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Abstract: The Kieker observability framework is a tool that provides users with the
means to design a custom observability pipeline for their application. Originally tai-
lored for Java and Fortran, supporting Python with Kieker is worthwhile: Python is a
popular language to implement research software, thus making structural insights of
Python applications highly valuable. Our Python analysis pipeline combines static
and dynamic analysis of a given software system. We present the evaluation of the
tool’s execution performance and the evaluation of the layout algorithms for visual-
izing the software structure. Our emphasis of the present paper is on the importance
of different visualization techniques, and the evaluation of the visualization engine
in this context. We discovered that our visualization engine processed nested graphs
of a NumPy example in 34 seconds where as prior approaches does not terminate
and consumes more than one hour.

Keywords: research software engineering, reverse software engineering, software
visualization, software analysis

1 Introduction

In the research software engineering community, it is generally accepted that better software
leads to better research [Gob14]. In software engineering, it is known that clear architectural
foundations have strong impact to better software [NSB 08, Has18]. Building on these prin-
ciples, it is recommended to design robust and maintainable software architectures in research
contexts, recognizing their critical role in enhancing the quality and impact of research out-
comes [DECT25].

Reverse software engineering increases the maintainability of legacy and existing software
through reconstructing their architecture [CDC11]. This enables visual access to the target soft-
ware’s structure, which provides intuition without prior knowledge of the software code, ranging
from identifying differences between intended and implemented architectures to understanding
unfamiliar software.

Visualizing the structure of a given software system is the first step toward reconstructing
its architecture, and later restructuring the architecture for improved maintainability. In the
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present paper, we report on improving and extending the Kieker framework to efficiently vi-
sualize Python software structures.

The Kieker observability framework [HWH12, HH20, YRJ"25] was successfully used to vi-
sualize research software implemented in Fortran [HJS25a, JSGH23] and Perl [ZHC15]. The an-
alyzed Fortran code is modeling and simulation software (Category 1.1 of [HDB™25]), while the
analyzed Perl code is research data management software (Category 3.6 of [HDB*25]). Kieker
itself is technology research software [HKN26]. Besides visualizing research software, Kieker
was often used for analyzing commercial software, mainly implemented in Java [ZOLL11,
QZL" 14, QGZ"15b, QGZ"15a, JLQ" 16, JLQ'18, Dab12, MDTS13, SH20], but also with
COBOL [KHGH]12].

Today’s research software often relies on the Python language, which has been increasingly
popular among research software engineers. However, maintaining and extending existing re-
search software only from the code could be hindered by the lack of the previous knowledge
of the original researcher who has left the project without adequate documentation [GAA18].
Thus, we aim to provide visual access to the target software structure with our combined static
and dynamic software analysis.

Static analysis extracts information from the source code, whereas dynamic analysis uncovers
runtime behavior. Combining the two allows for a more comprehensive view. The combination
is known as combined analysis [AB05, HIS25b]. Our approach for Python software builds on
the previous combined analysis for Fortran software [JSGH23]. Using the Kieker observability
framework as a basis, the existing tools were extended to bring a custom analysis and visualiza-
tion pipeline to Python.

In this paper, we present two main contributions: first, we adapted the existing combined
analysis approach, originally developed for Fortran applications, to effectively analyze Python
applications; second, we incorporated the Tulip framework [AAB " 17] into our workflow, which
significantly enhances the visualization performance.

We start with a look at related work in Section 2, before the implementation is presented in
Section 3. Section 4 presents the evaluation of the tool’s execution performance and the visual
layout algorithms. Section 5 draws conclusions and discusses future work.

2 Related Work

Architecture recovery is an ongoing topic in software engineering. Ghaleb et al. [GAA18] re-
views different methodologies and techniques to recover the architecture of a legacy system by
reverse engineering through static- and dynamic analysis and presents the cases of program com-
prehension using different types of UML diagrams. The use of sequence diagrams prominently
focused here, and from other research as well [GAA20, SMI1J21].

