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Abstract—SysML is a prominent standard serving model-
based system design for systems-of-systems (SoS). It facilitates
the description of complex system design, as a hierarchy of
interacting system components, while at the same time enables
the independent description of each component behaviour. How-
ever, in order for the system designer to decide whether a
SoS architecture is efficient, non-functional properties, such as
performance or cost, should also be taken into consideration.
There are numerous efforts integrating performance properties
into SysML models and their verification using stochastic or
analytical methods. In this paper, we focus on the financial
assessment of SysML models, estimating economic attributes of
SoS architectures, such as Total Cost of Ownership (TCO) and
Return of Investment (ROI). Integrating different viewpoints into
SysML SoS models, focusing besides structure and behaviour,
also performance and economic attributes, enables the system
designer to explore alternative solutions for system design, having
in mind a wider perspective of the system under investigation.
To this end, a profile extending SysML to serve techno-economic
analysis of systems is introduced. As an example, the Total Cost
of Ownership (TCO) for cloud infrastructures, modelled as SoS is
explored. TCO properties are incorporated into existing SysML
cloud models, enabling the designer to compute TCO for the
whole system or parts of it.

I. INTRODUCTION

System design, as an important phase of system engineer-
ing, regulates system architecture in order to satisfy specific
requirements [1]. Model-based system design is supported by
a number of methodologies [1], [2], [3] and is effectively
accommodated by modelling languages and wide accepted
standards as OMG. SysML [4], endorsed by OMG and IN-
COSE, facilitates the description of a broad range of systems
and systems-of-systems in a hierarchical fashion. It enables
the description of allocation policies and provides a discrete
diagram for requirements specification. To describe specific
system domains, SysML can be extended using the standard
extension mechanism provided by MOF [5]. Stereotypes are
a common mechanism to extend SysML functionally grouped
in SysML profiles, an equivalent of UML profiles.

Most design decisions depend mainly on the conditions
that a system should operate rather than the description of its
structure. According to[1], a requirement denotes a capability
or a condition that should be satisfied by the system under
study and may be either functional (i.e., specifying a function
that a system must perform) or non-functional (i.e., specifying
a condition that a system must achieve). According to Wymore
[1] there are six core categories of system design requirements,

the prominent of which are performance and cost, that are
non-functional requirements. Furthermore, system architec-
tures should evaluated and properly adjusted until all design
requirements, especially performance and cost, are verified in
different levels of detail.

There are numerous efforts, where SysML requirement
diagram and corresponding entities have been extended to
effectively support the description of performance require-
ments [6]. Furthermore, their verification is performed using
quantitative methods, such as simulation. There is a wide
number of efforts to simulate SysML models using external
simulators, such as the ones described in [7], [8], [9]. However,
there are no similar efforts focusing cost requirements.

Techno-economics engineering combines process modeling
and engineering design with economic evaluation, providing
with both qualitatively and quantitative understanding of the
impacts technology breakthroughs have on the financial viabil-
ity of an ICT infrastructure [10]. In the context of SoS, such an
analysis extends the corresponding components forming them
by integrating into the corresponding SysML different types
of constraints, beside technical also economic and social and
technical, regarding the development and promotion of the SoS
systems. [11]. COSysMO is a costing methodology, widely
adopted with model-based system design, targeting SoS [12].
However, it is served by independent tools, not fully integrated
within SysML models.

The vision of the proposed approach targets the devel-
opment of a detailed model-based methodology based on
SysML models, which will take into account all the appropriate
economic properties, providing as output information for the
assessment of a SoS investment[13], [14]. The economic view
of SoS model shall facilitate the description of economic
parameters such as initial capital expenditures (CapEx), op-
erational expenditures (OpEx), costing schemes, amortization,
forecasting details regarding the future demand of services and,
even the market share of the provider to serve competitive
market environments. The calculation of important economic
indices, such as Net Present Value (NPV), Internal Rate of
Return (IRR), Return On Investment (ROI), Economic Value
Added (EVA) and Return On Assets (ROA), which have an
important impact on the considered investment, should be
incorporated within the SysML model.

Towards this direction, the work presented this paper can
be seen as the first step in developing a model-based techno-
economic methodology which should be able to provide reli-



able decision support to SoS designers. To this end, a SysML
extension is proposed to incorporate cost-related properties in
SysML models, so that techno-economic metrics like TCO
may be computed and explored. This effort resulted in the
construction of SysML Costing Profile, which is fully func-
tional in Visual Paradigm modelling tool.

