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Summary

Platform-based design enables high-tech equipment manufacturers to deliver many product
variants by configuring reusable hardware/software components, but growing system
diversity and long product lifecycles make integration and evolution increasingly costly.
Engineers must select and integrate hundreds of components, reason about trade-offs (e.g.,
performance vs. cost), and repeatedly re-verify functional and non-functional requirements
after platform updates. This challenge cannot be solved by adding more engineers, as there
is also a growing scarcity of skilled labor.

The TechFlex 2025 project investigates how to move from expert-driven, manual
configuration and late-stage validation to model-based automation for component-based
product families. Concretely, it addresses three research questions: (RQ1) to what extent is it
possible to synthesize software configurations from a product (platform) variation tree that
satisfy functional requirements, constraints, and performance requirements while optimizing
other system qualities such as cost? (RQ2) what defines a (minimal) set of component
behaviors and interface specifications needed to generate an executable system model that
can be used to validate system flows and performance early, without requiring a complete
model of all components? (RQ3) to what extent is it possible to accurately predict the
performance of arbitrary product configurations based on incremental insights for individual
components gained during development and deployment?

As a result of research, the project has delivered the following three key contributions:

e Automatic synthesis of product variants based on functionality and constraints
(RQ1): A model-based synthesis methodology that enables synthesis of hierarchi-
cally decomposed software architectures deployed on complex hardware configura-
tions is proposed. It contributes generalized meta-models for software and hardware,
as well as a Python-based toolchain for design-space exploration. Evaluation using
both synthetic and industrial-scale cases indicates feasible runtimes (seconds to
minutes) and valid synthesized solutions.

e Component specification required for early system performance analysis
(RQ2): A methodology for generating executable models (mock components) from
ComMA interface and component specifications to enable early platform verification
(including timing constraints) prior to full software availability. It identifies limitations of
reusing trace-based component semantics for code generation and proposes run-to-
completion restrictions plus an operational interpretation that supports synthesis. The
approach is demonstrated on a small example, showing how generated mocks can
be deployed to detect and diagnose timing issues and platform-induced regressions.

¢ Incremental performance prediction for product families (RQ3): A compositional
strategy for predicting performance of arbitrary deployments from independent com-
ponent characterizations, focusing on shared-resource interference, is proposed.
These independent characterizations can be combined to predict performance degra-
dation for any pair of co-deployed components sharing memory without exhaustive
co-deployment experiments, with good predictive accuracy.
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1

Introduction

The Dutch high-tech equipment industry, including companies like Philips, ASML, Canon
Production Printers, and Thales, is a cornerstone of the Dutch economy, contributing €72
billion (6%) to GDP each year and accounting for about 4% of jobs. With 40% of private R&D
spending, the industry is a key driver behind the innovative power of the Netherlands [1].
However, the industry is challenged by increasing system complexity, driven by a number of
technological and market trends [2]. One example of such a trend is growing system
diversity. Every customer wants a system tailored to their specific needs, which results in a
growing number of unique system configurations, referred to as product variants, that must
be developed and maintained. Individually developing and maintaining a large number of
product variants is both costly and time-consuming. To address this, the industry has moved
towards platform-based design [3]. This allows new product variants to be developed by
configuring a common product platform, selecting hardware and software components from a
repository of reusable assets.

A key characteristic of high-tech equipment is that systems have very long lifetimes, often
several decades [1]. During this time, customers expect their systems to continuously evolve
to counter hardware and software obsolescence, stay secure, and frequently provide new
value-added features. It is hence important that the system is designed in such a way that the
hardware and software platform can be easily changed as technology evolves and that it is
possible to verify that both functional and non-functional (e.g. timing) requirements are still
satisfied after an update or upgrade with limited effort.

While significant progress has been made to address challenges related to system diversity
and evolution over the past years, there are still several important challenges to overcome as
the industry is challenged to increase R&D productivity, while facing growing scarcity of
skilled engineers [2].

C1) Specifying the software components to integrate to realize a new product variant
in the best way requires considerable expertise: A software integrator working with
complex high-tech equipment needs to be familiar with hundreds of components and how
they fit together. There may be more than one set of components that can satisfy a given set
of requirements, but the options are difficult to oversee, and the impact of design decisions is
hard to relate to key system qualities such as performance or cost. There is therefore a need
for democratization of engineering to address the scarcity of experienced engineers, as well
as optimization to improve the competitiveness of the resulting systems.

C2) Software component integration takes a lot of time and effort: There is a need for
automation to increase engineering productivity.

C3) Updating and verifying functional and non-functional requirements of product
variants as product platforms and variants evolve is costly and time-consuming: There
is a need for technology-agnostic abstractions and automation to reduce the effort involved in
updating components as software technology evolves and verifying that requirements are still
satisfied.
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This report describes the results from the TechFlex 2025 project. TechFlex 2025 addresses
the mentioned challenges associated with system diversity and evolution at the level of the
software platform, building on results from TechFlex 2024 [3]. Specifically, the project
investigates the following three research questions:

RQ1) [Automatic synthesis of product variants based on functionality and constraints]
e To what extent is it possible to synthesize from a product (platform) variation tree,
software configurations that satisfy both functionality requirements, constraints, and
performance requirements, while optimizing other system qualities such as cost?

RQ2) [Component specification is required for early system performance analysis]

e What defines a (minimal) set of component behaviors and interface specifications
needed to generate an executable system model that can be used to validate system
flows and their performance in an early phase without the need for a complete model
of all components?

RQ3) [Incremental performance prediction for product families]
e To what extent is it possible to accurately predict performance of arbitrary product
configurations based on incremental insights for individual components gained during
development and deployment?

This report primarily addresses the first two research questions. The third research question
is discussed in a master’s thesis conducted in connection with this project. The high-level
conclusions from this thesis are presented in Chapter 4 of this report. The research for RQ3
builds on an earlier thesis about performance prediction, conducted as part of the earlier
ArchViews project, and described in [5].

The result of the overarching TechFlex project is a methodology for model-based
specification, deployment, and verification, illustrated in Figure 1. The two first contributions
of this methodology are results from TechFlex 2024 [3] and are considered context in this
report, while the last two contributions are from TechFlex 2025:

1. Technology-agnostic specification of reusable building blocks (an abstraction)
— Specification of product variants using a family of Domain-Specific Languages
(DSLs), minimizing manual effort
2. Technology-specific generation of build, packaging, and deployment artifacts
(automation)
— Generators are phased in and out as software technologies evolve, improving
portability of the whole product family
3. Synthesis of component compositions and deployment from a high-level
component specification (democratization, automation, optimization)
— Automatic system composition and optimization that increases product quality and
reduces the dependency on scarce experts
4. Platform verification using an executable model generated from a high-level component
specification (automation)
— Early integration testing (shift left) on relevant hardware and software platforms,
reducing the verification effort

The four contributions of this methodology address the specified challenges, although not
through a simple one-to-one relation. For example, Challenge C1 is primarily addressed
through synthesis (the third contribution), but technology-agnostic specifications (the first
contribution) are required as input for synthesis. To actually realize the synthesized system,
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we need the technology-specific generators (the second contribution) to automatically
generate the relevant development artifacts. This provides automation that also addresses
Challenge C2. Challenge C2 is also addressed by the fourth contribution, which allows
generation of an executable model (mock component) from the technology-agnostic
specification, enabling early integration testing on actual hardware before all components
have been implemented. For Challenge C3, the distinction between technology-agnostic
specifications and technology-specific generators is helpful because it allows us to focus our
efforts on modifying or creating new technology-specific generators as technologies evolve.

Components Technology-agnostic DSL's for
Hardware platform product variation tree and
c:eg;_llrif_is Selected Deployment integration specification
pabilit components /
Constraints on Deployment
properties Resolver
Optimization
criteria
1 : H
| i
Y | ComMA ' Hardware Software H Imple_mentEd
. i :
E zero behavior ! components components 1 Artifacts
“ i
pJ ~ —'4
TechFlex 2025 R -
TechFlex 2024 Artifact Artifact Artifact Technology-dependent
Generation Generation Generation generators and DSL's
' \\
' Deployable Deployable ' )
' S ! Generated Artifacts
: Zero Application configuration H
| |
1 H

Figure 1: Overview of the TechFlex methodology

The remainder of this report is structured as follows. Chapter 2 addresses RQ1 and
introduces a model-based methodology for automatic synthesis of component compositions
to instantiate new product variants that satisfy both functional and non-functional
requirements. Chapter 3 considers RQ2 and presents a methodology for early verification of
the hardware and software platform in the context of such synthesized variants based on an
executable model that is automatically generated from high-level interface and component
(ComMA) models. Lastly, Chapter 4 rounds off the report with conclusions and future work.
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2

2.1

System Synthesis

After stating the challenges and research questions addressed in this work in Chapter 0, we
proceed in this chapter by describing how some of the stated challenges can be addressed
through automatic system synthesis, or more specifically, synthesis of software component
compositions and deployments. First, in Section 2.1, we provide an introduction to this topic.
Section 2.2 proceeds by discussing the requirements and scope of our research, after which
Section 2.3 provides a brief review of the state-of-the-art to identify key concepts and
research gaps. In Section 2.4, we choose a state-of-the-art approach to serve as a starting
point for our work and provide a justification for this choice. Section 2.5 then addresses a key
research gap by proposing a generalized system model for component-based systems that
captures that both software and hardware may be organized in a hierarchical fashion to
address the complexity of complex systems. Section 0 then explains how to extend our
selected baseline approach to consider such hierarchical system models, while Section 2.7
concludes with an evaluation of the extended synthesis approach, both using a simple
synthetic case study and a more complex industrial case.

Introduction to System Synthesis

Platform-based design [3] allows new system variants to be composed from a repository of
reusable components that may independently evolve over the lifetime of the system.
Leveraging the principle of reuse has enabled the industry to reduce the time required to
specify new system variants. However, manually selecting the software components to
integrate—and how to deploy them on available hardware—still requires significant effort and
expertise from increasingly scarce engineers. This challenge can be addressed through
automatic system synthesis, which aims to satisfy both functional and non-functional
requirements. System synthesis therefore supports a further shift left and optimization of the
design phase, extending platform-based design.

The key idea of synthesis of component compositions and deployments is to leverage models
of components that describe the services they provide to the system. These services are
specified along with relevant properties, such as the quality level with which the service is
provided, e.g. in terms of frames per second or image quality, and the amount of time and
resources, such as CPU and memory, required for the component to perform its function. The
models also specify the constraints under which they can deliver their services, which may
include requirements on other services with particular quality levels being provided to them
by other components.