Since AST was first introduced [McC62], it has been essential in building compiler front-
ends [Sco09]. Researchers try to build compiler helper tools exploiting the different language
ASTs [RP96, FLZW97, BC20, WYZH22]. PyKokkos [AZBG21] is an effort for inter-language
interoperability by converting Python AST to C++ AST.

There are many types of static code analysis tools using abstract syntax tree (AST). Among
them are AST matchers [GP19]. An AST is a tree-like structure that represents the syntactic
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organization of source code, where each node corresponds to the associated code construct. Ac-
cording to the characteristics of simple and flat Python development, ASTs are used as the main
means to mine context information of Python code fragments [MYX22]. Arcade [SMMG20]
provides limited Python support for preventing architectural decay through a modular pipeline
with five subsystems: recovery, decay detection, measurement, visualization, and prediction. Ar-
cade does not support dynamic analysis. Unlike Arcade, we focus on the combined analysis of
Python software, especially on the visualization. Kieker’s existing combined analysis, originally
designed for Fortran [JSGH23], offers the baseline analysis pipeline adaptable to Python. In
this work, the Fortran workflow involves three steps: Fxtran' translates target source code into
an AST. Then, Kieker provides two tools: fxca (FXTran Code Analysis)” and SAR (Static Ar-
chitecture Recovery):* fxca converts the input AST into the SAR-compatible format, and SAR
generates an architectural model from the input.

3 Implementation

To describe our implementation, we fist introduce the employed Kieker analysis pipeline in Sec-
tion 3.1. Dynamic and static analysis for Python are introduced in Sections 3.2 and 3.3, respec-
tively. Section 3.4 explains the combined analysis. The architecture visualization via automatic
layout engines is described in Section 3.5.

3.1 The Kieker Analysis Pipeline

The Kieker observability framework offers a broad set of tools for software monitoring and
analysis. The Kieker tools use the TeeTime high-throughput framework [WHO17], which im-
plements the pipe-and-filter architectural pattern. With TeeTime, each stage represents a filter,
a processing step that transforms incoming data into output data. Pipes serve as connections
between each stage, enabling data to flow from one stage to another. For tools to be chained
together in the pipe-and-filter pattern, the output format of one stage must match the input for-
mat of the next stage. When this requirement is met, users can combine TeeTime stages to build
custom TeeTime pipelines and generate the desired output.

Since the Kieker framework was not originally designed to handle Python applications, it was
necessary to adapt existing tools and create new ones as summarized in Table 1. The resulting
processing pipeline is shown in Figure 1 in three stages, and we explain it in dedicated sections.
The analysis begins from both Dynamic Analysis (Section 3.2) and Static Analysis (Section 3.3)
separately, then (2) Combined Analysis (Section 3.4) produces the entire architectural descrip-
tion. Lastly (3) graphic files are generated in Visualization (Section 3.5).

3.2 Dynamic Analysis

Figure 1, lower left corner, illustrates the dynamic analysis in our pipeline. Kieker’s Python
support for dynamic analysis [SDJG23] is based on OpenTelemetry [GB23], a language- and

U https://github.com/pmarguinaud/fxtran
2 https://github.com/kieker-monitoring/kieker/tree/2.0.3/tools/fxca
3 https://github.com/kieker-monitoring/kieker/tree/2.0.3/tools/sar
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Idx

Tool

Description, GitHub repository

Origin

Rev.

Lang.

Release

T1

Pyparse

analyzes Python code and outputs
AST for SAR kieker-monitoring/

pyparse

New

New

Python

0.0.1

T2

OtktInst

(Otkt Instrument tool) applies
Otkt DSL to instrument Python
code kieker-monitoring/OtktInst

New

New

Python

0.0.1

T3

GGVIS

(Grouped Graph Visual-
izer) renders graphs and
exports to  PDF/SVG/PNG
kieker-monitoring/GGVIS

New

New

Python

0.0.1

T4

OtktDSL

(OpenTelemetry to Kieker Trans-
lation DSL) describes a mapping
from OTel span to Kieker record
kieker-monitoring/OtktDSL

Kieker

Improved

Python,
Java,
Xtext

1.0.0

TS

SAR

(Static  Architecture  Recov-
ery) builds architecture models
from received AST description
kieker-monitoring/kieker/tree/
main/tools/sar