The rest of the paper is structured as follows. Related work
is briefly presented in section II. The proposed SysML exten-
sions and SysML Costing profile, emphazing TCO exploration,
is presented in section III. In section IV, a case study where
the proposed profile is applied in Cloud techno-economic
engineering in conjunction with the CloudSim profile for cloud
simulation. Conclusions and future work reside in section V.

II. RELATED WORK

SysML facilitates the model-based design of systems or
systems-of-systems (SoSs), providing different system views
serving specific design activities [4]. Specifically, Block defi-
nition diagrams can be used to depict alternative system design
views in multiple layers of detail (for example the software and
hardware architecture of an information system). Requirements
in SysML are described, as class stereotypes, in an abstract,
qualitative manner, since they are specified by two properties,
id and text, corresponding to a simple description without
any qualitative or quantitative characteristic. Requirements can
be grouped in packages based on common characteristics, as
their category (for example functional or non-functional) or the
activities they are related to (for example software or hardware
requirements) forming a multi-level hierarchy.

There are numerous efforts to serve non-functional require-
ments (NFRs) by extending SysML. Defining NFR within
SysML is used to compose components and verify their
interoperability [15]. Interface automata method is employed
to specify component interfaces and to verify interface com-
patibility for the domain of component based systems. In
[16] SysML was employed for the verification of safety
requirements which belong to NFR. To this end, a requirement
stereotype was proposed to formalise requirements textual
description in terms of logic predicates and/or numerical
parameters.

There are numerous efforts to integrate performance prop-
erties within SysML models by extending SysML requirement
concept([8], [17]). Many of them also provide for simulation
code generation from SysML models [7] to verify such perfor-
mance requirements. Briefly discussed, there are efforts using
MARTE profile and related tools [18], TTool Toolkit, which
uses AVATAR profile, SysML-to-Arena transformation tools
[19], and SysML4Modelica Project [8]. One of the authors
has also proposed a framework to simulate information system
models expressed in terms of SysML using the DEVS simula-
tion framework [9]. To this end, several tools and technologies
are utilised, like QVT for the transformation of the system
model to simulation model, while the verification process is
triggered and finalised via the system modelling environment.

Following a similar approach, one could extend SysML
utilising the requirement entity in order to embed cost-related
properties into SysML models in order to enables the techno-
economic analysis of SoS architectures.

Syndeia (formerly known as SLIM), [20] is a commercial
collaborative model-based systems engineering workspace that
uses SysML as the front-end for orchestrating system engineer-
ing activities from the early stages of system development. The
SysML-based system model serves as a unified, conceptual
abstraction of the system independent of the specific design
and analysis tools that shall be used in the development
process. It is designed to provide plugins to integrate the
SysML system model to a variety of design and analysis tools.
Until now, only the integration of SysML and other model
repositories, such as product lifecycle management (PLM)
tools is implemented. Integration with MATLAB/Simulink
,Mathematica and OpenModelica is offered in a variety of
commercial tools, but these tools are used as math solvers
and not as a verification method of a complete SyML model
in a specific domain. We share the vision of Syndeia, while the
proposed approach also integrates techno-economic analysis of
SoSs.

Despite the fact that there are several proposed pricing
schemes for the SoS, models emphasising techno-economical
parameters has been mostly neglected. The most prominent
effort in this area is CoSysMO, a methodology targeting to
estimate the cost of a SoS architecture [12]. However, it is
not integrated within SysML models. Also, Strebel and Stage
[21] applied an economic decision model for business software
application deployment in large-scale environments. In [13] a
method and a software tool for cost calculation and analysis
for large-scale and cloud was developed. This is the reason
why integrating cost analysis in the SoS engineering, utilising
SysML models is considered to be an innovative research area
of interest, motivating the current study.

III. EXTENDING SYSML TO SERVE TECHNO-ECOMONIC
ANALYSIS OF SOS ARCHITECTURES

Enable techno-economic engineering upon existing SoS
models, either general or based on domain-specific profiles,
is imperative in SoS efficient design. Enable the integration of
economic engineering with performance engineering, an im-
portant aspect when the system designer investigates question
related to the fact: Having a specific budget, would the system
architecture be sufficient in terms of performance? Is there
a balance between performance and costing requirements or
restrictions? What about Return-on-Investment (ROI) parame-
ters? Could one predict the cost of system operation as system
performance during system design? These questions become
more important as systems and especially systems-of-systems
constantly become more complex.