Given a high-level specification of the required functionality, properties, and timing constraints
for a new system variant, it is possible to express the synthesis of component compositions
and deployments as an optimization problem that tries to find a set of components to
integrate and a deployment on the available hardware (also described in models) that satisfy
all specified requirements. Since there may be many possible solutions to such a problem, an
objective function is also provided to determine which of the possible solutions is considered
best, e.g., the one that maximizes performance, minimizes cost by reducing hardware over-
dimensioning, or a combination thereof. This is an example of model-based design space
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exploration, a topic that requires further attention according to a recent survey among
industry practitioners [6].

System synthesis has several potential benefits. First of all, it provides automation, which
helps increase engineering productivity. Secondly, it democratizes system integration by
embedding much knowledge in the component models, reducing the dependency on scarce
domain experts. For example, the use of models may aid system engineers in exploration of
different configurations on actual software with only limited support from software
engineering, increasing their independence and productivity [4], [5], [6]. Lastly, the element of
automatic design optimization may help increase the quality or performance of the system,
while reducing cost. These benefits are particularly important for complex systems with many
reusable components that can be combined in many different ways to realize a particular
functionality. A potential drawback of the approach is that it requires up-front modelling effort
to create the required component models, a challenge shared by all model-based
methodologies [7]. The quality of the result will also be directly dependent on the
completeness (are all constraints considered?) and accuracy (is the timing behavior of the
component accurately determined?) of the component models.

2.2 Requirements and Scope

This section describes the scope and a set of requirements that our industrial context
imposes on our methodology.

The synthesis of software component compositions can be done at design time to configure
new product variants or evolve existing ones. The case of evolution can be seen as a special
case that involves fixing parts of the system that should be kept intact using component
constraints that restrict the design space. For design-time synthesis, it is reasonable to
expect a high-quality configuration in less than a day, a substantial improvement over the
current practice of doing this manually. Longer synthesis times are expected to make the
approach impractical, especially if several iterations are required in light of frequently evolving
requirements.

System synthesis may also add value at run time in an operational system. In this case, the
system can synthesize a new configuration when a piece of hardware unexpectedly fails in a
deployed system, ensuring minimal performance degradation. Here, synthesis cannot
leverage all reusable components in the repository but is limited to the subset of components
available in the operational system. The priority in this case is to find a new configuration that
satisfies constraints very quickly, e.g., in less than one second, to keep the system
operational. The TechFlex 2025 project focuses on solving the design-time synthesis first and
considers reducing synthesis time to support run-time use as future work.

The system model used in the methodology needs to reflect that complex systems are built
hierarchically through decomposition into subsystems that may in turn be recursively built
from subsystems or a set of components implementing a given functionality. This structure
allows properties and constraints to be defined at either the subsystem or the component
level, reflecting how systems are actually engineered. Components may provide or require
multiple services on multiple interfaces, which means that the component model must be able
to handle components with multiple inputs and outputs. Furthermore, large industrial systems
may need the services provided by a subsystem or a component in multiple places, either to
realize different functionalities or to duplicate a particular functionality, e.g. to simultaneously
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2.3

decode multiple video streams. This raises interesting questions with respect to the synthesis
process. Can components be shared between subsystems, or are instances per subsystem
required? These questions need to be addressed by the proposed system synthesis
methodology.

The result of the synthesis not only has to satisfy functional requirements, but also non-
functional requirements, e.g., related to system performance. In this work, we consider a
system with timing constraints specified as system flows, i.e., end-to-end latencies for
sequences or graphs of interacting components. An example of such a system flow, modelled
as a UML sequence diagram, is shown in Figure 2. The figure shows that the maximum time
between a SubmitOrderRequest arriving at the PlannerService and the corresponding
DeliveryUpdateNotification arriving back at the PlannerService should not exceed 250 ms.

Sequence diagram of "From order to delivery”

DeliveryControlService | | PlannerService MealDispatchingService | | MealPreparingService MealDeliveringService

SubmitOrderRequest
2 e e e e e e e e e e . — — — — — — — — —— — — — — ————

MonitorNotification

ScheduleUpdateRequest
e e
max

MealPreparationRequest
250 ms

DispatchDeliveryRequest

DeliveryUpdateNotification

DeliveryControlService | | PlannerService MealDispatchingService MealPreparingService MealDeliveringService

Figure 2: An example of a system flow, modelled as a UML Sequence diagram.

Complex software systems may be deployed on hundreds of compute nodes with
heterogeneous configurations, e.g. in terms of number of cores, memory size, and availability
of accelerators, like GPUs. These nodes may also be organized hierarchically, e.g. in
different racks connected by different networks. The timing behavior of the system depends
on both the selected components, as well as on how they are deployed over the compute
nodes. To determine whether a particular deployment is valid, it must be possible to specify
the available hardware resources, i.e. the compute nodes with their cores, memory, and
potential accelerators, as well as the resources needed by components to perform their
function. It must also be possible to predict the latency of components sharing resources,
such as CPU cores and memory, of a compute node. This is the topic of RQ3 of the project of
which the results are described in [8].

Lastly, the developed methodology must be compatible with existing engineering processes
and timescales to be useful in industrial practice. The method must be supported by tooling
that performs the service composition, as well as the deployment on available,
heterogeneous hardware.

State-of-the-Art

A brief study of the academic literature revealed related work in several fields, e.g.
component-based software synthesis, service-oriented architecture synthesis, and formal
methods in systems synthesis. Much of the academic research has been conducted in this
area during the first two decades of this millennium, often building on foundations of
synthesis from the 60’s through 80’s.
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In this section, we will review a few selected works and position them with respect to these
dimensions.
e How components are modelled, e.g. with a single input and output or with multiple
inputs and outputs
e Whether or not they consider quality-of-service (QoS), such as latency or throughput
constraints
e Whether they model any type of system resources, e.g. CPU and memory, that are
required by selected components to realize their functionality
e Which kind of optimization method is used, e.g. specialized heuristic methods [9],
[10], general meta-heuristics [11], or mathematical programming [12], [13].
e How they were evaluated, e.g. not evaluated, evaluated with synthetic workloads
[10], [13] or evaluated with a small example [12].
e Whether the approach is supported by an available tool [11], [12]

The work in [9] discusses the evolution of automated component-based software
development tools, a story going from methods based on structural synthesis of programs
(SSP) [14] to behavioral types. It discusses a number of tools, the older CoCoVila [15] and
SoCoSys [16], as well as the newer BSynth. Both SoCoSys and CoCoVila build on SSP, but
CoCoVila has a more general component model that considers a set of input ports, a set of
output ports, constraints and credentials. The latter are used to capture non-functional
properties, such as QoS. Both approaches use specialized heuristic algorithms to perform the
software composition. Another similarity is that both SoCoSys and CoCoVila assume
completeness of the repository, i.e. that there are available components in the repository that
allows the puzzle to be solved. BSynth addresses this limitation by creating a set of virtual
components that cover all combinations of dangling inputs of real components to dangling
outputs. A heuristic search algorithm then tries to: 1) find a complete solution, 2) minimize the
number of virtual components, and 3) minimize the total number of components. This work is
related to ours, but considers automated synthesis of components, rather than of component
compositions. Neither SoCoSys nor BSynth are available online. CoCoVila [17] is available
on GitHub, but has not been maintained for six years.

A component language and toolset for Quality and Resource Management (QRM) is
presented in [12]. It builds on mathematical component model elaborated in [18]. A domain-
specific language (DSL), defined in Xtext [19], is used to specify components with multiple
inputs and outputs, required/provided resource budget, and parameters. The DSL
complements other component models in the sense that it only specifies QRM aspects of
components and needs extensions to go beyond this. For example, it could be combined with
component languages focusing on structural and behavioral aspects, such as ComMA [20],
[21]. The QRM approach supports specification of different design alternatives, e.g. different
software or hardware implementations. Model-to-text generators automatically generate a
constraint problem formulations for the Z3 Satisfiability Modulo Theories (SMT) solver [22].
Solving the generated problem allows different alternatives to be explored and feasible
solutions visualized as a Pareto front [23]. A tool for creating QRM models is available for
online usage [24]. A framework for resource management and deployment of QRM
components in resource-constrained environments is presented in [25]. Overall, this
approach is strongly related to the research presented in this work. The main difference is
that it does not allow hierarchical specification and synthesis of systems, from subsystems
down to individual components, which is typical in engineering of high-tech equipment.

A service composition problem in the context of service-oriented architectures is addressed in

[13]. The challenge is to compose services from a repository of components that best satisfy
a targeted orchestration model in terms of non-functional qualities, such as QoS, reliability,
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and cost. Orchestration models are similar to workflows and are modelled as a graph with
tasks and gateways, where tasks have a single input and output, and gateways are
orchestration components like AND/OR/XOR and split/join. An example of an orchestration
model from [13] is shown in Figure 3.

Figure 3: An example orchestration model [13].

They also provide aggregation functions that mathematically describe how different non-
functional qualities, such as execution time, reliability, throughput, and cost, are affected by
the orchestration components. This allows an analysis to be made for the different paths
through the models. The problem of selecting the set of component implementations for the
different services in the orchestration model is formulated as a non-linear program, which is
then linearized and solved as an Integer Linear Program (ILP) using IBM ILOG CPlex
Optimization Studio [26]. This result is compared to a proposed heuristic algorithm, which
allows results with slightly lower quality to be computed in shorter time, for a large number of
synthetic problem instances. In both cases, the synthesis of service compositions is finished
in less than 100 ms for up to 40 candidate services, each with 10 different possible
implementations.

This research has both important similarities and differences with our work. A key difference
is that it only considers components with a single input and output, and does not model
required system resources, such as CPU and memory, required to compute deployments. An
important similarity with this work is the way it captures non-functional qualities end-to-end.
We expect the orchestration components and aggregation functions to be important
ingredients when considering end-to-end latency requirements for our system flows.

Another work addressing service composition is presented in [10]. This work focuses on run-
time service composition and particularly considers the time required to perform the
composition in a dynamic environment, where there are many requests for compositions, as
well as frequent changes in availability of services or in their QoS properties. A heuristic
algorithm is proposed to compose systems in a forward-chaining way, while considering the
required QoS. The approach is evaluated with for a set of synthetic cases with variable
complexity and shows that composition can be done in a few hundred milliseconds with up to
1000 services. There is no mention of an available implementation of the algorithms in a tool.
Similarly to our work, this research addresses a service composition problem, but contrary to
our ambitions, it focuses on the efficiency of run-time composition in a dynamic environment.
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ADMORPH [27] was a European project that focused on specification, design, analysis, and
runtime deployment of adaptive cyber-physical systems. As a part of this project, an
approach to run-time synthesis of service compositions was proposed [11]. In this approach,
components are modelled according to the OSGi capability-requirement model [28].
Components provide and require services, where provided services may be specialized by
attributes that describe its properties. For example, an image processing service may have
attributes like execution time, maximum resolution, quality level of the processed result, and
amount of hardware resources, e.g. memory and CPU, that are required to perform the
computation. Similarly, required services can have filters that describe what properties are
expected from the provided service. When matching provided and required services, the
filters and attributes are compared to determine whether a match can be made. A similarity
with QRM [12] is that components, as well as available hardware, are specified in DSLs
made with Xtext [19].