Kieker

Fixed

Java

1.154

T6

DAR

(Dynamic  Architecture  Re-
covery) converts Kieker
traces to architecture models
kieker-monitoring/kieker/tree/
main/tools/dar

Kieker

As-is

Java

1.154

T7

MOP

(Model OPeration) merges and
compares architecture models
kieker-monitoring/kieker/tree/
main/tools/mop

Kieker

As-is

Java

1.154

T8

MVIS

(Model Visualization and
Statistics Tool) exports archi-
tecture models to graphics
kieker-monitoring/kieker/tree/
main/tools/mvis

Kieker

As-is

Java

1.154

Table 1: We developed three new tools (T1, T2, T3), revised two Kieker tools (T4, T5), and
reused three Kieker tools as-is (T6, T7, T8) for our combined analysis pipeline.
tools are implemented in Python, while the existing tools are mainly implemented in Java and

Xtext [EEK " 12]. These tools are annotated to the pipeline stages in Figure 1.

The new
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Figure 1: Our Python software visualization pipeline stages, combining and visualizing the anal-
ysis results both from the static (upper route) and the dynamic (lower route) software analysis.

platform-agnostic observability framework. Kieker’s dynamic analysis allows Kieker uses the
OpenTelemetry for Kieker Translator domain-specific language (OtktDSL) [Sim24] (T4 in Ta-
ble 1) to translate OpenTelemetry spans into Kieker traces, which allow for Kieker’s dynamic
analysis of Python software.

Dynamic analysis requires method-level tracing over consecutive method calls. It allows trac-
ing the application’s control flow and locating bottlenecks between function calls and between
modules. Thus it requires code-level instrumentation tailored to the desired insights. While this
is application-specific to a degree, our Otkt Instrument (OtktInst) tool (T2 in Table 1) partially
automates the instrumentation process by annotating each function with the @instrument
decorator. Then, OtktDSL is responsible for two tasks: (1) creating a decorator that instruments
functions in the target program, and (2) creating a OpenTelemetry Exporter that translates Open-
Telemetry spans to Kieker traces and sends them to a Kieker collector. Because the existing
combined analysis assumes Java-style fully qualified names, we modified the original OtktDSL
to address it using function names combining their module and class names. This ensures our
Dynamic Architecture Recovery (DAR)* tool (T6 in Table 1) to correctly generate a dynamic
architectural model from the received Kieker traces.

3.3 Static Analysis

Figure 1, upper left corner, illustrates the static analysis in our pipeline. Kieker’s existing ap-
proach, originally designed for Java [HWH12] and Fortran [JSGH23], offers principles adaptable
to Python. The existing approach for Fortran involves three steps: Fxtran translates the code into
AST, Kieker’s fxca converts the AST to a specific format compatible with our Static Architec-
ture Recovery (SAR) tool (TS in Table 1), that generates a static architectural model from the
received static information. This outlines a general process:

source code — AST — SAR-compatible format — SAR tool

However, the existing approach for Fortan programs required some changes to read the AST from
Python code, because ASTs are language-specific. Also, SAR requires extra information, which

4 https://github.com/kieker-monitoring/kieker/tree/main/tools/dar
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we had to address in our implementation. Therefore we implemented Pyparse (T1 in Table 1).°,
which replaces Fxtran. It generates ASTs and extracts two key types of relationships: function
calls and data flow. These are then passed to the SAR tool to generate static architectural model.
Compared to existing Python-based static analysis approaches, our approach is distinguishable
because we extract function calls and data flow from the given AST, which is complementary to
our dynamic architectural model for completing the combined architectural model, which allows
for analyzing both static and dynamic perspective of the target model.

3.4 Combined Analysis

Figure 1, middle, shows where the dynamic and static architectural models are combined as
combined architectural model via the Model Operation MOP tool (T7 in Table 1),° We reused
the MOP tool without modifications. However, while inspecting the existing approach with the
DAR and SAR tools, we had to adapt the naming conventions in SAR to match the SAR results
with the DAR results.