The estimation of the Total Cost of Ownership (TCO) in
particular is a procedure that provides the means for deter-
mining the total economic value of an investment, including
the initial capital expenditures (CapEx) and the operational
expenditures (OpEx). In the context of SoS engineering, TCO
corresponds to the estimation of the costs required to integrate
and operate a SoS infrastructure. To enable the estimation
and exploration of the TCO of alternative SoS architectures,
corresponding SysML models should be properly extended
to describe cost-related properties. The System-of-Systems
(SoS) approach does not advocate particular tools, methods,
or practices; instead, it promotes a new way of thinking for
solving grand challenges of systems whose the interactions of



technology, policy, and economics are the primary drivers [22].
Such model-based system approaches may also be applied in
a techno-economic context, when designing or configuring a
complex system architecture. The task of exploring economic
properties is really interesting, since the desired performance
and availability are constrained by and combined with owner-
ship and operating costs and investment parameters [11], [23].

How could such properties be integrated in SysML sys-
tem models? Cost-related attributed can be treated as non-
functional requirements [1]. Thus, they may be represented
using the Requirement SysML entity and related with each
other using standard SysML requirement relations, such as
satisfy, verify, derive, etc [4]. However, as explained in
the numerous efforts to extend SysML requirement concepts
presented in Related Work, the Requirement entity should
be enriched with numerical properties, to adequately describe
non-functional quantitative requirements, such as cost-related
ones [24]. Furthermore, cost requirement computation should
be facilitated, by enabling the system designer to define
computation functions of capital expenditures (CapEx) and op-
erational expenditures (OpEx), described as cost requirements
associated to the corresponding SoS component they concern.
SysML Requirement concepts extensions should be general
enough to be applicable in any type of SoS.The corresponding
meta-model is depicted in Fig. 1. Standard SysML entities
are depicted with clear rectangles, while proposed extensions
are depicted using light blue.

Fig. 1. SysML extensions to support Cost Requirements

Cost-related requirements are defined as a specialisation
of Non-Functional requirement entity. In practice, they are
defined as stereotypes of the Requirement entity. Each
CostRequirement corresponds to a discrete cost category (for
example acquisition, operation) is described by cost-related
descriptive, but most importantly numeric properties. These
properties are explicitly related to Cost categories and are
independent of the description of SoS components, which must
satisfy the Cost requirements. Each cost requirement is also
described by a ComputationFormula. This describes the
equation or formula used to estimate the specific cost category

based on Cost properties. Properties of SoS components
related to the Cost requirement may also be included in
the equation. The ComputationFormula is defined by the
system designer using a SysML Parametric Diagram [4] in a
graphical fashion, where both Component and Cost Require-
ment properties may participate. This enables the designer to
describe cost computation functions in a standardised fashion
using SysML.

Cost Requirement may be specialised in CapEx, related
to acquisition costs, and OpEX , related to operation costs,
requirements. CapEx and OpEx requirement categories are
independent from each-other, but they may both be satis-
fied by the same SoS component. Since SoS components
are integrated in a hierarchy, a CapEx requirement satisfied
by a specific component may be derived by corresponding
CapEx requirements of its constituting components. The cor-
responding DerivationFormula of a derived requirement is
defined using a SysML parametric diagram, the same way
ComputationFormulas are defined.

The Total Cost of Ownership (TCO) depicted as TCO re-
quirement, satisfied by a SoS component, is estimated by com-
bining CapEx and OpEx requirements of all its constituting
components. It is also described by a ComputationFormula.

Proposed extensions are implemented in the
SysMLCosting profile. SysML requirement entity extensions
are defined as stereotypes, while corresponding restriction
are implemented as OCL constraints. The profile has
been implemented in Visual Paradigm modelling tool. The
Compute method of all cost requirement, responsible for the
automated execution of Computation formulas graphically
define is SysML parametric diagrams, is implemented as a
Java plug-in.

