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Abstract

Incorporating the software architecture model during agile software development
enables a better understanding of the rapidly evolving system and efficient prediction
of quality attributes. In particular, Architecture-based Performance Prediction (AbPP)
enables performance assessments across various what-if scenarios without the need for
expensive measurements across all design alternatives, such as alternative workloads,
designs, and deployments.

However, achieving accurate AbPP in agile software development presents significant
challenges, requiring an up-to-date architectural Performance Model (aPM) param-
eterized over factors impacting performance. Frequent code changes within short
development iterations can lead to architectural drift and erosion. This demands con-
tinuous updates to the aPM’s structure, behavior, and performance parameters, such
as resource demands. Additionally, adaptive operational changes— such as system
composition adjustments and deployment reconfigurations— introduce further incon-
sistencies between the aPM and the running system, reducing the model’s accuracy in
representing the system architecture.

Accurate AbPP also necessitates accurate calibration of the performance parameters
over influencing factors like usage-driven input data, hardware configurations, and
workload characteristics. Ignoring parametric dependencies limits predictive power
for unforeseen states and restricts the assessment of a broad range of what-if scenar-
ios. While frequent calibration is often necessary due to ongoing changes, it can also
introduce unnecessary monitoring overhead that may negatively impact system per-
formance. Hence, efficient consistency maintenance between a parametrized aPM and
the software system is essential for enabling accurate AbPP for proactive performance
assessment, especially during agile software development.

Existing approaches struggle to update architecture models in response to all im-
pactful changes, making the accuracy of AbPP uncertain. Even reverse engineering
approaches that use static or dynamic analysis or a combination of both to extract
up-to-date aPMs encounter challenges in maintaining AbPP accuracy, primarily due
to the absence of automatic re-extraction after evolutionary and adaptive changes.
Furthermore, frequent reverse engineering can be costly and may overwrite possible
manual adjustments to the previously extracted model.

In this thesis, we present our approach, Continuous Integration of architectural
Performance Models (CIPM), to support performance management during agile soft-
ware development with AbPP. CIPM continuously updates architectural performance
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models in response to evolutionary, adaptive, or usage changes. During development, it
utilizes standard version control commits from the continuous integration (CI) pipeline
to monitor source code changes and to update the aPM based on static analysis of
these changes. After the continuous deployment (CD), CIPM calibrates affected perfor-
mance parameters with parametric dependencies using measurements from adaptive
monitoring targeting the changed parts of source code to reduce monitoring over-
head. To enable adaptive monitoring, CIPM automatically instruments source code
changes using specific configurable monitoring probes. Furthermore, CIPM introduces
a self-validation process that ensures the accuracy of the updated aPM, manages the
monitoring probes, and recalibrates any identified inaccuracies. At operation time,
CIPM also continuously updates aPMs in response to operational changes, enhancing
model accuracy.

As a result, CIPM automates the preservation of consistency between the aPM and
the software system during both the development and operational phases throughout
seamless integration into the CI/CD pipeline, keeping aPM up-to-date. This consistency
supports a deeper understanding of evolving software systems and enables AbPP to
proactively identify potential performance issues and assess design alternatives at
minimal cost in preparation for the next evolutionary iteration.

Our evaluation follows mainly a measurement-based approach for validating aPMs at
two levels [BR08]: Level I focuses on validating the accuracy of aPM and the associated
ADbPP by comparing performance predictions with actual performance measurements,
while level II assesses the applicability of CIPM in terms of required monitoring over-
head and scalability. In addition to empirical experiments at both levels, we furthermore
conduct experiments validated CIPM by mining real software repositories containing
approximately 18,000 commits. In our validation, we use a Java-based application, two
benchmarks, and two industrial Lua-based sensor applications from SICK AG [AG24a].

Regarding accuracy, our findings show that CIPM effectively keeps the aPM up-
to-date and accurately estimates performance parameters, thereby enabling accurate
performance predictions. Besides, our experimental results indicate that calibrating
the performance parameters considering the parametric dependencies significantly
improves the predictive power of AbPP. Regarding monitoring overhead, CIPM’s
adaptive instrumentation significantly reduces the number of required probes, with
reductions ranging from 12.6% to 69%, depending on the specific cases examined.
Furthermore, adaptive monitoring can reduce up to 40% of the monitoring overhead,
according to our experiments. Lastly, CIPM demonstrates reasonable execution times
and scales well with the increasing number of model elements and monitoring data.
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Zusammenfassung

Softwarearchitekturmodelle ermoglichen es agilen Teams, das System in Entwicklung
besser zu verstehen und Qualitatseigenschaften effizient vorherzusagen. Insbesondere
erlaubt Architektur-basierte Performance-Vorhersage (AbPV) die Durchfithrung von
Performance-Bewertungen fiir verschiedene Szenarien, ohne dass teures Monitoring fiir
alle Entwurfsalternativen, wie alternative Arbeitslasten, Entwiirfe oder Deployments,
erforderlich ist.

Allerdings ist eine Umsetzung von akkuraten AbPV in der agilen Softwareent-
wicklung mit erheblichen Herausforderungen verbunden, da ein stets aktuelles, auf
performance-beeinflussende Faktoren parametrisiertes, architektonisches Performance-
Modell (aPM) erforderlich ist. Hiufige Quellcodeanderungen in kurzen Entwicklungszy-
klen konnen zu architektonischen Drifts und Erosionen fithren. Dies verlangt eine konti-
nuierliche Aktualisierung der Struktur, des Verhaltens oder der Performance-Parameter
des aPM, z.B. des Ressourcenbedarfs. Zusétzlich erzeugen adaptive Anderungen zur
Laufzeit — etwa Anpassungen in der Systemzusammensetzung und Re-Konfigurationen
der Deployment-Umgebung — weitere Inkonsistenzen zwischen dem aPM und dem lau-
fenden Softwaresystem, wodurch die Genauigkeit des Modells bei der Reprasentation
der Systemarchitektur sinkt.

Eine akkurate AbPV erfordert auch eine prézise Kalibrierung der Performance-
Parameter iiber beeinflussende Faktoren wie Eingabedaten, Hardwarekonfigurationen
und Arbeitslastcharakteristika. Das Ignorieren dieser Abhangigkeiten begrenzt die
Vorhersagekraft fiir unvorhergesehene Zustande und schrankt die Bewertung eines
breiten Spektrums an verschiedene Szenarien ein. Wahrend haufige Kalibrierungen
aufgrund hiufiger Anderungen oft notwendig sind, konnen sie auch einen unnétigen
Monitoring-Aufwand einfithren, der sich negativ auf die Systemperformance auswirken
konnte. Eine effiziente Konsistenzerhaltung zwischen einem parametrisierten aPM
und dem Softwaresystem ist daher essenziell, um eine préazise AbPV zur proaktiven
Performance-Bewertung wihrend der agilen Softwareentwicklung zu ermoglichen.

Existierte Ansatze haben Schwierigkeiten, Architekturmodelle auf alle relevanten
Anderungen hin zu aktualisieren, was die Genauigkeit der AbPV unsicher macht. Selbst
Reverse-Engineering-Ansétze, die statische oder dynamische Analysen nutzen, um ein
aktuelles aPM zu extrahieren, stoflen bei der Sicherung der AbPV-Genauigkeit auf Her-
ausforderungen, insbesondere durch das Fehlen einer automatischen Neu-Extraktion
nach evolutionidren und adaptiven Anderungen. Dariiber hinaus kann hiufiges Reverse

iii



Zusammenfassung

Engineering kostspielig sein und moglicherweise manuelle Anpassungen am zuvor
extrahierten Modell iiberschreiben.

In dieser Arbeit stellen wir unseren Ansatz, engl. Continuous Integration of architec-
tural Performance Models (CIPM), vor, der das Performancemanagement wahrend der
agilen Softwareentwicklung mit AbPV unterstiitzt. CIPM ermoglicht die kontinuierliche
Aktualisierung von Architektur-Performance-Modellen als Reaktion auf evolutionére,
adaptive oder nutzungsbezogene Anderungen. Wihrend der Entwicklung nutzt es
Standard-Commits der Versionskontrolle aus der Pipeline fiir kontinuierliche Integrati-
on"(engl. continuous integration (CI)), um Quellcodeédnderungen zu tiberwachen und
das aPM basierend auf einer statischen Analyse dieser Anderungen zu aktualisieren.
Kontinuierliches Deployment (engl. continuous deployment (CD)) kalibriert CIPM die
betroffenen Performance-Parameter mit parametrischen Abhéngigkeiten durch Mes-
sungen aus adaptivem Monitoring, das durch das Beobachten der gednderten Teile
des Quellcodes den Monitoring-Aufwand reduziert. Um adaptives Monitoring zu er-
moglichen, instrumentiert CIPM automatisch Quellcodednderungen mit spezifischen
konfigurierbaren Monitoring-Probes. Weiterhin fithrt CIPM eine Selbst-Validierung
ein, die die Genauigkeit des aktualisierten aPM sicherstellt, die Monitoring-Probes
verwaltet und erkannte Ungenauigkeiten neu kalibriert. Zur Laufzeit aktualisiert CIPM
auflerdem kontinuierlich die aPMe als Reaktion auf Laufzeit-Anderungen und erhoht
so die Modellgenauigkeit.

Als Ergebnis automatisiert CIPM die Konsistenzerhaltung zwischen dem aPM und
dem Softwaresystem wahrend der Entwicklungs- und Betriebsphase durch eine Integra-
tion in die CI/CD-Pipeline, wodurch das aPM stets auf dem neuesten Stand bleibt. Diese
Konsistenz unterstiitzt ein tieferes Verstandnis des Softwaresystems und ermoglicht es
ADbPV, potenzielle Performance-Probleme proaktiv zu identifizieren und Entwurfsalter-
nativen mit minimalem Aufwand zu bewerten, um die nichste Entwicklungsiteration
vorzubereiten.

Unsere Evaluierung basiert hauptsachlich auf einem messbasierten Ansatz zur Va-
lidierung der aPMen auf zwei Ebenen [BR08]: Ebene I konzentriert sich auf die Vali-
dierung der Genauigkeit des aPM und der zugehérigen AbPV durch den Vergleich von
Performance-Vorhersagen mit tatsachlichen Performance-Messungen, wiahrend Ebene
IT die Anwendbarkeit von CIPM hinsichtlich des erforderlichen Monitoring-Aufwands
und der Skalierbarkeit bewertet. Neben empirischen Experimenten auf beiden Ebenen
fithren wir auflerdem Experimente zur Validierung von CIPM bei der Analyse echter
Software-Repositories mit etwa 18.000 Commits durch. Fiir unsere Validierung ver-
wenden wir eine Java-basierte Anwendung, zwei Benchmarks und zwei industrielle,
Lua-basierte Sensoranwendungen von SICK AG [AG24a].

Unsere Ergebnisse zur Genauigkeit zeigen, dass CIPM das aPM effektiv aktuell
hélt und die Performance-Parameter prazise schitzt, wodurch genaue Performance-
Prognosen ermoglicht werden. Dariiber hinaus belegen unsere experimentellen Ergeb-
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nisse, dass die Kalibrierung der Performance-Parameter unter Beriicksichtigung der
parametrischen Abhangigkeiten die Vorhersagekraft der AbPV erheblich verbessert.
In Bezug auf den Monitoring-Aufwand reduziert die adaptive Instrumentierung von
CIPM die Anzahl der erforderlichen Probes signifikant, wobei je nach spezifischem Fall
eine Reduktion von 12,6 % bis 69 % erreicht wird. Zudem kann das adaptive Monitoring
gemal} unseren Experimenten den Monitoring-Aufwand um bis zu 40 % verringern.
Abschlieflend zeigt CIPM angemessene Ausfithrungszeiten und skaliert gut mit der
zunehmenden Anzahl von Modellelementen und Monitoring-Daten.
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1. Introduction

This thesis discusses how to keep software artifacts consistent with an up-to-date archi-
tectural performance model, especially during agile software development. We propose
the CIPM approach to automatically update, parametrize, and validate architectural
performance models by addressing observed changes in the version controller system
and in the running system using reasonable adaptive monitoring.

In Section 1.1, we motivate the importance of maintaining an up-to-date perfor-
mance model in modern software development, emphasizing its role in enhancing the
understanding of software architecture, supporting design decisions, and managing
quality attributes. Then, we highlight the main issues of the state-of-the-art works to
formulate the problems that this thesis addresses (Section 1.2). Building on this general
motivation and review of the state of the art, we identify specific problem statements,
focusing on the challenge of keeping the architectural performance model up-to-date,
which is critical for effective performance management (Section 1.3). Then, we define a
research goal along with corresponding research questions (Section 1.4). In Section 1.5,
we introduce our approach and contributions aimed at addressing these problems. The
scenario applications of our approach follow in Section 1.6. Finally, we outline the
structure of this thesis in Section 1.7.

1.1. Motivation

Agile methodologies [Bec+01] are widely employed in the development of modern
complex systems [Ull+22] since they facilitate iterative development of dynamic re-
quirements considering user feedback [Bec+01]. These methodologies, like DevOps
[BWZ15], often use continuous integration (CI) and continuous deployment (CD) to
quickly integrate, test, deploy, and review source code changes. Although agile is
widely applied, scaling agile practices to large-scale distributed scenarios poses chal-
lenges to a common understanding of the complex software system at Development
time (Dev-time) and ensuring its quality at the Operation time (Ops-time).

Software architecture—the overall structure of a system defined by its components,
the connections among them, and their mapping to the execution environment [Has18;
Reu+16]— plays a pivotal role in agile software development. It ensures a shared vi-
sion and understanding of complex systems during agile software development for
establishing a shared vision and understanding of complex software systems [Amb22]
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and can serve as a basis for quality assurance of architectural decisions. In agile soft-
ware development, software architecture is collaboratively evolved to adapt to project
requirements [Amb22]. The dynamic and rapid nature of agile practices often leads
to knowledge exchange during meetings [AM14; Our+18]. However, the documenta-
tion or formal modeling of software architecture is often underestimated, leading to
outdated representations over the software lifecycle [Tai+23]. This complicates the
understanding of complex software architecture, particularly during personnel turnover.
The problem (P) of understanding the current software architecture while the system
evolves is referred to as ParchUnderstanding-

An architecture’s quality characteristics are critical for the overall success of software
systems. Even so, ensuring functional requirements in agile are often prioritized over
quality ones, which can lead to compromising quality aspects such as performance, secu-
rity, and usability [Beh+20]. Design decisions that are implemented through continuous
evolution and adoption of software systems may adversely affect the software quality,
especially performance. Software systems that do not meet performance objectives can
fail or not be used as expected [SW03, p. 172]. Despite the importance of performance,
agile teams often use Application Performance Management (APM) [Heg+17] to mon-
itor the current state of the system’s performance at Ops-time and react to detected
performance issues utilizing costly ad hoc ways, making adjustments throughout the
implementation process [SW03]. We refer to the issue of costly processes, such as
application performance management, as Pcys;.

To avoid costs stemming from performance issues at the Ops-time, Software Perfor-
mance Engineering (SPE) incorporates engineering activities like performance testing
and modeling, early at Dev-time to ensure performance requirements [WFP07a]. How-
ever, SPE, similar to general engineering practices for quality requirements, struggles
to adapt to the short iteration cycles of agile development without incurring additional
costs [Beh+20]. To illustrate, performance testing for evaluating design decisions in-
cludes setting up test execution environments, executing the entire software system
or specific components under anticipated workloads and conducting measurements
for all design alternatives, including different deployments, designs, resource environ-
ments, and workloads [SW03; WFP07a]. Thus, conducting intensive performance tests
during agile approaches’ rapid iterative development cycles is also costly and may
be impractical in CI/CD development due to the high frequency of releases [Beh+20]

(PCost)-

As an alternative to solely relying on measurements from production or test envi-
ronments, SPE leverages predictive models to address performance issues early in the
software development life cycle [WFP07a; SW03]. In particular, modeling system archi-
tectures abstractly from various viewpoints— such as structure, abstract behavior, and
deployment— enables the analysis of performance characteristics through simulation
[Reu+16]. Furthermore, architectural models enhance human understandability and
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thus improve productivity in software development [OEW17]. These models also guide
architectural decisions, ensuring continuous fulfillment of performance requirements
[Reu+16; BHK11; SW03].

However, modeling is a time-consuming process in itself (Pc,s;) and agile developers
often do not trust performance models as they are approximations and challenging
to validate [WFP07b]. We refer to the uncertainty of performance models’ validity
and accuracy in representing the current state of the real-world software system with

PUncertainty-

Additionally, maintaining an up-to-date architectural Performance Model (aPM)
throughout Dev-time and Ops-time is challenging, particularly in CI/CD environments
[Tai+23]. Frequent changes in the source code during Dev-time can cause drift or erosion
in the architecture [WA20], necessitating adjustments to the static structure or abstract
behavior of aPMs (Ppesinconsistency)- Similarly, adaptive changes during Ops-time, such as
system composition and deployment modifications, also impact aPMs (Popsinconsistency)-
These changes often lead to inconsistencies between the software system and aPMs
—referred to as Ppnconsistency —reducing the models’ effectiveness in representing the
current architecture and complicating accurate AbPP. Ignoring these inconsistencies
and simulating with outdated aPMs results in inaccurate performance predictions,
thereby undermining the reliability of AbPP.

Furthermore, the accuracy of AbPP depends significantly on the estimated
Performance Model Parameters (PMPs), such as resource demand. These parame-
ters can rely on influencing factors varying over the Ops-time (e.g., usage profile and
execution environment). The parameterization of PMPs over these factors allows AbPP
for unseen states, for instance, unseen workloads. Ignoring the so-called parametric
dependencies [BKR09] can lead to inaccurate AbPP for design alternatives, referred to
as Pruaccuracy- The parameterized PMPs may become inaccurate as the system evolves.
Frequently re-estimating all PMPs after each impactful change introduces significant
monitoring overhead, as PMPs are primarily calibrated through dynamic analysis of
the entire system [Spi+15]. High monitoring overhead can impact system performance
during operations [Bru+15], reducing measurement accuracy and slowing down the
measurement process [RKH23], negatively affecting the accuracy of PMPs. We indicate
the monitoring overhead problem as Pifonitoring—Overhead-

Given the challenges discussed above, maintaining consistency between the
parametrized aPM and the continuously evolving software system in a CI/CD pipeline
is costly and unsuitable for the rapid nature of Agile development. Therefore, the
goal of the approach proposed in this dissertation is to reduce this cost by automating
the update process of aPMs, enabling software performance engineering during agile
development, and increasing the understandability of the software architecture.
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In the following sections, we provide an overview of the limitations in the existing
research and focus on approaches that maintain consistency between the software
architecture and the evolving software system.

1.2. State of the Art

Managing shared architecture descriptions is a critical aspect of large-scale agile de-
velopment [Kas+21]. Interpreting these shared objects as boundary objects can link
individual teams to a shared vision of the entire system, leading to better knowledge
management at scale. However, one of the main challenges in software engineer-
ing is the degradation of artifacts, particularly architecture models and requirements
[Woh+19]. Therefore, maintaining an up-to-date architectural model is essential to en-
sure continuous alignment between evolving requirements and architectural decisions.

Several approaches have been proposed to partially automate the consistency mainte-
nance between software artifacts and architectural models, addressing Pa,chunderstanding
to some extent. These approaches can be divided into two main categories (A1 and A2):

The first category (A1) includes approaches that reverse-engineer the current archi-
tecture based on static analysis of source code [AAM10; Lan+16; Bec+10], dynamic
analysis [BHK11; MHH11; Wal+17], or both [Kon18; Kro12; Lan17, p. 137]. These
approaches suffer from four shortcomings: First, the accuracy of an extracted aPM is
uncertain (Pyncertainty) since not all impacting changes at Dev-time or Ops-time are ob-
served and addressed (Prnconsistency)- Second, extracting and calibrating aPMs frequently
would cause high monitoring overhead (Pyfonitoring-Overhead)> mainly if A1 approaches
were used by iterative software development like DevOps, where the extraction of the
entire model would have to be repeated after each iteration (or in larger intervals) and
each adaptation at Ops-time. Third, the possible manual modifications of the extracted
aPMs would be discarded by the subsequent extraction and should be repeated (Pcys; ).
Fourth, most of the existing work, with the exception of [Kro12; Gro+19], does not con-
sider the parametric dependencies, resulting in inaccurate AbPP for design alternatives
(PInaccuracy)'

The second category (A2) includes approaches that maintain the consistency incre-
mentally, either at Dev-time based on consistency rules [LK15; DM01; Det12; Voe+12;
KP07; Buc+13] or at Ops-time based on dynamic analysis [Hei20; Spi+19; Hoo14a].
Although the incremental nature of A2 approaches lowers costs by preserving manual
adjustments of models, they fail to update aPMs according to evolution and adaptation
(Prnconsistency)- Thus, the accuracy of the resulting architecture model is still uncertain
and cannot be trusted because the accuracy of aPMs and its AbPP are not provided
(Puncertainty)- This applies as well to approaches that estimate parametric dependencies
to address Pryaccuracy (€.8., [Gro+21]).
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1.3. Problem Statement

To address the problems identified in the motivation and state of the art, this section
details these problems and their implications for software architecture and performance
prediction during agile development processes.

ParchUnderstanding: Understanding the architecture of a complex system during agile
development poses challenges:

« Agile developers primarily rely on informal documentation and exchange infor-
mation through agile meetings [AM14; Our+18]. This approach can lead to a
significant amount of knowledge being lost or not correctly transferred to others.
Consequently, understanding the current system architecture, which is the first
step for developers who join working on an unfamiliar system [Has18], would be
challenging in the case of missing knowledge about architecture.

« The architecture models often become outdated as the project progresses, or they
are not developed at all, resulting in a lack of architectural clarity [Tai+23].

Pcost: Evaluating design alternatives in agile Software Development Life Cycle (SDLC)
and suboptimal decisions are costly:

+ Suboptimal design decisions can affect the quality of the software system and may
lead to unexpected violations of the non-functional requirements [Bri+98; SW03].
Such violations cause high costs to resolve issues and maintain the system.

« Since agile developers usually apply design decisions throughout the development
[SW03], they use APM to measure the current state of the software system.
Evaluating design alternatives means implementing and measuring all of them.
Moreover, APM cannot extrapolate the unforeseen states.

« Manual modeling and updating architecture for supporting design decisions and
performance prediction are error-prone and expensive [Can+18].

« Automatic extraction of aPMs for applying AbPP overwrites the potential manual
adjustments of the extracted model and does not reuse feedback from the previous
model.

Puncertainty: Agile teams lack confidence in aPMs due to uncertainties in their accu-
racy:

« Manual models are approximations that may not reflect available implementations,
and validating their accuracy is challenging [WFP07b].
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« Existing works do not validate the accuracy of architecture models that can
become outdated due to drift or erosion [WA20] along the SDLC, leading to
uncertainty about how well they represent the system’s current state.

« The automatic extraction of aPM also does not guarantee its validity for perfor-
mance prediction, as the extraction process may not utilize all available resources,
such as source code measurements. Besides, there is usually no observation of the

state of the source code and running system, allowing the extraction of changes
and the update of aPM.

Pruconsistency: The continuous changes in development and operation can cause drift and
erosion of aPM:

+ The source code changes at Dev-time may implement an architecture that is not
part of the system’s intended architecture or violate the intended one [WA20]

(PDevInconsistency)-
+ Changes at Ops-time, such as alterations in deployment, system composition, or

execution environments, lead to inconsistencies between the running system and
the modeled operational architecture (Popsinconsistency)-

Pptonitoring—Overhead: Frequent extraction and calibration of aPMs following dynamic
changes result in monitoring overhead:

+ Monitoring overhead can impact system performance during operations [Bru+15].

+ Monitoring overhead reduces measurements’ accuracy and slows down the mea-
surement process [RKH23].

Pruaccuracy: Accurate AbPP is challenging:

+ The inconsistency between aPM and related software artifacts (Praconsistency) im-
pacts the accuracy of AbPP.

« Parameter characterization and parametric dependencies’ identification are chal-
lenging. The required overhead for the source code instrumentation, system
monitoring, and aPM calibration is not negligible.

+ Both the aPM and related PMPs become outdated due to dynamic changes during
DevOps, resulting in inaccurate AbPP.
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1.4. Goals and Research Questions

In the previous section, various issues were highlighted, stemming from inadequate
architecture documentation and challenges in managing performance throughout the
agile SDLC. This is because the source code evolves incrementally, and the software
undergoes adaptations during its runtime. Consequently, the primary goal of our
research revolves to the following:

Research Goal Define a methodology for systematically integrating architec-
ture models into agile software development and operations to enable accurate
architecture-based performance prediction. This methodology should be able to
automatically keep architectural performance models consistent with evolving
software artifacts during both development and operations by updating them in
response to software changes, ensuring reliability and scalability, while minimiz-
ing monitoring overhead. It should also enhance the trust in aPMs and ensure
usability in modern agile software development without requiring specific de-
velopment environments. The final goal is to enable AbPP for proactive issue
identification and informed decision-making along SDLC.