The design space of possible solutions is modelled as a Directed Acyclic Graph (DAG). At
the top, the required system services are specified. Then, for any required service,
components providing the service are recursively connected to the graph. Any valid design
point in this space is a complete subset of this DAG, i.e. where all required services for all the
components are matched to a provided service of another component. Note that by also
including hardware as a required service and compute nodes as hardware service providers,
the deployment of software to hardware is encoded in the design point and optimized
together with the component composition. When deploying a component to a particular
compute node, it consumes a specified number of compute cores, as well as memory, from
the hardware node. This captures that compute nodes have finite resources and can account
for performance aspects expressed in terms of resource utilization.

The ADMORPH optimization of the service composition, as well as deployment on the
available hardware, is performed using a meta-heuristic Genetic Algorithm [11], [29]
implemented using Distributed Evolutionary Algorithms in Python (DEAP) [30]. The algorithm
evolves a population of random possible solutions during several iterations to improve their
fithess. There are several objective functions that define different optimization criteria, e.g.
minimizing hardware cost, average load, or maximum load. The population size and iterations
are programmable hyper-parameters, providing a computation/accuracy trade-off. The
approach is evaluated using synthetic problem instances and results show that good results
are often achieved in a few seconds. The approach is supported by a prototype tool,
developed by Thales [11].

The various available methods make clear that a synthesis approach is feasible. The key
challenge will be to scale a method to an industrial size complex, hierarchical, hardware
constrained environment and provide sufficient tooling.

2.4 Choosing a Starting Point

After describing our requirements and scope in Section 2.2 and reviewing the state-of-the-art
in Section 2.3, we now proceed choosing a starting point for the work in TechFlex.

The QRM [12] and ADMORPH [11] approaches are the best matches for the stated
requirements as they can model components with multiple inputs and outputs, resource
requirements, as well as specify QoS aspects like latencies and quality levels. Both
approaches specify component models using DSLs made using Xtext, fitting the context of
our work which already makes extensive use of this technology [3]. QRM has the benefit of
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having a solid mathematical foundation, but ADMORPH is already known within (parts of) the
target organization, which simplifies transfer and adoption of research results. ADMORPH
was originally developed to also cover run-time synthesis. Since the genetic algorithm used in
the ADMORPH approach provides a programmable trade-off between latency and accuracy,
the need for high-quality solutions can be traded for quick solutions that satisfy requirements,
allowing the system to stay operational if a problem is detected with a software component,
or if a compute node unexpectedly becomes unavailable.

While the QRM and ADMORPH approaches fulfill many of our requirements, neither
approach, nor any of the other reviewed approaches, address the requirement to be able to
model and synthesize systems that are hierarchically decomposed into subsystems. Instead,
all reviewed approaches consider systems comprising a single level with components,
without any further structure or hierarchy. Both approaches can describe performance
aspects of components, such as the latency required to perform its computation. However,
neither approach prescribes how to obtain this latency for different deployments with different
co-location scenarios. Lastly, none of the approaches have been evaluated on an industrial
case study of representative size. ADMORPH has been evaluated with synthetic case studies
of various sizes to assess its performance and scalability [11], while QRM has primarily been
demonstrated using smaller illustrative case studies [12].

Based on the above comparison, we choose ADMORPH as the starting point for the
TechFlex approach to system synthesis and use it as a vehicle to explore RQ1.

2.5 Modelling Hierarchical Systems

Having selected the ADMORPH approach as the starting point for the TechFlex approach to
systems synthesis, we start by addressing one of its key limitations, namely that it cannot
model and synthesize complex industrial systems that are hierarchically decomposed. To
address this limitation, we first propose new generalized meta-models that can describe
(software) systems (Section 2.5.1) and hardware configurations (Section 2.5.2) that are
hierarchically structured.

2.5.1 Hierarchical Software System Modelling

To enable synthesis of software systems that are hierarchically decomposed, we propose a
very generic recursive system meta-model, shown in Figure 4. In this meta-model, a
(sub)system exposes an interface with one or more provided/required services to the external
world. Each (sub)system in this hierarchy comprises one or more parts. Parts are logical
entities, templates that expose an interface that needs to be physically implemented. Each
part can be implemented by either another (sub)system or a component, as long as it
complies with the (interface) specifications (provided and required services) of the part.
(sub)systems, parts and components are jointly indicated as nodes in this model. The
(sub)systems are aggregators of functionality, while the actual implementation is located in
the components. The top-level system is fully self-contained and does not expose or require
any external services.
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Figure 4: System meta-model that describes the hierarchical structure of a system and its
implementation.

Figure 5 illustrates a subsystem exposing an interface that requires a Service A and provides
Services X and Y. This subsystem comprises three parts, P1, P2, and P3, that perfectly
match the interface of the subsystem when combined. Each part may be implemented by a
component or another subsystem (not shown). The proposed recursive model hence
supports decomposition with an arbitrary depth. The figure also illustrates that timing
requirements can be specified as properties at the level of subsystems. This means that they
can be specified at any level of decomposition, without knowing how the subsystem will
actually be implemented. This provides a way to address the type of timing requirements on
system flows previously discussed in Section 2.2.

<200 ms
A » X

Figure 5: A subsystem implemented with three parts.

Figure 6 illustrates the case where a component is implementing a part, in this case Part 1
from Figure 5. Note that the component (Comp. A) fully matches the interface of the part, but
may recursively use other components (Comp. B and Comp. C) to provide its functionality.
Those supporting components may not require or provide any services on its external
interface.
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Figure 6: A part that is implemented by a component, which in turn uses other components.

Figure 7 shows an example of a hypothetical System A described using the meta-model.
System A contains three distinct parts. Part 1 and Part 3 are further decomposed into
subsystems, each that are in turn realized by a fixed number of parts. In contrast, Part 2 has
been directly implemented by a single component (Comp. D) that matches its provided and

required services and does not use other components. In the end, all functionality in the

system is implemented by components.
Figure 7: Example of an hierarchically decomposed system.

System B

Part 1 J Part 2 J
!

The proposed generalized hierarchical system model has been implemented as domain-spe-
cific language in Xtext for easy use in our industrial context. This language replaces our ear-
lier version of the ‘Module DSL’, described in the TechFlex 2024 report [3], which could only
represent a system as a flat set of integrated components. It allows synthesis to operate on
models that reflect the abstraction levels used in practice, making the resulting methodology
more transferable to industrial engineering workflows.
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2.5.2

Hierarchical Hardware Modelling

Having discussed how to model a (software) system and its hierarchical decomposition into
subsystems, we proceed by describing the model of the hardware onto which the
components will ultimately be deployed. The hardware model in the ADMORPH approach
describes a set compute nodes connected by a network. Both compute nodes and networks
have properties that can describe key aspects relevant for resource management, such as
the number of cores, the amount of memory, or the provided bandwidth. While this model
provides a good starting point for TechFlex, it does not quite capture that large applications in
an industrial environment may use very extensive hardware configurations comprising
hundreds of compute nodes and network components. To adequately address this
complexity, we propose a generalized hardware meta-model, shown in Figure 8, that is able
to describe the organization of such hardware configurations in a hierarchical structure.

Hardware

comprises

. 1
comprises
1.n

1

Figure 8: Hardware Configuration Model

A hardware (configuration) consists of assemblies, representing a set of compute nodes,
typically packed in a rack, serving a dedicated purpose for the application (e.g. image
processing). To allow the description of very large hardware configurations, the assembly is a
recursive element that can contain zero or more (sub)assemblies. This may be used to
describe a hierarchical structure where an a processing cabinet comprises a number of
racks, each containing several compute nodes. Just like in the system model, proposed in
Section 2.5.1, the leaves of the model, the compute nodes, contain the actual computing
functionality. Assemblies and hardware are mainly structural elements. A compute node is
typically a single computing board with one or more CPU’s, each containing multiple cores,
GPU’s, and memory, as well as one or more network connections. These resources are
described as properties of the respective node.

An instance of the proposed hardware meta-model with two assembilies is shown in Figure 9.
Each assembly has a network connecting its nodes and a third network is connecting the two
assemblies. In total, this hardware configuration has five compute nodes.
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Figure 9: An example of a hardware configuration with two assemblies.

The synthesis process uses an instance of this hardware meta-model and maps all
components of the solution (an instance of the system model presented in Section 2.5.1) onto
compute nodes. Note that multiple components may be mapped to a single compute node,
taking into account the available resources (memory, cores) on the node, allowing the
synthesis process to find deployment alternatives under realistic constraints.

The hierarchical hardware models used in this work are currently implemented using a simple
text-based representation. In the future, it could be implemented more elegantly as a DSL,
similarly to the system meta-model. However, this was outside the scope of this work.

2.6 Synthesis of Hierarchical Systems

Having generalized the system and hardware meta-models to include hierarchical
decomposition, this section discusses how to extend the ADMORPH approach, selected as
the starting point for this work, to support that generalization. First, in Section 2.6.1, we
discuss how to integrate the hierarchical concepts of parts and subsystems into the
ADMORPH synthesis process with limited changes. Next, in Section 2.6.2, we describe how
to create the design space of valid synthesized solutions, given the architectural principles of
the system being defined. Lastly, we provide an overview of the synthesis process and how it
is implemented in scripts in Section 2.6.3.

2.6.1 Supporting a Hierarchical System Model

As previously mentioned in Section 2.3, the ADMORPH approach works by matching
requested and provided services. It recursively creates a Directed Acyclic Graph (DAG) with
all possible components that can provide the required services, representing the design
space of possible implementations. In this work, we extend this DAG to consider our
generalized system model from Section 2.5.1 by introducing Systems and Parts that may be
implemented by further decomposition into subsystems, in addition to being directly
implemented by components. We want to make this work with limited modifications of the
original approach and tool by representing the hierarchical structure in a form that can still be
processed by ADMORPH'’s existing service-matching logic, rather than replacing that logic
with a new synthesis engine.

Therefore, we use the following three steps:
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1. According to the generalized system model, (sub)systems comprise a fixed number
of parts. By adding a unique virtual required service to each (sub)system and a
corresponding virtual provided service to a related part, the synthesis algorithm will
always connect a system to its constituent parts, as they will be the only providers of
those virtual services.

2. For each part, identify based on its interface (specification of provided/required
services), which subsystems and components are candidates for its implementation.
Add a unique virtual required service to the part and a corresponding provided
service to each of the implementation candidates. This ensures that both
components and subsystems with matching interfaces are considered by the
synthesis algorithm.

