranénym epitelem. Naslednd konfokalni mikroskopickd analyza odhalila, zZe pfi metod¢ se
zachovanym epitelem se apoptotické zmény vyskytuji nerovnomérné a penetruji pouze do
hloubky 80-100 mikrometrti, zatimco standardni technika s odstranénym epitelem dosahuje do
hloubky 250-300 mikrometra. [4]

Tyto ndlezy naznacuji, ze ackoliv pfistup se zachovanym epitelem mutze pfechodné¢ modifikovat
optické charakteristiky rohovky prostiednictvim povrchového plisobeni, jeho penetracni kapacita
do hlubsich vrstev stromatu ztstava limitovana.[4]
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5. Zavér

Dosavadni vysledky metody epi-on CXL ukazuji na jeji omezenou uc¢innost, a proto je nutné
dalsi zkoumani, které by mohlo vést k jejimu SirSimu uplatnén. Alternativni feSeni bylo
zkoumano v rdmci diplomové prace, ktera se zabyvala navrhem optické komponenty.
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Abstrakt: Tato prace se zabyva navrhem a implementaci pokrocilého balancéru vyuzivajiciho fluidni sval
jako nosny i senzoricky prvek. Popsany jsou dvé varianty rizeni — zakladni systém s tlakovym senzorem a
solenoidovym ventilem a pokrocilejsi verze s Festo Motion Termindlem, ktery umoziuje plynulé rizeni
pohybu podle velikosti pusobici sily. Vysledné zarizeni poskytuje intuitivni a ergonomické ovladani
manipulace s bremenem bez potieby tlacitek ¢i mechanickych ovladacii. Cilem je zvysit bezpecnost,
presnost a komfort obsluhy pri zachovani jednoduchosti konstrukce.

Klicova slova: fluidni sval, balancér, manipulator, Festo motion terminal, digitalni pneumatika

1 Uvod

V modernim pramyslovém prostiedi, kde efektivita, bezpecnost a ergonomie hraji klicovou roli, se ¢im dal ¢astéji
setkavame s technologiemi, které usnadnuji manipulaci s tézkymi ¢i objemnymi bfemeny. Mezi tyto technologie
patii pfedev§im manipulatory a balancéry — zafizeni, ktera se sice mohou na prvni pohled jevit podobné, ale ve
skutecnosti plni odlisné funkce a jsou navrzena pro rizné typy tloh.

Manipulator je aktivni systém, ktery umoziuje piesné fizeni pohybu objektu v ne¢kolika osach. Byva vybaven
pneumatickymi nebo elektrickymi pohony, senzory a ovladacimi prvky, diky nimz mtize obsluha snadno a bezpecné
manipulovat s biemeny — a to nejen ve vertikdlnim sméru, ale i horizontaln¢, véetné nataceni, naklanéni nebo
piesného usazeni dilu. Manipuléatory Casto piipominaji robotickou pazi a v nékterych piipadech se skute¢né€ jedna o
poloautomatizovana zatizeni schopné komplexnich pohybt.

Balancér naproti tomu funguje spiSe jako "asistent hmotnosti". Je to zafizeni, které pomoci pneumatického,
elektrického nebo mechanického systému vyvazuje hmotnost bfemene, ¢imz umoziuje jeho snadné zvedani a
spousténi prakticky bez vynalozeni sily ze strany operatora. Na rozdil od manipuldtoru neumoziuje slozité fizeni
pohybu, ale zato vynika jednoduchosti, rychlosti a velmi intuitivnim ovladanim — operator mize bfemeno doslova
,,veést rukou. Hlavni rozdil tedy spo¢ivd v trovni kontroly a slozitosti pohybu. Zatimco manipulator slouzi pro
pfesné a vicerozmérné manipulace, balancér je idedlni pro rychlé a jednoduché vertikdlni premistovani s
minimalizaci fyzické ndmahy. (1)