This goal involves several sub-objectives. First, observing software systems to detect
potential changes during development and operations and to update aPM accordingly.
For this, we should consider the nature of modern software development, where devel-
opers evolve software source code and release it through CI pipelines to ease integration
and testing of their changes while maintaining version history.

Second, we aim to ensure that our observations during the operations stage do not
result in high monitoring overhead. Instead, they should be focused on identifying any
changes in system composition, deployment, and production environments. This will
allow us to update our aPM based on the detected changes.

Third, our goal is to enhance the trust in AbPP by validating the accuracy of the
updated aPMs and related predictions. This should be based on real measurements
to detect structural and prediction errors. The validation process should determine
whether aPMs accurately reflect the behavior of the software system.

Fourth, reducing manual effort is another objective. This can be achieved by keeping
manual changes and automating recalibration and self-validation, utilizing minimal
monitoring overhead.

Our main objective is to devise a tool-supported method that ensures uninterrupted
software engineering activities without delaying delivery and can even help accelerate
the process. The method should be applicable for developers who may not be perfor-
mance experts, visualizing the architect and performance. It should not be expensive
and should be platform-agnostic, not requiring a specific development platform. This
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tool should not cause high monitoring overhead and should be performant, while
minimizing the time required for updating aPMs according to evolutionary changes
and calibrating them.

Based on our research goals above, the primary focus of our research revolves around
the following central research question:

Research Question How can we accurately update and automatically validate
a descriptive aPM with low overhead within CI/CD pipelines?

From the central research question, we derive the following sub-research questions:

RQ1 How can we efficiently update aPMs in response to continuously evolving source
code within CI pipelines?

RQ2 How can we efliciently observe the required information about the running
software system to update aPMs accordingly without introducing significant
monitoring overhead?

RQ3 How can we calibrate the performance parameters with low monitoring overhead,
considering parametric dependencies to support design decisions?

RQ4 How can we update aPMs according to adaptation changes in running software?

RQ5 How can we enhance trust in aPMs validity while reducing the required monitor-
ing overhead?

RQ6 How can we efficiently integrate the continuous update process of aPMs with
DevOps practices to support AbPP?

1.5. Approach and Contribution

In previous sections, we have identified specific problems within the agile SDLC and
defined our research goal accordingly. From this, we derived also the research questions
that this thesis addresses.

Subsequently, we summarize the context and assumptions underpinning our work
in Section 1.5.1. Then, we provide an overview of our approach in Section 1.5.2. The
contributions that address the defined research questions are in Section 1.5.3.

1.5.1. Context and Assumptions

In the context of the SDLC, particularly agile SDLC, we assume that developers use
version control systems for CI of source code. Developers, the first actors, evolve system
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features by adding or modifying code, while operators, the second actors, configure
and deploy the running system.

To achieve our research goal and enable AbPP along SDLC, we assume that our
approach has access to the source code repository. Additionally, we assume that an
architecture modeling tool is available to model the system from different perspectives
and to enable performance prediction. The required tool should enable modeling the
software architecture from the following views [Reu+16]: a structural view, which
includes a software repository encompassing components and their interfaces; a be-
havioral view, which abstracts behaviors to simulate system operations and predict
performance metrics; and a deployment view, which illustrates the composition and
assembly of components along with their allocation to resources environments. Based
on such an architectural model, simulations can be conducted to predict system perfor-
mance, such as response time and resource utilization. We also assume the presence
of an architect, the third actor, who can use the tool to adjust the aPM and predict the
performance of an alternative design without implementing it, such as evaluating an
alternative deployment. This enables informed decision-making. Moreover, the model
provides a comprehensive overview, detailing the software architecture. Figure 1.1 visu-
alizes the three actors assumed to be available for applying our approach. Additionally,
the lower part of Figure 1.1 illustrates an example of the views represented by the aPM

1.5.2. Approach

In this thesis, we present the Continuous Integration of architectural Performance
Models (CIPM) approach [MK18; Maz+20]. This approach aims to maintain the consis-
tency between the aPM and software artifacts (source code and measurements) along
SDLC. CIPM targets agile SDLC to update aPMs automatically according to observed
Dev-time and Ops-time changes (Pruconsistency and Pcost).

At Dev-time (left side of Figure 1.1), developers integrate their source code into
a CI repository. CIPM observes changes in a CI repository and updates aPMs based
on predefined consistency rules [Maz+25; AMK23]. Moreover, CIPM plans what to
monitor at the next phase (Ops-time) through automatic adaptive instrumentation of
source code (Pcost> Prfonitoring-Overhead) [Maz+25]. Then, CIPM calibrates PMPs with
parametric dependencies (Ppgccuracy) While reducing the required overhead through
adaptive monitoring (Pyonitoring—Overhead) [Maz+20].

At Ops-time (right side of Figure 1.1), CIPM monitors the running system adap-
tively, extracts changes from measurements, and updates aPM accordingly. CIPM also
provides a statement about the accuracy of the AbPP and automatically recalibrates
inaccurate parts [Mon+21] (Pyncertainty)- In this way, the resulting aPMs can allow an
accurate AbPP (Pcost, Prnaccuracy) and support understanding the system architecture
(PArchUnderstanding)» €€ the example in the lower part of Figure 1.1, which visualizes the
software components, their interdependencies, and allocation on the right side, while
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Figure 1.1: Overview on CIPM approach and the main actors. Red boxes show the
problems that CIPM addresses. The lower part of the figure abstracts some
aspects of aPM (architecture and deployment on the right side and the
behavior on the left side) using the TeaStore example [Kis+18] (c.f. Chapter 3)
and the annotations of Palladio component model [Reu+16] (c.f. Section 2.4).

the left side illustrates the abstract behavior of one service, depicting the calls between
components. Such architecture supports architects to adopt proactive actions and to
answer what-if questions about design alternatives.

1.5.3. Contributions

The contributions of our approach can be summarized as follows and shown in Fig-

ure 1.2:

C1 Automated consistency maintenance at Dev-time: For that, we propose a CI-based
strategy (Section 5.1) to automatically update software models (e.g., aPMs) that
are affected by the CI of the source code (Pruconsistency)- Unlike other methods, this
approach uses standard version control commits as input, eliminating the need for
specialized development editors to record source code changes and update aPMs
accordingly. This facilitates easier integration into CI pipeline and minimizes
overhead to keep the aPMs up-to-date with the latest codebase changes (Pcys;).
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C2 Automated adaptive instrumentation: We propose Cl-based, model-based instru-
mentation that targets the changed parts in source code (Section 5.2). Unlike
existing concepts, our instrumentation automatically detects where and how to
instrument the source code to calibrate performance parameters. This reduces
monitoring overhead (Ppfonitoring—0Overhead) and eliminates the need for costly, error-
prone manual approaches (Pcos¢).

C3 Incremental calibration: We propose a novel incremental calibration of the PMPs
based on adaptive monitoring [Maz+20]. Our calibration uses statistical analysis
to learn about parametric dependencies. It also optimizes them using a genetic
algorithm if necessary [Von+20]. Compared to existing approaches, CIPM can be
performed at Ops-time and addresses Pcost, Pyonitoring—Overheads 304 Prnaccuracy-

C4 Automated consistency maintenance at Ops-Time: The Ops-time calibration ob-
serves Ops-time changes based on dynamic analysis and updates the aPMs ac-
cordingly [Mon+21] (cf. Section 7.3). In comparison to existing approaches, CIPM
automatically updates the aPMs including PMPs, system composition and resource
environment using adaptive monitoring (ParchUnderstanding a0d Popsinconsistency)-

C5 Self-validation of updated aPMs: The self-validation (cf. Section 6.8) estimates
the accuracy of AbPP compared with real measurements (Pyncertainty). It man-
ages the adaptive monitoring by activating and deactivating monitoring probes
based on the validation results. This reduces the required overhead to the min-
imum (Pifonitoring-Overhead)- According to our knowledge, our approach is the
first approach that enables self-validation of aPMs and dynamic management of
monitoring overhead.

C6 Model-based DevOps pipeline: The proposed pipeline [Maz+20] integrates and
automates the CIPM activities to enable continuous AbPP during DevOps. To
implement it, we designed and implemented a transformation pipeline [Mon+21]
based on [Hei20] using the tee and join pipeline architecture [Bus98]. In contrast
to existing pipelines, our pipeline automates consistency maintenance during the
whole DevOps life cycle and enables AbPP.

1.6. Application Scenario

The CIPM approach aims to support various applications by providing an up-to-date
performance model. In the following, we present some of the application scenarios:
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Figure 1.2: Relationships between problems, research questions, and scientific contribu-
tions of this thesis.

1.6.1. Continuous Documentation

CIPM facilitates sharing knowledge about the architecture and system performance
characteristics. By updating the performance model at the architecture level alongside
code changes or operational updates, the documentation of architecture changes re-
mains up-to-date. This dynamic documentation aims to aid in system understanding and
maintenance, providing developers and stakeholders with up-to-date insights into the
evolving architecture and its performance implications. This, as a result, supports teams
to make design decisions effectively throughout the software development lifecycle.

1.6.2. Software Performance Engineering

CIPM promises to improve performance management by integrating SPE activities at
Dev-time and reducing monitoring overhead at Ops-time, thus considering performance
throughout the software development lifecycle. With the predictive capabilities of CIPM,
developers can simulate various scenarios and predict performance before implementing
changes. This supports proactive optimization, helping teams avoid performance
bottlenecks and make informed design decisions.

By continuously refining the performance model based on real-world data, CIPM
also supports continuous performance management and optimization for operators. It
enables model-based analysis of the performance, such as predicting the performance for
unseen workload or supporting autoscaling, where CIPM can predict the performance
based on the current workload before the dynamic adjustment of resources.

For performance engineering, CIPM can support a proactive approach to ensure
that software remains efficient and reliable over time, enhancing its performance and
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reliability. In the following, there are some performance engineering scenarios that
CIPM works toward supporting:

Proactive Evaluation of Design Decisions CIPM enables proactive assessment of the
planned design decision and the alternative designs based on the simulation of the
aPM, aiming to anticipate and mitigate potential performance issues before they impact
users.

Deployment Plan By providing updated performance models after each evolution,
CIPM can assist in creating deployment plans that consider performance implications.
Teams can then assess the impact of deployment strategies on system performance and
make informed decisions to optimize deployment processes.

Sizing With up-to-date performance models, CIPM can aid in sizing infrastructure
resources appropriately. Based on the simulation, teams can accurately estimate the
resource requirements of the evolving system, optimizing resource allocation and
avoiding over-provisioning or under-provisioning.

Design Optimization CIPM can support design optimization by providing insights into
the performance implications of architectural decisions. Developers can experiment
with different design alternatives and evaluate their impact on system performance,
leading to more efficient and scalable designs.

1.6.3. Extension and Reuse of Components

For legacy software systems or component reuse scenarios, CIPM seeks to facilitate
seamless integration of new functionalities while ensuring performance integrity. By
continuously updating the performance model, teams can assess the impact of new
components or changes on overall system performance, ensuring compatibility and
efficiency.

These application scenarios demonstrate the expected benefits and value of the CIPM.

1.7. Thesis Structure

Part I. The first part introduces the preliminaries of the thesis. Chapter 2, provides
background information on relevant concepts, including the continuous integration
of performance models and consistency preservation between software artifacts.
Chapter 3 introduces the running example and uses it to illustrate the problem of
performance management at Dev-time and Ops-time.
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Part II. The second part presents the CIPM approach, explaining the consis-
tency preservation process for performance prediction: An introduction to the overall
concept of consistency preservation between software artifacts is given in Chapter 4.
It also introduces an overview of CIPM processes and how they can be integrated
into DevOps pipeline for maintaining the consistency between software artifacts (C6).
The detailed description of CIPM is divided according to the phase of the system’s
life cycle: Techniques for maintaining consistency during the development stage
are described in Chapter 5, including the CI-based update of software models (C1)
and the adaptive instrumentation of source code (C2). In Chapter 6, we describe the
incremental calibration of performance models (C3) that can be executed at both
Dev-time and Ops-time. The consistency preservation during system operation is
explained in Chapter 7, which includes the Ops-time calibration of models (C4) and
the self-validation of them (C5).

Part III. The fourth part presents the validation strategy and discusses the re-
sults. The overall validation approach is outlined in Chapter 8. The detailed validation
and conducted Experiments (Es) for the contributions are also divided according
to the phase of the system’s life cycle: In Chapter 9, the evaluation of consistency
preservation during Dev-time includes two experiments. The first experiment
assesses the CI-based update of the performance model (C1) along with the adaptive
instrumentation (C2), while the second experiment (E2) focuses on evaluating a specific
aspect of C1: the system model update at development time. Chapter 10 validates
the incremental calibration (C3), including experiment results for the incremental
calibration of the performance model (E3). Chapter 11 provides the validation of
the consistency preservation at Ops-time, including experiment E4 to evaluate
of the update process of performance models (C4) with self-validation (C5) dur-
ing operation and experiment (E5) evaluating the scalability of the pipeline at Ops-time.

Part IV. The reflection part discusses the related works in Chapter 12 and
provides an outlook, including future work, in Chapter 13.
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In this chapter, we introduce the foundations, upon which we build throughout this
dissertation.

First, in Section 2.1, we introduce DevOps as an agile SDLC, which CIPM extends
by incorporating new practices to enable AbPP and to reduce performance assurance
costs Pcys; during DevOps SDLC.

Next, we define modeling terms in Section 2.2, as the main goal of our approach is to
maintain consistency between software models, addressing Pruconsistency-

Since the architectural performance model is one of the models we consider in
consistency maintenance, we define software architecture in Section 2.3 and describe
Palladio, the architectural performance model that CIPM updates, in Section 2.4. For
calibrating performance models parameters of aPM considering parametric dependen-
cies (Prnaccuracy)> We utilize machine learning techniques to detect and identify these
dependencies based on some algorithms described in Section 2.5.

In Section 2.6, we discuss consistency maintenance between various software mod-
els, including concrete approaches for ensuring consistency between the code model,
architecture model, and measurements, upon which CIPM relies.

Finally, in Section 2.7, we introduce aspects that we use for validating our approach.
We then discuss evaluation metrics used to assess the effectiveness of our approach in
Section 2.8.

2.1. DevOps

DevOps is a collaborative approach that combines software development (Dev) and IT
operations (Ops) to streamline the software delivery process.

In Section 2.1.1, we provide a detailed definition of the DevOps approach. Then, in
Section 2.1.2, we delve into one of the practices within DevOps, named monitoring,
explaining its importance and characterizations. Monitoring enables measurement-
based performance management at Ops-time. There is also a measurement-based
performance assessment that can be utilized during the development, as we describe in
Section 2.1.4. However, some of these assessments can be expensive and not suitable
for DevOps.
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2.1.1. Definition

According to an IEEE Standard for DevOps, the DevOps approach can be defined as
follows: DevOps is a "set of principles and practices which enable better communication
and collaboration between relevant stakeholders for the purpose of specifying, developing,
and operating software and systems’ products and services, and continuous improvements
in all aspects of the life cycle" [Soc21].

A DevOps process consists of various stages and phases repeated periodically for
software development and operation. These stages include planning, code development,
building in a test environment, testing, releasing, deploying in a production environ-
ment, operating, and monitoring [CDM20]. Besides, the DevOps approach tends to
automate the software lifecycle into an automated pipeline, in which the output of
one process serves as an input for the next process [Soc21]. The automation is pri-
marily achieved through continuous delivery, continuous integration, test automation,
continuous deployment practices, and monitoring:

« Continuous Delivery: a "software engineering practices that allow for frequent
releases of new systems (including software) to staging or various test environments
through the use of automated tools" [Soc21].

« Continuous Integration: "a technique that continually merges artifacts, including
source code updates from all developers on a team, into a shared mainline to build
and test the developed system" [Soc21].

» Continuous Deployment: "an automated process of deploying changes to produc-
tion by verifying intended features and validations to reduce risk" [Soc21].

« Monitoring: Determining the status of a system, a process, or an activity [Soc21].

The DevOps approach is well-suited for agile software development, as stated in the
DevOps standard [Soc21]. So, the DevOps team begins implementing their systems by
creating a continuous delivery pipeline that automates the entire workflow, from code
management to deployment and operations. As a result, multiple developers integrate
code continuously and utilize test automation frameworks. The continuous deployment
in the production environment eases the operation.

Monitoring the system at Ops-time ensures a reliable and efficient development
process [Bru+15; Soc21]. The monitoring concept is elaborated in Section 2.1.2, followed
by an introduction to the Kieker monitoring tool utilized in our approach in Section 2.1.3.
Lastly, measurement-based performance assessments are discussed in Section 2.1.4.

2.1.2. Monitoring

Monitoring is crucial in today’s rapidly evolving business and development processes. It
is particularly important in agile environments where continuous practices are common
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[Bru+15]. Monitoring involves continuously observing systems to determine whether
they are performing as expected and exhibiting the desired behavior.

Monitoring plays a crucial role in APM approaches [Heg+17; Bru+15], as it measures
and analyzes the performance characteristics of the running system to ensure its
performance.

Monitors are the tools used for collecting the measurements, which can be classified
into two main categories. Hardware monitor collects low-level metrics from electrical
signals and hardware registers. For instance, hardware monitors can capture char-
acteristics of components such as the Central Processing Unit (CPU), memory, and
hard disk drives. In contrast, software monitor collects the measurements from the
running software based on software routines embedded within the target software. The
instrumentation is the process of injecting this routine into the software system.

In the following, we provide an overview of the instrumentation process that is
necessary for monitoring in Section 2.1.2.1. Then, we introduce monitoring triggers in
Section 2.1.2.2. In Section 2.1.2.3, we discuss the characteristics essential for successful
monitoring in Agile software development. Finally, we describe the monitoring tool
utilized by CIPM in Section 2.1.3.

2.1.2.1. Instrumentation and Monitoring Techniques

Instrumentation is the process of incorporating software monitors into an application.
The instrumentation enables the injection of software monitors into the application code
at the source, object, or bytecode level, or into the underlying runtime environment,
encompassing components such as the operating system, middleware, or application
server [Hoo14b]. Thus, there are various techniques for instrumentation, including
direct code modification, indirect code modification using aspect-oriented programming
(AOP), compiler modification, and middleware interception [Bru+15].

Instrumentation can be classified as static if it occurs during design or compile time.
It is also called dynamic instrumentation if it occurs at runtime without a system restart.

It is important to note that executing the instrumented application can influence
the execution workflow for system characterization. This influence may affect the
response times or CPU utilization due to the execution of the instrumentation code.
This effect is referred to as monitoring overhead. Monitoring overhead is associated
with the granularity of the instrumentation, aspects monitored, and the frequency of
monitoring.

2.1.2.2. Monitoring Triggers

Monitoring can be categorized from trigger perspectives, either event-driven or
sampling-based [Hoo14b]. Event-driven measurements capture measurements when
specific events occur within the system, such as calls to software operations or exception
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occurrences; a simple example is an event counter-update that counts how often the
specific event occurs. A more detailed approach, tracing, captures more information,
such as timestamps and transaction identifiers, for each event.

Alternatively, sampling-based measurements are set to execute at fixed intervals,
gathering periodic snapshots of system performance independent of specific events,
such as measuring the CPU utilization every minute [Bru+15].

2.1.2.3. Essential Monitoring Characteristics

Successful monitoring has four key characteristics [Sch18]. Firstly, it emphasizes the
importance of monitoring the right aspects of the system. Monitoring should focus on
relevant metrics and behaviors to ensure that the system is functioning correctly.

Secondly, the use of mathematics and statistical analysis is essential in processing the
monitoring data effectively. By applying mathematical techniques, such as aggregating
and analyzing data, it becomes easier to extract meaningful insights and understand
the performance delivered by the system.

Thirdly, data retention is an important consideration. Although monitoring data is
often discarded, the decreasing cost of data storage makes it more feasible to retain
data for longer periods. Retaining monitoring data enables DevOps teams to learn from
historical patterns and trends, leading to valuable insights and the ability to make better
decisions.

Lastly, to achieve a successful monitoring system, it is essential to articulate what
success looks like by using language to define clear goals and expectations. For instance,
service-level indicators, service-level objectives, and service-level agreements play a
crucial role in this process. Understanding the system at the service level. Besides,
setting goals and utilizing histograms helps align monitoring efforts with business
objectives.

By adhering to these characteristics, organizations can establish successful monitor-
ing practices that enable them to ensure system performance, detect anomalies, and
make continuous improvements.

2.1.3. Kieker Monitoring Tool

Kieker [HWH12a] is an open-source extensible framework that monitors distributed
software systems for APM and architecture discovery.

The Kieker framework has two main parts: monitoring and analysis. The monitoring
part gathers and saves measurements from software systems, while the analysis part
examines these measurements.

On the monitoring side, Kieker allows defining custom Monitoring Probes. The
monitoring probes are data structures to capture desired information. The monitoring
probes collect measurements, which are called Monitoring Records. These records are
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serialized and converted into a specific format by a monitoring writer, which and stores
them in a monitoring log or stream.

On the analysis side, Kieker filters the monitoring data or captures additional in-
formation. For that, there are monitoring readers that read and interpret the relevant
monitoring records to fill the customizable probes with the desired information. These
records are then sent to analysis plugins to perform specific analyses and answer ques-
tions about performance. For example, Kieker allows regression analyses to predict
upcoming performance issues. Moreover, an analysis of historical monitoring data
enables the operator to detect the reason for a bottleneck issue. Besides, Kieker allows
tracing the control flow, which supports extracting and visualizing architectural models.

Both the monitoring and analysis parts have controllers: the Monitoring Controller
and the analysis controller. These controllers help manage and coordinate the monitor-
ing and analysis processes.

With Kieker, developers can instrument their code statically and dynamically. The
instrumentation of Kieker enables monitoring of specific data, such as method invo-
cations, parameter values, and timing information. This data is recorded as execution
traces, which can be analyzed to gain a deeper understanding of the system’s behavior.
Kieker provides an Instrumentation Record Language (IRL) [JHS13], which enables the
description of specific probes, i.e., specific data structures for the monitored information.

Kieker supports multiple programming languages and frameworks, making it suitable
for a wide range of application environments. Kieker also offers a variety of analysis
and visualization tools to help users interpret the collected data and gain actionable
insights.

Additionally, Kieker supports dynamic and adaptive monitoring to reduce the moni-
toring overhead. The term adaptive monitoring means that not all parts of the source
code are monitored. Kieker can activate or deactivate probes during run time to allow
dynamic monitoring. This flexibility enables users to focus their monitoring efforts on
specific components or scenarios, reducing overhead and improving performance.

Due to the fact that Kieker is an open-source tool that allows customizable monitoring
probes, tracing workflow, and adaptive monitoring, it is considered a suitable candidate
for implementing the CIPM.

2.1.4. Measurement-based Performance Assessments

Measurement-based performance assessment aims to ensure that the software system
meets its performance requirements. These assessments, part of the SPE discipline,
include activities such as benchmarking and performance tests to evaluate and validate
performance attributes.

Performance benchmarks are a key component of measurement-based approaches
in Software Performance Engineering [SWO03], contributing to the improvement of
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successive system generations [Vie+12]. They assess metrics such as response time,
throughput, and resource utilization.

Moreover, performance benchmarks can be integrated into CI environments, enabling
their automation for consistent and efficient monitoring of performance over time.
Waller et al. explore this integration, reporting on regression benchmarks for application
monitoring frameworks and illustrating how automated performance benchmarks can
be incorporated into CI setups to support DevOps practices [WEH15].

Performance tests execute a part or the complete software with different workloads
to measure its performance [WFP07a]. Performance testing is one of these activities
[Bon14]. The term "performance testing" means planning performance tests, defining
the tests, modeling the required workload, executing the defined tests, analyzing the
resulting test data and reporting the findings [Bon14]. Moreover, setting up a realistic
test environment is required for performance testing. Hence, performance tests focus
on assessing how a system performs under specific, real-world scenarios or varying
conditions.

An intensive performance test is not a trivial process, it may take several hours
[Bru+15]. Therefore, intensive performance testing is unsuitable for agile SDLC, which
supports continuous deployment for quick releases like DevOps SDLC. In such SDLC,
several deployments can be performed per day. Existing approaches suggest selecting
the required performance tests dynamically and semi-automatically to enable usability
for DevOps [Fer21].

2.2. Modeling Terms and Standards

Modeling is a general process used in various domains to represent, analyze, and
understand complex systems or phenomena. In the Model-Driven Development (MDD)
paradigm [Sel03], models are the primary development artifacts, unlike traditional
processes where models play a secondary role, such as documentation. Hence, MDD
considers that "everything is a model [Béz05]" and, therefore, represents all concepts
and entities as models. For this purpose, MDD utilizes domain-specific language (DSL)
to simplify the expression of domain concepts and transformation engines to convert
models into other domain-specific languages or textual representations.

The term Model-Driven Software Development (MDSD) [SV06] refers specifically
to the application of MDD in software development, focusing on the use of models to
generate executable source code. While often used interchangeably, MDSD emphasizes
automation in implementation through model transformations.