3. Allrequested and provided non-virtual services of systems and parts are removed,
as they are no longer needed due to the previous two steps. The virtual services will
ensure that systems and parts are properly matched.

These three steps enable the existing ADMORPH synthesis tool to synthesize hierarchically
decomposed systems based on our model, by recognizing that systems comprise a fixed
number of Parts and will correctly identify both subsystems and components as
implementation candidates, assuming their interfaces match. As a result, the ADMORPH-
based synthesis can be applied to hierarchically decomposed system architectures of the
kind found in industrial practice.

2.6.2 Creating the Design Space

A large system may require multiple instances of the same (sub)system. For example, con-
sider a large image processing system that handles multiple video streams, each being pro-
cessed by its own instance of a processing subsystem. To synthesize such a system, we
need to encode reuse principles on when to share components between subsystems or cre-
ate separate instances into the design space explored by synthesis. In addition, we need a
practical solution to allow the synthesis process to distinguish between different instances
when connecting the required and provided services of the components.

The reuse principles mentioned will be based on the system under consideration and its
architectural principles. To support this definition, we need to introduce a few additional
concepts. The scope of a node (system, part, or component) is defined as the path going
from the root of the graph to the particular node, expressed in the form of a directory
structure. Each system and part in the graph is represented as a next-level directory in this
view. This is illustrated in Figure 10, which shows an example of System A, previously
introduced in Figure 7, and its mapping to the compute nodes in the hardware configuration
from Figure 9. In this figure, the five nodes with encircled numbers in Figure 10 have the
following scopes:

The scope of System B is: /SystemA/Part1

The scope of Component A is: /SystemA/Part1/SystemB/Part1
The scope of Component A is: /SystemA/Part3/SystemC/Part1
The scope of Component C is: /SystemA/Part1/SystemB/Part1
The scope of Component E is: /SystemA/Part3/SystemC/Part2

ok wbd=
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Figure 10: An example of a synthesized hierarchical system and its deployment on hardware nodes.

The definition of scope allows us to introduce the concept of locality. Local to a particular
subsystem or part refers to nodes downstream from its scope. For example, local to
(sub)system B means everything that has as scope ‘System B/*. The opposite of being local
is referred to as being external to the scope. Finally, we define the path length between two
nodes (from required to provided service) as the number of ‘directory steps’ to be made
traversing the graph from source to destination. The path length between Component A
(Example 2 in Figure 10) and Component E (Example 5) is 7 steps.

For TechFlex, the following strategy is used for connecting provided and required services in
our industrial case study. Note that the method can be easily adapted to support other
strategies. Services that are required by the implementation of the parts in a (sub)system (i.e.
not visible on the interface of the (sub)system) are implemented locally. This means that new
components will eventually be instantiated to facilitate the implementation. As an example,
the required service Z of Component A in Figure 6 does not appear on the external interface
of its part, so a provider must be instantiated locally, resulting in the instantiation of Comp. B
(or possibly another implementation candidate, if there are multiple). In contrast, Service A of
Component A is required on the interface of the part, which means that the synthesis
algorithm will look for providers of this service outside the scope of the part. In case there are
several components providing the requested service externally, the one with the shortest path
is chosen to provide the required functionality as closely as possible in terms of the system
architecture.

Next, we discuss how this is implemented in the synthesis tool. This is done by first creating
the DAG representing the complete design space, starting at the top-level system. For each
required service that should be implemented locally, i.e. the service is not visible on the
external interface of a part, all possible subsystems and components providing the service
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2.6.3

are connected. Note that the resulting DAG is only finite when there are no cyclic
dependencies in the repository of reusable components used for synthesis. To include this
design space in the synthesis process, the ADMORPH approach creates a dictionary that
lists potential providers for all required services for all nodes. This dictionary is used to
generate candidates for the genetic algorithm. To cover the distinction between services that
are local and external to a particular scope, this dictionary has been extended such that it can
consider the length of the path to the providing node. This enables synthesis to take place in
two steps. First, the maximum path length is set to 4, effectively enforcing that only provided
services from the local scope are in the dictionary. Assuming the repository of reusable
subsystems and components contains providers for all required services, synthesis will find
an implementation for all local required services. A second step considers the remaining,
external, services. For this, a new dictionary is generated that is restricted to the components
that have already been synthesized in the first step to ensure that existing components are
shared rather than duplicated, as defined by our architectural principles. Here, the component
with the shortest path length is always selected.

In principle, any component can be deployed to any compute node, unless it has specified
that it needs a particular resource, such as a GPU, to execute. This can be expressed as a
property that is used by the tool to filter the design space. Similarly, it is possible to indicate
the affinity of a component, e.g. that it prefers to be deployed on a particular compute node,
or in a particular assembly. This gives system designers some control over software
deployment and restricts the design space. The possible deployment does not initially
consider resource utilization, i.e. availability of cores and memory, since it is not yet clear
which of the possible deployments will actually happen. Instead, this is considered as a
constraint when candidate design points are given to the genetic algorithm.

Overview of the Synthesis Process

After explaining how the ADMORPH synthesis approach has been extended to support a
hierarchical system model (Section 2.6.1) and creating a design space of valid solutions for
the Genetic Algorithm (Section 2.6.2), we now provide a brief overview the implementation in
the synthesis tool. An overview of the complete five-step synthesis process used by the tool
is shown in Figure 11.

' Product Performance
Configuration Estimate
=

1. Update ’ 2. Delete . 3. Add Virtual . 4. Create
Properties Unresolvable Services Instances

Repository
</>

Integration DSL &
Deployment DSL

Figure 11: Overview of the resolver.

A key input of the process is the requested product configuration, which is a top-level system
consisting of a number of parts whose implementation should be synthesized. For example,
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this could be a complete system comprising a data acquisition part and a data processing
part. This configuration can also describe required properties for the implementation of each
part, e.g. a desired quality level.

We will now walk through the five steps of the synthesis process in more detail. This process
leads us from a project repository consisting of a description of all hardware and software
nodes towards an optimized solution expressed in the form of an integration and deployment
description :

1. The total repository of reusable nodes (subsystems, parts, components) can be
updated with the properties set in the product configuration. For example, a product
configuration may state that it wants a particular part of the system to be
implemented using a simulator rather than real components that may depend on
hardware that is not yet available. In this case, this will be used as a filter during
synthesis to limit the provided implementations to simulators. Encapsulating this in
the product configuration rather than requiring this as a property further down the
hierarchy reduces complexity by avoiding unnecessary duplication of nodes, e.g. one
part that requires an implementing subsystem to be a simulator and one that does
not.

2. Avalidation step makes sure there are no unresolvable elements in the repository. If
there are, they are removed from the repository and a warning is issued to the user.

3. \Virtual services are added to allow the hierarchical system structure to be considered
during synthesis (Section 2.6.1). First, it is established what systems or components
could be selected to implement each part and the virtual services are added to
systems, parts and components, replacing the original services on the interfaces.

4. The design space of possible valid solutions to be considered by the genetic
algorithm is created (Section 2.6.2)

5. Synthesis using the genetic algorithm. For each considered design point, the
performance estimator estimates relevant performance metrics. The performance
estimator could be based on any method that is can predict performance for a given
set of components and their deployment, e.g. [8], [31].

There are two main outputs from the synthesis process:

1. A description of all component instances that must be generated for the solution. This
is described in the so-called Integration DSL, introduced in [3].

2. A description of the deployment of the synthesized solution, with for each component
a directive for its deployment to a specific node. This is described in the so-called
Deployment DSL, introduced in [3].

The synthesis process has been fully implemented in Python 3 The total synthesis suite
consists of five scripts that:
1. Collect all component, system, specification and hardware description files from
a repository.
2. Convert all these descriptions into a format suitable for the synthesis tool and
check their internal consistency and completeness, e.g. are there referenced
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2.7

2.71

specifications missing? Do the parts of a system together offer the services as
specified in the system?

3. Prepares the system structure and design space, as described in Sections 2.6.1
and 2.6.2, respectively. This corresponds to executing the steps from ‘Update
properties’ until ‘Create instances’ in Figure 11.

4. Synthesize, starting from a top-level product description, leading to an optimized
solution.

5. Output results of the synthesis in various forms.

Evaluation

Having extended the ADMORPH synthesis approach to handle increasingly complex systems
by introducing hierarchical system and hardware models, we proceed with validating and
evaluation our extensions. This is done in a two stage process:

1. First a small synthetic case was used for a basic functional verification of the
developed scripts and the extension to cover hierarchical system models.

2. Alarger industrial case was used to validate the synthesis process and its
performance at relevant scale.

All functional validation of the implementation of the method was done by an expert, manually
comparing synthesis results to expectations.

Synthetic Evaluation

A small synthetic case was used for initial verification of the synthesis process, depicted in
Figure 12. This case considers a small system with eight components. It has four control
components (bottom left) that perform planning, dispatching, preparation, and delivery.
Added to these control services, three very data intensive components are available (bottom
right): one generation service, generating a tunable amount of data, a forwarding service,
copying the data forward to create memory load, and finally a data reduction service that
consumes the data and processes it with a Fast Fourier Transform to generate (CPU) load
and reduce data. Finally, a delivery control service takes care of the ‘user’ side of the system
by sending requests to the other services. This case simulates a combined control and
processing system with substantial CPU load. To test the hierarchical element of the
resolving, 6 (sub)systems were created. For some of these components, variants were
included with different quality levels (attributes) to generate a solution space for the
verification of the synthesis process. In addition, a hardware configuration of 3 compute
nodes was created for the deployment of the case. Despite the limited set of nodes in the
case, there were already 96 potential component compositions that could be deployed in
more than 6000 ways on the available hardware.
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Figure 12: Structure of the synthetic test case.

This setup was used to verify the basic implementation of the synthesis process. This allowed
verification of functional resolving, performance optimization and steering synthesis by setting
quality attributes. The extension to cover hierarchical structure with parts and subsystems
was also verified in this way. In terms of performance, the synthesis tool, configured to
perform 20 iterations with the genetic algorithm, required less than 5 seconds to complete.

2.7.2 Evaluation with Industrial Case

A more complex (anonymized) industrial case was used to test whether the method remains
workable under a level of structural and deployment complexity that better reflects the
intended application domain. This case has the following:

70 interface specifications
57 component specifications
34 module specifications
154 compute nodes

Figure 13 shows a simplified version of this case, focusing on the top-level with the product
the first levels of parts and subsystems.
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Figure 13: Parts of the solution of the industrial case

A single synthesized solution can have up to 400 instances of nodes included, depending on
the optimization (objective function, attributes/filters) and the number of specified parts. The
synthesis result for the industrial case was manually evaluated by experts and found to be
correct.