Jednim z netradiCnich, ale stale Castéji vyuzivanych prvka v oblasti primyslové manipulace je fluidni sval .
Tento prvek se konstrukéné i funkené lisi od béznych pneumatickych valcti — jeho chovani je mekei, prirozené;si a
do jisté miry pfipomina biologicky sval. Fluidni sval se sklada z pruzného vnitiniho elastomerového tubusu, ktery je
po celé délce opleten vlaknitou sitovinou (napf. kevlarovym nebo nylonovym pletivem). Kdyz se do svalu ptivede
stlaceny vzduch, tak se sval zkracuje a generuje tahovou silu. Pokud se tlak uvolni, sval se vraci zpét do své ptivodni
délky. Tato vlastnost — zkraceni pfi natlakovani — déla z fluidnich svall idealni prvek pro aplikace, kde je potieba
plynuly, poddajny a bezpecny pohyb. Na rozdil od klasickych valcii nema pevnou konstrukci, a proto je lehky,
flexibilni a schopny dobfe reagovat na vnéjsi sily. Navic jeho deformace pfi zatizeni pfirozené generuje zménu
vnitiniho tlaku, coz umoziuje vyuzit jej nejen jako pohon, ale zaroveil i jako senzor. V této praci se fluidni sval
vyuzivé jako nosny a zaroven meéfici prvek, ktery v kombinaci s tlakomérem nebo pokrocilym fidicim systémem
umoziuje vytvorit jednoduchy a intuitivni systém pro manipulaci se zavéSenym bifemenem. (2)
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2 Vyuziti fluidniho svalu pro inteligentni balancér

Zakladni verze navrzeného zafizeni vyuziva jednoduchy, ale efektivni princip zalozeny na méfeni tlaku v
pneumatickém svalu. Pneumaticky sval zde slouzi jako nosny prvek, na kterém je zavéSeno biemeno pies bézny
pneumaticky valec. Pti statickém zavéSeni zavazi se tlak v pneumatickém svalu ustali na urcité hodnoté, ktera
odpovida tzv. klidovému stavu.

Na vystup svalu je pfipojen tlakomér (tlakovy senzor), ktery nepfetrzit¢ snima aktualni tlak. Tento senzor je
nasledné propojen s fidici elektronikou, ktera porovnava naméfeny tlak s pfedem nastavenou referencni hodnotou
(setpointem). V okamziku, kdy dojde ke zmén¢ ptisobeni sily — naptiklad uzivatel zatdhne dold za biemeno nebo ho
zacne nadlehcovat — tlak ve svalu se nepatrné zmeéni.

Pokud tato zména presahne stanoveny prah, elektronika vysle signal do solenoidového ventilu, ktery se otevte.
Tim se umozni pohyb pneumatického valce — bud’ smérem dolti (pokud se zatdhne), nebo nahoru (v piipadé
odlehceni). Pohyb trva po dobu, kdy tlak ziistava mimo toleran¢ni pasmo. Jakmile se sila pfestane ménit a tlak se
vrati blizko k setpointu, ventil se opét uzavie.

Cely systém tak umoznuje jednoduché a intuitivni ovladani pohybu bfemene — bez tla¢itek, nebo jinych prvkd,
kdy uzivatel ma ob¢ ruce volné pro praci. Uzivatel pouze puisobi silou a zafizeni na to reaguje zménou tlaku.

<

Obrazek 1, navrh zapojeni prototypu balancéru s fluidnim svalem

3 Vyuziti Festo Motion Terminalu pro inteligentni balancér

Druha, vylepSend verze zatfizeni vyuziva Festo Motion Terminal, ktery umoziuje pokrocilé fizeni na zakladé tlaku
ve fluidnim svalu a poskytuje mnohem jemnéjsi odezvu nez pouhé zapinani ventilu.

Na rozdil od piedchoziho navrhu, kde bylo nutné manualné plnit fluidni sval a nastavovat jeho referencni tlak,
je nyni cely proces automatizovan pomoci funkci Festo Motion Terminalu. Zafizeni samo zajistuje pocatecni plnéni
svalu a také uzavieni pneumatického obvodu fluidniho svalu pfed spusténim polohovéni. Poté je dosazeno
pozadovaného klidového tlaku pii zaveéSeni bfemene. Tim se eliminuje potfeba zasahu obsluhy pii kalibraci a
zajistuje se opakovatelnost a stabilita systému.
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Velkym krokem vpied je také to, ze zafizeni uz nereaguje jen binarné (,,pohyb dolti — pohyb nahoru®), ale
vyuziva linearni zavislost rychlosti pohybu na velikosti sily ptisobici na sval. Diky vysoké piesnosti snimani tlaku ve
svalu a schopnosti Festo Motion Terminalu plynule ovladat Skrceni ventiltl (nejen je otvirat a zavirat), 1ze dosdhnout
velmi jemného a pfirozené¢ho pohybu. Mald zména sily znamena pomaly pohyb, vétsi zména zase rychlejsi reakci —
podobné jako kdyz clovek drzi zavéSeny predmét a lehce s nim manipuluje.

