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Abstract—

In recent years, the engineering of Systems-of-System (SoSs)
has experienced an increasing evolution and interest from the
computer science community. Additionally, Architecture
Frameworks are a recent discipline in Software Engineering
(SE) that consider Architectural Viewpoints as first-class
entities in software development. The viewpoints have become a
major paradigm that has the power to open a door to the
development representation and provide a new way of designing
systems. In this paper, we propose a viewpoints-based
architecture framework model encompassing the concepts
proposed by “ISO/IEC/IEEE 42010:2011 Systems and Software
Engineering-Architecture description” to manage the
complexity of SoSs’ architectures. Consequently, we aim to
represent by means one or more architectural viewpoints that
together can provide a unified AF of SoS’ architecture.

Keywords— SoSs, Viewpoints, SoSE, SoSE development
processes, IEEE-42010.

l. INTRODUCTION

In recent years, SoSs have experienced an increasing
evolution and interest from the computer science community.
SoSs have been designed to integrate multiple independent
functional systems into a larger system in several important
application domains. However, these Constituent-Systems
(CSs) are becoming larger, more complex, and difficult to
develop as well.

Examples of these large-scale systems can be found in
several fields such as Robotics, Avionics, Military, and
Intelligent systems (Smart-Grids, Smart-Cities, Smart-
Homes, etc.). An SoS is characterized by offering new
functionalities to users that cannot be offered by its CSs, but
emerging from their combination. The CSs making up an SoS
are independent, geographically distributed, developed with
different technologies, and intended for several platforms.

This new class of systems has created new challenges for
systems engineering (SE) to extend the theoretical
foundations of Software Engineering to SoS Engineering
(SOSE). Therefore, a new opportunity may exist nowadays to
start a new engineering field called SoSE [1]. However, many
key issues like architecture, heterogeneous stakeholders,
modeling viewpoints variety, unified standards, development
processes, etc. are the most relevant challenges that must be
addressed and well resolved. For more details about the
relevant challenges of SoSs, definitions, characteristics,
application domains, etc. readers are referred to our survey

[2].

Therefore, due to varied methodology and domains of
applications in existing literature, there does not exist a single
unified standard for architecture frameworks involved in
SoSE. Thus, SoS development does not follow the normal
system development process. As SOSE processes begin to
emerge, we note the absence of dedicated frameworks to

model and implement them, and that the traditional SE
practices are still insufficient to deal with all aspects of SoSs
development.

In this new perspective, SoSs development does not follow
the normal system development process. thus, we present our
framework model which is based on the ISO/IEC/IEEE
42010/2011 [ 3]. It defines the notion of architecture
framework and describes its content. We also cover the
different steps of the architecture development as imposed in
the standard. Additionally, the proposed framework highlights
the guidelines for requirement elicitation, and provide
structural and functional models to define the architecture
according to different stakeholders’ viewpoint.

Consequently, we propose a new architecture framework,
a multi-view model that allows specifying stakeholders’
domains in various viewpoints. However, we cover specific
concepts included in the viewpoints, their behavior,
development processes, and interactions. By using Model
Driven Engineering, we give a syntax to this proposed
method, i.e., the SoS’ structure and architectural elements are
specified by the MeMSoS meta-models [4]. MDE defines a
clear separation of abstraction levels where MeMSoS is one
of them. Thanks to these abstraction levels, we can split those
specified in IEEE-42010.

The remainder of this paper is organized as follows: in
Section 2, we provide some prerequisites about SoSs and their
relevant related works prerequisites and backgrounds on SoSs
and our related works. In Section 3, we give a detailed model
describing the proposed framework. In Section 4, we discuss
the main principles of our methodology. Finally, Section 5
concludes the paper and discusses possible future works.

Il. BACKGROUND AND RELATED WORKS

A. Related work

In fact, a large number of studies have addressed the
problem of designing the architecture of SoS. However, there
is still a lack of architectural frameworks having the
expressive power to adequately describe the SoSs
architectures.

In [5], the authors have presented an approach to the
description of the software architecture of an SoS based on the
standard ISO/IEC/ IEEE 42010. They have introduced a case
study, which is an SoS entitled Smart City, and they have
illustrated the independent systems participating in this SoS,
the devices, the communications and the structure of each
system. The purpose was to highlight the requests between
systems within this SoS. And finally, they have explained how
to apply the rules and the basis of the standard 1SO 42010 in
their case study.

