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Abstract—Model-based systems design (MBSD), a current trend
adopted by INCOSE, employs the systems modeling language
(SysML), a standard introduced by OMG and INCOSE. Though
there are numerous works on integrating performance exploitation
in SysML, cost is not sufficiently explored as a driving design
parameter. By integrating cost analysis in a popular modeling
language like SysML, the proposed approach may be applied to
any system designed using standardized languages and tools. In this
work, we integrate cost analysis within SysML models at a generic
level to explore design alternatives under specific cost and perfor-
mance restrictions and perform tradeoff analysis. The proposed
SysML extensions provide: 1) cost-related entities to encode cost
aspects, such as capital and operating expenses, and 2) functions
that enable the automatic computation of costs; these extensions
are contained in a custom SysML cost profile. The feasibility and
benefits of the approach are explored in two distinct real-world case
studies with different purpose and characteristics. 1) Configuring
a remote elderly monitoring system, taking into consideration
patients’ budgetary and operational concerns regarding the equip-
ment installed in their homes. In this case, patients had the oppor-
tunity to evaluate and prioritize their concerns prior to using the
system. 2) Exploring the improvement of the passengers’ comfort
as a level of service indicator in the Athens Metro railway system,
taking into account operational cost constraints. In this case, the
operator obtained forecasts of performance and cost of the metro
system operation in order to choose between different operational
policies.

Index Terms—Capital expenditures (CapEx), cost analysis,
model-based system engineering (MBSD), operating expenses
(OpEx), railway transportation system, remote elderly monitoring,
systems modeling language (SysML).

I. INTRODUCTION

SYSTEMS engineering is a complex activity consisting of
designing, operating, and evaluating systems, ranging in

scale and complexity, such as a complex public transporta-
tion system or a smart city control system. There are numer-
ous methodologies available to address systems engineering,
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while a model-based approach [model-based systems design
(MBSD)] is employed in the most recent ones [1]. According to
Wymore [2], there are several prominent parameters that should
be taken into account when designing a system: besides provided
services (system output), available technology and performance,
cost is also a crucial factor that constrains design decisions. It
should be noted that Wymore adopts the term performance to
describe all nonfunctional requirements the system should con-
form to, also including availability, security, quality of service,
etc. In fact, during system design, capital (initial investment), or
operating costs drastically affect (and are affected by), as well as
constrain the services a system provides to its end-users [3] and
should be leveraged against performance metrics, taking into
account available technology. This necessity has grown even
more during the recent recession, where many systems were
redesigned in order to accommodate cost reductions during their
operation.

However, popular engineering methodologies [4] are not fo-
cusing on exploiting cost parameters while designing a system,
since they are typically superseded by performance [5]. In the
cases where cost is actually taken into account, not all its differ-
ent dimensions (e.g., cost categories like operational expenses,
equipment costs, etc.) are explored; only the design process costs
or the costs incurred during the system’s architectural changes
(capital costs) are studied [6]. Common pitfalls of related efforts
are the lack of generality, scalability, dynamicity, and simplicity,
while cost exploitation is customized for a specific category of
systems or case studies [7], [8], [9], [10].

An approach to overcome these difficulties should be generic
enough to successfully address different system categories and
enable cost analysis at both a high-level (e.g., on the level of
overall capital or operational expenses of a system) or fine-
grained (e.g., the individual cost of a device). In practice, the
system designer should be facilitated to model, design, and
evaluate a system from a cost perspective as well, and be able
to perform both performance and cost analysis of the explored
design alternatives in a single modeling environment.

Systems modeling language (SysML) [11] is a standardized
modeling language proposed by Object Management Group
(OMG) and the International Council on Systems Engineering
(INCOSE) for complex systems engineering. It is designed to
enable modeling of complex systems of any kind in a hierar-
chical fashion. It is well accepted by both the academic and
industrial community and has been adopted by many MBSD
methodologies [12]. There are numerous efforts to enhance the
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exploration of system performance as a design parameter, using
SysML [13], [14]; however, there is a lack of cost exploitation in
a similar manner. To this end, we aim to integrate cost properties
and restrictions within SysML models at a generic level, and
accommodate the designer to explore design alternatives under
specific cost restrictions, e.g., evaluate either acquisition or
operating costs for alternative design decisions. This way, we
integrate cost analysis in a popular modeling language employed
for MBSD, so that it may be explored for any system designed
using SysML.