Cely systém tak pusobi intuitivné a ergonomicky. Operator biemeno jednoduse nadleh¢i nebo zatdhne — a
zafizeni na to plynule a pfirozené reaguje bez nutnosti stiska tlacitek nebo externiho ovladani. Vysledkem je chytry
pneumaticky balancér, ktery spojuje vyhody jednoduchého balancéru a aktivné fizeného manipulatoru.

:

|

Obrazek 2, realné zapojeni systému s fluidnim svalem a Festo Motion Terminalem

4 Zavér

Byly vyzkouSeny dv¢ varianty realizace s vyuzitim fluidniho svalu, princip zalozeny na meéfeni tlaku v pneu-
matickém svalu a roz$ifeny princip, ktery navic vyuziva schopnosti Festo Motion Terminalu, diky kterému cely
systém pusobi intuitivné a ergonomicky. Vysledkem je chytry pneumaticky balancér, ktery spojuje vyhody
jednoduchého balancéru a aktivné fizeného manipulatoru.
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Abstrakt:  Cldnek prezentuje softwarovy systém pro monitoring vynosu plodii, ktery je soucdsti Sirsiho
konceptu digitalizace ovocndrstvi a precizniho zemédélstvi. Vyvijeny Farming Management System
(FMS) ma za cil zajisténi efektivniho sbéru, ukldadani a analyzy dat z riiznych zdrojii, véetné snimkovdani
sadii a vinic mobilni platformou. Systém vyuZiva moderni architekturu zaloZenou na technologiich
Python, FastAPI a PostgreSQL, Docker, pricem? je navrzen jako moduldarni a snadno rozsiritelny.
Software dokdZe zpracovavat velké mnoZstvi heterogennich dat, vytvaret prehledné vizualizace a gen-
erovat reporty, které podporuji rozhodovani pri planovani sklizné, probirky ¢i dalSich zasahii v sadech
civinicich. V dlouhodobém horizontu umoZiiuje sledovat trendy mezirocné a zlepsovat predikce vynosu
pomoci modelii strojového ucent. Systém muiZe fungovat nejen jako ndstroj pro evidenci a analyzu, ale
také jako zaklad pro systémy vcasného varovani a digitalniho dvojcete sadu ¢i vinice. Vysledkem je
efektivnéjsi, datové Fizeny a udrZitelnéjsi zpiisob péstovani ovoce.

Klicova slova: Monitoring vynosu, automatizace ovocndrstvi, predikce sklizné, precizni zemedélstvi

Abstract:  The article presents a software system for fruit yield monitoring, developed as part of a
broader concept of digitalizing modern orchard management. The Farming Management System (FMS)
is designed to enable efficient collection, storage, and analysis of data from various sources, including
orchard and vineyard imaging. The system is built on a modern architecture utilizing Python, FastAPI,
and PostgreSQL technologies and is designed to be modular and easily extensible. The software pro-
cesses large volumes of heterogeneous data, generates clear visualizations, and produces reports that
support decision-making in harvest planning, fruit thinning, and other management interventions. In
the long term, it allows year-to-year trend tracking and improves yield prediction through machine
learning models. The system serves not only as a tool for data recording and analysis but also as a
foundation for early warning systems and digital twins of orchards and vineyards. The result is a more
efficient, data-driven, and sustainable approach to fruit production.