In the same context, they have proposed in [6] a method to
adapt the standard proposed by "1SO 42010 for the software
industry” to describe the software architectures of SoSs. To



this end, the authors have changed the concept of ‘System of
Interest’ to ‘CS” and added an element entitled ‘System-of-
Systems (SoS)’. Then, they proposed to add a relationship link
between them labeled ‘participates on’. As well as they have
presented an ADL-based approach to model SoS
characteristics.

The authors of [7] have presented an architecture
documentation viewpoint to address stakeholder concerns
about SoS and their CSs design and analysis. The purpose was
to assist them in collecting and/or creating sufficient
documentation about CSs. This viewpoint conforms to the
IEEE-42010 standard for architecture description and guides
SoS architects to request sufficient information about CSs’
architectures in order to satisfy SoS-level concerns about each
CS operating in the SoS context.

Adopting a viewpoint-based SysML visual modeling
language, the authors of [8] have proposed a semi-formal SoS
conceptual model which serves as a domain-independent
vocabulary for SoSs. In particular, they have defined an SoS
profile that extends on the SysML reference meta-model with
specific language constructs.

In their extended paper [9], they have shown how to use
the SysML profile to (i) model the high-level design of the
target SoS architecture, (ii) support different types of analyses
in an MDE toolchain, and (iii) solve scalability and usability
concerns through its integration in a user-friendly MDE tool
for SoS rapid modeling, validation, code generation, and
simulation.

A plethora of modeling approaches that address SoS
architectural aspects was identified by our last survey. For
more details, readers are referred to our survey [2] we have
classified them according to seven main classes (Model-
Driven  Architecture,  Services-Oriented  Architecture,
Ontology-based approaches, Architecture  Description
Language and Bigraph-based approaches) but the main related
studies.

B. Background and Motivation

Large-scale systems now and in the future will be built by
integrating existing systems from different providers to create
So0Ss. The latter have emergent properties and can be
assembled from other existing and new CSs, which are
independently controlled and managed as defined in [10].

In fact, there are no official agreed definitions for these
systems or what are their main characteristics. The definition
of these systems is mainly based on the application domains
and their focus. They can be found in almost every domain of
application, in health-care [11] [12], military defense [13]
[14], transportation [15] [16], Smart Energy Grids [17], etc.
Thus, this diversity proved to be an issue, since every domain
has its definition and characteristics. The diversity of
application domains explains the use of these systems in
specific domains, and cannot be used to establish a general
definition. For example, the existing literature offers a set of
SoS’ specific domains as SolS [18] (Systems-of-Information
Systems), SISoS [19] (Software-intensive SoS), and SoES
[20] (System of Enterprise-Systems). Similarly, for CPSs, we
find CPES [21] (Cyber-Physical Energy Systems) and
CPIoTS [22] (Cyber-Physical 10T systems), etc.

However, the authors of [23] have proposed a general
definition that describes SoSs regardless of the domain as
follows: “an SoS or a CPS is a collection of individual,

possibly heterogeneous, but are functional, wirelessly
integrated to enhance the overall robustness, lower the cost of
operation, and increase the reliability of the complex system”.
Moreover, the authors of [24], [25] and others, highlight a set
of characteristics for SoSs which can be categorized into
components characteristics (operational and, managerial
independence,  geographical  distribution,  Autonomy,
Heterogeneity and Belonging of elements) and global
characteristics ~ (evolutionary  development,  dynamic
emergence and diversity of functionalities). Furthermore, they
are complex systems that exhibit other features: spatially
distributed physical CSs, distributed control, partial autonomy
of the subsystems, dynamic reconfiguration and continuous
evolution.

However, these definitions and characteristics say nothing
about the systems’ size. In fact, the real challenges emerge
when the CSs are themselves large-scale systems. Generally,
an SoS might include tens or hundreds of separate CSs, with
software systems keeping track of these elements and
providing controllers with information that allows them to be
deployed most effectively.

This means that the joint dynamics of SoSs should be
studied together, and this is what sets the emerging discipline
of CSs systems apart from these specific domains. The
difficulty of designing SoSs lies in the complexity resulting
from the interaction, cooperation and collaboration of their
heterogeneous CSs, where each CS has specific goals to
accomplish and different roles to play and interoperate with
each other. Independent evolution and dynamic changes can
cause these CSs to behave differently. These changes can
affect their interactions and communications within the SoS
and as a consequence it can derail the overall mission of the
SoS.