As the main goal of the project was to research the algorithms and methods needed to
perform the system synthesis for complex hierarchical systems, no extensive research on the
metaheuristic optimization or performance aspect of the method has been done. The
objective function used by the genetic algorithm was not varied during the experiments. The
used objective function optimizes according to several performance parameters, maximum
load per compute node, as well as ensuring sufficient usage of nodes to reduce the number
of compute nodes.

A limited performance evaluation of the synthesis tool has been done as part of this work. All
experiments have been executed on a standard laptop (AMD Ryzen 7 PRO 4750U, Radeon
Graphics (8 cores, 1.70 GHz), 16.0 GB memory; Python 3; single-threaded application).
Using this setup, synthesis of the industrial case takes about 3 minutes, clearly suggesting
that it is fast enough for design-time use, even if requirements are frequently changing.

In this experiment, the genetic algorithm was configured with a population size of 15 and ran
for 15 iterations. In addition, we varied these hyper-parameter values to estimate their
influence on the results. The conclusion from this brief experiment was that the optimization
typically converges after around 10 iterations, with only minimal improvements after 20
iterations. Population sizes of 10-30 were tested, and we concluded that a population size of
15 already gives good results. Increasing the number of iterations and the population size
leads to increased computing time, as illustrated in Table 1. Configurations 1 and 5 were the
fastest, but the genetic algorithm did not have time to converge in these cases, suggesting
that it may have missed higher-quality solutions.
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Table 1: Run-time of the synthesis for different hyper-parameter values.

Configuration

Population 15 15 15 15 5 10 20 30
size

Iterations 5 10 15 20 15 15 15 15

Time (s) 121 162 232 274 114 143 271 596
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3.1

Synthesis of Mock
Components using ComMA

This section presents the results of our investigation into RQ2: What defines a (minimal) set
of component behavior and interface specifications needed to generate an executable
system model that can be used to validate system flows and their performance in an early
phase without the need for a complete model of all components?

Section 3.1 presents the main motivations, goals and our strategy to tackle the challenge.
Section 3.2 provides an overview of similar approaches and supporting tools, highlighting the
main differences with our chosen approach. Section 3.3 provides an intuition for the syntax
and semantics of the ComMA modeling language and a high-level description of the code
generator implementing these semantics. Section 3.4 presents the demonstrator used to
show the feasibility of such an approach.

Introduction

During the system design phases, key decisions are made by architects about the choice of
hardware platforms (compute nodes) on which the software components are going to be
deployed, and about the characteristics of the underlying middleware layer enabling
interactions between them. These decisions have an impact on the timing behavior of the
overall system. Verifying whether these design-time decisions satisfy the stated system
requirements is usually only possible after the software modules have been developed and
can be deployed on the actual physical setup for actual integration or acceptance testing. As
a consequence, the validation of these critical design choices are postponed to much later in
the system development process. When defects or non-compliance to requirements are
detected at this stage, they have a huge impact on cost and time needed to resolve them,
possibly leading to budget overruns and a failure to meet release deadlines. Whenever there
are updates or upgrades to the hardware platform and/or middleware after a system has
been qualified and released, testing must be performed again to validate that the system
requirements are still met.

To prevent late detection of non-compliance with timing requirements, it is essential to
develop techniques that allow architects to gain early design-time insight into whether (i) a
network of software components will meet expected timing requirements on chosen
hardware/software platforms and middleware, under expected communication patterns and
load, and (ii) an update to hardware, middleware, or operating systems leads to non-
compliance. For the latter, such a technique must enable effective and efficient
troubleshooting to determine whether the detected non-compliance originates from the
platform or from deployed software components.

Clearly, enabling such design-time analysis requires an unambiguous specification of the
behavior of the individual software modules and their expected interactions with each other.
To create such specification, systems modeling standards (e.g., UML and its variants such as
SysML) are a good solution. They allow a designer to abstract away from implementation
details and focus on the essential functional aspects. Such specifications can then be used
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as an input to code generation techniques that generate mock software implementations
conforming their specifications. Such mocks may then be deployed over target hardware and
software platforms to simulate different deployment scenarios and check for conformance to
timing requirements, without having to wait for the development of actual software modules.
For cases where all the software components are available and an architect wishes to
investigate the impact of an update or an upgrade to software or hardware platforms, the
generated mocks can be very useful to distinguish whether non-conformance to timing
requirements are caused by a change to the platform, or due to defects hiding in the software
components themselves.

State-of-the-Art

Code generation [32] is an algorithmic technique used to improve productivity and quality of
software development by automatically generating executable software code, or code
fragments through predefined patterns, models, or specifications, which are in stark contrast
to the traditional approach of hand-crafting code by software developers. Code generation
approaches are commonly classified based on their inputs, which can be either (i) informal
descriptions of requirements or design in natural language (e.g., BERT [33] and GPT [34]
[35]), (ii) structured data that instead of free-format text provides pre-defined templates [36] to
structure textual data (for e.g., JSON, XML, etc.), (iii) models capturing structure and
behavior of the system, including its components, relationships, and flow of data between the
components (e.g., UML [37]), (iv) images corresponding to screenshots, mockups, or hand-
drawn images of user interfaces [38], or (v) existing code, to either optimize, refactor or repair
by generating a new version of it, possibly in the same or different language [39] [40].

Although we see an explosion of interest in harnessing Al-based solutions (CodeLlama,
DeepSeek, CodeT5, CodeBERT, GPTo4, etc.) to exploit natural language descriptions,
generating complete and fully functional code without manual intervention is a challenge,
largely determined by the complexity of the request, the clarity of the prompt, and the specific
domain context of the required task. In this regard, the use of models as input for code
generation presents the most promising solution. Among the many modeling languages out
there, UML is the most popular, featuring class diagrams [41], sequence diagrams [42], state
machines and activity diagrams [43]. Due to a lack of explicit semantics in the initial versions
of UML, most of these approaches, including commercial tools such as Enterprise Architect’
and IBM Rhapsody?, have historically exploited programming languages to define behaviors
and generate full-fledged code. To remedy this, an action semantics for UML was introduced
called fUML with a textual front-end language ALF [44], for which code generation in C++
[45], among others have been proposed. Besides UML, code generation from modeling
languages such as AADL [46], [47] have been proposed. Statecharts [48] are another popular
modeling formalism for specifying discrete event systems supported by many tools (e.g.,
Itemis Create (formerly Yakindu) [49]) that support simulation and code generation in a
variety of target languages.

When correctness of the generated code is critical, for instance in cyber-physical systems in
medical, aerospace, and defense domains, the use of tools with a rigorous underlying formal
semantics are essential, as well as the ability to verify specifications for the absence of
deadlocks, livelocks, conformance to requirements, etc. In this regard, tools such as
Popili/Cocotec? and Dezyne* have been developed and widely adopted [50] by industry.

' Sparx-Systems. Enterprise Architect. https://www.sparxsystems.eu/
2 1BM Engineering Rhapsody IBM Engineering Rhapsody

3 Cocotec tool Cocotec - Formal verification

4 Dezyne tool verum.com
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3.3

However, in the context of our research question this approach has two drawbacks: (i) they
are closed-source based on a custom proprietary language, and (ii) they require a complete
and deterministic specification of the behavior, since they are targeted towards generating
full-fledged production quality software implementations.

The open-source ComMASuite?® tool with its family of domain-specific languages offers a
promising alternative to specify interface and component behavior as state machines.
ComMA was developed by TNO-ESI [53] in collaboration with Philips and Thales, based on
the observation that poorly defined interfaces often lead to integration issues and costly
rework. To address this concern, an interface modeling language was defined to capture the
often-missing dynamic behavior aspects as protocol state machines. With such
specifications, service providers can unambiguously define a contract (assumptions and
expectations) toward their service consumers. Based on such contracts, run-time monitoring
techniques can be used to check conformance of traces from implementations against their
specifications and flag violations. More recently, online model-based testing techniques have
been developed to further strengthen conformance checking of implementations. However, a
feature to generate a mock implementation from a ComMA specification is currently missing.
The work in TechFlex 2025 addresses this gap.

Model-based Mocking with ComMA

This section is structured as follows: First, Section 3.3.1 provides a brief introduction to the
syntax of the ComMA interface and component modeling languages. Then, Section 3.3.2
informally discusses the semantics of ComMA interfaces and highlights why trace semantics
of ComMA components cannot be reused in an operational context. Section 3.3.3 presents a
proposal to operationalize the semantics of component models. The intuition of such a
semantics is informally presented using examples. Lastly, Section 3.3.4 discusses how a

Control.interface Led.interface SimpleMachine.component

interface Control version "1.9" interface Led version “1.0" ::::::: ::: i::‘(:: control
achine ControlMachine { machine LedMachine { unctional constraints
initial state OFf { initial state OnlyState {
transition trigger: TurnOn(bool fast)
do: reply
next state: On

edolorConstraint {
transition trigger: SetLedColor(Color color) ¢
do: LedColorChanged(color) pricciad RGP
i signal control: :Turn0ff
} next state: OnlyState Signal 1ed:-Setledcolor
} control::reply to command TurnOn
pror e } command control: :getLedId
trol::reply to comand getledld
transition trigger: TurnOff beessitho i e Loy i
next state: Off led::reply to command gethr
signal control: :power
5 } notification led::Error
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component model is translated into executable C++ code, preserving the proposed

semantics.

3.3.1 Introduction to ComMA specifications

Interfaces and Components are the two main concepts of in a ComMA specification.

A ComMA interface model specifies all permissible sequences of interactions (i.e., assumed
inputs and expected outputs) from the point of view of a service provider (server) towards its
environment (clients).

Such a model consists of five main languages

1.

2.

) TNO Public

Types: defines a set of data types built of simple types (int, real, bool, string,
etc.), enumerations, vectors, records and maps

Signature: defines inputs (commands/signals), outputs (replies/notifications)
and their associated types of data arguments. A command-reply models a
synchronous call from a client to a server (client is blocked until reply from
server), a signal models asynchronous innovation from client to server, while
a notification models asynchronous invocation from server to client,
Interface: defines legal sequences of invocations between a client and server
in terms of a protocol state machine. Such a state machine consists of a set
of states (with an explicit initial) and transitions of two kinds, namely triggered
and non-triggered. Triggered transitions model a sequence starting with
either a command or signal (input), followed by a sequence of notifications or
reply (outputs). Non-triggered transitions model a sequence of notifications or
reply (outputs). To keep specifications compact, data variables may be
declared, initialized and manipulated (updated) as part of a transition body
using a pre-defined expressions language. Furthermore, transitions may
define guards which are predicates over data variables and determine their
enabling, i.e., whether a transition may be executed or not,

Input parameter: defines sets of data values corresponding parameters of
commands/signals (provided interfaces) and notifications/replies (required
interfaces) in each state they occur in the protocol state machine. Input
parameters essentially define data values that are provided by a client in an
operational context. These parameters are necessary to enable stand-alone
simulation using only the server side state machine without requiring the
modeler to explicitly specify the client side state machine. The assumption is
that a user of a ComMA interface specification mirrors the state machine of
the server.