Keywords: Yield monitoring, orchard automation, yield prediction, precision agriculture

1 Uvod

Soucasné ovocnafstvi prochdzi obdobim zdsadni promény. Roste tlak na efektivitu vyroby, zajisténi kvality
produkce a udrZitelnost hospodafeni [1]. Aby mohli sadafi a vinafi Cinit sprdvnd rozhodnuti, potfebuji mit k
dispozici pfesnd a v€asnd data o stavu porostl i o vyvoji drody. Tradi¢ni metody, zaloZené na terénnim monitoringu
stromi ¢i kefti, se ukazuji jako nedostate¢né — jsou ¢asové naro¢né, nakladné a ve velkych vysadbéach prakticky
nezvladnutelné. Navic neposkytuji kontinuitu ani moznost dlouhodobého porovnavani, coz komplikuje planovani
a zpétnou analyzu.

Rozvoj modernich technologii, zejména v oblasti strojového vidéni, datové analyzy a autonomnich systémd,
ktery zapocal pied vice neZ dvéma dekddami [2], otevird cestu k digitalizaci zeméd¢€lstvi. Automatizovany sbér
dat z kamer, senzort ¢i lidarti umoziuje ziskat komplexni a piesny piehled o stavu sadu ¢i vinice v redlném Case.
Klicovou roli vSak hraje i ndslednd syntéza téchto dat, ktera je realizovana pomoci metod umélé inteligence. Tyto
metody umoziuji zpracovavat rozsahlé a heterogenni datové zdroje, odhalovat skryté vzorce a vztahy a pretvéiet
surové data na prakticky vyuZitelné znalosti. Takto ziskané informace pak mohou slouZit nejen k predikci vynost
a efektivnimu pldnovani sklizng, ale také k v€asnému odhalovani problémi, jako je vyskyt chorob ¢i Skidcd, a k
hodnoceni tc¢innosti jednotlivych zdsahti béhem vegetacni sezony. 49
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V réamci spoluprace CVUT, VSUO a CZU vznikd moduldrni software pro spravu dat a podporu rozhodovani
v ovocnafstvi — Farming Management System (FMS). Tento systém je navrzZen tak, aby dokazal zpracovavat velké
objemy heterogennich dat, poskytoval uZivateltim intuitivni pristup k informacim a umozioval generovani piehled-
nych reportli. Soucasné je pfipravovan s ohledem na budouci rozsifeni o autonomni vozidla a drony, které zajisti
pravidelny monitoring bez nutnosti lidské obsluhy.

Cilem c¢lanku je predstavit architekturu vyvijeného softwaru, popsat jeho klicové funkce a ukazat, jak miize
prispét k transformaci moderniho zemédélstvi smérem k datové fizenému a udrzitelnému hospodareni.

2 Implementace

2.1 Technologicka architektura systému rizeni zemédélstvi

Navrzeny FMS je zaloZen na modernim a moduldrnim softwarovém stacku, ktery byl navrZzen pro dosazeni
vysokého vykonu, Skdlovatelnosti a udrZitelnosti. Tato architektura reflektuje standardni postupy v oblasti vyvoje
enterprise aplikaci.

2.2 Backend

Aplikacéni logika je implementovdna v programovacim jazyce Python, ktery byl zvolen pro svou efektivitu,
¢itelnost kédu, rozsahlou nabidku riznych knihoven, blizkost tématim strojového uceni a datové analyzy. Pro
vyvoj webového rozhrani a API je vyuZivan framework FastAPI. Jeho asynchronni architektura umoziuje efektivni
zpracovani paralelnich pozadavki, coz ptispiva k celkové robustnosti a rychlosti systému. Automatickd generace
dokumentace prostiednictvim specifikace OpenAPI usnadiiuje integraci s ostatnimi komponentami a externimi
sluzbami. Struktura backendu je navrZend tak, aby ji bylo mozné v budoucnu ddle rozsifovat implementaci novych
sluzeb a API routerti.

Pro abstrakci prace s databazi a minimalizaci pfimych SQL dotazt je pouZita Python knihovna SQLAlchemy
[3], jez umoziiuje vyuZzit pfi dotazovani databdze piistup objektové relacniho mapovani (ORM, Object-Relational
Mapping). Tento pfistup umoZiiuje pracovat s databazi objektové orientovanym zpiisobem a zjednodusit tak praci
s databazi pomoci SQL na praci s objekty. Zjednoduseni prace s databdzi je dilezité pro dlouhodobou udrzitelnost
softwaru, nebot vede programdtora k dodrzovén{ jiz pfedepsané struktury a omezuje tak prostor pro vznik velkého
mnozstvi jednoicelovych slozitych dotaza.