To achieve our goal, we extended available SysML modeling
entities in a standardized fashion by constructing a generic
SysML profile that encodes cost design parameters. This is
a custom cost-related SysML meta-model extension, termed
Cost profile. To enable computations related to this perspective
(e.g., to compute the acquisition and operational expenses of a
system), we introduce a cost functions library, which is readily
available to the designer during design time, along with the
profile. The profile is general and extendable enough to be ap-
plied in any system, leveraging the expressiveness and flexibility
of SysML. To automate computations, we employ parametric
execution [15]. The end results (i.e., the computed cost entity
values) are in turn used to populate the parameters of cost profile
elements; related requirements (e.g., conformance to budgetary
constraints) are then verified by comparing the computed and
desired values.

To evaluate the applicability of the approach, we apply the
proposed SysML cost-related extensions in two real-world use
cases with different scopes: 1) in a healthcare remote elderly
monitoring system (REMS) [16], [17] we explored different
solutions for the system installed in patients’ homes to monitor
their health under different service and budget restrictions set
by themselves, according to their needs. Capital cost is mainly
explored in this case study, which was performed as part of a
research project targeting the application of internet of medical
things (IoMT) [18], 2) in the railway transportation system
(RTS) of Athens Metro [19] we assisted the company operating
the system to study the improvement of passenger comfort in
stations and trains, measured based on international standards
[level-of-service (LoS)] [20] against the corresponding increase
of operational cost.

The main contribution of the proposed approach is the seam-
less integration of cost analysis into SySML in a general fashion,
so that it may be applied into any system or system-of-systems
modeled with this language. This way both performance and
cost constraints may be explored by the system designer while
evaluating alternative deign solutions. Ideally, a designer should
minimize or reduce the costs of the provided system services,
while maintaining their performance for greater satisfaction and
usage by the end-users.

The rest of this article is organized as follows. First, we
present an overview of the related work in Section II. Section III
contains a description of proposed SysML extensions and the
SysML cost profile, emphasizing on the description, estimation
and evaluation of costs. Section IV shows the applicability of
the developed profile to 1) the REMS (see Section IV-A) and 2)

the Athens Metro RTS (see Section IV-B). Finally, Section VI
concludes this article.

II. BACKGROUND & RELATED WORK

Besides the desired output and available technology (e.g.,
services), performance and cost are considered critical design
parameters that should be measured, evaluated, and preserved
during system design [2]. Most system design methodologies,
model-based or not, mainly focus on the achievement of diverse
performance requirements for the studied system(s) [21], [22].
However, systems engineering has been expanding beyond its
original confines, incorporating social and organizational issues,
making system design far more complex and challenging [23],
[24]. Recognizing and addressing these issues from a systems
engineering standpoint is a necessity [25], while integrating a
cost perspective is a first step toward this direction. Ignoring
incurred costs or other concerns related to system viability
results in poorly designed systems.

A. Estimating Cost in MBSD

A number of methodologies are available in the pertinent
literature, which perform cost analysis on individual system
domains. In the public transportation domain, Gattuso et al. [7]
performed a comparison of different cost assessment methodolo-
gies with their mathematical formulations. Essentially, they pro-
vide transportation planners and policy makers with a systematic
process for estimating costs that are representative of the area
and service, for analysis and decision-making purposes. Their
approach can be used as an intermediate tool to allow planners
to more easily perform railroad cost analysis, determining cost
functions. In a similar context, in [8] the activity based costing
(ABC) is employed as a suitable method for a business-economic
transportation cost model, while traditional book-keeping ap-
proaches like traditional cost accounting that make rigid assump-
tions about system resource utilization in railways are depre-
cated. However, adequate model-based design methods, which
are driven by representative system models that properly model
and integrate critical design requirements (including costs) are
still needed [26]. In our work, we develop a general and cus-
tomizable cost analysis and evaluation methodology to fill this
gap, based on MBSD, and employ public RTS as one of our use
cases.