Model-Driven Engineering (MDE) generalizes the MDD paradigm by applying model-
based techniques across a broader range of engineering activities beyond system devel-
opment. It encompasses activities such as reverse engineering, modernization of legacy
systems, and automation of system evolution tasks [RRM13]. In this broader context,
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the principle that “everything is a model” [Béz05] remains central, requiring ensuring
consistency and traceability across heterogeneous models.

To understand these concepts in more detail, we first define models and metamodels
in Section 2.2.1 and Section 2.2.2. We then introduce a standard for metamodeling
in Section 2.2.3 and discuss a modeling tool based on this metamodeling standard
in Section 2.2.4. Tools for defining textual domain-specific languages are introduced
in Section 2.2.5. These tools are applied in source code modeling, which is a central
element of MDSD, as discussed in Section 2.2.6. To maintain consistency and enable
integration across such models—particularly within the scope of MDE—model matching
becomes essential. Therefore, in Section 2.2.7, we define model matching and examine
relevant approaches.

2.2.1. Model Definition

The term model is "an abstraction of reality according to a certain conceptualization"
according to Guizzardi [Gui05].

Stachowiak suggests in his work on general model theory [Sta73] that models must
meet three criteria: abstraction, representation, and Pragmatics.

» Representations refers to the fact that the model represents some attributes of
the original. This means the model exhibits a structural equivalence with another
model, even if the individual features within the models are labeled differently.
This phenomenon, known as isomorphism between model objects, allows for the
establishment of a structural correspondence between the model and the original,
which could also be a model itself. As a result, statements made about elements
within the model can also be applicable to their corresponding real-world entities.

+ Abstraction is a formal representation of entities and relationships in the real
world. The abstraction excludes the unnecessary details that do not serve the
purpose of the model to simplify the comprehensibility or analysis.

« Pragmatics means that the model can replace the original within certain time
intervals under certain conditions for answering certain mental or actual opera-
tions.

Based on the aforementioned criteria of Stachowiak. The model can be defined as formal
representation of the real world (abstraction) with a certain correspondence (isomorphism)
for a certain purpose (pragmatics) [Gol11] via [Sta73].

2.2.2. Metamodel Definition

A metamodel is a higher-level abstraction that defines the structure and relationships
of different types of models within a certain domain. In essence, a metamodel is also a
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model. It precisely defines the model elements and the required rules for creating valid
models.

The metamodel’s primary function is to establish the framework for a model’s
structure, concentrating on its layout and relationships. However, it refrains from
assigning meaning to individual elements or detailing their interactions in real-world
contexts.

As a result, models qualify as instances of a metamodel when they conform to the
structure prescribed by the metamodel.

The metamodel consists of an abstract syntax and at least one concrete syntax. The
abstract syntax includes the model elements, their properties and the relation between
them. The concrete syntax represents the abstract syntax textually or graphically.

Metamodels, in turn, are also defined using metametamodels. If two domain-specific
languages (metamodels) are defined using a common metametamodel, then transfor-
mations at the metamodel level can be defined to transfer the models from one domain
to another.

2.2.3. Meta Object Facility

Meta Object Facility (MOF) [OMG15] is a standardized metamodel from Object Man-
agement Group OMG (an international, open membership, not-for-profit technology
standards consortium)®. The MOF is based on a four-layer architecture. These layers
can be described as follows:

« MO is the lowest layer that reflects the reality. For example, the object level in
Unified Modeling Language (UML).

« M1 is the model layer that describes and classifies the structure and semantics of
the reality in an abstract way, for example, the classes in the source code of the
software.

» M2 is the metamodel layer that describes the structure and semantics of the model
(the lower level), e.g., the UML class diagram of the software.

« M3 is the metametamodel layer that models the metamodel level. Similar to above,
this layer is an abstraction of the lower one. This level should be able to describe
itself. In other words, M3 should be described by the entities and rules of M3.

2.2.4. Eclipse Modeling Framework

The Eclipse Modeling Framework (EMF) [Ecl24a]? supports modeling and code genera-
tion. EMF unifies three technologies: Java, XML, and UML [BBM03].

1 See http://www.omg.org/
2 See https://www.eclipse.org/modeling/emf/
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Ecore serves as the core metamodel in EMF, which is compatible with the essential
MOF. Ecore is basically a subset of UML Class diagrams and can be defined in terms of
itself. EMF provides an editor for creating and validating Ecore models. It allows them
to be instantiated into XML Metadata Interchange (XMI) format [Wei09], which can be
saved and reloaded again. Additionally, EMF supports code generation since it converts
the models into Java. The standard Ecore metamodel facilitates the interoperability
between EMF-based tools and applications.

2.2.5. Tools for Defining Textual Domain-Specific Languages

As aforementioned, domain-specific languages (DSLs) is important in MDD as they
represent specific domains, enabling model transformation and analysis. DSLs textual
representations are important because they provide an intuitive, human-readable format
that is easier to edit, document, and review. Tools like EMFText and Xtext support
the efficient creation and management of textual DSLs, offering integration with the
Eclipse IDE for advanced editing capabilities and seamless model transformations, as
described in Section 2.2.5.1 and Section 2.2.5.2.

2.2.5.1. EMFText

EMFText? utilizes standard Eclipse concepts, such as Ecore, to define the abstract syntax
for DSL. Then, EMFText enables the definition of concrete syntax specifications (textual
syntax) to outline how EMF model elements are represented in text form. Consequently,
EMFText generates parsers and printers that facilitate the conversion between EMF-
based models and their textual representations.

For instance, in reverse engineering, EMFText can be used to define a corresponding
DSL for legacy configuration files with a custom format. By creating an Ecore metamodel
and defining the concrete syntax that represents the current textual format, EMFText
generates the necessary parser and printer. The parser reads the legacy configuration
files and produces EMF models, facilitating further analysis and transformation. The
printer then converts these EMF models back into the original textual format.

2.2.5.2. Xtext

Xtext [Ecl24b; Bet16] offers a comprehensive framework for developing DSLs with
advanced editor features such as syntax highlighting, code completion, and validation.
It combines the definition of both abstract and concrete syntax in a single grammar file.
Then, Xtext can generate an Ecore model from the grammar or use an existing one.
Using the same example from the reverse engineering context mentioned with
EMFText, Xtext can also define a corresponding DSL for legacy configuration files, but

3 See https://devboost.github.io/EMFText/
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using a different mechanism. Xtext allows for the creation of a grammar definition
that specifies both the abstract and concrete syntax of the legacy format. This means
defining the Ecore metamodel is not required, as Xtext can generate it if it does not
exist. Xtext generates Eclipse-based tools, including advanced editor functionalities, a
parser, and a printer. The parser converts the old configuration files into EMF models
for analysis/ transformation, and the printer converts these EMF models back into the
original text format, ensuring consistency with the original files.

2.2.6. Source Code Model

Since MDE considers that "Everything is a model" [Béz05], it is important to model the
software source code. The source code is also a model with its own structured grammar.
This facilitates the model transformation and manipulation of source code since the
direct manipulation of the textual form of source code can be challenging. Therefore, a
parser is used to convert the source code into a specific structure that is easier to work
with. Conversely, a printer converts this structured representation back into text. The
general concept of source code parser is explained in Section 2.2.6.1, while a concrete
example of a Java parser and printer is provided in Section 2.2.6.2.

2.2.6.1. Source code Parser

A parser for source code reads the code and converts it into a structured representation,
such as an Abstract Syntax Tree (AST), based on the code’s grammar. This structured
representation is utilized for various purposes, including code analysis, transformation,
and generation.

Parsers are crucial in compilers and other source code editors. They provide an
understanding of the code’s structure and semantics, facilitating tasks such as syntax
checking, refactoring, and performance optimization.

Parsers can be categorized based on their output into two categories: AST-based
parsers and parsers using a unified metamodel, such as the EMF.

AST-Based Parsers AST-based parsers create an abstract syntax tree that represents
the hierarchical structure of the source code. The AST captures the syntactical structure
of the source code in a tree format, where each node represents a construct occurring
in the source code. Examples of AST-based parsers include:

Eclipse JDT Core: The Eclipse Java Development Tool (JDT) Core provides an AST
parser that transforms Java source files into an abstract syntax tree. The AST can be
used for various purposes, such as code analysis, refactoring, and new code generation.
JDT provides detailed information on the code structure and allows reference resolution
and binding creation.
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ANTLR: ANTLR (Another Tool for Language Recognition) is a parser generator that
can be used to build parsers for any programming language. It creates a parser that
generates an AST from the source code, which can then be traversed and manipulated.

EMF-based Parser EMF-based parsers use EMF to define a metamodel for the source
code. These parsers generate models that conform to this metamodel, providing a
high-level abstraction of the source code. An example of EMF-based parsers is in the
following section (Section 2.2.6.2).

2.2.6.2. JaMoPP: Java model parser and printer

Java Model Parser and Printer (JaMoPP) is an EMF-based environment for modeling
Java source code [HKP11]. JaMoPP defines an Ecore-based Java metamodel conforming
to the third edition of Java language specifications, belonging to Java 5 and Java 6.
Then, the concrete textual syntax of Java is defined in EMFText’s specification language.
After that, EMFText generates code for a parser and a pretty printer. The parser creates
EMF-based models from source code files, while the pretty printer converts such models
back into source code files.

JaMoPP also incorporates a mechanism to resolve references between different Java
models, such as those introduced by imports. References use proxy objects, which are
resolved to actual objects based on their uniform resource identifier when accessed.
EMFText provides a set of default resolvers integrated into EMF’s proxy resolution
mechanism, which JaMoPP extends to handle Java-specific properties.

In the context of this thesis, we extend the JaMoPP metamodel to enable the modeling
of Java versions 7-15 [Arm22]. Additionally, we provide a parser and a printer that
are independent of EMFtext for the extended metamodel [Armz22], as described in
Section 5.1.2.1.

2.2.7. Model Differences

Model matching aims to identify the common elements of two or more models. It is
basically used to determine the differences of models. Brun and Pierantonio describe
three fundamental steps to determine differences between two distinct models [BP08]:
The first step, "calculation”, matches model elements and calculates the differences.
In the second step, "representation”, the outcome of the calculation is represented
in a different model. In the last step, "visualization", the represented differences are
visualized in a human-readable notation.

Kolovos et al. [Kol+09] provide also an overview of the model differencing process and
evaluate existing model matching approaches. Current approaches to model matching
can be classified into four types:
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« Static Identity-Based Matching: These approaches are fast but can be applied only
to the models, whose elements have persistent and non-volatile unique identifiers.

« Signature-Based Matching: Instead of relying on identifiers, these approaches use
predefined signatures. They define a series of functions to calculate the signature
for the model’s elements based on the type of the element and its values features.

« Similarity-Based Matching: These approaches consider the models as typed at-
tribute graphs and calculate the matching elements based on the aggregated
similarity of their features. similarity-based algorithms typically need to be pro-
vided with a configuration that specifies the relative weight of each feature. For
example, the “name” feature of named elements is relatively more weighed than
other features. EMF Compare [Lan19] is an example of these approaches. It enables
defining the similarity and weights of features to allow more accurate results than
the signature-based approaches. Similarity-based algorithms typically require
a configuration that specifies the relative weight of each feature. For example,
classes with the same name should be matched more likely than classes with the
same values of the abstract feature. However, fine-tuning the weights empirically
can be an error-prone process. Moreover, calculating the similarity for the model-
ing languages does not consider the semantics of these languages, as we will see
in the next category.

+ Custom Language- Specific: The approaches of this category implement matching
algorithms for particular modeling languages. For that, they may incorporate
the semantics of the language to provide more accurate matching and to reduce
the cost of finding the matched elements. EMFCompare [Lan19] can also be
used to implement custom language matching algorithms. However, the required
implementation effort is still considerable.

2.3. Software Architecture

The architecture definition according to ISO/IEC_42010 is "fundamental concepts or
properties of a system in its environment embodied in its elements, relationships, and
in the principles of its design and evolution"” [ISO11]. According to this definition,
the architecture of the system can be understood as fundamental system concepts
encapsulated in its elements, relationships, and design principles, guiding both the
system’s current structure and its evolution over time.

Taylor et al. [TMDO09] defined the software architecture as set of principal design
decisions made about the system. This perspective emphasizes the role of significant
design choices in shaping the architecture, underscoring the decision-making aspect.
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Reussner et al. [Reu+16] combine the understanding mentioned above of the software
architecture. They described software architecture as "the result of a set of design
decisions relating to the structure of a system with components and their relationships and
their mapping to execution environments". This extension highlights that architecture
encompasses not just design decisions but also the structural arrangement of system
components and their interactions.

The rational unified process defines software architecture as the set of significant
decisions about the organization of a software system, the selection of the structural
elements and their interfaces by which the system is composed together with their
behavior as specified in the collaboration among those elements, the composition
of these elements into progressively larger subsystems, the architectural style that
guides this organization, these elements and their interfaces, their collaborations, and
their composition. Software architecture is concerned with not only structure and
behavior but also usage, functionality, performance, resilience, reuse, comprehensibility,
economic and technological constraints and trade-offs, and aesthetics.

2.3.1. Architecture Model

We introduce some fundamental definitions from ISO/IEC_42010 [ISO11] to describe the
architecture model. Architecture view addresses one or more of the concerns held by the
system’s stakeholders [ISO11]. An architecture description can include more than one
architecture view. For instance, the architectural views, according to Kruchten [Kru95],
can be a logical view that describes the system functionality or a deployment view that
describes the physical deployment of a system component. Architectural viewpoints
are required to express these views. The viewpoint establishes the conventions for
constructing, interpreting and analyzing the view to address concerns framed by that
viewpoint. Viewpoint conventions can include languages, notations, model kinds, design
rules, and/or modeling methods, analysis techniques and other operations on views [ISO11].
For instance, the UML is a viewpoint that enables visualizing different views of the
system: structural views, behavioral views, environmental views and implementation
views.

Based on the definition of the views, the architecture models can be also defined.
The architecture models are parts of an architecture view. An architecture model uses
modeling conventions appropriate to the concerns to be addressed. These conventions are
specified by the model kind governing that model [ISO11]. For instance, the logical view
according to Kruchten [Kru95] can be modeled using some architectural models of
UML like package, class, and interaction diagrams. Similarly, the deployment view can
be visualized using an architectural model of UML "Deployment diagram". It should
be noted that an architecture model can be a part of more than one architecture view.
for instance, the class diagram can be a part of the logical view and the structural view
that represent the parts of the software system.
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2.3.2. Software Components

According to Reussner et al. [Reu+16], A component is a contractually specified building
block for software that can be composed, deployed, and adopted without understanding its
internals. The component-based development enables the decoupling of functionalities’
development and reusing the developed components. The component can be reused
as a black-box if its internals are hidden. Otherwise, it is called white-box component.
The component-based development aims to reduce the required effort for composing,
deploying, adopting and reusing the components.

2.3.3. Microservices

Microservices are an architectural style for developing software systems as indepen-
dently deployable services. The main goal of this style is to decouple the functionalities
and increase the software system’s scalability. Hence, the microservice-based architec-
ture [LF14] divides the software system into different services that perform specific func-
tionalities. These services are independently deployable, and they communicate with
each other using lightweight communication like Hypertext Transfer Protocol (HTTP).
Each service exposes its functionality through an interface, typically in the form of
application programming interface (API). The services that belong to a specific de-
ployment unit consist of one microservice. The microservices can be implemented
using different programming languages and technologies. Since microservice-based
architecture divides the functionality into fine-grained units "microservices", more
effort will be required for monitoring and managing microservices. Therefore, the
automation of integration, testing, and deployment is necessary.

To support standardized and scalable communication between services, many mi-
croservice systems adopt REST principles and implement them using RESTful APIs:

REST Representational State Transfer (REST) [NF11] is an architectural style that
defines a set of principles and guidelines for building distributed systems. REST empha-
sizes a stateless client-server communication model, uniform interfaces, and resource-
based interactions.

RESTful APl RESTful [Bie16] is a HTTP-based implementation of REST. It implements
API for Web services. It uses HTTP requests to access and use data, which allows the
development of semantic Web services.

RESTful uses existing HTTP methods that are defined by the RFC 2616 protocol
[FIE99] for accessing and using data. These methods are GET for retrieving data, PUT for
updating the state of data resources, POST for creating data resources and DELETE for
deleting resources. RESTful focuses on user-generated content and transfers messages
defining actions to be executed using HTTP protocol.
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2.4. Palladio Component Model

Palladio [Reu+16] is a software architecture simulation approach that analyses the
software at the model level for performance bottlenecks, scalability issues, reliability
threats and allows a subsequent optimization.

Regarding the performance assessment, PCM predicts the performance by the simu-
lation. So, the architect can evaluate the performance and detect possible issues like
bottlenecks and scalability problems. Since Palladio assesses the performance by AbPP,
it can support a proactive evaluation of design decisions before applying them. The
proactive assessment of design decisions can avoid high costs and efforts required to
repair the wrong decisions [SWO03].

The PCM can be divided into five different models that describe the software architec-
ture from various viewpoints shown in Figure 1.1: Repository Model (Section 2.4.1) that
includes the Behavior Model (Section 2.4.2), System Model (Section 2.4.3), Allocation
Model (Section 2.4.4), Usage Model (Section 2.4.5) and Resource Environment Model
(Section 2.4.6). In the following, we introduce more details on PCM models. After that,
we introduce the PMPs in Section 2.4.7.

2.4.1. Repository Model

The Repository Model represents the static architecture of the software. Figure A.1
shows an excerpt of the Ecore metamodel of the Repository Model. According to
its name, the Repository Model represents a repository that includes the software
data types, components, interfaces, and the relations between them. For example, the
relationship between the components and interfaces is determined by this component’s
role. If a component provides an interface, then a ProvidedRole of the component
points to the provided interface. Besides, the component should provide an abstract
behavior of all Signatures that its provided interfaces include. For that, the Service
Effect Specifications (SEFFs) is used. In the next section (Section 2.4.2), we describe the
structure and the purpose of SEFF.

2.4.2. Behavior Model

The Palladio SEFF [BKR09] is part of Repository Model. SEFF describes the behavior of
a component service on an abstract level. Consequentially, SEFF can describe the inner
behavior of the components, i.e., the relationship between services that a component
provides and requires.

The structure of SEFF consists of a control flow of different elements called actions
[Reu+16, p. 108]. In the following, we introduce the most essential SEFF actions:

31



2. Background
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Figure 2.1: An example of the system model.

« Internal action ¢ is a combination of internal computations that do not include calls
to required services, i.e., services belonging to other components. The internal
action is usually annotated with Resource Demand (RD).

« Internal call ¢ is a call to a method within the component. The behavior of internal
calls can be modeled by separate SEFF.

« External call actions #{ are calls to required services. The behavior of the required
services is modeled in the components that provide these services.

« Loop action § represents a loop behavior that includes at least one external call.
The loop should be repeated during the simulation according to an annotated
loop count. To increase the level of abstraction, the loops in the source code that
do not include external calls are not modeled in SEFF. Instead of that, they are
combined into internal actions.

« Branch action sis an abstraction of switch condition in source code. The branch
action can split the control flow into different transitions according to the branch
condition. The branch condition can be a conditional state or a fixed probability.

2.4.3. System Model

System Model describes the structure of the system based on the components and
interfaces specified in the Repository Model. A system instantiates the components and
wires the required interfaces of the instances with the provided ones. Mainly, System
Model consists of Assembly Contexts, which are instances of the components. The
component can be instantiated several times. These assembly contexts are connected
with each other by Assembly Connectors. The connectors link the required role of an
assembly context with the provided role of another one, see an example of a System
Model in Figure 2.1. A delegation connector

32



2.4. Palladio Component Model

In this example, two component instances (Assembly contexts) are connected with
each other using an Assembly Connector that links the Required Role of assembly1
with the Provided role of assembly2. The provided role of assembly1 includes the
functionality that the end user of this system obtains. Therefore, it is connected to the
system-provided interface using A Provided Delegation Connector. For more details,
see the metamodel of System Model in Figure A.2.

2.4.4. Allocation Model

The Allocation Model describes the mapping from the system composition (System
Model) to the model of the resources (Resource Environment Model). In other words,
Allocation Model models the system deployment on the execution environments. Al-
location Contexts save the mapping between assembly contexts and one of the available
Resource Containers. Each resource combines the processing resources that model either
CPU or hard disk (HD) and their properties like processing rate, see Figure 2.2.

O <<Assembly Context>> E C =0 <<Assembly Context>> E

UserDBAdapter DB
<<Allocation R E
[ i
<<Linking Resource>> |
processingRate = 1000 Mbit/s |
latency=20 ms \'/
<<Resource Container>> <<Resource Container>>
Application Server Database Server
- - <<Processing
<<Processing <<Processing Resource>>
Resource>> Resource>> >CPU
CPU HD
processingRate = processingRate = processingRate =
3 #1079 cycles / sec 20 MB / sec 2,4 %1079 cycles / sec
schedulingPolicy = schedulingPolicy = schedulingPolicy =
Windows Server 2008 FCFS Linux 3.9

Figure 2.2: An example of allocation model and resource environment model, adjusted
from an example in [Reu+16].

2.4.5. Usage Model

The Usage Model defines the usage profile of the software system, i.e., users’ behavior in
terms of how the users call the system. Thus, the Usage Model includes a specification
of the order, frequency, and parameter values of component services called by users or
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external systems at the system boundaries. It defines the interactions with the system
and includes information about how components are used in real-world scenarios.

2.4.6. Resource Environment Model

The Resource Environment Model (Resource Environment Model) captures the phys-
ical aspect of the system. It encompasses the tangible hardware environment
"ResourceContainer", consisting of containers housing processing resources (e.g.,
CPU). Besides, Resource Environment Model represent the interconnecting links be-
tween resource containers using "LinkingResource". For more detail, Figure A.5 shows
an excerpt of the Ecore metamodel of the Resource Environment Model.

2.4.7. Performance Model Parameters

Palladio facilitates quality analysis by simulating PCM. This capability allows, for
example, the prediction of performance metrics like response times, CPU utilization,
and throughput. To achieve this, it is essential to specify concrete values for a range of
parameters that significantly impact a software system’s behavior and performance.
We commonly refer to these parameters as Performance Model Parameters (PMPs). The
primary PMPs include SEFF Parameters that specify the component quality and Usage
Model Parameters that specify the usage profile.

SEFF Parameters define the behavior and quality of component services. Enriching
SEFF parameters with specific values is essential for behavior simulation. Main SEFF
parameters are the following:

1. Resource Demand: This entails characterizing the amount of processing re-
sources required by internal actions, such as those requested from a CPU or a
hard disk. By assigning values to these demands, the model can estimate the
system’s resource utilization and response time.

2. Branch Probability: Characterizing the probability of branch transitions within
Branch actions enables the capture of the likelihood of various paths and allows
selection of one of them during simulation. The branch transition probability can
involve random variables, depend on an input parameter reflecting real-world
usage scenarios, or follow a distribution.

3. Loop Iterations: Characterizing the number of loop iterations in a model allows
for a more precise representation of repetitive operations for accurate prediction
of the performance. Similar to branch probability, the count of loop iterations can
be constant, depend on input parameters, or follow a distribution.
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4. External Call Arguments: Specifying the arguments passed to external calls
allows a comprehensive understanding of interactions between components. This,
in turn, enables the prediction of the performance of the external component,
which can depend on the passed arguments. This facilitates the analysis of the
entire system’s behavior and quality.

Usage Model parameters depict user interactions with the system. These parameters
define how the software system is utilized in practical scenarios. For example, the
parameters define the sequence and frequency of services used by the end users or
systems. Besides, the parameter values offer actual input values for services, mirroring
real-world situations. Additional parameters specify the workload and clarify the usage
nature as open or closed, determining frequency or user circulation with defined pauses
representing thinking time. Incorporating control constructs like branches and loops
enhances realism in complex user scenarios.

Palladio employs the stochastic expression (StoEx), as introduced in [Koz16], to
PMPs as expressions that incorporate random variables or empirical distributions. This
approach enables the representation of dependencies between PMPs and impactful
parameters through calculations and comparisons. These impactful parameters can
be characterizations of input data like value, type, and size (e.g., the number of list
elements or the size of files). By characterizing PMPs with impacting factors (the para-
metric dependencies [BKR09]), simulations are empowered to provide more accurate
predictions of system performance.

2.5. Machine Learning Techniques

Machine learning techniques are a broad set of computational methods and algorithms
designed to facilitate automated learning from data, enabling the generation of pre-
dictions based on the attained models. They include techniques like regression for
predicting numerical values(Section 2.5.1), decision trees for classification, prediction
or creating interpretable models (Section 2.5.2), genetic algorithms for optimization
problems (Section 2.5.3) and feature selection for choosing relevant variables among
others (Section 2.5.4).

2.5.1. Regression Analysis

Regression analysis [DS98] is a statistical technique to examine the relationship between
one or more input variables (X-variables) and output variables (Y-variables) by fitting a
mathematical model to the data. It is commonly employed for making predictions and
understanding the strength and nature of relationships between variables.
Regression analysis encompasses a diverse range of techniques, each designed to
address specific data patterns and research objectives. Linear regression, the most
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basic form, is used to model straight-line relationships between variables. Multiple
regression extends this to analyze the impact of multiple predictors on a single outcome.
Logistic regression, on the other hand, is well-suited for predicting binary outcomes or
probabilities. Nonlinear regression is a suitable framework for nonlinear relationships.