Zmény databdzového schématu jsou fizeny prostfednictvim nastroje Alembic([3], ktery zajistuje verifikované a
kontrolované migrace. Migra¢ni soubory je moZné generovat automaticky na zdkladé zmén databazovych modelt.

Pro analytické zpracovéni dat a generovani vystupnich reportlii na pozadi jsou vyuzivany zndmé Python kni-
hovny jako je NumPy [4], SciPy [5], Pandas [6] a Matplotlib [7].

2.3 Perzistence dat

V ramci systému FMS jsou pro uklddan{ dat v soucasné dobé vyuzivany dvé technologie: PostgreSQL a MinlO.

PostgreSQL je robustni relacni open-source databazovy systém, ktery slouzi jako primarni tloZisté pro struktur-
ovand data v systému FMS. Jeho pokrocilé funkce, jako je transakcni integrita, podpora slozitych datovych typd a
spolehlivost, z néj délaji idedlni volbu pro spravu kritickych informaci. V kontextu naseho systému se PostgreSQL
vyuziva pro ukladdani vSech dat, kterd maji jasné definovanou strukturu, napriklad zaznamy o stromech (Tree),
skliznich (Harvest), postficich (Spraying) a dalSich metadatech (Obrazek 1). Diky tomu je mozné data snadno
propojovat a analyzovat.

Na rozdil od PostgreSQL, které je optimalizovano pro strukturovand data, slouZi MinlO k uklddani nestruktur-
ovanych bindrnich dat. Jednd se o open-source server pro ukladani objektd, ktery je pIné kompatibilni s Amazon
S3 API. V systému FMS se pouzivd jako specializované tloZist€ pro velké soubory, které by jinak neefektivné
zatézovaly primarni databazi. Konkrétné se jednd o fotografie a videa spojend se stromy, které jsou spravovany
databazovymi modely. MinlO umoziiuje efektivni préci s t€émito velkymi soubory, anizZ by to mélo vliv na vykon
hlavniho databazového systému. Ukldddnim binarnich dat na MinlO je zajisténa vysokd dostupnost a Skdlovatel-
nost. Primdrni databaze uklada pouze metadata k souboriim a unikdtni identifikator, ktery slouzi k naparovani
souboru v MinlO se zdznamem v SQL databdzi.

2.4 Komunika¢ni rozhrani

Veskera funkcionalita systému je dostupnd prostfednictvim standardizovaného REST API. Toto rozhrani posky-
tuje sadu operaci CRUD (Create, Read, Update, Delete - Vytvorit, Cist, Aktualizovat, Smazat) pro manipulaci s
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datovymi entitami, coZ zajiSfuje konzistentni a pfedvidatelnou komunikaci mezi backendem a klientskymi ap-
likacemi.

2.5 Uzivatelské rozhrani a generovani reporti

UZivatelské rozhrani systému je navrZeno s diirazem na jednoduchost a pfistup k dileZitym informacim. VyuZiva
se server-side rendering s Jinja2, coz umoziuje backendu dynamicky generovat kompletni HTML stranky a posky-
tovat je uzivatelim, coZ pfispiva k rychlosti a minimalnim naroktim na klienta.

Jednou z klicovych funkcei je generovani komplexnich reportt, které poskytuji pfehled o stavu sadu za dany
rok. Tyto reporty jsou pristupné prostfednictvim specifického API endpointu /report, jenZ umoziuje generovani
rtznych reporti na zdkladé pripojenych parametrd dotazu. Napiiklad /report?year=2022, kde je vyuZit vo-
litelny parametr year, na zdklad€ kterého se generuje report za konkrétni rok, v tomto pfipadé rok 2022. V ptipadé
produkéniho nasazeni pak bude cesté endpointu predchdzet konkrétni hostname. V piipadé provozu na lokdlnim
zafizeni je mozné vyuZit adresu http://localhost :8000/ za pfedpokladu, Ze byl ponechan port 8000 z vychozi
konfigurace. Celd adresa by pak v tomto piipad€ byla http://localhost:8000/report?year=2022.