Constraints: Next to a protocol state machine that defines permissible
sequences of input and output interactions, timing and data requirements can
be specified using the timing constraints and data constraints languages,
which are part of the interface language but do not have an explicit relation to
the transitions of a protocol state machine, rather to events listed in its
signature. Timing constraints are of four types and specify admissible time
intervals between events defined in the signature: (i) Interval rules constrain
the allowed time interval for observing an event if a given preceding event
was observed. (ii) conditional interval specifies that if two events are
observed without observing the first event in between then the interval
between them lies within a certain interval. (iii) periodic rules specify the time
interval between recurring events, possibly with a jitter value. (iv) conditioned
absence specifies that if a certain event is observed then another event must
be absent during a given interval after the observation. The four types of
rules can be combined in groups that form a scenario. Since we do not utilize
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3.3.2

the data constraints language in the context of this report, we will omit its
introduction.

A component rarely has a single interface. Typically a .
component cooperates with other components of the cm(.) |

system to achieve an overall objective. Such sig(.) § & [
cooperation by a component is achieved by offering
services via its provided interfaces, and to fulfil those
obligations may need to consume services of other
components via its required interfaces. Clearly, Component
relations need to be specified between events of
provided and required interfaces. To model relations
between interface events, functional constraints over ‘

< ---

Provided Interface(s) ’

| Required Interface(s) ‘

protocol state machines of its interfaces can be cmdt) |
specified in a component language. When no sig(.)
functional constraints are specified then it simply

means that all possible interleavings of the interface state machines are allowed without any
restrictions. Similar to an interface state machine, each functional constraint defines a state
machine consisting of a set of states and transitions as edges between them, distinguished
as triggered and non-triggered transitions. However the role of inputs and outputs have a
slightly different meaning. Input triggers of a component correspond commands/signals of
provided interfaces and notifications\replies of required interfaces, while outputs of a
component are notifications/replies of provided interfaces and commands/signals of required
interfaces.

Notify(..)
reply(..)

Semantics and Challenges

The many ComMA languages define the syntax of interface and component specifications.
The (execution) behavior or dynamics induced by such specifications is called its semantics.
To prevent multiple or unintended interpretations of the same specification, as well as enable
engineering automation (e.g., code generation, model-based testing, run-time monitoring,
etc.), a formal semantics is essential. One way to give such semantics is by directly mapping
each syntactic construct to a elements of a mathematical formalism such as Petri nets,
automata or process algebra. Another way to give semantics is by defining the set of
acceptable execution traces of an implementation of such a specification. The latter is a trace
semantics which enables applications like run-time monitoring, while former is an operational
semantics and enables a large variety of applications such as simulation, model checking,
code synthesis (our focus), model-based testing, including run-time monitoring. The trace
semantics of interface and component languages have been defined [51] and serve as basis
for run-time monitoring.

The operational semantics of a ComMA interface specification is given by a straightforward
mapping to colored Petri nets [52]. The kind of Petri nets defined by such a mapping belong
to the well-studied classes [53] of state machines and open petri nets [54] with many
interesting properties (for e.g., weak termination) that enable a variety of analysis [55] based
on their structure. The mapping from ComMA syntax to colored Petri nets is implemented
using the open-source SNAKES library [56] and serves as basis for enabling many
applications:

e unambiguous documentation and interpretation of interface specifications

e simulation of interface specifications

e model quality checks to detect and notify modelers about potential design-errors, for

e.g., races (leading to deadlocks), livelocks and confusions
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3.3.3

e automate test creation and execution by means of online model-based testing
The operational semantics of component models has not been defined. A direct reuse of the
prescribed trace semantics [51] for purposes of generating executable artefacts such as
mocks leads to many ambiguities as we will discuss in the next sub-section.

Informal Semantics of Components

The trace semantics of ComMA components defines a set of conforming traces without
actually prescribing how to generate them. The trace set is very permissive, i.e., allows for
significant non-determinism in the interleavings of interface and component state machines.
Directly encoding such semantics as a set of synchronized state machines defining the
behavior of generated mock implementations may lead to several ambiguities including
deadlocks and termination problems, i.e., inability of component state machines to return
back to initial state. The latter leads to situations where even though inputs from the
environment allowed by the interface state machine, the component state machine is not able
to accept them as they have not yet returned back to the initial state. To understand these
issues better, consider the example shown in the Figure below.

Here A, B, C, D, F, G, H, K, L, X are the names of
events of a component occurring in signatures of
provided interfaces P71 (with events A, F, G), P2

Component Trace
A, B X,CDCCFGHK

(with events B, X, C, H, K), and required interface N
R1 (with events D, L). Furthermore, the ComMA e
interface specification of P17 allows only the trace |A: F,.G ‘ |B, %GGGH, K| | DL ‘

AFG, P2 allows only the trace BXCCCHK and R1 Interface P1 Interface P2 Interface R1
allows only the trace DL. Now suppose two
functional constraints are defined over the
signatures of P1, P2 and R1. The functional
constraint 1 allows the trace ABCD, which means
that whenever an A is observed on P17, then @ Functional Constraint 2: F, G, H, K
events BCD must follow withno A, B, C, D in

between. This means that events other than A, B, C, D may occur in between. This
permissiveness leads to ambiguities in the operational semantics as we will see shortly.
Functional constraint 2 allows only the trace FGHK. Now suppose we are given a trace
ABXCDCCFGHK of a component implementing interfaces P1, P2 and R1. To check if this
trace conforms to the ComMA specification described earlier, first a projection of this trace is
taken over events of each interface (i.e., filter the trace by removing all events that do not
belong to that interface) and checked that it is accepted, which turns out to be the case. Next
for each functional constraint, a projection of the component trace is taken over the events
used by it and checked if it is accepted. For both functional constraints it is easy to check that
this is indeed the case.

@ Functional Constraint 1: A, B, C, D

Observe that after functional constraint 1 becomes active (upon observing A), event X'is
allowed to occur at any moment since it does not belong to the set of used events: B, C, D.
This means that interface events may interleave while a functional constraint has become
active as long as they are accepted by the state machines of the interface and functional
constraints. When we try to operationalize these semantics, we run into ambiguities as we
will show in the next example. Consider the two interface state machines shown in the figure
below, corresponding a provided (left) and required (right) interface. When no functional
constraints are defined the behavior can be any interleaving of traces of the two state
machines, i.e., the cross-product of the two state machines.
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UpdateRequest ———p»
CancelRequest =———p
Reset ——
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CancelRequest ———jp eanceRespone 4 —
ordermesponse No Functional Warnd= = =
ponse = = —
CancelResponse 4= = = Constraints
Error = = = Required Interface
. H ol
Provided Interface Auto take command/signal: !
Wait for command/signal: ? Wait for notifications: ?

Auto take notifications: !

Now suppose a functional constraint is defined over the two interfaces. Then starting from the
initial state of all state machines, one possible execution leads to a successful run.

I'Uvd)len‘.”{ues“ 2 Up

“{ sent_update > sent_cancel \

reset?
wain? wam? |
Ny /
UpdateRequest ———pp ~—— m
CancelRequest =———jp
Reset — J
OrderRequest = . : UpdateR -
CancelRequest ——p Functional Constraint platehesponse 4

CancelResponse = = =

" ? arn == - -
OrderResponse q= = — 1 oOrderRequest: warn

CancelResponse 4= — — 2 UpdateRequest!
Error 4= = = 3 UpdateResponse?

4 OrderResponse!

However, according to trace semantics, an interface may decide to execute an event that is
not part of the functional constraint after it has become active. Suppose after OrderRequest
was observed on provided interface, the required interface executed CancelRequest, leading
to state sent_cancel. In this state, the functional constraint deadlocks as it is no longer
possible to execute UpdateRequest on the required interface as specified, until either the
sequence with events CancelResponse or Warn, Reset is executed by the required interface.
But executing these sequences is ambiguous, when there are other functional constraints
using these events.

For instance, suppose there is another functional constraint F that states when a
CancelRequest is received on provided interface then CancelRequest must be executed on
the required interface, followed by waiting for a CancelResponse on the required interface,
and only then a CancelResponse on the provided interface.

Going back to our case of the deadlocked functional constraint, executing CancelRequest on

the required interface, after receiving UpdateRequest violates the functional intent of F, which
was to allow CancelRequest on required only if a CancelRequest was observed on provided.
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To prevent ambiguities arising from interleaving events of more than one functional constraint
requires a reduction in the allowed non-determinism in semantics of functional constraints in
conjunction with what is allowed to be executed on interface state machines. As a solution,
the following restrictions on interpretation of ComMA component specifications are proposed

Syntax

R1. Only the initial state of a functional constraint may contain triggered transitions.
R2. An initial state may not contain any non-triggered transitions.

R3. The state machine of a functional constraint is strongly connected.

R4. In addition to local variables of functional constraints, global variables may be
declared and shared between functional constraints.

Semantics

R5. A functional constraint is enabled if it is in its initial state, receives a trigger event
specified by one of its triggered transitions, and satisfies the guard predicate.

R6. When an enabled functional constraint executes its trigger event in
synchronization with the corresponding interface state machine, it becomes active.
R7. An active functional constraint executes an allowed sequence of outgoing events
synchronously with their corresponding interface state machines, until the function
constraint state machine returns back to its initial state. The transition back to its
initial state, additionally resets its local variables and only then the function constraint
becomes deactivated.

R8. When a functional constraint is active, no interface state machines may execute
a transition on their own. This restriction means that functional constraints, once
triggered, run-to-completion.

R9. When no functional constraints are active, interface state machines may execute
their transitions in the following manner: provided interfaces may execute allowed
non-triggered transitions, while required interfaces may execute allowed triggered
transitions.

R10. At most one functional constraint may be active at any given moment.

As a consequence of the above restrictions, functional constraint 1 from our earlier example
is violated and no longer allowed under the new restrictions.
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Component Trace

ABXCDCCFG,HK

AFG| B,X,CCCGCHK |DL

Interface P1 Interface P2 Interface R1

9 Functional Constraint 1: A, B, C, D

Functional Constraint 2: F, G, H, K

A formalization of the above operational semantics of ComMA component language is one of
the main goals of TechFlex 2026.