2.5.2. Decision Tree

A decision tree [Jam+13] is a machine learning algorithm used for classification and
regression tasks. It is represented as an upside-down tree, with each node denoting a
decision based on a specific attribute, and each branch leading to an outcome or further
decision. Decision trees can be employed for prediction by navigating the tree structure
with input features, starting at the root node and progressing through intermediate
nodes until reaching a leaf node. The path taken through the tree determines the
predicted class (in classification) or the numerical value (in regression) for the input data.
Additionally, decision tree branches can be associated with probabilities, quantifying
the likelihood of a data point belonging to a particular class or category, adding a
probabilistic dimension to the decision-making process in predictive modeling. Decision
trees are known for their interpretability, making them valuable for understanding and
explaining complex decision patterns.

2.5.3. Genetic Algorithm

The genetic algorithm [Kral7] is a heuristic algorithm to resolve optimization problems.
It is based on the evolution theory. It starts from initial solutions as candidates for
optimum solutions and evolves them. The algorithm is shown in Listing 2.1 and
starts with ‘initialize population’ step. This step initializes a set of solutions or uses
a solution modeled by experts, which represents the first population. After that, the
main evolutionary loop of the genetic algorithm generates new offspring based on two
major operators: ‘crossover’ and ‘'mutation’. These operators generate new candidates
for the new offspring population in two different ways. The crossover generates the
candidate solutions by combining genetic materials from the parents, whereas mutation
generates them by applying random changes. After crossover and mutation, the new
candidates must be evaluated based on their ability to solve the optimization problem.
This evaluation is done by ‘phenotype mapping’ of candidates (genotype) to the actual
solution in order to avoid introducing a bias. This step can be escaped if the genotype
represents the solution itself. After that, the new offspring population is evaluated
by the “fitness function’. The goal of the fitness function is to evaluate the quality of
the solutions in order to select the best offspring to be parents in the new parental
population. This achieves the progress towards finding the optimal solution. However,
the main evolutionary loop should have a termination condition that determines when
the search for optimal solutions must be stopped. The condition can be a predefined
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number of generations or an acceptable quality degree of the produced solutions.
Usually, the termination condition is related to the time and cost of the designed fitness
function.

Listing 2.1: Basic Genetic Algorithm from [Kral7]

initialize population
repeat
crossover
mutation
phenotype mapping
fitness computation
until population complete
selection of parental population
until termination condition

2.5.4. Feature Selection

Feature selection [VR14] is the process of choosing a subset of relevant attributes or
variables from a larger dataset. Its primary goals include improving model perfor-
mance, reducing overfitting, enhancing interpretability, and minimizing computational
complexity. In simpler terms, it streamlines important information from a dataset to
create a more efficient and accurate predictive model, without unnecessary details.
Feature selection is a crucial step in the machine learning pipeline to ensure effective
and interpretable models.

2.6. Consistency Maintenance

The term consistency is used by various contexts for various purposes [Kith+23]. In this
section, we describe the term in the context of this thesis, i.e., the models’ consistency
during model-based engineering, cf. Section 2.6.1. Then, we describe the definition of
the consistency relation and its properties in Section 2.6.2.

In Section 2.6.3, we describe a consistency preservation platform that we use in our
approach. In this section, we clarify the meaning of consistency preservation rules
(Section 2.6.4) in addition to an application of consistency preservation in the context
of software evolution (Section 2.6.5).

2.6.1. Consistency Definition

In model-based engineering, consistency is defined as a binary relation between two
models [AC08]. For models M; and M,, this relation R can be classified as follows:
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(1) bijection, a one-to-one correspondence where each element of M; maps to exactly
one element of M,, and vice versa; (2) total and surjective function, a one-to-many
relationship where each element of M; maps to exactly one element of M;, and every
element of M, is mapped by at least one element of M;; and (3) total relation, a many-
to-many relationship where multiple elements of M; may map to multiple elements of
M, and vice versa.

Klare defines the multiplicity of consistency relations that exists and can be split into
multiple binary relations [Kla21] where the consistency is the absence of contradictions
between the models.

Definition 1 (Consistency Relation Definition according to [Kla21]). Given a tuple of
metamodels (M = M, ..., M), a consistency Relation R is a relation for instances of the
metamodels R C Ipy = Iy, X - - - X Iy, For a tuple of models x € Iy, we say that:

x is consistent toR <= x € R.

This definition above suggests understanding consistency as a mathematical relation.
In practice, consistency can be defined extensionally by listing all consistent models or
intentionally by specifying constraints that models must satisfy. Hence, a consistency
specification can take various forms, such as predicates that define specific constraints,
checkers that validate the consistency of models, or formal semantic specifications used
to evaluate whether models exhibit non-contradictory semantics.

Klare also describes two dimensions of consistency: first, according to the consistency
notion, the consistency can be specified as perspective if we intend to keep the models
consistent in a predefined way. This means the models are considered to be consistent
if they adhere to specific specifications, e.g., a specified model transformation. The
descriptive consistency assumes that there is always an explicit or implicit notion of
consistency. So, it is not enough that the models adhere to a consistency specification;
they should adhere to the existing notion of this consistency. Whether a specification
is normative or descriptive depends on its intent: a normative specification establishes
consistency without reference to an existing notion or specification, while a descriptive
specification conforms to or approximates an already defined notion or specification of
consistency.

The second dimension of the consistency, according to Klare, is related to the prag-
matic of the models [Sta73], cf. Section 2.2.1. Similar to the UML notion, Klare dis-
tinguishes between the structural consistency, whose pragmatic has no execution
semantics, and behavioral that has execution semantics.

2.6.2. Fine-grained Formalization of Consistency Relations

As described in the previous section, the consistency relation is a connection between
models sharing common semantics to ensure they adhere to predefined consistency
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rules or constraints, maintaining non-contradictory semantics. According to Klare’s
formulation, models are considered consistent if their combination satisfies the rules
defined by the relation R between models. Perdita [Ste20] also defines the consistency
relation between models using hyper-graphs.

In our chairs, we generalize the formalizations above to be more fine-granular, defin-
ing the relations among the elements of the models instead of focusing on the models
themselves [Kiih+23]. Moreover, we define the main properties of the consistency
relations. For the formalization of such consistency relation, we use hyper-graphs. A
hyper-graph G consists of a set of vertices V and hyper-edges &. Contrary to other
graphs, the edges can join more than two elements:

Definition 2 (Hypergraph from [Kith+23]). A simple hyper-graph G := (V, &) consists
of a set of vertices V and a set of hyper-edgesE C {X | X CV A |X]| > 2}.

Hence, the consistency relation over multiple models can be formalized by the hyper-
graph as follows:

Definition 3. Given a finite non-empty set of mutually disjoint models M :=
{M, ..., My} and the corresponding set Q := {m € M | M € M} of all model elements in
M. Then a consistency relation R = (M, &) defines a simple hyper-graph G = (Q, E)
that reflects a joint purpose of the connected model elements [Kiih+23].

A consistency relation R := (M, E) is non-trivial iff & # 0.

According to the definition above, the consistency relations connect elements across
multiple models (M) to ensure their compatibility. The related models’ elements are
linked to each other through the connections of the graph (&), which are called "corre-
spondences". Each correspondence links at least two model elements. The corresponding
elements adhere to consistency rules/ constraints defined at the metamodel, maintain-
ing non-contradictory semantics. Utilizing this definition enables us to explain the
properties of consistency relations shown in Figure 2.3.

2.6.2.1. Abstraction

Models vary in abstraction levels. For example, in software development, different
models at varying levels of abstraction represent a software system. Requirements or
architectural models are more abstract, focusing on high-level structures and behaviors,
whereas concrete source code models provide more detailed representations, capturing
the specifics of the implementation. Determining the abstraction level can be chal-
lenging when dealing with models from different domains. Consistency relations are
categorized into vertical and horizontal classifications based on the abstraction levels
of the models that they consider.
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Figure 2.3: Feature model explaining the classification schema of consistency relations,
from [Kuh+23].

2.6.2.2. Metalevel

Model elements are associated with precisely one metalevel. Intra-metalevel consistency
relations connect model elements that are at the same metalevel, while inter-metalevel
consistency relations connect model elements at different metalevels.

2.6.2.3. Position

Consistency can be defined within or between models. Intra-model consistency ensures
consistency within a single model, while inter-model consistency ensures alignment
between elements across different models.
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2.6.2.4. Observed Property

The observed properties of consistency relations can be categorized as either structural
or behavioral. Structural properties, such as the presence of elements or their attributes,
can often be statically checked, while behavioral properties, such as temporal or dynamic
aspects, typically require dynamic analysis techniques like model checking or co-
simulation. The relevance of these properties depends on the nature and purpose of the
model being analyzed. Consistency relations observe specific properties if they connect
model elements exhibiting those properties and focus on a property if all connected
elements possess it.

2.6.2.5. Development Phases

In the context of software development, consistency relations can be associated with
different phases of the system’s lifecycle, such as specification, design, and runtime.
Therefore, consistency relations are categorized as intra-phase when they connect
elements within the same phase and inter-phase when they connect elements across
different phases.

2.6.2.6. Quantification

Generally, most of relations determine whether models are consistent or not. However,
in some cases the consistency can be quantified to determine to what degree the
connected model elements can be seen as consistent. Thus, the relation can be either
qualitative, indicating a binary state of consistency, or quantitative, providing a measure
of the degree of consistency achieved.

2.6.2.7. Gradual Consistency

Generally, there are two types of gradual consistency: tolerating and strict: In tolerating
consistency, a certain threshold is set, indicating the acceptable level of inconsistency
between model elements. If the inconsistency score of connected model elements
exceeds this threshold, they are considered consistent enough. On the other hand, strict
consistency is characterized by a zero-tolerance policy towards inconsistencies. In strict
consistency, all connected model elements must exhibit perfect consistency, without
tolerance towards any level of discrepancy.

2.6.3. VITRuvIuUS Platform

Vitruvius [Kla+21] is a view-based framework that encapsulates the heterogeneous
models of a system and the semantic relationships between them in a VSUM in order
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to keep them consistent. The ViTRUVIUs approach [Kla+21] is a view-based frame-
work that addresses the challenge of information fragmentation and inconsistency
across heterogeneous modeling languages. It involves creating a Virtual Single Under-
lying Model (VSUM) metamodel, which consists of multiple metamodels, consistency
preservation rules, and view types that derive information from them. In the next step,
VITRUVIUS enables the consistency preservation of instances of the metamodels within
a VSUM metamodel.

For that, a methodologist should create the VSUM metamodel. This includes defining
CPRs at the metamodel level as we describe in Section 2.6.4 Then, developers instan-
tiate the VSUM metamodel and use the resulting VSUM to derive views and perform
modifications to them. The approach enables developers to work with different models
supporting the preservation of consistency between views.

The ViTrRUVIUS approach applies delta-based consistency preservation [Dis+11] in
which changes (i.e. deltas) in one model are propagated to become changes in other
models. This approach updates models inductively and avoids overwriting changes
from other models [WSK23]. For the delta-based consistency management, VITRUVIUS
defines and utilizes two declarative languages: mappings and reactions languages.
The first one specifies the bidirectional consistency relation on the metamodel-level,
which is transformed into imperative unidirectional specifications using the reactions
language. The reactions language describes then the consistency preservation rules
that describe how to restore the consistent state. Thus, VITRUVIUS stores the mapping
between corresponding model elements, in a correspondence model to reuse them by
the consistency preservation process.

The approach has been implemented in the Eclipse Modeling Framework and has
shown completeness, correctness, and applicability in maintaining consistency in
different domains [Lan17; Maz+17; Maz+18; BMK16].

In the following section (Section 2.6.4), we explain the means of Consistency Preser-
vation Rule (CPR) that methodologists define for keeping the consistency between the
heterogeneous models. In Section 2.6.5, we introduce the co-evolution approach, which
relies on ViTrRUVIUS for evolving the source code and PCM consistently.

2.6.4. Consistency Preservation Rules

Consistency Preservation Rules (CPRs) are used to define the consistency repair logic at
the metamodel level for repairing consistency with respect to different types of changes,
thus restoring the consistent state between the models. In other words, CPRs define
which and how the artifacts of a metamodel must be changed to restore the consistency
after a change in a related metamodel has occurred. CPRs can be defined using the
Reactions and the Mappings languages of VITRUVIUS.

The top-level structure of the Reactions language, depicted in Listing 2.2, encompasses
three fundamental steps. Initially, reactions are triggered after specific types of changes,
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delineated by the "after" section. Subsequently, specific conditions or restrictions defined
in the "check" block are evaluated to determine whether the subsequent actions in the
reaction should be executed. Finally, a routine is invoked to address the consistency,
initiated through a "call" operation. The "match" block of the called routine is used to
retrieve corresponding elements, while the "action" block is used to perform actions
restoring consistency. Additionally, "action" block manages correspondences by storing
retrieved and altered elements in the correspondence model.

Listing 2.2: Reaction stub illustrating defining change-driven consistency preservation
rules, from [Kla+21].

reaction aReaction {
after // trigger definition
check { /x further restrictions */ }
call aSpecificRoutine(...)

routine aSpecificRoutine(...) {
match { /x retrieve corresponding elements */ }
action { /x perform actions and manage correspondences */ }

2.6.5. Co-Evolution Approach

The co-evolution approach [LK15; Lan17] keeps the architecture model and the source
code consistent during software system evolution. It defines change-driven CPRs
to propagate changes in source code to the architecture model and vice versa using
model-based transformations.

Using VITRUVIUS, the co-evolution approach keeps Java source code (using an inter-
mediate model [Hei+10] for Java 6 [Joy+00]) and PCM consistent. The CPRs update the
Repository Model of a PCM model and its behavior (SEFFs without PMPs) as a reaction
to changes in the source code. Similarly, changes in PCM model are propagated to the
Java source code. Although the co-evolution approach allows updating the Repository
Model manually, it does not support the consistency management of the PMPs.

2.6.6. iObserve Approach

The iObserve considers the adaptation and evolution of cloud-based systems as two
interwoven processes throughout the application life-cycle to close the gap between
Ops-time and Dev-time [Heil6; Hei20]. Thus, iObserve aligns architectural models that
are manually modeled in development and measurements from operation to integrate
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modeling concepts that bridge the gap between these two phases. The main idea is to
use Ops-time observations to detect changes during the operation and to reflect them
by updating an architecture model, which is then applied for quality predictions. The
PCM is used as the basis for the quality predictions, and the Kieker monitoring tool
(Section 2.1.3) is used for monitoring the system during operation [HWH12b; Heil6].
The main aspects that i0Observe updates are the usage profile, usage intensity, and allo-
cation of the components on the resources. For that, i0Observe utilizes a correspondence
model that links the divergent levels of abstraction between implementation artifacts
and component-based architectural models. Besides, a transformation pipeline utilizes
the information stored in the correspondence model to update the architectural models
based on changes during operation.

Briefly summarized, iObserve collects monitoring data at Ops-time with the help of
Kieker and applies necessary changes to the architecture model (PCM instance) which
originated at Dev-time. The mapping between elements in the architecture model
and corresponding elements in the source code is based on the runtime architecture
correspondence model [Heil4; Hei20].

In CIPM adjusts and integrates iObserve’s dynamic analysis to update the modeled
usage and deployment parts based on monitoring data. Moreover, CIPM updates
remaining aspects, such as the system composition, performance parameters, and the
resource environment, to ensure that the architectural performance model reflects the
system’s behavior.

2.7. Evaluation Foundation

In this section, we outline the foundational concepts for evaluating software systems
and the methodologies employed in this research. In Section 2.7.1, we discuss the levels
of measurement-based evaluation as introduced by [BR08]. Then, in Section 2.7.2, we
explore a statement-based approach for classifying the software engineering research,
as proposed by Kaplan et al. [Kap+21a]. Section 2.7.3 further elaborates on the use of
case studies and experiments. Finally, in Section 2.7.4 we introduce the Goal Question
Metric (GQM) paradigm, a widely used method for evaluating software systems.

2.7.1. Evaluation Levels

The analytical metrics used for predicting a software system’s quality attributes have
to be validated. A comparison with independent measurements can be used for the
validation of these metrics. Bohme and Reussner [BR08] suggest three validation levels
for validating prediction models that include such analytical metrics:

« The first level, "metric validation,' considers the validation of the metrics of models
through the comparison of predictions and measurements.
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« The second level, "applicability validation", validates the applicability of the pre-
diction model. The validation investigates the reliability of the input data and the
interpretability of the metric.

 The third level, "benefit validation", validates the prediction model’s claimed
benefit compared to competing approaches.

2.7.2. Classification of Software Engineering Research

Kaplan et al. [Kap+21a] propose a statement-based approach for software engineering
research. This approach aims to link each statement in software engineering research to
arguments, evidence (data), and related statements. They introduce a multi-dimensional
classification system for these statements, as shown in Figure 2.4. The classification
system categorizes statements into three dimensions:

1. Research Object: This dimension categorizes the object of research to be inves-
tigated. It can be a problem, method, model, metamodel, or automation.

2. Kind of Statement: This dimension classifies statements into three classes:

« Property-as-such: Statements where the research object is not dependent on
external factors.

« Property-in-Relation: Statements related to the research object’s context. For
example, the performance of a method is influenced by the size of the input
data.

+ Relevance: Statements assessing the importance or applicability of a research
object within a specific context. In other words, relevance encompasses
the scope of applicability, the magnitude of its impact, and the depth of
originality. In a scientific context, relevance may also encompass the depth
of intellectual engagement and the novelty of the idea.

3. Evidence: This dimension categorizes the type of evidence supporting a statement.
It includes various categories such as argumentation, motivation examples, case
studies, surveys, experiments, verification, and mining software repositories.

Further details and descriptions of the classes within each dimension are in [Kap+21a].

The authors evaluate this classification scheme through a survey sent to researchers in
the field of software engineering, as reported in [KK21]. The survey results demonstrate
the practical applicability of this classification system.
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Figure 2.4: Classification of software engineering research from [Kap+21b].

2.7.3. Research Strategies: Case Study and Experiments

Wohlin has recently provided the following definition for a case study: " A case study is
an empirical investigation of a case, using multiple data collection methods, to study a
contemporary phenomenon in its real-life context, and with the investigator(s) not taking
an active role in the case investigated" [Woh21]. In this definition, Wohlin emphasized
two points as essential criteria for case study: a contemporary phenomenon and the
presence of a real-life context.

An experiment is a controlled and systematic scientific procedure in which researchers
manipulate variables and observe their effects to test hypotheses, theories, or gather
empirical data. Experiments aim to establish causal relationships, validate theories,
or explore phenomena under controlled conditions to draw meaningful conclusions
[Woh+12].

Case studies and experiments differ in several key aspects. Case studies are primarily
exploratory, aiming to provide in-depth insights into complex phenomena, often con-
ducted in natural settings with limited control over variables. They yield context-specific
findings and rich qualitative data. In contrast, experiments are typically explanatory,
focusing on hypothesis testing and causal relationships. Researchers have a control
over variables, and data collection is structured and quantitative. Experiments aim for
generalizability and replicability of results, making them suitable for validating theories
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and drawing broader conclusions. The choice between these approaches depends on
research objectives and the level of control needed.

We suggest to incorporate experiments within a case study, since experiments mostly
isolate specific aspects of reality to enhance control over the situation, albeit often at the
cost of realism, as noted by Runeson [Run+12]. In this proposed approach, researchers
conduct a case study to gain a deep understanding of a complex phenomenon in its
real-life context, e.g., the consistency preservation between software artifacts and
performance models. Within the case study, they embed experiments to validate some
aspects under controlled conditions. As a result, the researcher can generalize the result
to environments similar to the experimental setting.

Case study Process: The case study process encompasses the definition of objectives,
meticulous planning, precise formulation of data collection procedures, the execution
of these procedures on the chosen cases, thorough data analysis to gather compelling
evidence, and the conscientious packaging of study findings and conclusions into
accessible formats suitable for reporting.

2.7.4. Goal Question Metric

Basili et al. introduce the Goal Question Metric (GQM) approach for evaluation through
goal-oriented software measurements [BCR94].

For a purposeful measurement, the GQM plan consists of three steps: First, defining
the "goal" of the evaluation at the conceptual level. To define these goals operationally,
they must be traced with data. The objects of measurement can be: (1) products
produced during the system life cycle like program, (2) processes related to the time
like testing and (3) resources used by processes like hardware.

Second, the evaluation "questions" should be determined. These questions try to
answer whether or not the evaluation goal has been achieved. The questions assess the
goals at the operational level, considering specific quality attributes from particular
viewpoints.

Third, metrics are defined to quantify the answers of evaluation questions. Metrics
can be either objective if they depend only on the measured object, e.g., size of the pro-
gram, or subjective if the considered viewpoint is measured also, e.g., the executability
of the program". In the following section (Section 8.1.3), we introduce metrics that we
used in our evaluation.

2.8. Evaluation Metrics

In this section, we describe the metrics used in our evaluation. These metrics are divided
into two categories. The first category includes metrics for evaluating the accuracy
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of models, such as the F-score (Section 2.8.1) and the Jaccard similarity coefficient
(Section 2.8.2). The second category includes metrics for comparing two cumulative
distribution functions such as the Kolmogorov-Smirnov test (Section 2.8.3) and the
Wasserstein distance (Section 2.8.4), which can be used to evaluate the accuracy of
ADbPP by comparing the CDFs of measured response times and simulated ones.

2.8.1. F-score

The F-score is an accuracy metric. It is often used to measure the accuracy of information
retrieval and binary classification tests. In such fields, the relevant cases have some
required detail or fulfill some predefined conditions. The tests should retrieve the
relevant cases and exclude the remaining cases. Retrieved cases are called positive cases.
The rejected cases are negative cases.The results of an information retriever or a binary
classifier can be divided into four cases that are shown in Table 2.1:

TP The true positive cases are cases that fulfill the conditions and correctly retrieved
by the test.

FP The false positive cases are positive cases that do not fulfill the conditions and
incorrectly retrieved by the test.

TN The true negative cases are cases that do not fulfill the conditions and the test

excluded them correctly.

FN The false negative cases are cases that fulfill the conditions and the test incorrectly

excludes them.

Table 2.1: The confusion matrix for an information retrieving problem.

Predicted Condition
Positive Negative

g 0]
o E True Positive, TP | False Negative, FN
B | & | Truepredicted False predicted
S|~
@
ER
% = False Positive, FP | True Negative, TN
< oo False rejection Correct rejection

Z.

Based on the above-defined cases, we can measure the accuracy of the test using the

following metrics:
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Precision The precision measures the relevance of retrieved items as a proportion of
correctly identified relevant cases among all predicted cases, see Equation 2.1.

. TP
Precision = ——— (2.1)
TP + FP

Recall The recall indicates the sensitivity through calculating the ratio of relevant
items retrieved by the test, see Equation 2.2.
TP

Recall = —— (2.2)
TP+FN

Accuracy The accuracy can be defined as the proportion of correct predictions (both
TP and TN) among the total number of cases, see Equation 2.3. The accuracy ignores
the effect of the false decision (FP and FN).

TP+TN
TP+TN +FP+FN’

Accuracy = (2.3)

F-score This score combines both precision and recall in one metric. F1 score represents
the harmonic means of Precision and Recall [Sas+07], see Equation 2.4.

P (1+ B?) - Precision - Recall B (1+p?) - TP (2.4)
P~ T(BZ - Precision) + Recall _ (1+ f2) - TP + 2 - FN + FP '
In our Validation, we use the F1-Score (F-Score with f = 1), see Equation 2.5.
2 % Precision = Recall 2% TP
F1 = = (2.5)

Precision + Recall ~ 2 TP+ FP +FN

2.8.2. Jaccard Similarity Coefficient

The Jaccard similarity Coefficient (JC) [EKR02] measures the similarity and diversity
between two sets.
The JC is defined as the follows:

_JANB|
~ |AUB|

JC(A, B) (2.6)
where A and B are sets, AN B is the intersection of the sets (A, B) and AU B is the union
of these sets, see the Figure 2.5.

Normally, the JC can quantify the similarity of sets. If the resulting JC is equal to 1,
the two sets under investigation are considered to be fully identical.
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AUB
| | A‘,B

Figure 2.5: The intersection of two sets at the left side and the union of them at the
right side.

Model conformity JC can be used for checking model conformity since the models are
a set of elements that represents some knowledge. For that, a matching algorithm that
determines the identical elements (intersection) in two models A and B is required. The
required matching algorithm can be based on different factors: the types of models’
elements, some of their properties like the name of named elements, some references
and the model structure. See Section 2.2.7 for more details on the model matching
approaches.

After applying a suitable matching algorithm, the elements matched in this method
are considered to be equal for the intersection of the models A and B (A N B), i.e. the
number of elements matched in this method becomes the numerator in Equation 2.6.
The unmatched elements with the matched will represent the sets’ union (A U B). The
number of elements in the union will be the denominator of Equation 2.6.