Vystupni reporty jsou strukturovany do né€kolika sekci, zahrnujicich vizualizace dat a tabulkové piehledy. Re-
porty obsahuji grafy generované v redlném case. Prikladem je matice korelaci (Obrazek 3) zobrazujici vztahy
mezi riznymi metrikami. Dal§im typickym prvkem je graf porovnavajici skute¢né hodnoty s predikcemi mod-
Tabulky vyuZivaji barevné mapovani, které vizudlné znazoriuje hodnoty v relativni $kéle, coz usnadiiuje rychlou
interpretaci dat a odhaleni vzort (Obrazky 4 a 5).

2.6 Kontejnerizace a nasazeni

Aplikace a veSkeré jeji zdvislosti jsou kontejnerizovdny pomoci technologie Docker. Pro orchestraci a spravu
vice kontejnert, které tvoii cely systém (jako je backend, databaze a tlozisté objektll), se pouZiva ndstroj Docker
Compose. Ten umoziuje definovat a spoustét celou aplikaci pomoci jediného konfigura¢niho souboru, coz za-
jistuje konzistentni chovani systému v riznych provoznich prostfedich (vyvoj, testovani, produkce) a vyrazné
zjednoduSuje proces nasazovani. Konfigurace systému je fizena externé pomoci souboru .env, coZ umoziuje
snadné pfizpisobeni aplikace bez nutnosti ménit kéd. VSechny softwarové zavislosti jsou spravovany v souboru
requirements.txt. Provozni prostiedi je diky t€émto technologiim oddélené od hostitelského systému, coZ min-
imalizuje konflikty a zjednoduSuje tdrzbu.

3 Zavér

ovocnaistvi. Diky vyuZiti otevienych technologii a kontejnerizace nabizi flexibilni a snadno rozsifitelné feSent,
které 1ze prizplsobit riznym typtim sadd a vinic. Schopnost zpracovavat rozsahlé a heterogenni datové soubory
pomoci vyvinuté Al metodologie, generovat piehledné vizualizace a podporovat rozhodovaci procesy predstavuje
zasadni posun oproti tradiénim metoddm evidence a planovani.

FMS tak mtize vyrazné prispét k efektivnéjSimu a udrzitelnéjsimu hospodareni. V kratkodobém horizontu
umoziiuje lepsi planovani sklizné a cilené zasahy do porostd, zatimco z dlouhodobého hlediska otevird cestu k
presnéjsi predikci vynost, implementaci systémi v€asného varovani a tvorbé digitdlnich dvojcat sadii a vinic.

Dalsi rozvoj systému bude sméfovat k uZzsi integraci pokrocilejSich metod strojového uceni, rozsitfeni o data

z autonomnich platforem a k zapojeni §irSi $kaly uzivateli. Diky tomu se FMS mtzZe stit nejen ndstrojem pro
monitoring, ale také klic¢ovou soucasti digitalni transformace ovocnaistvi a precizniho zemédélstvi.
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(€ fruit_thinning

tree_id: integer

spraying_id: integer

datetime: timestamp
mechanical: boolean
cropload_for_4: double precision
cropload_for_3: double precision
cropload_for_2: double precision
fruit_for_thinning: double precision
fruit_thinning_time: integer
created_at: timestamp
updated_at: timestamp
deleted_at: timestamp

active: boolean

note: varchar

id: integer

spraying_id:id

spraying_|

tree_id: integer
agent_id: integer
datetime: timestamp
volume: double precision
created_at: timestamp
updated_at: timestamp
deleted_at: timestamp
active: boolean
note: varchar
id: integer

tree_id:id|

(© flower thinning

tree_id: integer

spraying_id: integer

datetime: timestamp

mechanical: boolean

flower_clusters_before_thinning: double precision
flower_clusters_for_thinning: double precision

flower _clusters_after_thinning: double precision
flower_clusters_before_thinning_one_year: double precision
flower_clusters_for_thinning_one_year: double precision
flower_clusters_after_thinning_one_year: double precision
created_at: timestamp

