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Abstract

To gain a comprehensive understanding of the qual-
ity properties of a system and its interactions, we re-
quire first analyzing it. Model-Based Analysis is an
approach in Model-Driven Engineering that uses mod-
els to systematically analyze a system for structure,
behavior, or quality characteristics. Due to the com-
plexity and interdependence of modern systems, in-
dividual analysis approaches need to be combined to
meet a specific purpose and achieve complete analy-
sis. This paper provides an overview of current anal-
ysis composition operators in the context of Palladio,
along with examples of how they are used. The objec-
tive is to define some criteria that aid in the judicious
selection of the most fitting operator for distinct sce-
narios. In order to help engineers in making better-
informed decisions about analysis composition within
the Palladio context and ultimately directing them
toward ideal operators.

1 Introduction

As software systems have expanded in domain and
grown in complexity, the demand for tools and tech-
niques to analyze their properties has increased. Anal-
ysis techniques are employed to reason about the
structure, behavior, and quality of systems using mod-
els [7]. Model-based analysis, in particular, is an ef-
fective strategy to use for more efficient and effec-
tive decision-making and to avoid expensive design
faults. Different modeling and analysis techniques can
be combined by composing individual analysis compo-
nents for specific analysis purposes, requiring the use
of composition operators.

Palladio [2] is an approach to model, simulate,
and analyze software architectures, keeping a focus
on performance, maintainability, reliability, and other
quality properties. The Palladio Component Model
(PCM) is a widely used domain-specific modeling lan-
guage for software systems. PCM associated analy-
sis techniques enable dynamic analysis of system be-
havior and evaluation of different scenarios. Palla-
dio has been expanded to encompass different dimen-
sions of quality properties. These extensions also in-
volve the expansion of Palladio’s reach into various
domains beyond its original focus. This broadening

of scope increases the model’s applicability and effec-
tiveness across a wide variety of software development
scenarios, in which composing and decomposing anal-
ysis techniques across different domains is essential for
integrating desired analyses.

In this paper, we present an overview of analysis
composition operators and a number of application
examples of analysis composition in existing research
projects that use some of these analysis composition
operators. This paper’s contribution involves exam-
ining the reasons behind the use or lack of specific
analysis composition operators in existing application
examples. Drawing from our insights gained in this
exploration, we derive criteria to guide the selection
of analysis composition operators for future applica-
tion examples.

The paper is organized as follows: It begins with
an introduction to analysis composition operators in
Section 2. Following that, we offer an overview of
existing application examples of analysis composition
operators in Section 3. Section 4 details our selection
criteria for choosing analysis composition operators.
The paper concludes by summarizing the findings and
outlining potential future research paths.

2 Overview of Analysis Composition
Operators

Composition operators for analysis can be broadly
categorized into several types [6]:

Composition by result exchange involves integrat-
ing separate analysis techniques by exchanging the
results of their computations or simulations. This op-
erator is suitable when one analysis technique relies
on the results of another as an input and both tech-
niques operate independently. Since there will be no
real-time interaction between the analysis techniques,
it represents the simplest way of analysis composition.

Composition by transformation focuses on model
transformations, which involve converting models
from one representation to another. It is important to
note that the use of this composition operator can only
be achieved if the models of all analysis techniques can
be integrated using a joint formalism. This operator
uses a single formalism model as input for analysis,
which is often represented by Petri nets or queuing



networks for example.
Composition by co-simulation is an operator that

enables the integration of multiple analysis techniques
in order to collectively model and analyze complex
systems. Analysis techniques are coordinated to in-
teract and exchange data in a synchronized manner
to analyze the behavior of a larger, interconnected
system. The coordinator plays a central role in the
co-simulation approach. Its primary responsibility is
to orchestrate and manage the execution of analysis
techniques involved in the co-simulation process.

Composition by extension involves extending exist-
ing analysis techniques by adding the features of an-
other analysis technique. This operator enhances the
capabilities of analysis technique components, result-
ing in the creation of a unified and integrated system.
However, this operator is suitable in cases where all
analysis techniques are based on the same modeling
paradigm and formalism.

3 Application Examples

In this section, we will explore several application ex-
amples of analysis composition operators in the con-
text of Palladio.

IntBIIS: IntBIIS [3] extends the PCM and the Pal-
ladio performance analysis by a business process simu-
lator to predict the performance of business processes
and assess their impact on software systems through
the use of a modeling language and analysis technique.
The approach exemplifies composition by extension
operator and is suitable to employ due to the same
modeling paradigm of PCM usage and business pro-
cess models. This is a white-box composition because
it allows for a more accurate prediction of performance
by considering the intricate relationships and behav-
iors of the components instead of using isolated anal-
ysis techniques.

PCA: The Power Consumption Analyzer (PCA) [4]
uses the result of the Palladio performance analysis as
input to a power consumption analysis to predict en-
ergy efficiency of a software system. The performance
analysis results are combined with a power consump-
tion metamodel to perform model-based energy effi-
ciency analysis at the architecture level. It uses the
composition by result exchange operator between iso-
lated analysis techniques by treating the system as a
black-box. To calculate power consumption based on
the Power State Model in each state, PCA needs the
measurements in the Palladio Runtime Measurement
Model.