2.8.3. Kolmogorov-Smirnov Test

The Kolmogorov-Smirnov-test (KS-test) is a non-parametric test that quantifies the sim-
ilarity of two arbitrary distributions. It is used for calculating the significant difference
between two empirical data distributions, or for determining whether an empirical
distribution originates from a reference one. The KS-test is non-parametric because
the data does not require following a normal distribution.

The KS-test calculates the Maximum absolute difference between two Cumulative
Distribution Functions (CDFs). CDF indicates the probability of a variable being less
than or equal to a specified value. For example, the red CDF in Figure 2.6 shows that
50% of the value in the data set is less than zero.

The KS-test gives the term D for the maximum absolute difference between the CDFs,
see Figure 2.6. If the two CDFs come from the population with the same distribution, D
should technically be zero. Of course, in reality, the two samples are randomly taken
from their populations, so they should differ somewhat. In general, the lower value of
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Figure 2.6: The KS-test: the maximum absolute difference between two cumulative
distributions.

KS-test, the more similar distributions. If two distributions have no overlap at all, the
maximum difference D will be then 1, i.e., when one CDF is 1 and the other is 0.

The KS-test can be used as a metric to measure the similarity between two distribu-
tions. The results of KS-test will be between 0 and 1. The lower values indicate that
the distributions are similar. However, it should be noted, that KS-test is sensitive to
the distribution shape. This means that two distributions with the same mean and
significantly different shapes will produce a large value of D.

2.8.4. Wasserstein Distance

The Wasserstein metric, also known as the Earth Mover’s Distance (EMD), has gained
popularity as a distance metric for measuring the dissimilarity between probability
distributions [Vil+09]. The EMD is a measure of how much mass must be moved from
one distribution to transform it into another distribution. It has been used in various
applications, such as image retrieval, machine learning, and computer vision.

In recent years, the Wasserstein metric has been proposed as an accuracy metric in
machine learning tasks [ACB17; Cou+17; DR18; Gen+18]. For example, in the context of
generative adversarial networks (GANs), which are a popular type of generative model,
the Wasserstein metric has been shown to be a more reliable and stable measure of
accuracy compared to traditional metrics [ACB17]. It captures the quality of generated
samples by measuring the distance between the true distribution and the generated
one, allowing for a more objective evaluation of the performance of the model.
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One limitation of the Wasserstein metric is that it is computationally expensive
to compute when dealing with high-dimensional distributions. However, there are
approximations and modifications of the Wasserstein metric that can make it more
feasible to use in practice. For instance, WS-distance can be efficiently computed using
linear optimization algorithms [PW10; Cut11].

A disadvantage of using the WS metric is that it produces an absolute number, which
can be difficult to interpret without a baseline or comparison to other results. However,
a lower Wasserstein distance would indicate that the compared distributions are similar
to each other. In other words, in the accuracy context, the predicted distribution is
closer to the real data.

This metric is also known in the computer science under the name of Earth Mover’s
Distance [RTGO00].
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The microservice architectural style has been widely adopted in DevOps SDLC because
it improves dependability and modifiability [BWZ15]. Consequently, a microservice-
based case study is a suitable example for illustrating the concept of CIPM within the
DevOps SDLC. We present the TeaStore case study [Kis+18] to highlight the challenges
of performance management in a DevOps context and to describe and validate all
aspects of our CIPM approach.

The TeaStore is a web-based application, which implements a shop for tea. The
application is designed to be suitable for the evaluation of approaches in the field
of performance modeling and testing. For example, experiments on TeaStore show
that performance testing of microservice-based applications is challenging [Eis+20].
It requires additional care when setting up large-scale test environments and enough
repetitions of the performance tests for performance regression.

3.1. Background

The application is based on a distributed microservice architecture. The TeaStore
consists of six microservices: Registry, WebUI, Auth, Persistence, Image-Provider,
and Recommender. The main functionality of TeaStore microservices are:

» Registry makes the other microservices available to each other.

« WebUI provides the user interface.

« Auth is responsible for the authentication of users.

« Persistence is responsible for storing the data and retrieving it again.

« Image-Provider delivers the products’ images to be displayed in the store.

» Recommender provides the advertised products based on the viewed products and
the old orders.

As shown in Figure 3.1, the last five microservices include the main functionality of
the TeaStore and register themselves at the Registry microservice. This makes them
available for each other and enables client-side load balancing, as it will be explained
later.
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Registry

Image-
Provider

Persistence (Recommendep

Figure 3.1: Microservice-based architecture of the TeaStore [Kis+18].

WebUI relies on the remaining functional microservices (bold communication lines)
to view products and suggested products, authenticate users, order products and store
the shopping details in the database.

The dashed communication lines show that both the Image-Provider and
Recommender communicate with the Persistence on startup to provide the required
images for the interface and to train the recommender according to the history data.

Communication between the microservices is based on the widely used REST stan-
dard [FF09]. The services are deployed as web services on Apache Tomcat or on a
virtual Docker image that contains a Tomcat stack. Then, they communicate with each
other using REST-calls.

Load-balancing aims to distribute the load on the available services in order to
improve the performance, e.g., the resource utilization [Ala09]. For client-based load-
balancing, TeaStore uses Ribbon! that distributes REST calls on the running instances
of the services. For that, Ribbon can query the Registry to get the running instances,
since all instances are registered in the registry. The registered instances are removed if
a service is unregistered or the Registry doesn’t receive the keep-alive message within
a determined time. By overloading cases, new instances can be added. This leads to
a dynamic change of the system architecture at Ops-time due to adding/ removing
instances.

On the right side of Figure 3.2, there is a depiction of the System Model and
Allocation Model of the TeaStore, illustrating the dependencies between its microser-

U https: //g9ithub.com/Netflix/ribbon
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Figure 3.2: Excerpt of TeaStore’s architecture with notations from Palladio (Sec-
tion 2.4).

vices in a simplified manner. On the left side, the abstract behavior of the placeOrder
operation is simplified by modeling the communication between the microservices
via REST as a direct external call service begins with an internal action that prepares
an order and calls an external service from the Registry to persist the order. Then,
a loop includes a call to an external service of Registry to persist each order item
(persistOrderItem). This loop iterates until all items are persisted. Finally, the order is
finalized.

3.2. The Performance Management at Dev-Time

The TeaStore application recommends other products to customers based on their own
and others’ historical orders. There are different strategies to train this recommender
system, which developers can develop. At least, there are four different Recommender
implementations, which are used to suggest related products to the users. They each
offer two different services, train and recommend. The train service trains the recom-
mender with orders from the past, whereas the recommend service suggests products to
the users that are related to their current shopping cart.

The developers implement these versions of recommend and train along different
development iterations. These implementations have different performance character-
istics. Performance tests or monitoring can be used to measure these characteristics
for the current state, i.e., for the current implementation, current deployment, current
environment, current system composition and the current workload. This requires,
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however, effort and costs to set up the execution environment (test environment or
production environment) and may require buying some hardware. In general, archi-
tects may be interested in several what-if questions and scenarios regarding the load,
the user behavior, the available resources, and, last but not least, new architecture
design alternatives they want to evaluate. It would be more expensive to predict the
performance for various what-if scenarios, such as predicting the performance for
another state (e.g., different deployment, workload, environment ...). In our example,
answering the following questions is challenging based on application performance
management [Heg+17]: “Which implementation would perform better if the load or
the deployment is changed?” or “How well does the training service perform during yet
unseen workload scenarios?” An example for the latter question would be an upcoming
offer of discounts, where architects expect an increased number of customers and also
a changed behavior of customers, where each customer is expected to order more items.
The problem from a performance perspective is the expensive cost of evaluating the
alternative algorithms of Recommender using performance tests or monitoring. In any
case, it requires setting up and performing several tests/ measurements for each design
alternative.

An aPM can answer questions regarding performance, scalability, and other quality
aspects. Regardless of how the aPM will be built and updated (reverse engineering
extraction or manual/ automatic update), all available approaches recalibrate the whole
model by monitoring all parts of the source code instead of recalibrating only the
model parts affected by the last changes in source code. In other words, it is sufficient
to monitor the changed parts of the source code and calibrate the related parts in
aPM that may be affected by these changes. The remaining PMPs should be valid.
Recalibrating the whole PMPs loses potential previous manual changes and causes
unnecessary monitoring overhead. Additionally, not all the available approaches detect
the parametric dependencies.

3.3. The Performance Management at Ops-Time

TeaStore is a microservices-based application, cf. Section 3.1. It supports client-based
load balancing. This means that the frontend requests are distributed automatically to
the available deployed instances of the backend microservices. This enables automatic
balancing of the overhead and automatic management of performance.

Hence, the load-balancing can cause changes in the system composition. Because the
process of load-balancing can lead to replications and de-replications of the microser-
vices. Moreover, the operator of the TeaStore may apply other changes at Ops-time like
changes in the execution environment, deployment, or system composition (e.g., using
another instance of an abstract microservice). Besides, the workload and user behavior
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may change at Ops-time. For instance, the sales of tea during the winter season or
discounts may be increased.

The problem from a performance viewpoint is that such changes at Ops-time can lead
to performance issues at Ops-time. Avoiding serious performance issues at Ops-time
requires careful attention to the consequences of the aforementioned changes [Tru+19].
Like evolutionary changes, predicting the impact of the changes at Ops-time using
application performance management is expensive [Heg+17; Bez+19b].

Having an aPM can enable proactive performance management at Ops-time. For
that, a reasonable AbPP can evaluate the impact of the expected/ planned changes at
Ops-time. However, an accurate AbPP requires that aPM represents the current state
of the system, i.e., the current system composition, deployment, etc. This means that
aPM should be updated after each change at Ops-time in order to provide an accurate
ADPP for model-based performance management at Ops-time.

3.4. The Importance of Architectural Performance Models

As explained in Section 3.2 and Section 3.3, performance management based on per-
formance tests or measurements would be expensive, especially for the proactive
evaluation of design alternatives. Otherwise, performance bottlenecks could happen.

An up-to-date aPM can answer questions regarding performance, scalability, and
other quality aspects. Therefore, the goal of our approach is to provide an accurate
up-to-date architecture model at any time point in the software development lifecycle.
Moreover, the required manual effort and monitoring overhead for keeping the aPM
should be as low as possible.
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4. Consistency Preservation between
Software Artifacts

In this part of our thesis, we present an approach for enabling MDE during CI/CD of
agile software development. The proposed approach seeks to maintain consistency
across various software artifacts throughout the entire lifecycle, spanning both the
development (Dev-time) and operational phases (Ops-time) of the system. The main
aim is to facilitate the Continuous Integration of architectural Quality Models (CIQM)
to enhance the understandability of the architecture (Pa,chunderstanding) and to enable
architecture-based quality prediction and engineering along agile SDLC (Pc,s;). To
achieve this aim, our approach observes the software system at both Dev-time and
Ops-time, transforms the changes in the software models, and applies delta-based
and rule-based consistency preservation of software models to update related models
aCCOfdingIY (PUncertainty, Plnconsistency)-

In modern agile and DevOps methodologies, automated processes like CI, automatic
builds, automatic tests, and CD are applied. Hence, the CIQM approach can be seen as
an extension of iterative software development that increases the automation level by
automating the update process of aPM to enable architecture-based quality prediction
for assessing design alternatives from a quality viewpoint. This addresses the Pc,s; that
is related to modeling, model updating, and quality engineering.

The current implementation of our approach considers the important quality prop-
erty, the performance. Therefore, we call it "Continuous Integration of architectural
Performance Models (CIPM)" to emphasize the fact that this architectural model enables
performance prediction. However, the approach can be generalized and implemented
to achieve CIQM for architecture-based prediction of other quality properties.

The novelty of CIPM is the automated consistency preservation between software
artifacts for enabling Architecture-based Performance Prediction (AbPP). CIPM focuses
on maintaining consistency among the source code from Dev-time, measurements
from Ops-time, and primarily the architectural Performance Model (aPM). However,
CIPM can be extended in future works to cover additional artifacts, such as documented
architecture or configuration files stored in central repositories for supporting automatic
builds, tests, or deployment.

For consistency preservation, CIPM mainly updates the aPM in response to changes
in the source code and measurements, addressing Pyncertainty and Pruconsistency-
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The update process covers the performance parameters to allow accurate AbPP for
evaluating design alternatives and enhancing the overall quality of the software system
that considers Plnaccuracya PMonitoring—Overhead-

The automatic performance feedback can be seen as a novel extension of the au-
tomation level achieved by iterative software development methodologies like agile or
DevOps, which mainly address Pcys;-

In this chapter, we describe how CIPM maintains consistency between the aPM
and software artifacts. For this, we define the consistency relations between the aPM
and relevant software artifacts, detailing their main characteristics. Consequently, we
outline a roadmap to update the aPM within a CI/CD pipeline by introducing the CIPM
processes that ensure consistency and adhere to these defined relationships. These
processes correspond to the first five contributions of this thesis (C1-C5).

Besides, this chapter focuses on addressing the following research question:

RQ6 How can we efficiently integrate the continuous update process of aPMs with
DevOps practices to support AbPP?

To answer this question, we explain how to integrate the CIPM processes (contributions
C1-C5) into the automated CI/CD DevOps pipeline to enable AbPP within DevOps-
driven software development. We refer to this extended DevOps pipeline as the Model-
based DevOps (MbDevOps) pipeline, identifying it as the sixth contribution of this
thesis (C6). We describe the sixth contribution first in this chapter because it provides an
overview of the CIPM approach, introducing the remaining five contributions integrated
into it and helping to understand an overview of the entire approach.

MbDevOps pipeline pipeline (C6) primarily addresses Parchtnderstanding and Pcost, as
it automates the preservation of consistency and ensures the aPM remains up-to-date,
which helps understand the current software architecture, reducing manual effort.

In [Kith+23], we contribute to the formalization of consistency within model-based
engineering. This paper, though not yet peer-reviewed, presents a shared understanding
among eleven researchers from our chair, introducing a classification schema specifically
structured for model consistency. In this paper, we analyze CIPM as one of the studied
domains, providing a brief overview of the consistency relations relevant to CIPM
and their characterizations. Besides, the concept of MbDevOps pipeline pipeline is
published in [Maz+20], and a refined version is available in [Maz+25].

The structure of this chapter provides a detailed explanation of how CIPM ensures
consistency and supports AbPP within DevOps environments. The subsequent section
(Section 4.1) describes how CIPM maintains consistency between software artifacts and
the aPM. In Section 4.2, we detail the models that CIPM keeps consistent for executing
ADPP using the Palladio simulator.

In Section 4.3, we explain how to integrate CIPM processes into the DevOps pipeline
to enable AbPP during DevOps software development (C6). The assumptions and
limitations regarding MbDevOps pipeline are described in Section 4.4.
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The remaining contributions (C1-C5) of this thesis are presented in Chapter 5,
Chapter 6, and Chapter 7.

4.1. Consistency Maintenance

In this section, we examine the various aspects of maintaining consistency between the
aPM and software artifacts. First, we define the meaning of consistency according to
our approach in Section 4.1.1. Following this, we introduce the changes that affect con-
sistency considered by CIPM and occur at development and operations in Section 4.1.2.
Next, we establish the consistency relation and its characteristics in Section 4.1.3. Lastly,
in Section 4.1.4, we explain strategies and methodologies for ensuring and maintaining
consistency.

4.1.1. Consistency Definition

Consistency refers to the conformance of models to predefined consistency relations
[Kith+23]. These relations verify if corresponding elements that share semantics across
different models adhere to predefined consistency rules or constraints at the metamodel
level, maintaining non-contradictory semantics. According to Klare’s formulation
Definition 1, models are considered consistent if their combination satisfies the rules
defined by the relation R between models.

Therefore, consistency can be achieved through three mechanisms: defining the
consistency relations and their characteristics, observing changes affecting them to
detect possible inconsistencies, and synchronizing the models to resolve detected
inconsistencies.

Regarding consistency relations, CIQM should adhere to at least three central rela-
tions. These relations differ mainly according to their pragmatics.

The first consistency relation is between the architecture model and software models
representing the software system during development, such as the source code model.
These models share semantics (designed architecture and implemented architecture)
and must be free of contradictions to enhance understanding of the current software
architecture and support design decisions during development.

The second one defines the consistency between the architecture model and software
artifacts representing the software system during operation, such as measurements. This
consistency ensures alignment between the designed architecture and the observed
behavior of the system, enabling understanding of the current architecture of the
running system and supporting design decisions at Ops-time.

The remaining relations define the consistency between the architecture model and
software models, enabling the extraction of quality-related knowledge, such as insights
into software system behavior from source code models and quality metrics from
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measurements. According to this consistency relation, the architecture model must
align with the software models to represent the software system accurately, thereby
supporting accurate architecture-based quality prediction through the simulation of
the software system’s behavior.

All relations above should be checked and resolved continuously throughout the
SDLC, to achieve their goals by enhancing the understandability of the system archi-
tecture, supporting design decisions, and enabling proactive identification of quality
issues.

In the scope of this thesis, CIPM maintains these essential consistency relations
among three models: Source Code Model (SCM), architectural Performance Model
(aPM), and Measurements Model (MM). Both SCM and aPM are introduced in Sec-
tion 2.2.6 and Section 2.4. Regarding MM, we define a measurement metamodel describ-
ing how measurements are organized, stored, and used for consistency preservation;
see Section 4.2.2.

Like CIQM, we define the consistency relations of CIPM according to their purpose.
The first one is the consistency relation at Dev-time (Rp,). This relation ensures
that the aPM is aligned with the implemented architecture in source code. In other
words, aPM should reflect any changes occurring during software development to avoid
contradictions.

The consistency relation at Ops-time (Ro,;) guarantees that the aPM aligns with the
system architecture captured by measurements taken during operation. Operational
changes can impact the aPM, causing contradictions between the real architecture
captured from measurements and the modeled one aPM. Hence, Ro,; refers that the
aPM should be updated according to the architecture driven from measurements.

The last consistency relation (R4ppp) verifies the accuracy of Architecture-based
Performance Prediction (AbPP) by keeping elements from the three models consistent:
changed parts of source code (SCM), the abstract behavior that models these parts (aPM)
and measurements related to these parts (MM).

Depending on the formalization of consistency relations as simple hyper-graphs,
as presented in Definition 3 in Section 2.6.2, we can follow this concept to define
consistency between software artifacts within CIPM approach based on the three
consistency relations above, as follows:

Definition 4. Given a set of software models M = {SCM, aPM, MM} and Q :=
{m e M | M € M} representing the corresponding set of all model elements m in M.

Then, according to CIPM, the consistent state adheres to the specification of the following
three consistency relations:

* Rpey = (Mpevs Epev), where Rpe, consists of the set of models Mpe, as well as a set
of correspondences Ep,y, whereas

- Mpey € M and Mp,, = {SCM, aPM}, and
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- Epev C{X | X CQAVx € X : x € Upem,,, ANIX| = 2}

* Rops = (Mops, Eops), where Rops consists of the set of models Moy as well as a set
of correspondences Eops, whereas:

- Mops € M and Mops := {aPM, MM}, and
— Eops C {XngQ/\VxeX:xeUMeMOPSM/\\X\ zz}.

* Rappp = (M, SAbpp), where:
- S C{X | X CQAX]| =2}

The definition above states that software models are considered consistent if they
adhere to the specified consistency relations. Thus, the correspondences should be
checked, and any contradictions should be resolved to adhere to the joint purposes of
the relations, enhancing the understandability of the system architecture, supporting
design decisions, and enabling proactive identification of quality issues.

For each model involved, its elements must fulfill the joint purposes outlined by the
correspondences in the consistency relations. This means a consistent state is achieved
when the elements of the models align effectively according to the defined correspon-
dences within the consistency relations. This ensures that the models accurately reflect
the various aspects of the software system and can be relied upon for further analysis
and decision-making processes.

The consistent state is affected by software changes occurring during the development
and operation that we describe in Section 4.1.2. These changes should be observed to
ensure/ restore a consistent state after these changes.

Detecting and resolving the potential inconsistencies requires understanding the
characteristics of the consistency relations mentioned in Definition 4. These relations
have different characteristics. Therefore, we classify the relation and their characteristics
according to our schema described in [Kith+23] and introduced in Section 2.6.1. The
characteristics of the consistency relations are described in Section 4.1.3. To adhere to
these relations, we introduce how CIPM preserves consistency during the development
and operation of software systems in Section 4.1.4.

4.1.2. Consistency-Affecting Changes

Various factors influence the consistent state during both the development and operation
phases. In agile software development, frequent iterations and updates cause changes to
the codebase, architecture, and requirements. These changes can impact the alignment
between software models and lead to inconsistencies.

At Dev-time, one of the primary changes considered by CIPM is source code modifica-
tions. These alterations directly affect the SCM and can propagate to the aPM. Therefore,
CIPM focuses on observing changes in the main repository of the CI process.
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During the Ops-time phase, changes in system composition, execution environment,
deployment configuration, and workload can significantly impact the consistent state.
For instance, scaling up or down the number of servers, updating system composition,
modifying deployment configurations, or altering the workload patterns can all lead to
inconsistencies between the running software system in the operational environment
and its architectural model. Such changes can be detected by monitoring during
operation. Therefore, CIPM utilizes custom adaptive monitoring to adhere to Rop; by
detecting and applying these changes.

While CIPM focuses primarily on detecting and adapting to changes in source code
at Dev-time and changes in system characteristics at Ops-time, certain types of changes
at Dev-time are beyond its current scope. For instance, modifications to configuration
files, changes in documented architecture, updates to requirements, or alterations
in global configurations fall outside the scope of this thesis. Most of these changes
are not reflected in source code changes. However, these changes remain essential
considerations for future works aiming to expand CIPM consistency management and
further achieve CIQM as described in Section 13.1.9.

In summary, understanding and managing consistency-affecting changes are related
to the purpose of the architecture model. For the aPM, changes that affect the software
performance should be reflected in the aPM for maintaining the accuracy and relia-
bility of software performance prediction throughout the software development and
operation lifecycle. CIPM addresses the main changes and acknowledges the expected
improvement through further exploration and integration of the remaining changes.

In the following section, we introduce the characteristics of consistency relations
and discuss how inconsistencies resulting from the considered changes are detected
based on these characteristics.

4.1.3. Characteristics of Consistency Relations

According to our classification schema (Section 2.6.2), the consistency relations within
CIPM can be classified as follows:

« Abstraction: All CIPM consistency relations are vertical, as the aPM serves as
an abstraction of the SCM and the MM. For instance, Rp,, is vertical since the aPM
represents the specification of the software system, while the SCM represents
the concrete implementation of the system. Similarly, Rops and Rappp consider
measurements (MM) as the current state of the running software system, i.e., the
model with the lowest level of abstraction compared to both the SCM and the aPM.

« Metalevel: CIPM consistency relations span multiple metalevels: the aPM resides
at the highest level, representing the abstract specification of the software system,
followed by the SCM, which represents the concrete implementation. The MM
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corresponds to the lowest level, reflecting the actual measurements of the running
software system and representing the object level. Therefore, CIPM consistency
relations (Rpey, Rops and Rappp) between the aPM, the SCM, and the MM are inter-
metalevel.

Position: Rp.,, Rops and Rappp are inter-model relations, ensuring consistency
between elements from various models. Additionally, CIPM addresses consistency
within the aPM, where elements representing the static architecture, such as com-
ponents, correspond to those representing the running system and deployment.

Property: Consistency relations in CIPM observe both structural and behavioral
properties, with Ro,s focusing on structural aspects such as system composition
and deployment, R4ppp concentrating on behavioral properties representing sys-
tem behavior and performance, and Rp,, addressing both properties. Specifically,
Rpey observes structural properties like software components and behavioral ones
representing the abstract behavior of provided interfaces (referred to as SEFF in
Palladio terminology (Section 2.4.2) ).

Phase: Consistency relations in CIPM belong to different phases of the system’s
life cycle. While Rpe, and Roys are intra-phase, with Rp,, in the development
phase and Rops in the operation phase, R4ppp in inter-phase connecting elements
across the development, testing and operation phase.

Quantification: All consistency relations of CIPM are quantifiable.

For both Rp,,, we can use JC to quantify the consistency (accuracy of the aPM)
between the aPM and the implemented architecture and behavior in the SCM, see
Section 8.1.3.1. Similar metrics are used by Rops for assessing the consistency
between the aPM and the architecture retrieved from analyzing the measurements
in the MM.

Regarding Rppp, additional metrics such as Statistical Metrics (SMs), KS-test, and
WS-distance can be employed to quantify consistency (the prediction accuracy
of the aPM). These metrics can measure the discrepancy between predicted and
measured performance and offer insights into the prediction accuracy.

Tolerance: Ryypp exhibits a tolerating relation with 0 < t < 1, indicating toler-
ance for inconsistency within a certain threshold ¢. This tolerance is necessary
because predicting performance with absolute accuracy is often impossible due
to factors related to workload or environmental conditions that lead to occasional
outliers in monitoring data. Therefore, R4,pp allows for a margin of error within
the specified threshold to adjust such variations without compromising the overall
accuracy of performance predictions.
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In contrast, Rpe, and Ro,; are strict, enforcing zero tolerance for inconsistencies.
Any deviation from the expected architecture or configuration, whether in the
software architecture (Rp,,) or the operational environment (Ros), is promptly
identified and addressed to ensure the integrity and reliability of the system.