Moving beyond a single application domain and employing
MBSD, we identify the following lines of related work. In [9],
three methods of estimating system costs: analytical, analogous,
and parametric, are described. Focusing mostly on parametric
estimates, it proposes a commercial cost model that though has
some stringent requirements, such as cost engineer training,
fine-grained calibration, and additional components (such as
databases). While we also employ parametric execution for cost
estimation, our methodology does not have such requirements
in order to be effectively used by a system designer/engineer.
Constructive systems engineering cost model (COSYSMO) [10]
is a well-known costing methodology, widely adopted with
model-based system design, targeting systems of systems (SoS).
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Most approaches exploit it as basis for effective cost analysis.
For example, in [27] the COSYSMO effort equation is employed
for a proposed parametric effort formula for constructive cost
models. Focus is given on translations between models/tools
in the MBSD, specifically mapping architectural elements into
behavior/performance analysis and cost model inputs. SysML,
Department of Defense Architecture Framework (DoDAF) [28],
COSYSMO, constructive cost model (COCOMO) [29], or CO-
COMO II [10] parametric cost models, and other frameworks
and environments are also investigated in that work [27]. As a
case study, the RTS for unmanned aerial vehicle intelligence,
surveillance, and reconnaissance is explored. In addition, cost
model interfaces for components of the architectures are de-
veloped in order to evaluate cost effectiveness in such envi-
ronments. In [30], the aforementioned COSYSMO framework
and in particular, a practical implementation of the COSYSMO
cost estimating relationship, is exploited. Extending an MBSD
modeling environment with SysML, the authors achieve an
end-to-end estimation of systems engineering effort in designing
and developing a system. In contrast to COSYSMO and related
methodologies, we focus on structural and operational costs
of the system itself rather than the costs of its design stages.
Moreover, while approaches, such as COSYSMO require careful
calibration and tuning in order to better predict and estimate
costs, our methodology is more straightforward for the designer,
and integrates and computes costs directly within the system
model.

Spruytte et al. [3] focused on equipment costs which are more
relevant to our work (see, e.g., Section IV-A, where we study
capital expenses in a healthcare system). Since most studies
make use of case-specific ad hoc models (typically, a combi-
nation of visualization and spreadsheet modeling) that are both
hard-to-use and error-prone, the authors develop the equipment
coupling modeling notation (ECMN), a flowchart-like notation,
based on a small number of building blocks, that facilitates
hierarchical modeling by means of nesting models (using sub-
models). Instead of ECMN notation, we follow the much more
common SysML and expand our modeling methodology also
to operational expenditures and related costs (besides capital
expenses).

B. UML/SysML Profiles Including Cost Features

Focusing more on SysML, which is widely known and used
both in academia and industry [31], we make the following ob-
servations. It is appropriate for modeling the structure, behavior,
and requirements of domain-specific systems, supporting the
accurate, effective, and complete design of a broad range of
–complex– systems [12], [32], [33]. To describe domain-specific
systems, SysML profiles are used [34], while the Stereotype is
the basic SysML structural element to define specialized entities
based on existing ones, and can be applied to classes, attributes,
and operations [35]. According to [36], the main reasons for
selecting SysML for system modeling are the following: 1) It
has been proven to be expressive enough to model complex sys-
tems with heterogeneous components, despite its lack of native

support for cost- or quality-oriented modeling primitives [12],
and 2) the SysML profiles provide the necessary flexibility for
tuning or extending native constructs; examples include, but are
not limited to, generalizations of SysML block or requirement
stereotypes [12].

In [5], basic indicators, like cost and performance are ex-
plored in the SysML’s conceptual framework and an attempt
to define guidelines for modeling-related parameters is made.
However, that work does not provide solid, practical exam-
ples of SysML models and extensions. In addition, Ameller
et al. [37] carried out a comprehensive research on man-
aging nonfunctional requirements like cost and performance,
through MBSD. They observe that in the design process,
several research efforts focus only on specific requirement
types and systems. In essence, there is a lack of a com-
prehensive and generic SysML-based MBSD methodology
that adequately covers a broad range of requirements and
systems.