3.5 Software Structure Visualization

A key objective of the visualization is to layout the software structure graph to reveal the system’s
structure at a glance. The displayed components were flattened in the default output, without any
meaningful grouping, which made the result difficult to interpret. To improve readability, nodes
needed to be grouped according to their package affiliation.

Graphviz,’ the default visualization toolkit of Kieker, presents notable limitations in handling
nested graph layouts [SNA"25]. Among its suite of layout engines, the dot and the fdp tools
support nested structures. The dot tool employs a hierarchical layout that yields cleaner diagrams
but struggles to scale with increasing graph complexity. Conversely, fdp uses a force-directed
approach that accommodates larger graphs, though it often suffers from excessive edge crossings.
Moreover, both engines reach scalability limits when faced with highly complex architectures.

To overcome these limitations, we developed the Grouped Graph Visualizer (GGVIS) tool
(T3 in Table 1).> Our new tool is built on the Tulip framework [AAB*17], using its fulip-
python library.” The requirements for our Graphviz alternative includes (1) supporting nested
structures either natively or through flexible configuration, while also (2) allowing scripting and
compatibility with standard formats such as GraphML and dot. Kieker’s MVIS tool exports
raw graphics from an architecture model in GraphML or dot format. Then, GGVIS reads the
output graphics and run two algorithms in Algorithms 1 and 2 sequentially, (1) going through all
nodes and cluster them hierarchically, and (2) coordinates all nested nodes in the right position
recursively until the root node.

One of the main challenges in selecting a new visualization tool was that most existing solu-
tions are either Graphviz-based, GUI-centric, or web-based. Tulip, however, met all the neces-

3 https://github.com/kieker-monitoring/pyparse

6 https://github.com/kieker-monitoring/kieker/tree/main/tools/mop
7 https://www.graphviz.org/

8 https://github.com/kieker-monitoring/GGVIS

9 https://pypi.org/project/tulip-python/
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Algorithm 1 Cluster Nodes into Hierarchical Subgraphs

1: clusters < empty dictionary

2: for each node in graph do

3: segments < split node name by ”.”

4: parent < main graph

5: /I Create missing parent subgraphs

6 for each segment except last do

7 clusterName < join segments up to current
8: if clusterName notin clusters then

9: Create subgraph clusterName
10: Add to parent
11: clusters[clusterName] < new subgraph
12: end if
13: parent < clusters[clusterName]
14: end for

15: // Add node to current subgraph

16: clusterKey < join segments except last

17: targetCluster <~ clusters[clusterKey]
18: Add node to targetCluster

19: end for

Algorithm 2 Bounding Box Layout Strategy

I: 1ist <« List recursively from bottom up all subgraphs

2: for each graph in list do

3: Apply layout algorithm and store result away
4 for each direct node of graph do

5 Update the old coordinates to the new ones
6: end for

7 for each bounding box node box do

8 Update the old coordinates to the new ones
9 diff < new position — old position

10: for each node inside box do

11: Translate node position by diff
12: end for

13: end for

14: Create bounding box node For graph
15: Add it to its parent graph
16: end for
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sary criteria: it supports nesting, offers scripting capabilities, and handles both dot and GraphML
formats effectively.

4 Evaluation

The following sections present the evaluation of the tool’s execution performance and the evalu-
ation of the visual layout algorithms. We provide a virtual machine file as a replication package
where all scripts used in the evaluation are pre-configured.'” We chose a set of Python applica-
tion as our examples. NumPy, SciPy, Matplotlib, and Pillow provides the foundation for many
Python libraries used by researchers [CBST24, PZK"22]. Anytree is a tree library frequently
used by researchers and inspired other research software [MML 25, Far24, PC20, ALT 21,
YMK 23, LFSS24]. We chose UXsim as a recent research software example published by the
Journal of Open Source Software.!! We used Graphviz version 2.43.0 and mentioned all other
software versions in Table 1 and Table 2.

4.1 Pipeline Performance Evaluation

The pipeline was tested on several Python projects of various sizes. We measured the duration
of the entire pipeline, except for the data gathering phase of the dynamic analysis. This step
was excluded because it includes the runtime overhead of the application under test, not the
performance of the pipeline itself.