Table 4.1 summarizes the classification of consistency relations within CIPM based
on different properties.

Table 4.1: Classification of consistency relations within CIPM

Relations Properties
Abstraction | Metalevel | Position Property Phase Quantification
Rpey Vertical Multiple | Inter-Model Sl‘;rel;g\l/lir:rlafc Development Strict
Development/
Rappp Vertical Multiple | Inter-Model Behavioral Testing/ 0<t<1
Operation
Rops Vertical Multiple | Inter-Model Structural Operation Strict

4.1.4. Consistency Preservation

Our approach ensures consistency between software models by observing changes
mentioned in Section 4.1.2, defining inconsistencies according to the characteristics
explained in Section 4.1.3, and resolving them as we explain in the following.

First, we introduce CI-based consistency preservation at Dev-time (C1) in Section 5.1,
which monitors changes in the main CI repository and automatically updates the aPM
to maintain consistency at Dev-time, conforming to Rp.,. Here, we define consistency
preservation rules at the metamodel level, responding to changes in the source code
model by adjusting the aPM accordingly.

Second, C1 updates the abstract behavior to ensure the consistency between the
implemented and modeled behavior that R4,pp maintains to simulate the behavior
and predict the performance. Besides, our adaptive instrumentation (C2), described
in Section 5.2, strategically inserts monitoring points into the SCM to achieve consis-
tency management of R4,pp across multiple phases, ensuring that the measurements
required to check the consistency between PMPs of the aPM and software system are
collected during testing/operation. To adhere to R4ppp, the incremental calibration
with parametric dependencies (C3), described in Chapter 6, dynamically analyzes mea-
surements from the test environment, calibrating performance parameters to resolve
inconsistencies within R4ppp at Dev-time. Additionally, both Ops-time calibration and
self-validation (C4 and C5) also detect inconsistencies within R4ppp at Ops-time. They
utilize measurements collected from the operation (MM) to resolve the inconsistency by
improving the accuracy of AbPP through recalibrating inaccurate PMPs.
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Third, the Ops-time calibration (C4) detects and resolves the potential inconsistencies
between the running system’s architecture retrieved from measurements (MM) and
the aPM, conforming to Rpps. For that, C4 applies the dynamic analysis of collected
measurements to retrieve the architecture, current deployment, used resources, and
load. Consequently, C4 update the aPM, considering the measurements as the dominant
model that represents the reality.

4.2. Models to Keep Consistent

In the context of consistency management within CIPM, the current implementation
of the consistency relations involves three essential models: M := {SCM, aPM, MM}.
Future work can extend this scope to include additional models in the consistency
management process (Section 13.1.9), e.g., models covering informal documentation or
the configuration of used technologies.

Regarding the first model, SCM, CIPM assumes the presence of a source code parser
that converts source code files into models, as described in Section 2.2.6. This facilitates
consistency preservation at the model level.

For the remaining models (aPM, MM), the following paragraphs provide further details.

4.2.1. Architectural Performance Model

This subsection elaborates on the architecture performance model that CIPM maintains.
The CIPM approach is adaptable to various implementations of the aPM that facilitate
performance prediction through simulation. Examples of such implementations include
modeling aPM using Palladio (Section 2.4), MARTE [OMGO06]', Descartes Modeling
Language [Hub+17; Hub14; KBH14]?, ASCET [GmB24]* or among other architecture
modeling tools, which are capable of performance prediction. Generally, these models
should encompass aspects like static architecture, behavior, performance parameters,
deployment, usage, resource environment, and workload. To facilitate comprehension
of these aspects, we describe them using terminologies from the sub-models of Palladio
Component Model (PCM), given its utilization in our implementation of CIPM.

Executing AbPP using the Palladio simulator requires an up-to-date PCM contain-
ing the sub-models outlined in Section 2.4: (A) Repository, (B) System, (C) Resource
Environment, (D) Allocation, and (E) Usage Model.

1 MARTE is OMG standard that extends UML to include constructs for modeling real-time and embedded
systems, including performance-related aspects.

DML is an architecture-level modeling language for quality-of-service and resource management.
ASCET is a tool used for modeling and simulation of embedded systems, including performance
aspects.

69



4. Consistency Preservation between Software Artifacts

For updating the Repository Model (A) and System Model (B), CIPM applies C1,
CI-based consistency preservation (Section 5.1), to update these models utilizing pre-
defined consistency preservation rules and static analysis of the source code. The update
process adheres to the consistency relation Rp,,, which includes the Repository Model
and System Model from the aPM. Regarding the PMPs of Repository Model, CIPM
updates them to adhere to Ryppp. For that, CIPM employs incremental calibration with
parametric dependencies at Dev-time and self-validation at Ops-time. These processes
aim to ensure that PMPs within the Repository Model (A) remain up-to-date at both
Dev-time and Ops-time (Rappp).

To adhere to Rp,s, CIPM updates the following parts of the aPM: System Model
(B), Resource Environment Model (C), Allocation Model (D), and Usage Model (E). To
resolve potential inconsistencies, CIPM applies dynamic analysis of monitoring data.
As a results, it automatically updates System Model (B) and the Resource Environment
Model (C) based on the architecture retrieved from measurements, cf. Section 7.3.3
and Section 7.3.2. To update the Allocation Model (D) and Usage Model (E), CIPM
integrates the dynamic analyses of the i0bserve approach [Hei20] (Section 7.3.4 and
Section 7.3.5).

As a result, CIPM processes continuously update the parts of the aPM (A-E) to keep
them consistent with the running system and to enable accurate AbPP based on the
updated aPM (Rappp).

4.2.2. Measurement Model

The goal of the measurement model is to preserve the monitoring data in a structural
form, facilitating the consistent preservation between software artifacts. In this section,
we define an excerpt of our measurements metamodel that we propose for the goal
above. This metamodel, shown in Figure 4.1, describes how measurement models are
managed and preserved by CIPM.

The Measurements root represents all measurements belonging to a software system.
It enables the initialization of multiple measurement repositories for each committed ver-
sion of the related software system. Each repository, termed MeasurementsRepository,
refers to the physical storage location (uri) containing the measurement files, the ver-
sion control system (vcsUri) of the related source code system, and the related version
(commit).

The measurement repository comprises different measurement blocks, referred to as
MeasurementsBlock, which represent a block or collection of measurements.

Each measurement is collected using a record called MeasurementRecord. In Figure 4.1,
we present the abstract measurement record, which can be extended to gather diverse
information aiding in calibrating various quality parameters. The defined measurement
records related to CIPM will be explained and visualized later in Section 5.4.
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<<EClass>> <<EClass>>
MeasurementsBlock Measurements
*
+ ID: EString <— MeasurementsRepository initializerepository()
blocks
Measurement repository
* *
<<EClass>> <<EClass>>
MeasurementRecord MeasurementsRepository
_0 + commit: EString;
+ uri: EString;
+ vesUri: ESTring;

Figure 4.1: Excerpt of the measurement metamodel.

After detailing the models that CIPM keeps consistent, we describe in the following
section (Section 4.3) how we integrate CIPM processes within the DevOps pipeline to
automate the consistency maintenance of the aPM.

4.3. Model-based DevOps Pipeline

DevOps practices [Soc21; Bru+15] aim to bridge the gap between development and
operations by integrating them into a reliable process, as we explained in Section 2.1.

In this contribution (C6), we extend DevOps practices to integrate and automate
the CIPM approach, including (C1-C5). We named the extended pipeline "Model-based
DevOps (MbDevOps) pipeline" because the models plays an important role within the
extended DevOps SDLC, enabling the application of MDE while keeping the aPM
up-to-date to address Pcost, Puncertainty and Pnconsistency- This enables AbPP during
DevOps-oriented development, allowing for more informed performance prediction,
addreSSing PInaccuracy and PMonitoring—Overhead-

The novelty of the MbDevOps pipeline pipeline lies in its integration of several inno-
vative concepts (C1-C5), along with adapted existing concepts, aimed at achieving the
primary research goal: consistency preservation between software artifacts to facilitate
Architecture-based Performance Prediction (AbPP). This integration is designed with
an extendable strategy, allowing each concept to be further refined, either to enhance
model accuracy and their AbPP capabilities or to enable proactive management that
incorporates additional quality attributes.

In the following sections, we outline the main processes in the proposed MbDevOps
pipeline as shown in Figure 4.2. We specifically refer to the contributions in this
dissertation that are highlighted as red processes in Figure 4.2. In Section 4.3.1, we
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Figure 4.2: Model-based DevOps pipeline.

discuss the development phase, detailing how the processes contribute to consistency
preservation based on CI-pipeline. Section 4.3.2 focuses on the operational phase of
the MbDevOps pipeline pipeline, explaining how adaptive monitoring and automated

calibration maintain the accuracy of the aPM and support proactive performance
management.

4.3.1. Development Stage of the MbDevOps Pipeline

The development stage is the first stage of the MbDevOps pipeline shown on the right
side of Figure 4.2. The development team commits the source code to a CI source control
management system, such as Git.
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1. The CI process triggers the first new process proposed from CIPM approach:
CI-based update of software models (1) (Section 5.1). This process is the first con-
tribution in this thesis (C1), which keeps the consistency relation at Dev-time,
i.e., Rpey. C1 updates the source code model in the VSUM of ViTruvius (1.1)
(Section 5.1.2). Then, the predefined CPRs in VITRUVIUS respond to the changes
in source code by updating the Repository Model (1.2) (Section 5.1.3). Similarly,
CPRs update the Instrumentation Model (IM) (1.3) with new probes corresponding

to the recently updated parts of Repository Model to calibrate them later (Sec-
tion 5.1.4). Besides, the first process extracts the System Model semi-automatically
(1.4) (Section 5.1.5). Finally, a repository is created to store the measurements, and
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the version of the VSUM containing the updated software models is preserved in
a digital twin repository [SG22] in alighment with the corresponding commit. As
a result, this process, i.e., C1, addresses the Ppeornconsistency-

. The second process of MbDevOps pipeline, the adaptive instrumentation (2), au-
tomatically instruments the changed parts of source code. For that, it uses the
instrumentation probes collected in IM (Section 5.2), which target the changed
parts in the source code. This process represents this thesis’s second contribution
(CZ) and addresses Pcost and PMonitoring—Overhead-

. The performance testing phase of the MbDevOps pipeline involves selectively
conducting automated tests using the instrumented source code. This targeted
approach avoids the need for comprehensive performance tests and instead focuses
on the specific source code features undergoing modification. Based on our
VSUM, it is possible to identify the components that require testing and test them
automatically. In modern software development, tests and their configuration
can be automated to ensure functional and quality attributes. Additional studies
have also developed domain-specific languages for configuring and selecting
the types of tests and target components [Fer21]. Based on these approaches
and the knowledge of changed parts, an adaptive approach can generate and
automate a minimal set of tests, as we explain in Section 13.1.8. Otherwise,
benchmarking can also be executed. Previous studies have demonstrated the
feasibility of incorporating automated performance benchmarks into continuous
integration workflows [WEH15].

Such automated tests can generate the necessary measurements for calibration,
enabling AbPP at Dev-time. If such automated tests are unavailable, the architec-
tural performance can be calibrated for the first time using measurements from
the operational stage.

Our MbDevOps pipeline divides the measurements resulting from performance
tests into 80% training set and 20% validation set [XG18]. The training set is used
in the fourth step for the calibration, whereas the validation one is used for the
self-validation in the fifth step.

. The incremental calibration (4) at Dev-time estimate the PMPs considering the
parametric dependencies using the training set from the previous step. Then,
the incremental calibration enriches the PMPs of the Repository Model with the
estimated prediction models. This process is the third contribution of this thesis
(C3) that addresses Prpaccuracy and Ppfonitoring—Overhead» @8 We explain in Chapter 6.

. After the calibration, the pipeline starts the self-validation (5) with the test data,
which uses the validation set to evaluate the calibration accuracy. This contri-
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bution addresses Pyncertainty, Where its results determine the level of trust in the
models.

. The sixth process in MbDevOps pipeline, AbPP (6), is based on the results of the

previous one, the self-validation. If the aPM is deemed accurate, it can be used
to answer the performance questions using AbPP (6). If not, the user can either
change the test configuration to recalibrate aPM again or wait for the Ops-time
calibration.

Answering the what-if performance questions using AbPP instead of the test-
based performance prediction reduces both the effort and cost of performing this
prediction before the operation, addressing Pcys;-

4.3.2. Operation Stage of the MbDevOps Pipeline

The second stage of MbDevOps pipeline is the operation in the production environment.
This stage is shown on the right side of the MbDevOps pipeline and includes the
following processes:

7.

10.
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The operation starts with the continuous deployment (7) in the production envi-
ronment, which is automated in the modern software SDLC.

. The monitoring (8) in the production environment generates the required run-time

measurements. The measurements in a customizable time interval are used for
the subsequent processes: the self-validation (9) and Ops-time calibration (10).

. The self-validation (9) is an essential process to improve the accuracy of the aPM.

It compares the monitoring data with simulation results to validate the estimated
aPM. The results of self-validation are used as input to the Ops-time calibration
(10), addressing Prpaccuracy- Besides, the self-validation deactivates the fine-grained
monitoring of the accurate parts to manage the monitoring overhead, addressing

PMonitoring—Overhead-

Based on the results from the self-validation process, if the aPM is not accurate
enough, the Ops-time calibration process (10) (Section 7.3) recalibrates the in-
accurate parts. This involves updating PMPs of Repository Model, Resource
Environment Model, System Model, Allocation Model, or Usage Model (Sec-
tion 7.3). This mainly addresses the Popsrnconsistency by keeping the consistency
between the architecture captured from measurements and the aPM (Roys).

To adhere to Roys, self-validation (9) and calibration at Ops-time (10) are triggered
frequently according to customizable trigger time to react to the new monitoring
data, improve the accuracy of the aPM and to respond to the possible Ops-time
changes.
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11. The developers can perform more model-based analyses (11) on the resulting
model, e.g., model-based auto-scaling and answering what-if questions based on
ADPP.

12. Finally, having an up-to-date descriptive aPM supports the development planning
(12). This is due to the advantages of models: increasing the understandability of
the current version, modeling and evaluating design alternatives.

4.4. Assumptions and Limitations of MbDevOPs Pipeline

The effectiveness of the MbDevOps pipeline is based on several assumptions and faces
certain limitations that impact its applicability in some cases. This section outlines the
assumptions underpinning the pipeline’s operation, followed by a discussion of the
limitations that may constrain its use.

4.4.1. Assumptions

In this section, we outline the assumptions underlying the proposed MbDevOps pipeline.
These assumptions are critical for ensuring the effective functioning and accuracy of
CIPM in maintaining up-to-date aPMs.

1. Availability of Testing and Monitoring Infrastructure: The pipeline assumes
the existence of a testing framework at Dev-time or a robust monitoring infras-
tructure at Ops-time to collect runtime measurements. These measurements
are necessary for estimating PMPs such as resource demands. In cases where
these infrastructures are unavailable, CIPM can allow for integrating approaches
that estimate resource demand through static code analysis tools like ByCounter
[KKRO8]. Additionally, parametric dependencies can sometimes be estimated
through static source code analysis. However, this is not always possible. For
instance, if dependencies are not detected, CIPM typically builds a probability
distribution based on measurement data.

2. Availability of Performance Test Cases: It is assumed that test cases for
performance tests are available. These test cases are required to accurately assess
the parametric dependencies. Otherwise, the parametric dependencies will be
better learned through real measurements.

3. Stakeholder Collaboration: The effectiveness of the MbDevOps pipeline de-
pends on the communication and collaboration between development, testing,
operations, and quality assurance teams. This collaboration ensures that per-
formance metrics and requirements are accurately captured and integrated into
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the MbDevOps pipeline. If the aPMs are not calibrated accurately at Dev-time,
testers may adjust the performance tests. Furthermore, based on AbPP results,
the operations team can configure aspects like deployment. Similarly, the devel-
opment team should be informed about components with low performance to
evolve them in the next iteration.

4. Digital Twin Repository Availability and Management CIPM assumes that
digital twin repositories are available for storing and managing different ver-
sions of VSUM. These repositories can support version control and archiving
of model states, enabling efficient analysis and integration, particularly when
diverse versions of the model run concurrently.

4.4.2. Limitations

1. Limitation of Performance Prediction Focus: The MbDevOps pipeline is
currently limited to the processes needed for performance prediction. Extending
the pipeline to other quality properties for CIQM may require additional processes.

2. Source Code Availability: The pipeline is constrained by the availability of
source code and focuses on maintaining consistency during development. Using
MbDevOps pipeline to update aPMs without access to the source code for adaptive
instrumentation can lead to less efficient management of monitoring overhead,
compared to the scenario where both adaptive instrumentation and adaptive
monitoring are applied to reduce monitoring overhead.

3. Challenges with Technology and Repository Diversity: In highly distributed
projects involving multiple programming languages, maintaining an accurate
aPM is challenging in the current implementation of MbDevOps pipeline, as
detailed in the assumptions of C1 in Section 5.5. To address this limitation, a
future work focuses on handling multiple repositories and various source code
languages sequentially (Section 13.1.9.3).

4.5. Discussion

This chapter details how CIPM ensures consistency across aPM, SCM, and MM through
three consistency relations: Rpey, Rops, and Rappp, maintaining the consistency of the
models above at different stages of the software lifecycle. The implementation of these
relations demonstrates the feasibility of maintaining consistency across coupled models
at different abstraction and modeling levels, capturing both structural and behavioral
properties. Our implementation also indicates the feasibility of quantifying the con-
sistency relations, including the use of measurements, throughout the development
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and operational phases. This opens opportunities for defining additional consistency
relations, broadening the scope to cover more quality aspects for CIQM.

To preserve consistency, CIPM monitors changes in the codebase and operational
environment, addressing deviations to improve the accuracy of performance predic-
tions. This approach can be expanded to include other change types and models into
the consistency preservation process, such as configuration updates or documented
architecture changes. Hence, CIPM can be considered as a foundational proof of concept
for CIQM, offering practical consistency mechanisms that can support a wider range of
quality attributes across software artifacts throughout the software lifecycle.

In contrast to other model-based approaches that may become outdated due to their
inability to address ongoing changes, CIPM automates the update process to respond
to these changes. This makes it well-suited for agile and DevOps environments, where
source code is frequently pushed into CI/CD-pipeline and frequent adjustments are
applied to the running software system.

To answer RQ6, C6 integrates CIPM into DevOps workflows to reduce the cost of
performance management by proactive management using AbPP on the continuously
updated aPM.

The structure of the MbDevOps pipeline pipeline can be extended to support CIQM.
For that, additional processes and models may be integrated, extending beyond perfor-
mance to encompass other quality attributes such as security and usability.

However, there are still challenges in adapting CIPM to more complex, heterogeneous
environments, including varying technologies and programming languages, as we
discuss in future work Section 13.1.9.3.

The following chapters (Chapter 5, Chapter 6 and Chapter 7) describe the new
processes in MbDevOps pipeline that are marked as contributions in Figure 4.2.

77






5. Consistency Preservation at
Development Time

In this chapter, we introduce our first two contributions, C1 and C2, which focuses
on automating consistency maintenance at Dev-time. This automation aims to sup-
port the development of performant software in agile environments. Therefore, these
contributions seek to answer the following research question:

RQ1 How can we efficiently update aPMs in response to continuously evolving source
code within CI pipelines?

RQ2 How can we efficiently observe the required information about the running
software system to update aPMs accordingly without introducing significant
monitoring overhead?

To answer RQ1, we propose C1 to provide a Cl-based consistency preservation
process that adheres to the consistency relation at Dev-time (Rp,,), ensuring the consis-
tency between aPMs and the evolving source code. This is especially important in agile
development environments, where frequent and rapid changes can lead to architectural
drift (Ppeoinconsistency)- Such drift creates discrepancies between the current system state
and the corresponding aPM.

To answer RQ2, we introduce C2, a process for adaptive instrumentation of changed
parts of the source code. This contribution aims to reduce the cost of instrumenting
and monitoring the source code, addressing Pcos; and Pifonitoring—Overhead:-

The chapter begins by introducing the concept of C1, the CI-based update of software
models (aPMs), outlining how the CI pipeline can be leveraged to ensure that aPMs and
certain intermediate models remain consistent throughout the development process
(Section 5.1). Then, we explain the update process for software models in Section 5.1.1.
This process is realized to update the following models: the source code models in
Section 5.1.2, the Repository Model in Section 5.1.3, the instrumentation model in
Section 5.1.4, and the System Model in Section 5.1.5. Updating these models according
to source code changes in Cl-pipeline resolves inconsistencies and maintains the Rp,,,

In Section 5.2, the chapter introduces the second contribution, the adaptive instru-
mentation, to inject instrumentation probes in source code to monitor the changed
source code, thereby minimizing overhead while ensuring data collection for maintain-
ing Rappp and Rops, as the following chapters explain. The implementation of adaptive
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instrumentation is detailed in Section 5.3, while Section 5.4 introduces the measure-
ments metamodel, defining the measurement records related to the probes injected by
the adaptive instrumentation.

The chapter also describes the assumptions and limitations of the proposed CI-based
update approach and the adaptive instrumentation in Section 5.5.

Finally, we summarize the proposed contributions and answer the research questions
in Section 5.6.

5.1. Cl-based Update of Software Models

The goal of this contribution, C1, is to adhere to Rp., by updating aPM in response to
continuously evolving source code.

C1 aims to ensure the consistency between aPM and the evolving software system
at Dev-time. This is especially important in agile development environments, where
frequent and rapid changes can lead to architectural drift (Ppeosinconsistency)- Such drift
creates discrepancies between the current system state and the corresponding aPM. For
that, C1 updates aPM throughout the development process according to source code
changes.

To address the uncertainty of aPM validity in representing the current system
(Puncertainty), C1 observes Cl-pipelines to detect changes in the code and reflect them
in the architectural performance models. This ensures the aPM remains up-to-date
and addresses concerns about aPM accuracy to enhance developer trust in using it for
performance-related decisions.

As a result, C1 first addresses Pa,chunderstanding by providing aPM that helps under-
stand software architectures, especially during personnel turnover or architectural
evolution. Second, C1 reduces modeling and updating costs by providing automated
updates of aPM, which can be leveraged for proactive performance management rather
than relying on costly, ad-hoc performance monitoring and post-development adjust-
ments.

The main novelty compared to existing approaches is that C1 efficiently addresses
Puncertainty> €enabling seamless integration into modern software development: C1
provides a tool-agnostic process that does not require special development editors
nor framework, facilitating seamless integration of our CIPM approach into modern
software development practices, where Cl-pipelines are widely used. Consequentially,
developers should not adopt additional tools for consistency preservation, thus reducing
the overhead associated with maintaining the aPM up-to-date (Pcys;).

In existing approaches for delta-based consistency preservation of software system
artifacts, such as ViITruvius described in Section 2.6.3, the sequence of impacting
changes, deltas, is required for maintaining the consistency. Therefore, these approaches
are limited to using specialized editors to record the required sequence of source code
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changes, as popular existing code editors cannot produce them. Besides, other existing
approaches, as we discuss in related works (Section 12.3.1), require injecting specific
annotations in the source code to extract the architecture model, limiting their usability.
To avoid the limitations above, the first contribution of CIPM extracts the source code
changes from the widely used version control systems, which allows developers to use
their own preferred tools for development and version management.

As far as we know, our approach is the first to bridge the gap between state-based
version control in code repositories and delta-based multi-view consistency preservation.
This increases the feasibility of using model-based consistency preservation for source
code because our contribution no longer requires change-tracking specialized editors,
manual input or editors.

Hence, the first contribution of this work is inherently novel and includes advances
that can be leveraged to support other scientific methods. These innovations include
improving source code parsing techniques, enhancing the detection of code changes
necessary for consistency preservation, and facilitating the propagation of these changes
into delta-based consistency preservation tools. Additionally, our contribution proposes
technology-specific detection of components and interfaces for updating the aPM and
establishes appropriate consistency preservation rules for maintaining consistency in
instrumentation models.

This contribution, C1, is published in [Maz+25]. The detailed process including
advances is described in the next paragraph.

5.1.1. Overall Process

The process of C1 involves a Cl-triggered automatic process that updates various
software models when source code changes are detected. The structure of this process
is shown in Figure 5.1. When the developers commit their changes in the version
control repository, the C1 process is triggered. The source code parser and component
detector identify relevant changes, while the state-based propagation and system model
extractor ensure these changes are reflected in aPM. The VSUM of the consistency
preservation platform, VITRUVIUS in our implementation, acts as the synchronization
core and update mechanism that maintains the consistency between the software
models, aided by consistency preservation rules (CPRs). The main steps of the C1 are
detailed in the following.

1. CI-based Source Code Model Update: This process includes several sub-processes,
starting with the CI process that updates the source code repository. It is followed
by parsing the updated state, enhancing the parsed source code model with
information about the components, extracting the source code changes between
the current and previous states, and finally updating the source code model in the
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Figure 5.1: CI-based Update of the aPM.