I1l.  METHODOLOGY AND CURRENT WORK

Architecture frameworks are mechanisms widely used in
architecting. They establish a common practice for creating,
interpreting, analyzing and using architecture descriptions
within a particular domain of application or stakeholder
community. As a result, their uses include, but are not limited
to[26]:

— Creating architecture descriptions.

— Developing architecture modeling tools and architecting
methods.

— Establishing processes to facilitate communication,
commitments and interoperation across multiple projects
and/or organizations.

An Architecture Framework is a knowledge prefabricated
structure that stakeholders can use to organize an architecture
description into complementary views [26]. The specification
of an AF is one area of the standardization in
ISO/IEC/IEEE42010:2011. This standard proposes a
conceptual model to describe the terms and concepts of
systems and architecture description. This standard specifies
an AF as a composition of multiple Viewpoints (VPs), each
VP can be used to address specific concerns of different
Stakeholders [3]. Therefore, we aim to extend this standard to
offer a comprehensive guideline to define an SoS-AF. It is
specified by enhancing the concepts of the AF description
represented in the international standard with the essential
processes that an SoS’ AF should encompass (red rectangles
in Figure.1).


https://www.researchgate.net/publication/350456949_Expanding_Frontiers_Settling_an_Understanding_of_Systems-of-Information_Systems?_sg=DbahLRyjZVC01lVdMbroccRa3kYCNlNBs9URNVcmB3jXHejRDsiaAzPbUKWdBKwyD0iC78XoErEsoTqDA-7NcZRC2MghOKhNSD7QJIGc.OyC-K8HjNjxu13-bavjJtivjOvDx5vfUWCzPuAUEKBjHFkIq-KVpK4p_Uy2njp_es6HkJePJlino7EpHvtI36Q
https://www.researchgate.net/publication/350456949_Expanding_Frontiers_Settling_an_Understanding_of_Systems-of-Information_Systems?_sg=DbahLRyjZVC01lVdMbroccRa3kYCNlNBs9URNVcmB3jXHejRDsiaAzPbUKWdBKwyD0iC78XoErEsoTqDA-7NcZRC2MghOKhNSD7QJIGc.OyC-K8HjNjxu13-bavjJtivjOvDx5vfUWCzPuAUEKBjHFkIq-KVpK4p_Uy2njp_es6HkJePJlino7EpHvtI36Q
https://www.researchgate.net/publication/342944246_A_Systematic_Identification_of_Formal_and_Semi-formalLanguages_and_Techniques_for_Software-intensiveSystems-of-Systems_Requirements_Modeling?_sg=DbahLRyjZVC01lVdMbroccRa3kYCNlNBs9URNVcmB3jXHejRDsiaAzPbUKWdBKwyD0iC78XoErEsoTqDA-7NcZRC2MghOKhNSD7QJIGc.OyC-K8HjNjxu13-bavjJtivjOvDx5vfUWCzPuAUEKBjHFkIq-KVpK4p_Uy2njp_es6HkJePJlino7EpHvtI36Q

stakehold «identifies | Architecture 0.+ | Correspondence
takeholder Framework Rule B. SoSs’ Concerns
Through our previous studies [2][4], we were able to
e et extract these concerns by exploring multiple aspects related to
v A SOSE. To adequately understand these concerns, a set of
14 = modeling and implementing questions should be answered
- (see Table.2):
«frame ) Architecture
Concern |1+ 1.7 SOSE Process Viewpoint TABLE II: ARCHITECTURE FRAMEWORK-RELATED CONCERNS.
Concerns Description
govems -
C1 What requirements should the SoS meet?
Le
] < identifies S0S-UML C.2 How does the SoS ensure knowledge?
Meodel Kind Profile
C3 What are the design decisions related to any

Figure 1: An extended conceptual model of SoS-AF.

A. SoS’s Stakeholders

In this framework, we identify the different stakeholders
of SoSs, following their roles. Thus, we introduce the different
stakeholders and highlight their roles in Table.1. Note that, our
approach is based on the exploitation of system engineering
backgrounds, each of the stakeholders can maintain the SoS,
and has specific tasks that could be technical, functional...etc.