Anytree | UXsim | Pillow | Matplotlib | NumPy SciPy
Version 2.12.1 1.8.2 | 12.0.0 3.10.3 2.4.0 1.17.0
# files 61 67 294 919 1124 1217
Pyparse Is 2s 10s 3m53s | 2m57s | 7m 15s
SAR 3s 6s 10s 7m26s | 10m44s | 21m 58s
DAR 2s 4s 1s 2s N/A 2s
MOP 3s 6s 5s 26m 13s N/A 28s
MVIS 2s 3s 2s Im 10s | 19m 22s 3s
GGVIS 1s 1s 1s 4m 28s 34s 1s

| Total 12s 22s | 29s| 43m12s | 33m37s | 29m 47s ||

Table 2: Durations in minutes and seconds for the pipeline stages of Figure 1. The first column
lists the stages, whose execution times where measured for the six example Python projects.
NumPy could not be instrumented, thus, running the dynamic analysis DAR and MOP was not
possible.

Table 2 shows execution times for six example Python projects. In Table 2, a few observa-
tions deserve to be highlighted. First, as the number of files increases, processing time of static
analysis — Pyparse and SAR — increases accordingly. Instrumentation succeeded for Anytree,'”

10 hitps://doi.org/10.5281/zenodo.16735614
I https:/fjoss.theoj.org/
12 https://github.com/cOfecOde/anytree
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UXsim [Se025], and Pillow!? without issues. Matplotlib'4 and SciPy'> show low DAR times
due to reduced data input. By design, dynamic analysis is more focused than static analysis.
However, NumPy could not be instrumented due to application-level limitations. Thus, the dy-
namic analysis was not possible. This means we will not be able to gather dynamic information
such as call counts. Finally, regarding SciPy, the MOP tool failed to process the static model.
Despite this, DAR and SAR models were structurally valid and produced syntactically correct
graphs via MVIS and GVIS. This explains the low processing time.

4.2 Visualization Layout Evaluation

H Tools \ Graph data \ UXsim | Anytree | NumPy H

fdp ungrouped 3s 2s Im 50s
dot ungrouped | 1m9s 18s > 1h
fdp grouped 6s 2s | 16m 36s
dot grouped > 1h > 1h > 1h
GGVIS grouped Is Is 34s

# nodes 66 74 573

# edges 287 231 7915

Table 3: Execution times for different layout engines. Our new GGVIS tool supports grouping,
and it runs on the Tulip framework.

Table 3 shows the execution times for different layout engines. We compared Graphviz dot
and fdp tools for visualizing ungrouped and grouped (i.e., nested) graphs, where dot and fdp
are the only Graphviz tools supporting nesting, as well as our new GGVIS tool. As the graph
size increases, dot shows performance issues, not being able to complete the given task within
runtime limit of one hour. fdp holds up better, but still shows very high computing times when
it is applied to NumPy. In detail, MVIS yields a 678 KiB dot file from analysis of the NumPy
example. As reported in Table 3, GGVIS processes it in 34s, where as the Graphviz fdp tool
requires more than 16m and the Graphviz dot tool overran the time out duration of 1h.

Figure 2 illustrates the differences in layout engines. It presents multiple visualizations of
the same UXsim code base, generated using different layout engines. UXsim is a traffic flow
simulator [Seo25]. As a first step, the relationships between components are extracted from the
code base and translated into a description compatible with the layout engines.

We produce two structural variants:

* Ungrouped: all components (files) are placed at a single hierarchical level.

* Grouped: components are nested within their respective packages.

13 https://github.com/python-pillow/Pillow
14 https://github.com/matplotlib/matplotlib
15 https://github.com/scipy/scipy
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(d) fdp, grouped (e) GGVIS, grouped

Figure 2: Visualizations of the UXsim code base. Captions for each subfigure is composed of
two information. (1) different layout engines: dot, fdp, or GGVIS. (2) groupings: the nodes in
each diagram is either grouped (nested) or ungrouped. For a detailed inspection, all figures in
the paper are available online [LYH26].
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Both variants contain the same components, the same number for nodes and edges, but the hier-
archical grouping differs. Conceptually, this corresponds to placing the same items into different
box configurations, see Figures 2d and 2e.