VSUM to maintain consistency across the software system. The sub-processes are
visualized in Figure 5.1 and detailed as follows:

a)

CI: Initially, developers commit their source code changes to a version control
system, such as Git in our implementation. This commit triggers the CI
pipeline. In our case, the CI pipeline not only initiates the build and test
processes but also triggers the CIPM framework for updating aPM.

Source Code Parsing: Since our approach relies on model-based consistency
preservation, it is essential to parse the recently changed source code files in
order to generate corresponding source code models.

Component Detection: Software component detection through reverse en-
gineering cannot rely solely on source code, as components are shaped by
various factors beyond the code. For instance, architectural patterns, config-
uration files, and directory structure all can contribute to defining software
components. For example, microservices components can become apparent
through configuration files. Similarly, components implemented as plugins
can be detected through static analysis of configuration files, which reveals
plug-in interfaces, extension points, and declared dependencies. Since the
current implementation of CIPM only considers the source code model in
maintaining the consistency of Rp,, it is essential to include a pre-processing
step after parsing the recent commit to detect these components. This step in-
corporates automatic static analysis of architectural patterns and file/ folder
structures and can be extended in future work to include static analysis
of configuration files. Then, it updates the source code model with infor-
mation on the detected components from the pre-processing analysis. The
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predefined CPRs subsequently process this information and update the aPM
accordingly with the corresponding components.

State-based Propagation: State-based propagation is a systematic approach
that leverages the differences between the current and previous states of the
source code model to maintain consistency and update the corresponding
software models efficiently. Focusing on the deltas—i.e., the changes between
two states—enables incremental updates according to the new state. This
process involves several sub-steps, including detecting changes between the
states, propagating the detected changes to the consistency preservation
platform (ViTrRUVIUS), and applying consistency preservation rules to syn-
chronize changes. In the following, we provide more details on the advances
made in these sub-steps.

d.1 Changes Extraction: To extract source code changes from the last commit,
our process compares the recently parsed state of the source code model
with the previous one stored in the VSUM. We use the approach of
Brun and Pierantonio [BP08] to detect the model differences through
three fundamental steps described in Section 2.2.7. The first step involves
calculating the differences by comparing two distinct models by matching
the related elements and differencing changes. In the second step, the
outcome of the calculation is represented in a difference model. Our
process presents the differences as changes compatible with the used
consistency preservation platform (ViTruvius changes). In the last step,
the represented differences are visualized in a human-readable form so
that we can report the detected changes to the user.

A novel advancement in this process lies in the matching step. The
default matching algorithm in ViTRUVIUS uses a similarity-based ap-
proach [Kol+09], which treats models as typed attribute graphs and
identifies matching elements based on the aggregated similarity of their
features. Although this method is commonly employed, it often fails to
accurately capture the structure and hierarchy of the source code model.
To overcome this limitation, we improve VITRUVIUS’s matching capabili-
ties by integrating new custom language-specific algorithms introduced
in Section 2.2.7. These enhanced algorithms incorporate hierarchical
matching, representing a significant advancement in achieving more
precise matches within the source code model.

d.2 Change Propagation: This process propagates the outcome of the pre-
vious step, the atomic edit changes, into the consistency preservation
platform, ViTruvius. The goal is to convert the old state in VSUM
into the latest source code model. Therefore, this step propagates these
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changes into the source code model in VSUM to trigger the synchro-
nization process within VSUM and update the related models. However,
change propagation faces two main challenges.

The first challenge is that the ViTRUvIUS state-based propagation tech-
nique only propagates one resource, which is not the case in the source
code model. Source code models can consist of multiple resources, rep-
resenting various packages, modules, or classes with interdependencies.
These resources can depend on each other. This means that dependencies
must be propagated into ViTrRUVIUS before the resources that depend on
them, which might be difficult when cyclic dependencies exist. Our novel
solution simplifies the propagation process by combining all resources
into one entity.

The source code model in the VSUM of ViTRUVIUS is consequently up-
dated using the change sequence. This triggers the CPRs for the aPM
and IM. Consequently, modifications that resolve the inconsistencies are
generated and applied to aPM and IM. The second challenge involves
the order in which the elements of aPM should be updated based on
changes in the source code. To illustrate, the component boundaries
in aPM should be updated before maintaining consistency in the be-
havior of the inner components. Therefore, our solution ensures the
order of modifications that ViTruvius should apply to aPM. Thus, our
change propagation step arranges the modification to the aPM in the
following order: module modifications come first, followed by interface
changes, method signatures, and method bodies changes. As far as we
know, sorting modifications to allow consistency preservation between
architecture models and source code is a novel process.

2. CI-based Update of aPM: Our update of aPM is based on CPRs between the source

code model and the aPM. These CPRs are triggered as a result of source code
changes that the state-based propagation occurs. For that, we build upon existing
CPRs between the source code model and the aPM [Lan17], introducing new CPRs
required in the CIPM context. The new CPRs include technology-specific detection
of components and interfaces. Additionally, the existing CPRs are adapted to
handle the addition, updating, and deletion of aPM elements. Furthermore, we
extend the CPRs responsible for reconstructing abstract behavior, which is critical
to CIPM’s primary goal of simulating behavior and predicting performance.

. Cl-based Instrumentation Model Update: We propose CPRs that create appropriate

instrumentation probes based on changes in the abstract behavior of the aPM.
These instrumentation probes are essential for applying adaptive instrumentation,
targeting the modified parts of the source code that correspond to the updated
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sections in the aPM. This instrumentation enables the collection of necessary
measurements for calibrating the related performance parameters in runtime.

It is important to note that beyond the automatically generated instrumentation
probes by CPRs, software architects and the self-validation process can add probes
into the IM to recalibrate their related performance parameters if they detect that
these parameters are not accurate enough.

. CI-Based System Model Update: The last process in Cl-based update of aPM
is responsible for updating the System Model. For that, we introduce a novel
semi-automatic method for extracting the system’s composition, which details
how the components in the Repository Model are instantiated and assembled
[Mon+21]. As a result, the extracted System Model can guide design decisions
during Dev-time by enabling the application of AbPP before deployment, thereby
saving both time and effort compared to manual creation.

The extraction of System Model consists of two steps:

« The first phase seeks to unify the extraction process between Dev-time and
Ops-time, by using a common structure that describes the calls between
services. This structure will serve as the foundation for the extraction of the
System Model in the second step. The unified structure, known as SCG, de-
scribes the "Calls-to" links between services, along with the related resource
containers that host the individual services. To extract SCG at Dev-time,
we apply static analysis on the models available in the VSUM. As a result,
we create the directed SCG, whose nodes are the service and its resource
container. The nodes are connected by directed edges, indicating that a
service on a source node calls the one in the destination node. The proposed
data structure (SCG) is not dependent on the underlying programming lan-
guages or the measurements from which it is extracted, so it can be utilized
in various scenarios.

+ The second step includes a process to extract the System Model based on SCG.
Modeling the system’s boundary interfaces is the first step in the suggested
procedure. Subsequently, the process searches for components that offer
the boundary interfaces in the Repository Model. The user is prompted to
select the appropriate component when multiple components offer the same
interface. The necessary interfaces coming from the components must be
satisfied for completing the System Model. As a result, the process looks for
all services called by the services of the provided interfaces by scanning the
SCG extracted in the previous step. Similar to previously, the called service
components are also identified using the Repository Model in order to link
the necessary interfaces to the corresponding provided interfaces. Every
necessary interface is satisfied iteratively until there are none left.
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5. Cl-based Initialization of Measurements Model: This process begins with creating
a physical storage to store performance measurements, then updating the mea-
surement model by adding a repository model referencing this storage and the
commit identifier, as illustrated in the measurement metamodel in Figure 4.1.

Then, the state of the VSUM is versioned in a digital twin, corresponding to the
source code’s state at the time of the commit. Conceptually, this versioning can
be executed within VITRUVIUS [Ana22] or by committing the state to another
version control repository.

At runtime, the MbDevOps pipeline pipeline can create a new block in the mea-
surement model for each set of measurements gathered from monitoring or
performance tests. Sliding window techniques can be utilized to stream and ag-
gregate measurements in blocks. The monitoring system can be configured to
write these measurements into the file system, and the files can then be stored in
the corresponding physical storage, defined in the measurement model. It should
be noted that the implementation of [Ana22] has not been integrated into VITRU-
vius platform. Thus, versioning is not supported in the current implementation.
Given this limitation, and in order to avoid redundant development efforts, the
implementation of processing the measurements within ViTrRuvius platform is
deferred to future work (Section 13.1.2).

6. Calibration of Performance Parameters: This process is triggered as a response to
updating the measurement model with new measurement blocks, and it updates
the performance parameters of Repository Model and the remaining submod-
els of aPM (System Model, Allocation Model,Resource Environment Model, and
Usage Model).

Unlike previous processes (1-5), this process is not directly triggered by CI, it
requires applying adaptive instrumentation and executing the source code to
generate the required measurements for calibration. Therefore, we do not consider
it part of C1; instead, we visualize it in Figure 5.1 to provide context for the
subsequent process. Thus, the calibration of aPM according to the measurements
will be described in detail in both Chapter 6 and Chapter 7, mainly in (Section 7.3).

The concept above is implemented for Java- and Lua-based applications that are de-
veloped based on Cl-pipeline within the Git repository. Two EMF-based source code
models for Java and Lua are developed, with parsers and printers, while the approach
remains adaptable to other version control systems or source code models. Compo-
nent detection is implemented by focusing on architectures like microservices and
client servers, utilizing plugins, configuration files, and specific communication pro-
tocols. Besides, state-based propagation has evolved to identify Java and Lua code
changes through language-specific model-matching algorithms. The detected changes
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are propagated to VITRUVIUS, updating the VSUM models. Consequentially, our current
implementation of C1 updates the following models in response to the CI of the source
code:

1. The source code model in the VSUM of the ViTrRuvIUs platform for two program-
ming languages, Java and Lua. This update is based on the first process of C1
utilizing static analysis of source code (Section 5.1.2).

2. The aPM in the VSUM of the ViTruvIus platform based on the second process of
C1 utilizing ViTrRuviusCPRs. In specific, our implementation updates Palladio
Repository Model in the VSUM (Section 5.1.3). This includes new CPRs for de-
tecting three different technologies and the extension or direct reuse of existing
CPRs [Lan17].

3. The instrumentation model in the VSUM of ViTRUV1US, based on the third process
of C1 utilizing VITRUVIUSCPRs (Section 5.1.4). This involves the introduction of
new CPRs for instrumentation purposes.

4. The Palladio system model based on the fourth process of C1 (Section 5.1.5).

5. The measurement model is based on the fifth process of C1, utilizing the Git commit
identifier, ensuring that performance measurements are tied to the specific version
of the source code at the time of each commit. This approach enables accurate
tracking and calibration of performance data relative to the exact state of the
code. We implemented the calibration of the Palladio Repository Model (the
sixth process in C1) at predefined time intervals as we explain in Chapter 6 and
Chapter 7.

The following subsections illustrate the realization of aforementioned models that
C1 updates.

5.1.2. Realization of Cl-based Source Code Model Update

The source code model is an intermediate model that serves as the basis for updating
aPM (D). The input of this process is the commits from CI in a version control system
(Git in our implementation) @. The purpose of using commits as input is to allow
developers to continue using their preferred development platforms and version control
systems while maintaining consistency through ViTruvius’s delta-based consistency
approach Section 2.6.3. As a result, developers are not required to use specialized editors
to generate the sequence of changes necessary for ViTrRuvius to uphold consistency
between the source code and its model. Instead, the commits can be used to provide
the changes sequence, which is then processed by ViTRUVIUs to maintain the model’s
synchronization automatically.
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To understand the update process, we first introduce the source code models that
we extend and their parsers for (b) in Section 5.1.2.1. We postpone the description
of the component detection (¢), which is specific to the technologies we consider,
to a later section discussing the CI update of Repository Model (Section 5.1.3). We
describe the source code model matching applied to enable state-based propagation (d)
in Section 5.1.2.2.

We concentrate on detailing Java source code models since our running example is
a Java-based application; see Chapter 3. It should also be noted that all excerpts and
examples used in the following subsections are simplified.

5.1.2.1. Source Code Models

The source code models that CIPM should be compatible with the ViTruvIus platform.
CIPM utilizes an EMF-based source code model because it ensures standardization and
consistency through its well-defined metamodel (Ecore), which aligns with the goal of
CIPM in model-driven engineering practices. Additionally, EMF’s compatibility with
the ViTruvius platform supports consistency preservation at Dev-time, facilitating
ensuring Rpe.

For this goal, we provide the following source code models for the programming
language Java [Arm22; MAK23] and the programming languages Lua [AMK23].

Java Source Code Model We build upon an existing EMF-based Java metamodel
[Hei+10]. Our extension enables modeling Java versions 7-15 [Arm22], incorporating
new language features such as the diamond operator, lambda expressions, and modules.
To understand the Java metamodel, Figure 5.2 shows a portion of this metamodel, which
represents Java classes and interfaces as specializations of Java types, including their
declared members like methods and fields.

For Java code parsing (b), we introduce a new version of the JaMoPP parser. This
parser, based on the Eclipse JDT [VSP20] (Section 2.2.6) that generates models from
Java code by retrieving AST and binding information. Our parser transforms the ASTs
resulting from JDT into EMF model instances. After parsing, our parser utilizes the
binding information in resolving references between EMF model elements, such as
those introduced by imports or inheritance. Ideally, source code is compiled before
parsing so that the binding information can be incorporated to resolve all dependencies.
For scenarios where the compilation is not feasible, we have introduced a recovery
strategy that creates model elements for missing dependencies, enabling the generation
of models with resolved references even in the absence of a complete build [MAK23].
As a result, our parser enables parsing the Java features of versions 7-15 in EMF-based
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Type Member
i
Interf: Cl Field | | Method
I#” = implements ‘ ‘ ‘ |
extends extends

Figure 5.2: Excerpt from the Java metamodel highlighting parts to represent interfaces,
classes, and their members, from [Maz+25].

format. More details on our JaMoPP extensions are available in a technical report
[Arm22]'.

In addition to the parser, we developed a new version of the JaMoPP printer to output
the updated Java code models in a textual format. This printer leverages the EMF-based
model instances to produce code that adheres to the specifications of the extended
metamodel.

Lua Source Code Model For the EMF-based metamodel, we extend an existing Xtext-
based Lua grammar from the Melange project [Has]. Our extensions enhance this
grammar to create a root element Chunk that represents the content of each Lua file.
This content consists of a Block that serves as a container for Lua Statements, see
Figure 5.3. Further evolution of the Lua metamodel is currently being developed in an
ongoing master’s thesis at our chair [Sae25].

As outlined in the foundation, Xtext provides a framework for language development,
including metamodel generation, parsing, and serialization [Ecl24b], cf. Section 2.2.5.2.
For Lua-code parsing (b), C1 utilizes the generated parser that translates Lua code files
into EMF-models, while the printer converts them into textual form.

Source Code Model Example We illustrate the Java models through selected parts of
the Recommender microservice code from the TeaStore [Dev24]. Listing 5.1 provides
an excerpt from this code: the IRecommender interface defines methods for training
a recommender and recommending products. Specifically, the train method is used
to train the recommender system, while the recommendProducts method generates
product recommendations based on the user’s input. The AbstractRecommender class
provides a default implementation of the IRecommender interface. It contains basic
implementations of the train and recommendProducts methods. However, the actual
recommendation logic is delegated to the abstract execute method, which must be
implemented concretely by subclasses.

1 The source code is available on https://github.com/MDSD-Tools/
TheExtendedJavaModelParserAndPrinter.
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Application Chunk
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0.” | files
SourceFile 0.* | statements
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Figure 5.3: Excerpt from the Java metamodel highlighting parts to represent interfaces,
classes, and their members, from [AMK23] based on [Bur23].

Parsing the code excerpt above (b), results in the visual representation shown in Fig-
ure 5.4 using the extended JaMoPP model. The diagram illustrates how the IRecommender
interface is modeled as an instance of the "Interface" class, consisting of two instances
of the "Method" class: train and recommendProducts. These methods define the key
operations that any implementing class must support. Similarly, AbstractRecommender
is represented as an instance of the "Class" class, which implements the IRecommender
interface. It includes the aforementioned train and recommendProducts methods, along
with the execute method, which is abstract. The execute method must be implemented
by subclasses, providing the concrete logic required to generate product recommenda-
tions. This structure ensures a clear separation between interface definition and the
delegation of core recommendation logic to subclasses.

5.1.2.2. Model Matching Algorithm

For the fourth step of C1, the state-based propagation, we employ a custom language-
specific matching algorithm [Kol+09] (Section 2.2.7) to detect the source code changes
for Java and Lua programming languages. The implementation of this algorithm is
not trivial and should be implemented for each programming language, considering its
own hierarchical structure.

In the context of Java, we extend a specialized hierarchical matching algorithm,
adapted from SPLevo [Klal4], and integrate it into EMF Compare to detect changes
between EMF-based java models. This extension is aligned with our enhancements to
the JaMoPP metamodel, enabling compatibility with Java versions 7 through 15. As a
result, the matching algorithm accounts for the new types introduced in these versions,
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:Interface

1 |public interface IRecommender { —®
2 public void train(List
orderItems, List orders); :Method
3 public List recommendProducts( ———
Long userid, List

name = "[Recommender”

name = "train"

AbstractRecommender
implements IRecommender {
7 public void train(List
orderItems, List orders) {} -Method
8 | public List recommendProducts( —
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Listing 5.1: Excerpt from the isAbstract = true
Recommender code, from _.
[Maz+25]. Figure 5.4: Excerpt from the Recom-

mender Java model, from
[Maz+25].

Figure 5.5: Excerpt of the source code and JaMoPP model for the Recommender compo-
nent in the TeaStore case study.
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while also considering the specific properties and structural details of Java to ensure
accurate matching results.

Similarly, our approach is adapted for Lua models. We utilize EMF Compare to
develop a specific matching algorithm tailored to Lua’s unique structural characteris-
tics. For that, we incorporate a detailed understanding of Lua’s language constructs
and conventions, aiming to achieve accurate element matching and efficient change
detection in Lua-based software artifacts.

We acknowledge that the implementation of language-specific matching algorithms
involves significant overhead. However, such custom matching is crucial for detecting
changes in CIPM and other approaches for MDE. Therefore, we consider that this effort
is justified, as it provides reusability across all projects utilizing the same language.

5.1.3. Realization of Cl-based Repository Model Update

The realization of the second process of C1 (2) considers updating the Palladio
Repository Model based on CPRs that are triggered due to changes in the source
code model. For that, we have two groups of CPRs. One targets Java-based applications,
and another targets Lua-based applications.

5.1.3.1. CPRs for Java-based applications:

Regarding Java-based applications, we extend the CPRs from the co-evolution approach
that reacts to changes in JaMoPP and propagates them to Palladio Repository Model.
Our extension is threefold:

1. Defining CPRs that update components and interfaces of the Repository Model
according to the used technology and detected architecture styles.

2. Defining CPRs that reacts to updating and deleting JaMoPP elements.

3. Adjusting CPRs that extract the abstract behavior of the services (SEFF).

Technology-based CPRs The third process of C1 considers additional factors like con-
figuration files and source code structure to detect the components. Consequentially,
the component detection process adjusts JaMoPP by adding a module element for each
detected component. Thus, our new CPRs map module elements to the basic compo-
nents. As a result, our CPRs generate a new Palladio basic component for each new
JaMoPP module as illustrated in Algorithm 1.

Another example of newly defined technology-based CPRs detects REST architecture
style from two technologies handling HTTP requests: JAX-RS and Jakarta Servlet. In
JAX-RS, interfaces are identified based on annotations like @Path or @ApplicationPath.
In Jakarta Servlet, interfaces are detected through inheritance, where classes inheriting
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Algorithm 1 Pseudocode for the CPR updating the Repository Model after adding a
new module, from [Maz+25].

Require: New module added to Java model
1: function uPATECOMPONENTS(module)
2: component «— createComponent(module)
3: component.name < module.name
4: addToRepositoryModel(component)
5: end function

from HttpServlet are modeled as interfaces overriding HTTP methods. Consequently,
our CPRs create Palladio Interface for each JaMoPP class that is annotated with JAX-
RS annotations or inherits HttpServlet as the following pseudocode of Algorithm 2
illustrates.

Algorithm 2 Pseudocode for the CPR updating the Repository Model after adding a
new class, from [Maz+25].

Require: New class added to Java model
1: function UPDATEINTERFACES(class)
2: if class.isAnnotatedWith(Path) or
(class.isPublic() and componentOf{class).isRegular()) then
interface < createlnterface(class)
interface.name « class.name
addToRepositoryModel(interface)
end if

end function

Update and Delete CPRs CPRs that react to adding new elements are mostly reused
from the coevolution approach [Lan17]. We implement, additionally, CPRs for the
update and deletion of elements in Repository Model. Such CPRs are triggered if an
element in the source code model is removed or changed, then the corresponding
elements in the Repository Model are also removed/ adjusted. For instance, if a set
of classes relating to a component is removed, the component and its interfaces are
deleted. Similarly, the update CPRs react to renaming JaMoPP elements, as an example
of update changes, by renaming the corresponding elements in Repository Model.

Abstract Behavior CPRs  Abstract Behavior CPRs manage modifications to method bod-
ies, such as changes or additions to statements, by reconstructing the abstract behavior
model, SEFF, through reverse engineering techniques [Kro12]. Our extension to this
tool extracts the mappings between source code statements and their corresponding
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SEFF actions to store it in the ViITRUvIUS correspondence model. This extension is
essential for the further maintenance of the consistency at Dev-time using VITRU-
vius. Furthermore, these mappings are utilized in the fifth process of C1 for System
Model extraction at Dev-time (Section 5.1.5), and in C2 for adaptive instrumentation
(Section 5.2).

5.1.3.2. CPRs for Lua-based applications:

Similar to Java-based applications, we implement new CPRs that transform changes in
the Lua model into Palladio Repository Model. Our CPRs include technology-based
CPRs that detect industrial Lua-based sensor components and their communication.
The new CPRs are proposed for updating industrial sensor applications from SICK
GmbH, introduced in evaluation Section 8.3.6. In an ongoing masterwork in our chair,
additional Lua-based CPRs are being defined for other architectural styles [Sae25].
Moreover, we propose new CPRs for updating the abstract behavior actions. More
details are found in [Bur23].

5.1.3.3. Example of Updating the Repository Model

In this example, we illustrate how our CPRs update the Repository Model and add a
basic component representing the Recommender microservice, shown in Figure 5.5. The
component detection process identifies the Recommender based on its Maven and Docker
files. Then, the component detection process updates the parsed JaMoPP model by adding
a new module referring to the detected component. The state-based comparison detects
the Recommender module, resulting in the ordered changes Changel. These changes
update the JaMoPP model in VSUM by creating the module, adding it to the JaMoPP
model, setting its name, and referencing the IRecommender interface, cf. Figure 5.6.

The addition of the module triggers the CPR described in Algorithm 1. Executing
this CPR results in atomic changes Change?2 that restore consistency by creating a new
component, assigning the module name as the component name, and adding it to the
Repository Model. As a result, the previously empty Repository Model is updated,
and the inconsistency is resolved.

5.1.4. Realization of Cl-based Instrumentation Model Update

CI-based update of the instrumentation model (3) aims to determine the required
instrumentation probes based on the last commit to address the Pyfonitoring—0verhead-
These probes are important for the following processes in CIPM, i.e., for adaptive
instrumentation and monitoring. Hence, we first propose a metamodel for IM that can
store the required instrumentation probes, cf. Section 5.1.4.1. Secondly, we define CPRs
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Figure 5.6: Simplified example for the CI-based update of the Repository Model accord-
ing to change in the Java model, created based on [Maz+25].

to react to changes in the abstract behavior of Palladio by creating the necessary
instrumentation probes and adding them to IM, cf. Section 5.1.4.2.

5.1.4.1. Instrumentation Model

We have designed an instrumentation metamodel based on EMF and compatible
with PCM, which is depicted in Figure 5.7. According to this metamodel, each in-
stance of InstrumentationModel, encompasses multiple instrumentation probes, i.e.,
InstrumentationProbe instances. These instrumentation probes are responsible for
referring to PCM elements, whose performance parameters should be calibrated to in-
strument their corresponding source code sections, thereby enabling the collection of
measurements for the calibration.

The InstrumentationProbe class includes a boolean attribute active that indicates
whether the probe is currently active or not. This feature allows adaptive monitoring
and reduces monitoring overhead by deactivating the instrumentation probes after
calibrating the corresponding PCM elements.

The InstrumentationProbe is extended by two classes:
ServiceInstrumentationProbe and ActionInstrumentationProbe. The former
refers to PCM SEFF, ResourceDemandingSEFF, to instrument the corresponding service
and collect the required measurements for estimating its resource demand. Since
the SEFF consists of multiple actions, the service instrumentation probe contains
sub-instrumentation probes for the actions, ActionInstrumentationProbe. Each
action instrumentation probe refers to SEFF action, AbstractAction, and its type,
InstrumentationType. The reason is that the actions have different types, and the in-
strumentation for each type varies. Therefore, the ActionInstrumentationProbe refers
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Figure 5.7: Instrumentation metamodel for providing the required measurements to
calibrate PCM.

to the InstrumentationType enumeration, which classifies the type of instrumentation
according to actions’ type as INTERNAL, BRANCH, or LOOP.