OMPCM: PCM only provides limited capabili-
ties to model and simulate network communication.
This limitation impacts the accuracy of predicting
the performance of network-intensive systems. OM-
PCM [1] addresses this issue by combining Palla-
dio architecture-level software performance predic-
tion and OMNeT++-based network-centric simula-
tor. This is an example of composition by co-

simulation, enabling smooth integration with the es-
tablished Palladio tool set and employing a grey-box
approach. A bridge module coordinates the transla-
tion of events between the OMPCM and the network
simulators. Using this bridge to remotely deploy com-
ponents via the network connection can have an over-
head that affects the response time of the system.

Message-Driven Self-Adaptive Systems: The ap-
proach is used to model the behavior of queuing and
message brokers within self-adaptive system architec-
tures. A simulation interface connects a simulation
of a component-based architecture with a messaging-
based simulation to offer quality forecasts [5]. This is
an example of composition by co-simulation, in which
the simulation interface must manage the consistency
and synchronization of simulations.

Multi-Level Hardware Simulation: Modeling and
analysis of systems are usually carried out on a sin-
gle level of abstraction. Depending on this level of
abstraction, accuracy and simulation of the analysis
form a trade-off. Using multi-level hardware simula-
tion, the level of abstraction and, consequently, the
trade-off decision can be varied during a simulation.
The composition of the different hardware simulators
on different levels of abstraction is achieved by re-
sult exchange operator. Co-simulation is also used to
compose the multi-level hardware simulation with the
usage and software simulation of Palladio [8].

Coupling of Architectural Analyses and Static
Source Code Analyses: To verify the security prop-
erties of assumed architectural security, a framework
is introduced that combines static architectural anal-
ysis with specification-driven source code analysis [8].
This scenario employs composition by result exchange
and a black-box approach due to the fact that the out-
come of security-related information in the implemen-
tation, derived from the source code analysis result
and their integration, is utilized as an input into the
architectural analysis.

4 Selection Criteria

Based on the insights gathered from the application
examples described in the previous section, we derive
the following criteria to guide the selection of compo-
sition operators for future application examples.

Type of analysis:

Black-box approach: When there is a composi-
tion between black-box analyses, it means that
the internal structure is encapsulated and the im-
plementation details are hidden from the outside
[6]. The criterion derives from practical examples
(such as PCA), which focuses solely on explicit
interfaces without considering internal behavior
and returns only the results. If the black-box cri-
terion is found in an application example, select-
ing the composition by result exchange operator
is the optimal choice.



White-box approach: When there is a composi-
tion between white-box analyses, we have access
to the internal details, components, and logic of
the analyses during the composition process. In
other words, at each level of depth, the internals
of the composed individual models are available
for analysis and modification [6]. The applica-
tion example of IntBIIS aligns with the white-box
approach, which extends PCM’s usage specifica-
tion by incorporating business process constructs.
In the case where a white-box approach is a cri-
terion, both the composition by extension and
composition by transformation operators can be
selected based on other relevant criteria.

Grey-box approach: When there is a composition
between grey-box analyses, it combines the ad-
vantages of white-box and black-box approaches
[6]. There is a degree of transparency and internal
knowledge of models, while a level of abstraction
and modularity remains. For instance, OMPCM
serves as an illustration of this kind of compo-
sition through co-simulation. Therefore, if the
grey-box approach is determined as a criterion,
the selection of composition by co-simulation is
considered appropriate.

Coordination overhead : Coordination is needed
when different analysis techniques are interacting
and exchanging information with each other. Differ-
ent mechanisms exist for synchronizing components,
which may add additional overhead to the system de-
pending on their complexity. It can be inferred from
instances such as OMPCM, where the presence of a
coordinator can have an impact on the response time
of the service. This implies that, in situations where
the impact of overhead on system performance is im-
portant, the selection of the co-simulation operator
should be avoided.

Modeling paradigm: Modeling paradigm refers to
the foundation and methodology of the systems which
can be used in analysis composition process. Various
analysis methods might adopt distinct modeling ap-
proaches based on how system components interact
and the specific attributes of the systems involved. It
is derived from the example of IntBIIS, which involves
composition by extension, while both analysis tech-
niques must adhere to the same modeling paradigm.
Consequently, when both analysis techniques use the
same modeling paradigm, it is practical to select com-
position by extension operator.

Compatible interface: In analysis composition tech-
niques, a compatible interface is essential for effi-
cient communication, data exchange, and facilitating
a combined system. Interfaces that are compatible al-
low multiple components, systems, or modules to work
together and interact with one another seamlessly. In
Message-Driven example, implementing an interface
can facilitate the architectural representation of mes-

saging and ensure meaningful interoperability. Hence,
in scenarios where having a compatible interface is
not feasible, the composition by co-simulation opera-
tor does not represent the optimal choice.

Applying specific criteria is vital for selecting a suit-
able analysis composition operator that aligns with
the analysis objective, system attributes, and domain
prerequisites. This boosts accuracy and ensures con-
sistent results.

5 Conclusion

In this paper, we presented an overview of analy-
sis composition operators and discussed about several
previous examples of those in literature. In addition,
we derived some criteria from the provided examples
to serve as guidelines. These criteria can be employed
to assist in the selection of suitable operators for up-
coming endeavors. As part of our future work, we aim
to extend these criteria and introduce a novel classi-
fication of the efforts undertaken in this field. Fur-
thermore, we intend to extend existing mechanisms
for analysis composition and develop new modular
semantic-based analyses.
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