IV. AN INTEGRATED SYSML-BASED APPROACH FOR THE
TECHNO-ECOMONIC ANALYSIS OF CLOUD

INFRASTRUCTURES

Cloud infrastructures are often explored using SysML [25],
[26], [27]. Whether IaaS, PaaS or SaaS services are provided,
cloud systems are indeed SoS. To this end, there are numerous
efforts towards cloud engineering using SysML as the mod-
elling language. Depended on the cloud aspect investigated,
different SysML diagrams are utilised. In [28], SysML compo-
nent diagrams are utilised to model and study multi-cloud sys-
tems (e.g. applications running on multiple cloud platforms).
A domain-specific modelling language, called CloudML, is
introduced to depict restrictions and specification of multi-
cloud architectures, e.g. to manage the interaction restric-
tions between SysML components modelling corresponding
cloud entities. In [29], where cloud software is modelled
as a SysML component hierarchy, Architecture Description
Language (ADL) is used to describe the interaction between
cloud software components. Focusing on IaaS architecture,
e.g. cloud infrastructures, in [26] a SysML profile focusing
availability issues is introduced to explore cloud specification
models expressed in SysML. A specific modelling framework,
called Candy, was developed to serve this effort. However,
there is a question raised for all these efforts. Are Cloud-
related SysML profiles and corresponding tools easy to use or
are they restricted by specific environments? In most cases, the



suggested approaches are restricted to a specific modelling tool
and can not be easily integrated, since the suggested profiles,
may not be simultaneously applied.

CloudSim [30] is a simulation environment, enabling the
simulation of SysML cloud infrastructure models in a auto-
mated fashion, provided that clouds are modelled in SysML
utilising the corresponding CloudSim profile. The profile is
formally defined and can be integrated in a standard UML
modelling tool supporting SysML. SysML models can be
consequently exported and simulated in a Java simulation en-
vironment. Using CloudSim SysML profile a system designer
can describe the basic system components of the cloud, such as
data centers, hosts, virtual machines and network topologies,
along with their functionality, as a SoS hierarchy. There are
several researchers and organisations using CloudSim to study
cloud architectures and energy-efficient management of cloud
data centers. CloudSim also provides for the estimation of
operation cost or profit for each CloudSim entity during
simulation.

In [27], we presented an attempt to extend CloudSim
SysML profile to also include cost properties. This effort is
restricted in the sense that the computation of cost parameters,
such as TCO, is restricted in cloud specific architectures as
defined by CloudSim meta-model. In the following, we shall
demonstrate how the proposed SysML Costing Profile may
be concurrently applied with CloudSim profile leading to the
same result, e.g the computation of TCO for CloudSim in-
frastructures. Both profiles are implemented within the Visual
Paradigm tool (https://www.visual-paradigm.com).

An example of a CloudSim SysML representation of a
simple DataCenter consisting of 4 hosts is depicted in Fig.
2. The Datacenter entity depicts the ICT infrastructure that
cloud providers offer. It encloses a set of 4 hosts representing
a physical resource (computing or storage server) in a cloud.
The allocation of memory, bandwidth and processing power
to VMs is also represented. The VM component models a
VM instance that runs inside a host, sharing the host with
other VMs. There are 7 of them depicted in the figure. Each
one of them is characterised by accessible memory, storage,
processing power and configurations (software environment),
which are allocated to it by the host or hosts serving it.
CloudSim entities are represented as a hierarchy of SysML
block entities (grey rectangles). Simulation-related properties
are also assigned to them, to make the simulation of the
infrastructure possible.

SysML Cost profile entities (e.g. cost-related require-
ments), depicted as clear rectangles in aFig. 2, are associated to
CloudSim entities. More specifically, both CapEx and OpEx
cost requirements are associated to DataCenter components,
using corresponding SysML satisfy relation. According to [13],
cloud TCO includes costs that are related with physical servers,
software, facilities (wires, racks), labor, networking, power and
cooling energy and real estate. As explained in [27], each one
of these costs can be associated to a CloudSim entity, e.g.
DataCenter, Host or VM. Adopting the concepts as in [27],
the following CapEx cost requirements are defined:

• ServerCost describes the cost of physical servers of a
cloud and this is why it is associated to Hosts. It is

assumed that all servers are of the same type, CPU,
memory disk and they share the same configuration.

• SoftwareCost represents the cost for the software
licenses that run in the cloud. It is associated to VMs.

• NetworkingCost describes the cost related to the net-
working, meaning to switches, cables, Network Inter-
face Cards (NICs) and is associated with the entity of
NetworkTopology. It is associated to the DataCenter.

• FacilitiesCost class refers to the necessary supplies for
the operation of ICT equipment, like cables and PDU.
It is associated to the DataCenter.

Also the following OpeEx cost requirements are defined:

• Power Cost models the cost of the total power con-
sumption. It is associated to Hosts.

• CoolingCost models the cost related with the amount
of power consumed by cooling equipment. It is asso-
ciated to the DataCenter.

• SpaceCost describes the real estate cost of a building
that fulfils the specifications, in order to accommodate
a cloud datacenter. It is associated to the DataCenter.