updated_at: timestamp

deleted_at: timestamp

active: boolean

note: varchar

id: integer

(© harvest © tree_data

tree_id: integer

datetime: timestamp

elapsed_time: integer
fruit_under_60mm_quantity: integer
fruit_under_60mm_weight: double precision
fruit_under_70mm_quantity: integer
fruit_under_70mm_weight: double precision
fruit_over_70mm_quantity: integer
fruit_over_70mm_weight: double precision
fruit_total_quantity: integer
fruit_total_weight: double precision
aphids_damage_quantity: integer ltree id:id
aphids_damage_weight: double precision -
created_at: timestamp

updated_at: timestamp

deleted_at: timestamp

active: boolean

note: varchar

id: integer

tree_id: integer

datetime: timestamp
one_year_height: integer
fruiting_wood_height: integer
total_height: integer
trunk_girth: integer
suckering: integer
treatment: varchar
summer_pruning_date: date
winter_pruning_date:
summer_pruning_not
winter_pruning_note: varchar
created_at: timestamp
updated_at: timestamp
deleted_at: timestamp

active: boolean

note: varchar

id: integer

© tree

orchard_id: integer

Software pro monitoring vynosu plodu

file_id: integer
created_at: timestamp
updated_at: timestamp
deleted_at: timestamp
active: boolean

note: varchar

id: integer

file_id:id|

genotype_id: integer

name: varchar
description: varchar
created_at: timestamp
updated_at: timestamp
deleted_at: timestamp
active: boolean

note: varchar

id: integer

rootstock_id: integer
row: integer

number: integer © permission
latitude: double precision i
longitude: double precision

spacing: double precision created_at: timestamp
growth_type: varchar updated_at: timestamp
training_shape: varchar deleted_at: timestamp
planting_date: varchar active: boolean
initial_age: varchar note: varchar
nursery_tree_type: varchar id: integer

created_at: timestamp
updated_at: timestamp
deleted_at: timestamp
active: boolean

R VA
© file

file_batch_id: integer

name: varchar

datetime: timestamp

mime: varchar

uid: varchar

created_at: timestamp

updated_at: timestamp

deleted_at: timestamp

active: boolean

note: varchar

id: integer

note: varchar orchard _id:id user_id:id
rootstack id: integer - - file_batch_id:id
orchard_id:id

genotype._i
| (© rootstock | | (© genotype | | (© orchard | ‘ © user ‘ (© file_batch
name: varchar name: varchar name: varchar name: varchar label: varchar
created_at: timestamp created_at: timestamp created_at: timestamp created_at: timestamp created_at: timestamp
updated_at: timestamp updated_at: timestamp updated_at: timestamp updated_at: timestamp updated_at: timestamp
deleted_at: timestamp deleted_at: timestamp deleted_at: timestamp deleted_at: timestamp deleted_at: timestamp
active: boolean active: boolean active: boolean active: boolean active: boolean
note: varchar note: varchar note: varchar note: varchar note: varchar
id: integer id: integer id: integer id: integer id: integer

Obr. 1: Diagram zobrazujici strukturu databdze
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Non-linear model prediction error
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Obr. 2: Ukdzka nelinedrn{ prediktivniho modelu nafitovaném na redlnych datech z roku 2023.

Correlation matrix
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fruit_total weight -
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_quantity
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g

fruit_for_thinnin

Obr. 3: Ukézka korela¢ni matice pro redlnd data ze sadu. Z matice je mozné vidét, jak silnou piimou souvislost
mély v daném roce pozorované proménné se velikosti sklizné.
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Flowers before thinning (relative scale)

Treerowid: 1 (1 of 1)

0.58
(

Obr. 4: Tabulka zobrazujici stromy u kterych byly zaznamendny pocty kvéti pred probirkou. Pocty kvétd jsou
normalizovédny na §kdlu pro vyhodnoceni nutné sily probirky.

Harvested fruit (absolute numbers)

Tree rowid: 1 (1 of 1)

Obr. 5: Tabulka zobrazujici absolutni pocty sklizenych plodil u stromd, pro které byla tato metrika kolektovdna
béhem sklizné.
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