C. SysML Cost-Related Profiles

We note that there are more specialized efforts that exploit
the SysML profiling mechanism to design a system, while per-
forming a techno-economic or cost analysis to evaluate it [38],
[39]. In [40], a tradeoff analysis among alternatives for a system
model is presented, addressing MBSD within a SysML context.
This way, the authors meet design objectives, such as cost,
performance or other inputs derived from the system stakehold-
ers’ needs. Since these needs are often conflicting, the tradeoff
analysis is expected to provide a balanced solution [12]. Among
several methods that are used to specify, design, and verify a sys-
tem, based on cost or performance factors, the authors propose
the scenario-driven object-oriented system engineering method
(OOSEM) from OMG that primarily uses SysML. Even though
OOSEM can be used to evaluate design objectives such as cost, it
reaches a limitation when a large number of system alternatives
and solutions must be evaluated, in contrast to our methodology,
which integrates the scale of the model seamlessly into the cost
profile.

The most relevant effort that also aims for generality is [38],
where a model-driven techno-economic approach for the esti-
mation of economic parameters of cloud service deployment
is proposed. The authors employ SysML to describe cloud
architectures, emphasizing cost-related properties. The total cost
of ownership (TCO) for cloud infrastructure and services is
their use case; they incorporate TCO into SysML cloud models,
while cloud providers are facilitated in computing it. We were
motivated by that approach to extend SysML functionality and
constructs to integrate cost-related characteristics into SysML
models. An evolution of this approach, in the same domain, can
be found in [39]; this inspired the use of SysML requirements
that are attached to (and should be satisfied by) specific cost
entities. However, for both these works it is not clear whether
the generality claim holds also for wildly different domain
contexts.
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III. EXTENDING SYSML TO INTEGRATE COST ANALYSIS

A. Overview

In our work, we aim to facilitate generic cost evaluation,
enabling different solutions to be explored until the designer
can reach a satisfactory system design that remains affordable
to its users (in the context of the desired domain). Such an effort
entails description and computation of economic parameters,
such as the TCO [41], capital expenditures (CapEx), or opera-
tional expenses (OpEx) [42], etc. Such parameters are important
in/during system design [39] and should thus be explored and
estimated, in order to enable a high-level (e.g., on the level of
the TCO) or a fine-grained (e.g., the acquisition cost of a single
system component) cost analysis of the examined systems.

To understand the challenges of such an analysis, consider the
case of a designer who models a system from a cost perspective,
employing the widely used SysML modeling language [11].
Without a generic cost-oriented design approach, the designer
would have to resort to custom extensions of a domain-specific
structural profile [12] of a system by adding cost properties
(along with the structural ones) on each and every system com-
ponent that should be analyzed costwise. This heavily increases
complexity, introducing more potential errors (e.g., overlooking
a critical cost property), and is neither scalable nor generalizable.
Moreover, it would reduce clarity and transparency regarding
cost integration, analysis, and estimation, especially when used
across multiple system domains.

Drawing an example from the healthcare domain, assume
that a system designer is tasked to model a medical monitoring
system for every patient room in a 500-room hospital. After
selecting the needed components (for example, medical sensor
devices and data aggregators), the designer will need to compute
the overall CapEx for the hospital. Without integrating this pro-
cess into the system model and automating it, the designer will
have to do this manually for each system component. Moreover,
should an upgrade on the equipment take place, the process needs
to be performed anew; this is rigid and constrains dynamicity (for
example, changing component prices depending on operational
properties). It is also important to note that in a heterogeneous
system (e.g., a hospital with different medical equipment per
room), such a cost analysis becomes untenable without proper
automation in place. The same observation applies to other
systems/domains. Ideally, the system designer should be able
to apply his/her domain expertise without worrying about other
cost analysis complexities.

To deal with the aforementioned challenges, we employ and
extend SysML to enable the following.

1) Domain-independent cost entities (Section III-B).
2) Automated (re)computations of costs (Section III-D) in-

curred by the cost entities.
3) Cost computation functions that are readily available in

an inventory (Section III-E) to augment the automation
features of point 2) in a user-friendly fashion.