Figures 2a to 2d use the Graphviz layout engine suite. Figure 2e uses GGVIS, our custom
tool built on top of the Tulip layout engine suite. Tulip integrates and optimizes Graphviz algo-
rithms while providing additional capabilities. Transitioning away from standard Graphviz was
necessary, as its layout engines lack the computational performance required for our dataset.

* Figure 2a: dot layout engine on the ungrouped description (Sugiyama layout algorithm).
Some of the relationships are short and noticeable but most of them are prolonged, making
its proximity relationships difficult to interpret.

* Figure 2b: fdp layout engine on the ungrouped description (Fruchterman—Reingold layout
algorithm). The proximity relationship is preserved, but the occurrences of edge-crossings
over nodes, especially in the center, has to be improved.

* Figure 2c: dot layout engine on the grouped description (Sugiyama layout algorithm).
Compared to Figure 2a, the grouped nodes provide more intuition, but it grows only hor-
izontally rather than grow in both direction. The generation of diagram overran the time
out duration of one hour.

* Figure 2d: fdp layout engine on the grouped description (Fruchterman—Reingold layout
algorithm). The output is modest but has room to improve, e.g., decrease edge crossings
and improve edge bundling.

» Figure 2e: GGVIS on the grouped description (FM? algorithm by Hachul and Jiinger).
The result is readable, proximity relationships are preserved. Figure 3 shows an extract of
Figure 2e. It took one second to generate the diagram.

Figures 4 and 5 illustrate the NumPy architecture rendered using the fdp and the GGVIS tools,
respectively. The rendering performance has improved significantly: fdp required 16m 38s,
whereas GGVIS completes the task in approximately 30s to 60s, depending on the desired
output format (e.g., PDF, SVG, PNG).

5 Conclusions and Future Work

This work extends the Kieker observability framework to improve its software-visualization sup-
port for Python applications. To implement this, a custom analysis pipeline was designed using
built-in Kieker tools, alongside adaptations of existing components and the development of new
ones. A replication package for the presented combined analysis approach, integrating static and
dynamic analysis, is available [Lar25].

Throughout the development process, some challenges were identified. To resolve these
issues, solutions from prior research were customized and integrated to better align with the
project’s requirements. A Python static analyzer based on AST (abstract syntax tree) matching
was developed specifically for the pipeline. Furthermore, a more intuitive visualization method
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Figure 3: Extract of Figure 2e, which shows the UXsim architecture visulization, grouped with
GGVIS.
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Figure 5: NumPy visualization with GGVIS
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was introduced, and limitations in current layout tools were revealed, highlighting an area for
future improvement.

A more detailed inspection of the Python software structures is a follow-up activity, toward
reconstructing and later restructuring the software architecture for improved maintenance.

While Python has become the most popular language, there are demands for existing and new
software developed with C/C++, inside and outside the RSE communities. Kieker has an early
version of support for the C and C++ languages.'® It was developed for the combined analysis
of Fortran application, and the next steps include monitoring Python’s C/C++ native libraries to
further increase the observability of Python software.

We expect that our approach will likely become even more relevant with the increasing amount
of Al-generated software in the future. For research software engineers it will become a chal-
lenge to comprehend and understand the Al-generated code, and software structure visualizations
may help with this task. At the same time, it may also be beneficial to integrate Al support into
our pipeline.

6 Data Availability

We published a replication package on Zenodo,'” and vector graphics of generated analysis
diagrams are also available.'® All git repository addresses of our analysis tools on GitHub are
listed in Table 1.

7 Use of Al

The authors are not aware of any Al usages in the research artifacts and manuscripts they worked
on, however we don’t examine the use of Al done by other contributors.

Acknowledgements: This research is funded by the Deutsche Forschungsgemeinschaft (DFG
— German Research Foundation), grant no. 528713834, and UK Research and Innovation (UKRI)
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