As a result, IM enables monitoring of both services and their actions, supporting
detailed performance tracking.

5.1.4.2. CPRs for Updating IM

We propose CPRs that automatically add instrumentation probes for each SEFF action
that has been changed by the last commit.

The defined @ CPRs  generate  service  instrumentation  probes,
ServiceInstrumentationProbe, as a reaction to updating SEFFs, whose source
code statements have changed in the recent commit. Similarly, other CPRs are triggered
when the actions of a SEFF are updated, create consequentially action instrumentation
probes, ActionInstrumentationProbe, with the correct type for each changed action,
and store them in IM. For example, an internal action probe referring to the changed
internal action will be added to IM to provide measurements for calibrating the resource
demand of the changed internal action. Similarly, loop probes and branch probes will
be added to IM to instrument the changed loops and branches in order to calibrate their
corresponding SEFF loop and branch actions.

The adaptive instrumentation utilizes the collected probes in the IM and the mappings
in the correspondence model to generate the instrumented source code, as explained in
Section 5.2.
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Figure 5.8: The metamodel of Service-Call-Graph from [Mon20].

5.1.5. Realization of CI-Based System Model Update

As aforementioned, we realize this process by a semi-automatic update of Palladio
System Model (4. This enables Palladio simulation to provide a proactive performance
assessment to support the design decision at Dev-time (e.g., proactive model-based
assessment of the deployment plan).

In the following, we explain how the common data structure (SCG) is realized based
on the EMF metamodel (Section 5.1.5.1). In Section 5.1.5.2, we describe how the SCG
can be extracted at Dev-time. The extraction of System Model from the SCG, follows
in Section 5.1.5.3.

5.1.5.1. Service-Call-Graph

The goal of SCG is to describe the system services’ relationship and unify the structure
used for system extraction at Dev-time and Ops-time. Monschein models in his master
thesis [Mon20] the SCG metamodel based on the EMF metamodel [Ecl24a] to describe
calls-to relationships similar to [Cal+90].

SCG metamodel is based on the directed graph [BG18]. The node represents a pair
of a component’s service and its resource container (hosts). However, the resource
containers are not mandatory for creating SCG. They can be provided later.

The edge between two nodes indicates that the service of the source node calls the
service of the destination one.
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Figure 5.9: An excerpt of TeaStore SCG, based on [Mon+21].

Figure 5.9 shows a truncated simplified SCG of TeaStore. The goal is to illustrate the
extraction of SCG and the System Model with a simple running example. This SCG sim-
plifies the deployment and assumes that the TeaStore components are deployed on three
resource containers: WebUIServer, ApplicationServer and DataBaseServer. According
to this SCG example, the confirmOrder service of WebUI calls the placeOrder service of
Registry. Similarly, Rigestry.placeOrder calls Auth.placeOrder, Auth.placeOrder calls
Rigestry.persistOrder etc.

5.1.5.2. SCG Extraction at Dev-time

Three things are required to extract an SCG at Dev-time: the source code/SCM, the
related Repository Model and the mapping between them. The mapping between
the source code and the Repository Model, is provided by the CI-based update of
Repository Model (cf. Section 5.1.3).

First, we build the source code/SCM to resolve the dependencies. Then, we create
a method call graph by the static analysis of the source code. In some cases, e.g., in-
heritance or conditions, it is uncertain which call paths will be chosen at Ops-time.
Therefore, extracting SCG considers all possible execution semantics. In the next step,
the method call graph is traversed and transformed into a SCG based on the mapping
between SCM and Repository Model, which is stored in the VITRUVIUS correspondence
model, see Section 2.6.3. Based on the mapping, the component services are detected
from the methods call graph and transformed into an SCG. At Dev-time, it is un-
known where the components of the services will be hosted. Therefore, we leave this
information empty.
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The extraction of SCG based on the static analysis of source code is implemented
and evaluated for Java [Mon20]. A static analysis at a bytecode level is executed based
on [Val+10]. The analysis detects the invocation dependencies between methods to
build the method call graph, which is transformed as explained into SCG.

It should be noted that in some cases, the extraction of SCG cannot be fully au-
tomatic; rather, the developer should provide additional information about the calls
between services. For instance, in TeaStore, the communication between components
is performed via REST interfaces. In such a case, the code only contains the HTTP
addresses, and no direct method calls that can be traced. Hence, the mapping between
the HTTP addresses and the REST interfaces may not be resolved solely by a code
analysis. Therefore, the developer’s knowledge may be required to build a meaningful

SCG.

5.1.5.3. System Model Extraction from SCG

Regardless of how the SCG is extracted, the System Model extraction from SCG re-
mains the same. The difference is that conflicts can occur at Dev-time due to missing
information, which is not the case later at Ops-time.

In this section, we illustrate the system extraction based on the SCG, Repository
Model and the mapping between Repository Model and source code. To illustrate the
process, we used the simplified SCG example that we present in Figure 5.9.

The extraction of System Model starts from modeling the boundary interfaces that
the system provides (system-provided interfaces), which the user determines (architect
or developer). In our example, the only system-provided interface is CartActions
interface, which provides services for purchasing products and managing orders.

For each system-provided interface, the Repository Model is searched for the compo-
nents that provided it. If multiple components provide the same interface, a "connection
conflict" occurs at Dev-time. The architect will be asked to select one of the components
above. Then, assembly contexts for all selected components are created. Besides, their
provided roles are linked to the system-provided interface using delegate connectors.

In our running example, CartActions represents the system-provided interface. Only
the WebUI component provides this CartActions interface. Consequently, an instance of
the WebUI component is created, and the System Model delegates its provided interface
to the role CartActions of WebUI, as shown in Figure 5.10.

To complete the system model, the required roles of the added assembly contexts
must be met. For that, the SCG is traversed to detect all services called by the services of
the provided roles. According to Figure 5.9, the service confirmOrder calls placeOrder.
Like the previous step, components that provide the called services are detected based on
Repository Model. If multiple components provide the same required role, a "connection
conflict" occurs at Dev-time. Then the user should resolve the connection conflict and
select the right component. This is not the case for Registry component that provides

99



5. Consistency Preservation at Development Time
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Figure 5.10: Simplified excerpt of the extracted TeaStore System Model.

PlaceOrder. If the called service cannot be detected directly from SCG like the case of
REST calls, then a connection conflict also occurs and the architect is asked to select
the component providing the required interface. As we will explain in Section 7.3.3,
the connection conflicts do not occur at Ops-time because the SCG extracted from
measurements determines which component instance is called.

In the next step, an assembly context for each selected component is created and
added if no one is available in System Model. Otherwise, an "assembly context conflict"
occurs. At Dev-time the architect resolves it by deciding whether to use the available
assembly context or to add a new one. Again, the "assembly context conflict" is resolved
automatically at Ops-time as we explain later in Section 7.3.3.

In our example, an instance of Registry component is added and no conflict at this
stage occurs.

Afterward, the required roles are connected with the related provided roles. Each re-
quired role of the recently added assembly contexts is recursively satisfied by adding the
required component instance or connecting to a previously added one until all required
roles are satisfied. In our example, the required roles of Registry are satisfied by adding
instances of components that provide them (Auth, Persistence and Recommender). Sub-
sequently, the required role of Auth is satisfied, since “Auth.placeOrder” calls “Reg-
istry.persistOrder” as shown in Figure 5.9. In this case, an "assembly context conflict"
occurs because an instance of the Registry component is already available. As shown
in Figure 5.10, the occurred assembly context conflict is resolved using the existing
instance of Registry instead of creating a new one.

In the last step, the required role of Recommender is met. Since there are multiple
components that provide this interface, the architect is asked at Dev-time.
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Following this process, the System Model is updated to represent the current state
of the software system. As aforementioned, this process is followed by initializing
the measurement model with a new repository corresponding to the current state of
the software model. Consequentially, C1 maintains the consistency between software
models as defined by Rp,,. To complete the consistency preservation at the next stages
of the SDLC. The next contribution (C2) injects the instrumentation probes into the
source code to collect the required measurements for the calibration (6), and thereby
maintain the remaining consistency relations that CIPM currently considers, i.e., the
Rappp and Rops.

5.2. Adaptive Instrumentation

The goal of C2 is to facilitate maintaining the consistency defined by R4ppp. To achieve
this, C2 injects instrumentation probes into the source code to monitor the changed
parts of the code, providing the necessary measurements for calibrating the correspond-
ing elements in aPM.

Manual instrumentation is an expensive and error-prone process. Therefore, C2
aims to reduce this cost, Pc,s;, through automatic instrumentation. Additionally, full
instrumentation of the source code introduces monitoring overhead, Pyfonitoring—Overhead-
To address this, C2 applies adaptive instrumentation, targeting only the changed parts
of the source code to minimize monitoring overhead.

Adaptive instrumentation introduces a novel approach by selectively focusing on
instrumenting the changed parts through automatic detection of code changes, thereby
reducing monitoring overhead (Ppfonitoring—Overhead) and costs (Pcost). This automated
process minimizes the errors and effort associated with manual instrumentation. Fur-
thermore, adaptive instrumentation is model-based, functioning at a high abstraction
level, allowing for easy implementation across various monitoring systems and pro-
gramming languages. The instrumentation captures specific performance-related in-
formation based on the detected code changes. Its design is extendable to monitor
additional valuable quality attributes for CIQM.

Regarding the publications related to this contribution, C2, is introduced in [Maz+20]
and extended in [Maz+25]. We extend the adaptive instrumentation concept by en-
hancing its generalizability and addressing compilation error scenarios. Our extension
injects instrumentation at the model level, using EMF-Models to separate the process
from implementation specifics like programming language or monitoring tools.

To illustrate the goal and process of the adaptive instrumentation, we utilize a
simplified example of our running example in Section 5.2.1. The detailed process,
including advances, is described in Section 5.2.2.
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5.2.1. Running Example

In this example, we suppose that the Auth.PlaceOrder service, simplified in Listing 5.2
is newly added. According to our assumption, a new abstract behavior for this service
is extracted by the second process of C1, the CI-based update of Repository Model.
The abstract behavior is visualized according to our implementation using Palladio
SEFF in Figure 5.11. However, the performance parameters of this SEFF should be
parametrized according to measurements collected by running time. Hence, the goal of
the adaptive instrumentation is to provide the required measurements by injecting an
instrumentation code.

mth.placeOrder (int itema

1 |[public void placeOrder(int items) {
[l <<InternalAction>>
2 [ Y prepareQrder ]
i prepareOrder(); [ Q{«ExternaICallActlon» ]
Registry. perS|stOrder
5 int orderId = Registry.persistOrder();
6 9 <<LoopAct|on>>
7 for (int is= 0; i< itemS; i++) { * <<ExternalCallAction>>
8 Registry.persistOrderItem(i,orderlId); @W
9 }
10
. . 1 InternalActi
11|  finalizeOrder(); (¢ «fri'niﬁééofégr» )
12 |} k /
Listing 5.2: A simplified form of the placeOrder, Legend
ignoring S(t;n E(n? &
the used technology "REST" and actionaction 136
representing the internal action Y
code as an internal call. action _action

Figure 5.11: PlaceOrder SEFF.

The required information varies based on the performance parameter that needs
to be calibrated. For example, estimating the resource demand of the internal action
probes of placeOrder (prepare0Order and finalizeOrder) requires two probes to mon-
itor their response times in addition to utilization monitoring. For the external calls
Registry.persistOrder and Registry.persistOrderItem, two probes must monitor
the return values to calibrate the data flow through external calls. For calibrating the
loop action, an additional probe should capture the number of executions. Similarly, a
probe should monitor which transition is selected in case of a branch action. We refer
to the instrumentation for calibration of SEFF actions as fine-grained instrumentation.
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5.2. Adaptive Instrumentation

Additionally, coarse-grained instrumentation at the service level is needed for self-
validation and tracing calls to update aPM at Ops-time. Therefore, the last probe at the
service level of placeOrder tracks response time, input parameters, caller at Ops-time,
and deployment details. As a result, a simplified instrumented code is in Listing 5.3.

According to our assumption that only placeOrder is newly added, this implies
that only this service is fine-grained instrumented as explained earlier. For the re-
maining services, where the source codes remain unchanged, their previously esti-
mated PMPs stay valid. Only coarse-grained service-level instrumentation is required
for self-validation and for calibrating System Model, Allocation Model, and Resource
Environment Model.

Additionally, all probes should be capable of being deactivated to manage the moni-
toring overhead.

public void placeOrder(int items) {
/*xThis 1Is a simplified pseudo code of placeOrder instrumented source code.*x/
placeOrderExecutionData = getParametersAndTime();

tin_prepareOrder = getCurrentTime();
prepareOrder();
logInternalActionResponseTime(prepareOrder.ID,placeOrder.ID,tin_prepareOrder);

int orderId = Registry.persistOrder();

loopCount = 0;

for (int i = 0; 1 < items; i++) {
Registry.persistOrderItem(i, orderId);
loopCount++;

}
logLoop(loop.ID, placeOrder.ID, loopCount);

tin_finalizeOrder = getCurrentTime();

finalizeOrder();

logInternalActionResponseTime(finalizeOrder.ID, placeOrder.ID,
tin_finalizeOrder);

logServiceResponseTime(placeOrderExecutionData, placeOrder.ID);

Listing 5.3: A simplified instrumentation of the placeOrder.
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5.2.

2. Overall Process

The adaptive instrumentation process, presented in Algorithm 3, involves the following
steps:

Algorithm 3 Adaptive Instrumentation Overall Process

1:

®

10:
11:

12:
13:
14:

15:
16:
17:

function ADAPTIVEINSTRUMENTATION(IM, correspondenceModel, sourceCode-
Model, monitoringTool)
codeModelCopy « copy(sourceCodeModel)
for all probe in IM do
probe.monitoringTool «— createConcreteProbeprobe, monitoringTool
code « probe.generatelnstrumentationCode()
locations «— findInstrumentationLocations(probe, codeModelCopy, corre-
spondenceModel)
injectInstrumentationCode(codeModelCopy, code, locations)
end for
addDependencies(monitoringTool)
printModel(codeModelCopy)
end function

function INJECTINSTRUMENTATIONCODE(codeModelCopy, code, locations)
if requiresAdjustments() then
adjustSourceCode(codeModelCopy, code, locations) » Handles cases such
as post-return injections.
end if
addInstrumentationCode(codeModelCopy, code, locations)
end function

1. Initialization: A copy of the source code model is created to preserve the original
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state of the software source code in VSUM. As a result, the developer can con-
tinue evolving the original source code while running the instrumented version
independently. This ensures that instrumentation does not interfere with ongoing
development. This step corresponds to line 2 in Algorithm 3 (codeModelCopy).

Model-based Instrumentation: For each probe in the instrumentation model (Line
3), an instrumentation code suitable for a monitoring tool and source code model
is generated and injected into the source code model as follows.

a) Concrete probe creation: A concrete probe for the given source code model
is created in this step (Line 4). As shown in Figure 5.12, we extend our
instrumentation model to allow each probe to be implemented to be suitable



5.2. Adaptive Instrumentation

for different monitoring tools. For that, we used the bridge design pattern,
which enables each probe to delegate the generation of its instrumentation
code to a concrete monitoring tool, like Kieker (Section 2.1.3 in our design.

b) Probe instrumentation code generation: In this step (Line 5), we generate the
instrumentation code model compatible with the type of probe, the source
code model, and the monitoring tool.

c) Instrumentation code location calculation: In this step, the locations where
the generated instrumentation code should be injected are determined. This
is achieved by using the mapping between the source code and the elements
of aPM, to which the probe belongs. This mapping is maintained in the
VITRUVIUS correspondence model in our implementation.

d) Compilation error prevention: This step ensures that the monitoring instru-
mentation code does not cause issues with the control flow, such as being
incorrectly placed after a return statement, which could lead to dead code
or compilation errors. In Section A.3, we show an example of a source code
instrumented in our evaluation. The example shows how this process of
adaptive instrumentation adjusts the instrumentation code accurately to
prevent compilation errors.

e) Instrumentation code injection: In this step, the instrumentation source code
for a probe is injected into the calculated location.

3. Dependency injection: Line 9 ensures that the dependencies of the monitoring tool
are added.

4. Printing: Line 10 prints the instrumented source code model to source code files,
making it easier to run in a test/production environment.

After injection, the instrumented source code model is ready for deployment in the
test/production environment to gather measurements for calibration. As a result, the
adaptive instrumentation adaptively collects the required measurements for calibrating
the performance model.
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5.3. Realization of the Adaptive Instrumentation

We implement C2 using the Kieker monitoring tool (Section 2.1.3), which supports
defining customizable probes to monitor software systems using Kieker’s domain-
specific record instrumentation language. This language allows for the creation of
custom probes in addition to using predefined ones, such as probes for monitoring CPU
utilization.

Hence, we define the following probes:

 Service probe: monitors input parameters for estimating parametric dependen-
cies, caller for building SCG, current deployment for updating Allocation Model,
and service execution time for self-validation. Regarding input parameters, we
employ heuristics similar to those described in [Kro12, Chapter 5.10.4] to monitor
certain properties of input parameters (e.g., the number of list elements or file size).
This allows us to later investigate whether PMPs depend on these properties.

- Internal action probe: tracks the execution time for internal actions.

« Loop action probe: tracks loop iterations.

« Branch action record: monitors branch selection in conditional statements.

Additionally, we extend the measurement models to store the measurements provided
by these probes there, as explained in the following section.

5.4. Measurement Metamodel

To process the measurements resulting from the probes in the previous section, we
extend the measurement model with Kieker records corresponding to the defined
probes, as shown in Figure 5.13.

+ The service context record extends both the session context record and the host
context record. Regarding the session context, this extension is necessary because
our Ops-time calibration aims to capture user behavior within the observed session
to keep the usage profile up-to-date. Additionally, the host context captures host
information to continuously update the available resources and the allocation of
the software system components on them.

Beyond these, the service context record includes extra properties that our
monitoring framework captures for the calibration of performance parameters
and application of self-validation. These properties encompass:

— The input parameters properties (e.g., type, value, number of list elements,
etc.) that should be considered later as candidates for parametric dependency
investigation (parameters).
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— The caller of this service execution (callerExecutionID) to learn the para-
metric dependency between the input parameters of both caller and callee
services (servicelID), and calibrates the SEFF external call accordingly
(externalCallID).

— The allocation context that captures where the component offering this
service is deployed (hostID, hostName).

— The execution time of this service to be used as a reference for the self-
validation process (entryTime, exitTime).

Internal-action record to monitor the response time of the internal actions and
use it for resource demand estimation (entryTime, exitTime).

Resource utilization record to monitor the utilization (utilization) of a resource
with the identifier "resourceID" in a time stamp (timestamp).

Loop record to monitor the number of loop iterations (LoopIterationCount).

Branch record to monitor the selected branch (executedBranchID).

After the adaptive instrumentation (C2) and running the instrumented source code,
the measurements are stored in the measurements records defined above and are ready
to be used for the calibration, as we describe in the following chapter (Chapter 6).

5.5. Assumptions and Limits

The first contribution of CIPM has the following assumptions:

108

Source code is dominant: Current implementation integrates the initial commit
based on CPRs applied on the source code. A manually modeled performance
model can be used as a basis for the Incremental Reverse Engineering (IRE)
process. However, according to our current assumption, we update aPM based on
the source code. We will describe the case of existing an aPM in the update process
(e.g., a manually modeled aPM) in a planned future work; see Section 13.1.5.

Each internal action is demand-dominated by one resource: We assume that each
internal action or internal call is dominated by a single resource. According to
this assumption, our adaptive instrumentation injects source code to monitor
the execution time using one monitoring record. However, it is conceptually
possible to inject a source code to monitor the internal action code with more
than one monitoring record. For instance, the disk demand can be detected by
the static analysis based ob the used libraries. This allows accurate calibration of
the resource demand, see Section 13.1.12.



5.5. Assumptions and Limits

« Technology Invariance: We assume that technology is staying the same along the
software SDLC. If that is not the case, the methodologist must adjust the CPRs to
update the aPMs correctly.

The consistency preservation at Dev-time, including C1 and C2, has the following
limitations:

« EMF Standard Limitation: Our consistency preservation is limited to models
based on EMF. Thus, applying CIPM requires a source code parser and printer
compatible with the EMF-based consistency preservation platform. To evaluate the
CIPM approach, we update JaMoPP and implement an EMFText-based parser and
printer for the LUA programming language. However, future research focuses on
extending support to other models, such as JavaScript Object Notation (JSON), and
minimizing the initial overhead for applying CIPM in practice. See Section 13.1.9.3.

+ CPRs are Technology-based: The predefined CPRs are currently related to the tech-
nology of the project. For instance, in the context of CIPM, we define CPRs for
microservice-based and industrial IoT-based projects [Bur23]. New technologies
without pre-existing CPRs necessitate initial definition and implementation. How-
ever, ongoing future work is working to generalize these CPRs, see Section 13.1.3.

+ Language-specific CPRs: The CPRs in CIPM are language-based, requiring a dis-
tinct modeling environment for each programming language used within a system.
Currently, environments are available only for Java and Lua. In systems that in-
volve multiple languages, the Cl-based strategy updates each part sequentially
according to its language. Future work aims to explore better solutions through
generalized CPRs to improve integration across diverse programming languages.

+ Handling Multi-language and Multi-repository Systems: The current implementa-
tion assumes that the system is a single programming language and maintained
in one repository. While CIPM can accommodate multiple languages and reposi-
tories, it suggests handling repositories and languages sequentially, utilizing the
corresponding technology-specific and language-specific CPRs. Integrating these
cases may pose challenges in automating this process, including human config-
uration during interactions in addition to generalizing CPRs would be required,
which requires further research, see Section 13.1.3.

« Static Adaptive Instrumentation: Our adaptive instrumentation (C2) is based on
static instrumentation, which must be injected before executing the application.
Unlike dynamic instrumentation, which allows for the injection of instrumentation
probes at runtime without restarting the system, this approach is inherently less
flexible. However, static instrumentation should be applicable, as we assume
that CIPM supports agile SDLC practices, where the source code is available and
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accessible. Furthermore, the presence of monitoring probes in the source code does
not inherently introduce monitoring overhead; rather, it is their execution that
may lead to overhead (Section 2.1.3). Besides, our fine-grained instrumentation
cannot be realized based on AOP. For instance, loops are irreversibly removed
during bytecode generation, rendering them undetectable without additional
measures.

Future work could explore the integration of static and dynamic instrumentation
to enhance flexibility during runtime. This could involve extending the mapping
between aPM and the source code to encompass the bytecode model. However,
implementing such dynamic fine-grained monitoring may introduce performance
overhead if numerous join points are intercepted, particularly when various join
cuts, such as input parameters, are involved.

Limitations in Source Code-Based Updates: The current CI-based update of software
models is restricted to changes in the source code. Updates involving configuration
files and runtime parameters are not covered and are defined as future work
(Section 13.1.9). This limitation affects the ability to fully automate the reverse
engineering of self-adaptive systems, as static analysis must extend beyond the
source code to include configuration files and other settings.

Limitations in Static Analysis: To detect dependency injection based on static anal-
ysis, technology-specific CPRs can scan for patterns (e.g., constructor signatures,
setter methods) and specific annotations (e.g., @Autowired, @Inject). For example,
Langhammer has established such rules for Google Guice [Lan17], leveraging its
adherence to the JSR 330 standard. This alignment with JSR 330 suggests potential
adaptability to other dependency injection frameworks. However, extracting the
System Model and abstract behavior relies on resolving dependencies, which is
not always feasible solely through static source code analysis. Frameworks like
Spring, for instance, often specify dependency injection in external configuration
files, not directly in the codebase. Due to CIPM’s current limitation to static
analysis, conflicts arise during extraction at Dev-time when users are prompted
to select instances for inclusion in System Model. Including configuration files in
the update process in future work (Section 13.1.9) may reduce user interactions.

Regarding the SEFF extraction, we follow currently Langhammer’s assumptions
that developers avoid programming language features that instantiate classes
within the services. The reason is that developers may employ reflection to instan-
tiate classes that invoke external methods. The current implementation does not
address this case. However, we define a future work that models the dependency
injection within SEFF using a branch action conditioned on dependency types,
which allows dynamic update of the SEFF at Ops-time, see Section 13.1.10.1.



5.6. Discussion

Future work on SEFF extraction could integrate a branching action to represent de-
pendency injection, with branch conditions guarded by the available dependency
types. Adaptive instrumentation could add a specific branch probe to capture
dependency types at Ops-time time, updating the SEFF dynamically during opera-
tions.

« Limitation in Updating aPM for Self-Adaptive Systems: Simulating self-adaptive
systems requires not only providing an accurate aPM but also configuring the sim-
ulator with knowledge that defines the conditions for triggering self-adaptation ac-
tions according to simulation measurements [Bec+13]. Due to t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>