3.3.4 Designing a Generator of C++ Component Mocks

Our goal to generate a mock implementation from a given ComMA specification, requires us
to encode the semantics as synchronous interface and component state machines in a
programming language of
choice. We choose the C++
programming language as itis a
de-facto standard for software +request) + requestHande(
implementations in the domain

of cyber-physical systems. Extonds Extonds
Realizing state machines in
programming languages is a LIS A Conoeomes
well-known concept. As early as
the 1990s, design patterns were + requestHandie( + requestHandie(
proposed [57] as good practices
to tackle recurring implementation problems encountered in practice using object oriented
principles. Among them the state machine pattern was proposed. The pattern exploits the
notion of an abstract state class containing an execution handler function. Each concrete
instance of this class implements the handler function, each defining specific actions to be
performed in that state. The destruction and creation of concrete state objects correspond to
transition between states of a state machine. Such an implementation pattern avoids complex
conditional logic by encapsulating behavior within separate state classes instead of
conditional logic such as if-else/switch cases. Each state independently handles its own
transitions and actions, reducing code duplication and branching complexity, resulting in
modular code that is easier to extend and maintain as new states are added.

Context AbstractState

To synthesize mock implementations in C++ from ComMA specifications, we need to encode
the semantics discussed in the previous section. To do so, we first introduce the notion of an
server and client interface stubs, corresponding provided and required interfaces,
respectively. Both these stubs are realized using the state machine pattern with key
differences to satisfy requirement R9. From the current state, a server interface stub may
autonomously execute a possible notification/reply (to command) but requires an external
trigger to be received to execute a command or signal, if they are allowed in that state. If not,
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then an error is thrown and the implementation exits. In a client interface stub, the roles are
reversed.

{D)| cpP Client Stub

client o -
Cmd(..) loo ! Notify(..)
piy(..) Notify(....) Sig(“) : rePW(”)
server
cmd(..) | T

1
Sig(..) ¥
v

Notify(..)
reply(..)

9 CPP Server Stub

A detailed implementation view of server and client interface stubs are shown below.
Observe that to handle external triggers, the server interface stub accepts Cmd(...) and
Sig(...), while the client interface stub accepts Notify(...) and reply(...). To synchronize
execution of events of a functional constraint with an interface state machine, it is necessary
to check the current state of an interface state machine and whether an event is possible in
that state. The method GetEnabled of server/client interface stubs returns the list of enabled
transitions. Furthermore, the method GetState returns the name of the current state of the
interface state machine, which is needed to check enabling of a guard of a functional
constraint which may require an interface to be in a certain state. The two methods, provide
an implementation of the functional constraint state machine controller with the means to
realize R5 and R7.

GetEnabled GetEnabled
GetState . GetState
i | start/st Notify(.. ! start/stop
c?d:)) i :se:Nl(/i,zF)) f TNoﬁfy( ) ,Z‘;J((_)) i EexTrig(x, d) ? Tcmd(.J
1g\.. 1 S "
- v ‘ 4 reply(..) A 4 v - sig(..)
Server Stub Callback Client Stub Callback
Adapter functions Adapter functions
T H A
start/stop : 1 start/stop :
setNI(x, d) h 4 setTrig(x, d) \ 4
. State Machine R State Machine
execNI(x, d) Controller & exTriglxd) | Controller &
Timer Timer
D Parameters | (D | Parameters |

The timer component of interface stubs, enables the autonomous behavior as prescribed by
R9, i.e., whenever the timer goes off (pre-defined intervals), each stub type is triggered to
execute an event (at random) that is allowed to be taken in that state, on their own initiative.
The methods start and stop control the enabling and disabling of the timer which allows the
implementation of a functional constraint state machine to prevent interface state machines
from executing events when a functional constraint is active (R8 and R9). When a functional
constraint has become active, the execution of a sequence of outgoing events synchronously
with their corresponding interface state machines (R7) is made possible by the methods
execNI(x,d) and execTrig(x,d), where x is the name of the event and d is a set of data
parameters of x.
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An illustration of an implementation of a component state machine (corresponding to a set of
functional constraints) orchestrating a set of server and client interface stubs is shown below.
Incoming trigger events to a component are handled by the component state machine. If a
functional constraint is defined then the guards are evaluated to determine if it becomes
active. When a functional constraint is active then it immediately synchronizes the execution
of the incoming trigger event and the successive events (run-to-completion) defined by the
functional constraint with the corresponding interface state machine (stub). If no functional
constraint is defined for the trigger then it is simply forwarded to the interface state machine
(stub). If an interface state machine (stub) cannot make a synchronized move with a
functional constraint state machine because that event is not possible in the current state
then the application crashes with an exception stating that an illegal event was received. Note
that incoming triggers carry relevant data arguments which are inputs, whereas outgoing
events from a component contain data that are computed by the expressions defined in a
functional constraint or interface state machine specification.

b

1 Notify(..)
& rerznlllvr)

cmd(..)
sig(..)

L

1
H
]
]
]
1
]
1
:
. . | Data is defined in the
Trigger from Outside L Server Stub(s) functional constraint or
i
1
1
A 4

interface
cmd)® A f lNoufy(..)

i | repiv(-)

sigl) |
1

Component State Machine(s)

T T *
cmd(.) E i ? Notify() !
sigl-)y W W | repiv(-) -
Data is defined in the ! Match and trigger in
functional constraint or Client Stub(s) : interface state machine
interface !
1 |
H Trigger from Outside
1
1
1
Cmd(..) & 1 Notify(..)
Sigl-) ¥ 1 reply(.)

An additional requirement for the generation of C++ component mocks was to also generate
glue code to integrate with specific middleware technologies. For this an adapter layer is also
generated to avoid manual intervention by a developer.
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3.4 Application to the Meal Delivery System

The use case we used to show the feasibility of synthesizing mock components from ComMA
specifications is a meal delivery system, as sketched below. There are five main
components: delivery control service, planner, timer, meal dispatcher and meal preparing.
The components colored in blue represent the ones that have at least one functional
constraint. The ones without any color do not specify any functional constraint, i.e., they rely
on the behavior specified by their interface state machines. The specific middleware layer
chosen to support communication between components for the demonstrator is a proprietary
solution called O2N.
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Delivery Control Service
| Order API Required
A
o2n !
¥ H
I Order API Provided
Planner
| Timer Required | | Meal Dispatching Required
A
02N ! f
Y H 1
| Timer Provided l I Meal Dispatching Provided
Timer Meal Dispatcher
| Meal Preparing Required
A
02N !
v !
Meal Preparing Provided |
Meal Preparing

Planner Component: The planner component is responsible for handling normal and
platinum order requests generated by the delivery service component. Depending on the type
of request, a sequence of outputs consisting of signals to the meal dispatcher and
notifications to the delivery control service are generated by the planner component. The
timer component issues periodic triggers to the planner component to process any
outstanding normal order requests.

The functional constraint modeling the behavior of a platinum order request is shown below.
It specifies a state machine with a single state called idle and a transition that returns back to
idle (see next state). The transition is triggered by the receipt of a
SubmitPlatinumOrderRequest on the orderAP! interface if the following conditions hold:
OrderAPI and MealDispatchingAPI are in their idle states and the variables
isPlatinumRequestSent and isNormalRequestSent evaluates to false (highlighted in yellow).
If the conditions are satisfied then the following events are executed in a sequence (without
interleaving with any other events): first a reset on the timer interface, then a
ScheduleUpdateRequest on MealDispatchingAPI and SubmitOrderResponse on OrderAPI,
and finally assigning the variable isPlatinumRequestSent to true.

functional constraints

SubmitPlatinum 1 SubmitoOrder + ScheduleUpdateRequestForPlatinum
OrderRequest Response : 4 t
1 use events
signal orderAPI::SubmitPlatinumOrderRequest
notification orderAPI::SubmitOrderResponse
signal mealDispatchingAPI::ScheduleUpdateRequest
signal timer::Reset
initial state idle {
Planner Component transition trigger: 1
signal orderAPI::SubmitPlatinumOrderRequest
where orderAPI in idle and mealDispatchingAPI in idle
guard: not isPlatinumRequestSent and
not isNormalRequestSent
do: signal timer::Reset
signal mealDispatchingAPI::ScheduleUpdateRequest 3
notification orderAPI::SubmitOrderResponse Z}
isPlatinumRequestSent := true
ScheduleUpd 3 2 |Reset next state: idleq
ateRequest }
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To conform to run-to-completion semantics which require that a functional constraint may
contain at most one input trigger, the handling of the platinum order request is split over two
functional constraints synchronizing over a shared variable isPlatinumRequestSent. The
second functional constraint handles the trigger ScheduleUpdateResponse generated by the
meal dispatcher component with a guard on variable isPlatinumRequestSent.

Note that to model normal order request, three functional constraints were needed. The first
one (starting from left in the figure) models the receipt of a trigger from the timer. The second
functional constraint is triggered by the arrival of a ScheduleNormalOrderRequest, and as a
consequence generates ScheduleOrderResponse towards the delivery control service
component and ScheduleUpdateRequest towards the meal dispatcher component. The third
functional constraint models the receipt of ScheduleUpdateResponse generated by the meal
dispatcher component, similar to the functional constraint modeling platinum order request.

Submi tPlatinum submitorder 4
orderrequest Response | 4

[ H
Platinum Order
Handling Planner Component Planner Component
Constraints
| Gl o ]|

scheduleupd Scheduleupd |
e |3 2 [see sttt
SubmitNormal y SubmitOrder "
OrderRequest | Response |
Normal Order
Handling Planner Component Planner Component Planner Component
Constraints

I l

]
1 |trigger
i

| Comoomomon e |

Schedulelpd | 4 ScheduleUpd |
ateRequest ateResponse !

49

Two examples of timing constraints of the Planner component is shown below.

group PlatinumOrderRequestResponse
signal orderAPI::SubmitPlatinumOrderRequest
-[508.8 ms .. ]-> signal mealDispatchingAPI::ScheduleUpdateRequest
-[ .. 8.91 ms]-> notification orderAPI::SubmitOrderResponse

end group

NormalOrderRequestResponse
signal orderAPI::SubmitNormalOrderRequest
-[ .. 20.0 ms]-» notification orderAPI::SubmitOrderResponse

The first one states that after a SubmitPlatinumOrderRequest is received, at least 500 ms
must have passed before a ScheduleUpdateRequest is send to the meal dispatcher
component, and at most 0.01 ms may have passed before generating a
SubmitOrderResponse notification.

The second one states that after a SubmitNormalOrderRequest is received, at most 20 ms
may pass before a SubmitOrderResponse is generated.