• LaborCost represents the cost of wages paid to em-
ployees of the data center. It is associated to the
DataCenter.

Each cost requirement, either CapEx or OpEx, is described
by its own attributes. Such properties may be either simple,
defined by the designer, or can be derived by properties of the
same or related entities. As such an example, the Power Cost
OpEx requirement is examined.

Power consumption maintain a vital role in the manage-
ment of the datacenter[31]. In CloudSim profile, the energy
consumption of each host can be presented by HostPowerCost
attribute of Host component. However, as it is a simple
attribute, it should be entered by system designers, after
calculating it themselves. The SysML Costing Profile entities
may additionally facilitate him/her, to automatically compute
HostPowerCost property, as explained in the following.

As indicated in [27], the attributes that are used to define
energy consumption of hosts within a DataCenter are [13]:

• Es: The price per hour of 1kw of electricity
• Ls: Steady -state constant
• Nrack: The number of racks in working
• Time: Hours consumed
• Ap: Amortization period unit (year/month/hour)
• Arp: presents the cost amortizable rate parameter . It

is derived from the operation calculateArp() that it is
described by the relation:
Arp = (1 + 0.05) ∗ time/(30 ∗ 24 ∗Ap)

HostPowerCost =Ls ∗ Es ∗NRack ∗Arp(time) (1)

How should this information be integrated within SysML
Cloud model? The PowerCost OpEx requirement associated to
Host component can be used to describe cost-related numeric
parameters, except of Nrack already defined as Host prop-
erty. PowerCost value is also defined as a PowerCost OpEx
requirement property, characterised as a derived one, thus a
The relation defining HostPowerCost should be defined as the
DerivationFormula of PowerCost OpexEx requirement.



Fig. 2. SysML CloudSim representation of a Datacenter, enriched with SysML Costing Profile properties

It is defined using a SysML parametric diagram depicted in
Fig. 3. Attributes of both PowerCost OpexEx requirement
and Host block component participate in the formula. The
system designer may graphically define the formula, which
corresponds to PowerCost estimation.

Fig. 3. A Parametric Diagram describing PowerCost Computation Formula

As indicated in the figure, PowerCost attribute is a
derived one (e.g. it is automatically computed using the
computation formula defined in the corresponding parametric
diagram), this functionality should be embedded within the

corresponding modelling tool, in this case Visual Paradigm.
This is accomplished by pushing the corresponding button
(on the top left of Fig. 2), when selecting the corresponding
requirement. In the bottom right part of the figure, one may see
the attributes of the PowerCost OpexEx requirement, after the
execution of the computation formula.

One major difference from the approach presented by the
authors in [27], lays in the fact that the code corresponding to
the compute() method is the same for all cost requirements
and corresponds to the execution of the corresponding formula
described in the parametric diagram. In [27], the computation
formula is programmed for each cost property separately, thus
no standardisation of the process is promoted. When applying
the SysML Cost profile, the system designer is responsible
for defining cost-related computation formulas using standard
SysML notation in Parametric diagrams, while the profile pro-
vides the means for the automated execution. This contributes
to the generality of the proposed approach. When integrating
SysML Costing profile with CloudSim profile, the value of
PowerCost attribute is also copied to HostPowerCost attribute
of the Host component to ease the designer’s work.

TCO requirement associated the DataCenter may by com-
puted in the same fashion by adding all CapEx and OpEx
requirements associated with all the entities belonging in its
hierarchy. This feature is also independent of the structure of
the SoS entity, in this case the DataCenter, and the way specific



CapEx and OpEx requirement attributes are computed. Thus
it may be applied in any SoS hierarchy modelled in SysML.

V. CONCLUSIONS - FUTURE WORK

A SysML extension to integrate techno-economic analysis
into SysML models is presented in the paper. The approach
is based on extending SysML requirement entity and related
concepts, and is general enough to be applied in any SoS sys-
tem. Different cost categories are represented as requirements
associated to SoS components that must satisfy them. As far
as the case study is concerned, the combined application of
both cost-related and performance-related profiles was very
promising.

Taking into account the investments needed to operate a
SoS architecture, the proposed approach and the corresponding
SysML meta-model extension enable system designers to have
a more integrated view of the system they are studying,
combing economic, performance and structural data in order to
evaluate a proposed solution. We consider this effort as a first
step to develop a model-based techno-economic methodology
for SoS engineering. Future research targets the identifica-
tion and calculation of cost factors and indices that should
be integrated to complete the techno-economic analysis and
evaluation of SoS ecosystems.
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