Stakeholders are inherently heterogeneous due to multiple
users, their VPs, engineering processes, platforms,
environments...etc. Stakeholders are individuals, groups, or
organizations holding Concerns for an SoS. four main
stakeholders have been identified in this framework:

e S0S Experts: a group of persons responsible for the
Business VP establishment, with strong theoretical
knowledge in an SoS application domain.

e Architects and Designers: their role is vital to the
success of both Analysis and Design VPS, they
translate the requirements into a demand for CSs
Capabilities.

e Collaboration Specialists: they are also Analysis and
Design experts; they are responsible for understanding
CSs and their Capabilities’ collaboration.

e Interactions Engineers: persons responsible for the
Deployment VP and they are responsible for
specifying communication and interactions between
different Roles.

TABLE I. DIFFERENT ROLES OF STAKEHOLDERS.

Stakeholders |Analysts [Users [(Owners |[Developers|Maintainers
SoS X X X
Experts
Architects X X X
and
Designers
Collaboration X X X
Specialists
Interactions X X
Engineers

influences on the SoS in its environment?

C4 How does the SoS support the stakeholder
relationships?

C5 What are the modeling constraints and CSs’
interdependencies that the SoS should have?

C6 What are the local and global goals of the SoSs?

C.7 How does the SoS achieve sustainability, flexibility,
and interoperability?

(OX¢] How does the SoS carry out the self-organization and
adaption requirements?
CJ9 How does the SoS respect a good representation of

the requirements?

C.10 How does SoS aim to reduce execution time and
optimize resource consumption?

cl1 How does the SoS dynamically reconfigure the
heterogenous set of CSs?

C.12 How do the SoS’ constituents interact with each other
at runtime?

C.13 Can new CSs be integrated into the SoS at any time?

C.14 How do CSs adapt to each other and the
environment?

C.15 What are the new capabilities that can be added after

the integration of the different CS?

C. SoSE processes

SoSE processes express the activities engaged under SoSE
from the perspective of one or more Stakeholders to frame
specific Concerns. The main SoS development processes
involved in our SoS-AF are:

e So0S Knowledge: addresses high-Level SoS
requirements and investigates existing CSs that can
participate in the SoS.

e CSs Selection: this process consists of choosing a set
of CSs and distinguishing their relevant Capabilities
and Goals.

e Conceptual Design: the design involves creating a
global vision of an SoS, defining the essential
relationships and identifying mission capability
assessment.

e Architectural Design: represents a global architecture
for the SoS’ constituents and their possible Roles. It
could be developed in parallel with the CSs Selection
process.



o Interaction: the different CSs involved in an SoS
usually have different Capabilities. Therefore, a large
part of the software engineering effort in the SoSE is
to design interactions so that the CSs can interoperate.

¢ Integration & deployment: this process implies that the
different CSs involved in the SoS work together and
interact through the assigned Roles.

D. Associations: Stakeholders, Concerns and Processes

We detail in this section the association rules between
both, the concerns and the stakeholders, and between concerns
and SoSE processes. We present these concerns according to
each group of stakeholders (columns) and the corresponding
process (lines) as illustrated in Table.3:

TABLE 1: ASSOCIATIONS OF STAKEHOLDERS, PROCESSES AND CONCERNS.

keholder| SoS |Architects|Collaboration| Interactions
Proces Experts| Designers | Specialists | Engineers
SoS Cl1
Knowledge C.2
CSs C.6 C.9
Selection
Conceptual C.7 c.10C.11
Design
Architectur C3 C4cC.15 C38
al Design
Interaction C5 C.14
Integration C.12 C.13
&
deployment

E. Architecture Viewpoints

A viewpoint is a selection of relevant aspects of the SOSE
processes (and their Stakeholders' concerns); and the
representation of that part of an architecture that is expressed
in different Model Kind. It is claimed that the SOSE processes
form a necessary and sufficient set to meet the needs of the
framework. Four main VPs are identified in our proposed
SoS-AF:

e Business viewpoint: in this stage, the SoS Experts
focus on the business aspect, which mainly includes
the knowledge and requirements of CSs. These
requirements address a set of architecture challenges
i.e. C.1 and C.2. The Business viewpoint is described
by the Knowledge process which creates a rough draft
of the SoS requirements including identification of the
possible Capabilities, which could be derived from the
existing CSs of the application domain.

e Analysis viewpoint: the Architects, Designers and
Collaboration Specialists initiate modeling (C.6 and
C.9) by starting the process CSs Selection to select the
appropriate CSs involved in providing the required
SoS capabilities. And then, by building the design
model, which will offer a global understanding of CSs
(C.7, C.10 and C.11) in the conceptual design process.

o Design viewpoint: it is based on two independent and
complementary  development  processes, i.e.
Architectural and Interaction. In the first process, the
architects and the designers provide a detailed model

to support different design decisions (C.3, C.4, C.8 and
C.15); and in the second one, the stakeholders deal
with the fundamental interdependencies (between CSs,
Roles, and their collaborations.) designing such
architectures.

e Deployment viewpoint: This viewpoint is a process of
deploying and integrating CSs and it is established by
the collaboration and interaction experts to merge two
or more diverse Roles that are designed to define,
control, and monitor complex interactions (C.12 and
C.13) that extend across SoS and CSs boundaries.