Meal Dispatching Component

In a similar manner to the Planner component, four functional constraints of the meal
dispatcher component are defined. An illustration of the specified behavior is shown in the
figure below. An interesting case shown in this example is non-determinism between
functional constraints. In response to the trigger MealPreparationUpdateNotification
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generated by the meal preparing component, two function constraints are defined with no
specific guards. As a result they may both be enabled and then the choice of their execution
is non-deterministic. This allows a modeler to under-specify behavior enabling to define
possible and allowed behaviors to occur at random.

s;::gﬁ‘:i:pfl 1 32::::;:\:32 ?4 Rfseweamisml 1 zesemnlmsoa f 4
Functional Constraints | | ]
Meal Di: h i
Schedule Update Request-Response poensse gl el
Reset Request-Response | . 1 I
m [z e ¥ ]y e ¥
ScheduleUpdate 4 ScheduleUpdate 4
. . Notification Notification | 4
Functional Constraints l
Schedule Update Notification Handling Mas Pty OR i
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Results. In TechFlex 2025, we developed proof-of-concept code generators to synthesize
C++ mocks over O2N middleware from ComMA component models. The feasibility of this
approach was demonstrated using the example of the Meal Deliver System to stakeholders
at Thales. A snapshot from the demonstrator depicting console output from running the
planner component is shown below. The console output corresponds to the run-to-completion
semantics expressed in functional constraint, i.e., when a SubmitPlatinumOrderRequest
comes in as a trigger (highlighted as 7), it is first checked to evaluate if the guard and where
clauses are satisfied, and only then synchronizes with MealDispatchingAPI interface to
execute the trigger. Now the functional constraint has become active, so it runs to completion
by executing the events of the do section: reset (highlighted as 2),, ScheduleUpdateRequest
(highlighted as 3) and SubmitOrderResponse (highlighted as 4), followed by setting variable
isPlatinumRequestSent to true. Note that the timing durations between these events conform
to the timing constraints defined earlier.
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initial state idle ({
transition trigger: (::)
signal orderAPI::SubmitPlatinumOrderRequest
where orderAPI in idle and mealDispatchingAPI in idle
guard: not isPlatinumRequestSent and

<<<<<<<< Signal SubmitPlatinunOrderRequest has been Executed! not isNormalRequeg*Sent
do: signal timer::Reset
:ScheduleUpdateRequest

signal mealDispatchin
>>>>>>>> Received Signal: Reset notification orderAPI::SubmitOrderResponse
<1> State Update: From idle => idle (timerInterface)
<<<<<<<< Signal Reset has been Executed

isPlatinumRequestSent := true
[INFO > Client Stub Adapter Implementation] Going to trigger Signal: Reset!

Checking Instance-Clause Preferences for Signal: SubmitPlatinumOrderRequest

>>>>>>>> Received Signal: SubmitPlatinumOrderRequest e
<I> State Update: From idle => waitingForSubmitOrderResponse (OrderAPI)

next state: idle

>>>>>>>> Received Signal: ScheduleUpdateRequest
<I> State Update: From idle => waitForUpdateResponse (MealDispatchingAPI)

<<<<<<<< Signal ScheduleUpdateRequest has been Executed!

[INFO > Client Stub Adapter Implementation] Going to trigger Signal: ScheduleUpdateRequest! SubmitPlatinum submitorder 4
orderRequest | 1 Response
H
[INFO] @STUB_ADAPTER: !!!!! Waiting for Notification from State Machine Controller... (OrderAPI)

[INFO] Triggering SMC with notification IDX: © Planner Component

I l

<<<<<<<< Notification Raised: OrderAPI_SubmitOrderResponse
<1> State Update: waitingForSubmitOrderResponse => idle

[INFO] @STUB_ADAPTER: Waiting to acquire lock... (OrderAPI)

[INFO] @STUB_ADAPTER: Lock acquired! (OrderAPI) T
[INFO] @STUB_ADAPTER: Received Notification: SubmitOrderResponse! Sst:R: Sggt 3 2 [Reset
[CLIENT STUB INFO]: Registered Stub Notification: SubmitOrderResponse Was Received!! (OrderAPI / OrderAPI) q

Joining the Thread...

isPlatinumRequestSent becomes true o

The focus of TechFlex 2025 has been to cover control-flow aspects of the ComMA language.
As a next step in TechFlex 2026, we intend to extend support for data arguments of events
and timing constraints. Furthermore, the work on defining generators for C++ mocks raised
many interesting questions and provided practical insights into corner cases which have
helped to define informally the operational semantics of the ComMA component language.
The formalization of these semantics will be addressed in TechFlex 2026 to enable model
checking capabilities that ensure specifications are free of modeling and design errors.
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4

4.1

Conclusions

This chapter concludes the report by first answering the research question in Section 4.1,
followed by a discussion about future work in Section 0.

Answers to the Research Questions

RQ1) [Automatic synthesis of product variants based on functionality and constraints]
00 To what extent is it possible to synthesize from a product (platform) variation tree,
software configurations that satisfy both functionality requirements, constraints, and
performance requirements, while optimizing other system qualities such as cost?

Chapter 2 shows that it is indeed feasible to automatically synthesize software configurations
for new product variants that satisfy the functional and non-functional requirements. The key
enabler is a model-based system synthesis approach in which reusable components are
described in terms of the services they provide and require, their resource needs (CPU,
memory), and properties, such as temporal behavior or the quality of the provided output.

Given a high-level specification of the required system services and properties, these
component descriptions form the basis for expressing system synthesis as an optimization
problem. The synthesis tool searches for valid combinations of components and hardware
deployments that collectively provide all required functionality. Because many candidate
configurations may exist, the synthesis is guided by an objective function (e.g., minimizing
hardware cost or maximizing performance).

To address industrial needs, a new synthesis methodology is proposed, building on the
existing ADMORPH approach [27]. In particular, this methodology is extended to make it
applicable to complex systems that are often hierarchically decomposed into subsystems,
possibly in several steps, and deployed on tens or hundreds of compute nodes organized in
racks and connected using multiple networks. Evaluations on both synthetic and industrial
cases demonstrate that this extended method can efficiently generate valid system
configurations in seconds or minutes.

RQ2) [Component specification is required for early system performance analysis]

0 What defines a (minimal) set of component behavior and interface specifications
needed to generate an executable system model that can be used to validate system
flows and their performance in an early phase without the need of a complete model
of all components?

Chapter 3 demonstrates that early system-level validation and performance analysis can be
enabled by generating executable mock components from high-level interface and
component models. Using ComMA, partial aspects of a component behavior can be
effectively specified from a black box perspective in terms of interface protocols and a set of
functional constraints. Such specification provide a precise yet lightweight basis for mock
generation without requiring a full specification covering all aspects of an implementation. To
make these specifications executable, an operational semantics was defined on top of
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existing trace semantics, restricting the degree of non-determinism (e.g., through run-to-
completion semantics). These restriction were essential to eliminate ambiguities that could
otherwise lead to deadlocks and other termination problems. Based on this foundation, the
approach enables the automatic generation of behaviorally consistent mock implementations
that can be deployed on target platforms. The demonstrator validates that this approach is
feasible and will enable system designers and architects to detect timing issues and platform-
induced effects earlier, even before the full software implementations are made available by
development teams.

RQ3) [Incremental performance prediction for product families]
00 To what extent is it possible to accurately predict performance of arbitrary product
configurations based on incremental insights for individual components gained during
development and deployment?

The answer to this question is based on the work in [11], which was conducted as part of this
research. The key to predicting performance for arbitrary product configurations and
deployments in a scalable way is to use a compositional performance analysis. This means
that performance characteristics are collected for individual components and that there is a
framework that allows reasoning about their performance when deployed on shared
resources, e.g., a multi-core CPU with shared memory.

To accurately predict performance degradation caused by memory contention, [8] proposes a
structured three-step methodology that extends the Bubble-Up approach [58]. In this method,
each application is individually characterized in two different ways: 1) sensitivity to memory
interference. This is achieved by deploying the application with a tunable synthetic Source of
Interference (Sol) that progressively increases memory pressure. The resulting
measurements form a sensitivity curve, capturing how the application’s latency changes as
contention intensifies. 2) The contentiousness of the application on the memory resource,
how much pressure it puts on the resource itself, is determined using a “reporter”, a
representative proxy application with known sensitivity curve and high responsiveness to
memory pressure.

Finally, performance degradation for a pair of co-running applications is predicted by
combining the target application’s sensitivity curve and the competitor’s contentiousness
score. This yields a direct estimate of the expected slowdown without requiring actual co-
deployment, making it a compositional approach. The compositional nature of the approach
makes it suitable for environments where insights about components and their performance
are achieved incrementally as they are developed and evolve. Before a component has been
fully implemented, sensitivity curves and contentiousness scores have to be estimated based
on experience from previous components. However, as soon as a component has been
implemented—and every time it evolves—the component can be quickly characterized, and
its performance can be estimated for arbitrary deployments.

Overall, the proposed method shows strong predictive accuracy when evaluated with

(median absolute error = 1.4%, 90th percentile absolute error = 7.4%), demonstrating its
efficacy for performance prediction of microservice deployments on multi-core platforms.
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4.2

Together, the results of the project and answers to the three research questions show that
the proposed approach addresses the three challenges identified in the introduction. They re-
duce the dependence on scarce expert knowledge by making component selection and its
impact on system qualities more explicit, support higher engineering productivity by automat-
ing parts of the integration process, and lower the effort of evolving product variants by using
technology-agnostic abstractions as models to capture and synthesize expected system be-
havior and support validation against updated or changed requirements.

Future Work

Future work in the area of synthesis of component-based systems (RQ1) involves maturing
the generalized synthesis process and associated tool to make it easy to use and to visualize
synthesis results for complex systems in a scalable way. Once mature, it is important to eval-
uate the quality of synthesized solutions, defined by the objective function, to baseline solu-
tions that are manually created by engineers to determine whether optimized solutions are
actually better than the base line. The approach also needs to be evaluated in terms of its ef-
fect on engineering productivity to clearly determine the value of the approach in practice.

There are many possible avenues for future research related to synthesis of component-
based systems. Ideas include investigating whether general design rules can be extracted
from the many visited design points, to go beyond presenting an optimized solution to pre-
senting insights about what implementations of subsystems or what deployments that gener-
ally seem to work well and which ones do not. This would allow engineers to learn about the
systems they build, as well as the building blocks they use to construct them, and increase
the trust in synthesized solutions.

For the synthesis of mock components (RQ2) to enable early system performance analysis in
practice, future work will focus on extending the proof-of-concept generator to support data
and timing aspects. Next to this the focus will also be on formalizing the semantics of the
ComMA component language. This will enable the development of features to improve engi-
neering efficiency and effectiveness such as model checking to detect early any design er-
rors, model-based testing and run-time monitoring to automate conformance testing of
components against their specifications.

For performance prediction (RQ3), future work focuses on extending the prediction methodol-
ogy beyond pairwise co-locations, enabling performance estimation for larger groups of con-
currently running applications. This could be done e.g. by using the scalability approach
proposed in [59]. Additionally, the prediction approach could be broadened to model conten-
tion in other shared resources, e.g. CPU, network, and disk, e.g. requiring new resource-spe-
cific sources of interference and reporters. Another direction is adapting the method to
heterogeneous hardware platforms, where differences in memory hierarchies and execution
behavior may affect prediction accuracy.
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