We encapsulate these extensions in a comprehensive SysML
profile [12], termed cost profile (Section III-B). This is a domain-
agnostic profile that can adjust to the intricacies of different
domains (e.g., different cost categories and design objectives)

and can be combined with other domain-specific profiles. These
–combined– profiles are then integrated into SysML system
models, making them more accurate and complete.

B. Extended Domain-Independent SysML Cost Elements

It is worth mentioning that the current version of the SysML
specification [11], [43] neither directly addresses cost-specific
concepts nor provides a standard notation for them, i.e., specific
predefined cost SysML elements [12]. However, it provides
generic building blocks that can serve as their basis. Thus,
we create new cost entities represented as SysML Blocks, i.e.,
SysML’s basic modular units for representing entities of a sys-
tem [12]; these blocks hold cost-specific value properties and
correspond to discrete cost categories, e.g., capital, acquisition,
operational, etc. Note that, we propose the creation of separate
cost entities, instead of overloading a system component as a
single element that combines both structural and cost charac-
teristics. Through this decoupling, a clearer, more accurate, and
extensible system model can be defined, where the different
perspectives, i.e., structural and economical, are distinguished.
The designer can specify a system component with its structural
properties, and connect it with domain-independent, separate
cost entities that hold its cost-specific properties.

These cost entities comprise our SysML cost profile depicted
in Fig. 1. Specifically, the illustrated white elements are stan-
dard SysML-provided constructs, blue-colored elements are
the proposed cost extensions, and grey-colored elements are
specializations of these extensions.

The depicted Cost element is the center of our profile, defined
as the stereotype of the SysML block, and it has the following
characteristics.

i) It contains cost-specific properties, i.e., a value, used for
the assessment of the system components’ worth, a mea-
sUnit (i.e., measurement unit) that represents the currency
(e.g., “Euro”), and an instances property that represents
the number of occurrences of each system component
connected to a cost entity; note that a system may contain
multiple instances of the same component. The latter prop-
erty differentiates from the others since it is derived [12];
the “/” symbol, preceding its name, indicates that the value
of this property is produced from another element (here,
from the structural components of the system).

ii) It estimates structural system components since it holds
the cost values that characterize them. Conceptually, the
components are represented by the DesignBlock element,
as depicted in Fig. 1; in order to illustrate their connection,
there is a custom estimation relationship between the
cost and the DesignBlock element. Note that a system
can have a hierarchical structure; a “parent”-“children”
hierarchy can be formed by the system components. The
same hierarchy applies to the cost entities connected to the
structural components.

iii) It represents a general cost entity that has specific cost
specializations; these specializations form hierarchies [as
mentioned in point 2)] and inherit all the characteristics
of the cost element, as described in Section III-C.
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Fig. 1. SysML cost-related extensions.

iv) It owns specific operations, referring to cost computations.
The value of a cost entity can be computed either by
automatically summing up the cost values of its chil-
dren entities, as described in Section III-D or by custom
computation functions. Regarding the latter, described in
detail in Section III-E, they are represented by the Cost-
ComputationFunction entity (as shown in Fig. 1) which
is the stereotype of SysML’s ConstraintBlock [12]. Each
function holds a specific mathematical expression that
generates a cost value. These expressions are computed in
a standardized fashion, i.e., via the graphical SysML Para-
metric Diagrams [12], [15]; the system designer inserts the
expressions within the diagrams along with appropriate
input/output properties, executes them (parametrically),
and the computed cost value is extracted for assessment.

v) It satisfies cost-related quantitative SysML Requirements,
that specify certain conditions that the system must con-
form to [12]. This is needed to complete the cost analysis of
a system. Specifically, via the satisfy relationship (depicted
in Fig. 1), the cost entity can meet and fulfill cost-related
requirements; e.g., “the cost of component X should not
exceed Y Euro.” When the system is actually evaluated
(costwise) such requirements are either satisfied or not.

C. Cost-Related Specializations

The first specialization of the cost element (see Fig. 1) is
the TCO cost entity that represents the financial assessment
and cost accounting tool [41], [44], used to determine the total
economic value of an investment, including capital and operating
expenses. Typically, organizations and systems have two types
of expenses, i.e., CapEx and OpEx [42]. Both cost categories
refer to money paid by the organization, although each one is
managed differently for accounting or taxation purposes [45].