TABLE 2: ASSOCIATION OF VIEWPOINTS AND SOS DEVELOPMENT
PROCESSES.

Business | Analysis [Design | Deployment
Viewpeint
Process
SoS X
Knowledge
CSs X
Selection
Conceptual X
Design
Architectur X
al Design

Interaction X

Integratio & X
deployment

F. Model kinds and UML-Profile

The proposed architecture must support the modeling of
all the concepts and relationships of the SoSs entities with
their different static and dynamic aspects. Thus, we also plan
to propose in the near future another contribution that is based
on extending UML in a standard way, resulting in an “SoS-
UML Profile for SoS framework”.

IV.  APPROACH PRINCIPLE

We need to create different SoSs views matching the
framework viewpoints at high-level abstraction, our objective
is to model SoSs architectures and abstract their analysis and
design from implementation technologies and execution
platforms' specificities. Therefore, a platform-independent
modeling language is needed to increase the automation of the
development of an SoS and to allow abstract modeling, which
can be transformed later to a PSM and then to a platform-
specific implementation.
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Figure 2: SoSs' Architecture Framework.

The proposed approach takes advantage of the MeMSoS
Meta-Model [4] which supports the PIM design level and
allows the designer to successively refine the PIM in terms
of SoSs aspects. MeMSoS has been designed in order to
explicitly model and represent all SoS architectural
elements. Additionally, it also gives particular attention to
the hierarchical composition of CSs and highlights the
importance of CS, Roles, Capabilities, Goals, and Links in
the whole SoS architecture.

We have significantly refined the MeMSoS by extending
its elements for better support of different viewpoints
modeling, framing other stakeholders’ concerns and
introducing new features. We refined it with new extended
abstract and corresponding concrete syntaxes in order to reach
high-level specifications of aspects and address the cross-
cutting concerns that depend on the Stakeholder's VVPs.

A new SoSs’ Architecture framework Model based on
ISO/IEEE42010:2011 standard is introduced in the previous
section. It focuses on a structured description of heterogonous
CSs of one SoS. In addition, the framework allows the
validation of SoSs use cases. Indeed, it is intended to present
the design of SoSs use cases in different application domains
according to the mentioned architectural viewpoints, and more
specifically, allows the validation of Aircraft Emergency
Response SoS use case and its support by standards. The
framework provides a set of processes, viewpoints...etc, as
well as a tool to map use case processes and thus a structured
approach for SoS development. With its peer coordination set
of viewpoints/processes, the framework will allow depicting
various interrelated aspects of SoSs architectures and supports
the interdependencies and collaboration of constituents on
different levels of abstraction.

As shown in Figure.2, the framework addresses the
description of SoSs’ architectures developed within a specific
domain of application and/or group of stakeholders employing
a set of development processes that supports SoSs’

engineering. The framework model adopts the 1ISO 42010
standard and gives guidance and recommendations for the
development of such solutions in order to meet the SoSs’
requirements.

In this paper, we took the first step towards achieving a
unified  Architecture  Framework  supporting  SoSs
Development, by proposing this Multiview point model that
will provide the means to design informed architectural
solutions. In the next work, we aim to provide an SoS-UML
Profile to model the set of SoSs’ processes. The advantage of
this profile is to provide a large number of models to
separately capture, describe and organize each of the
processes of different viewpoints.

V. CONCLUSION

To master all the related concerns, we proposed in this paper
a model of Architecture Framework, that can facilitate and
improve the design of SoSs’ architectures. We aimed to foster
the systematic development of SoSs’ architectures by
maintaining the consistency and coherence between the
different viewpoints of different stakeholders. In the near
future, we plan to implement the proposed approach. The
latter will offer the audience of SoSs’ Stakeholders the tools
to facilitate the task of modeling multi-viewpoints
architectures that are managed by different SOSE processes
and documented through the SoS-UML profile’s models.
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