CapEx is the funds provided by the stakeholders (or end-users)
of the system to purchase or improve physical assets, such as
system components. OpEx is an ongoing cost, required to keep
a system operational on a daily basis. Usually, organizations try
to reduce the expenses that are incurred during system operation,
without affecting its quality or performance. Typical OpEx
examples are energy consumption costs and personnel salaries.
We represent CapEx and OpEx categories as CapExCost and
OpExCost specialization entities.

Note that both entities are considered composite, i.e., they
comprise different categories of subcost entities. The CapEx-
Cost contains the AcquisitionCost entity that represents the
acquisition cost of a newly purchased system component, and
the IntegrationCost entity, related to the expenses incurred for
integrating the acquired components into the system. OpExCost
is the sum of the EnergyCost, associated with the energy con-
sumption costs of the components, the MaintenanceCost, related
to the expenses incurred to maintain the components operational
and in good condition, and the LaborCost entity, i.e., the salary
of system participants that operate the components and provide
services. A system can be analyzed costwise using either or both
CapExCost and OpExCost entities, depending on the system
design focus.

D. Cost-Related Computations

It is worth mentioning that we categorize the cost entities into
composite, aggregated, and individual, based on the way their
values are computed. These entities and their computation pro-
cess are included in horizontal and vertical tree-like hierarchies,
as depicted in Fig. 2. Indicatively, we employ CapEx as a com-
posite cost entity, while its subcost categories, i.e., acquisition
and integration, represent aggregated and individual costs.
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Fig. 2. Automated computation of CapEx.

Traversing the hierarchy from the left to the right side, we
have design entities connected to composite cost elements that
are linked to aggregated (or individual) cost entity trees. This
signifies that each system design entity is estimated by respective
composite cost elements (such as TCO, CapEx or OpEx), which
in turn are composed of aggregated (or individual) cost elements
of different types (e.g., CapEx comprises acquisition and inte-
gration cost entities). Note that the estimation (or not) of certain
design entities by corresponding composite cost elements can
be designated by the designer; that is, certain design entities can
be directly estimated by corresponding aggregated or individual
cost elements only.

Traversing the hierarchy top-down, we essentially map the
structure of the design entities to the corresponding structure of
the aggregated and individual cost entities. The computations of
the values of the different cost entities comprising this tree start
from the leaf nodes and traverse the tree upward, as described
in the following.

The leaf nodes are individual cost entities of system compo-
nents, which may correspond to different cost categories (e.g.,
the acquisition cost of a system component or its energy con-
sumption cost). The values of these cost entities are computed
by cost functions included in an inventory, as described in the
following Section III-E. Each individual cost entity is computed
by a specific function inserted by the designer.

By summing up the individual –function-computed– costs of
a level, the aggregated costs of its parent level (corresponding to
more complex design entities) can be computed automatically
per type. Specifically, an aggregated cost entity obtains its value
by the automatic summation of the values of its children cost
entities (corresponding to the respective design entity hierarchy),
conforming to the same cost category. For example, the acquisi-
tion cost of the part of the system W, comprising the components
X and Y, is the summation of the individual acquisition costs
of X and Y. This can be done automatically for each level of
the hierarchy; note that it is permitted to have a mixture of
aggregated and individual costs on a level.

At the composite cost entities of the tree (including the top-
level root), the same-level aggregated and individual costs are
finally summed up, across the different types, to produce the

overall cost value of the system (root composite cost entity) or its
subsystems (intermediate composite cost entities). Specifically,
the value of a composite cost entity is computed by automatically
summing up the values of all its same-level children entities.

Fig. 2 depicts the design entity hierarchy (left side) as well as
the corresponding cost entity tree (right side). The aggregated
cost entities whose values are automatically computed via hier-
archical summation are blue-colored, the composite cost entities
are green-colored, and individual cost entities, whose values are
computed by designer-applied functions, are pink-colored. The
white elements represent the design entities of a system.

In Fig. 2 we present the hierarchy of cost entities; this hierar-
chy pertains also to the order of computations. In order to show
how aggregated and composite cost entities are computed, we
employ the following functions (in pseudocode format).

Function 1 is used to compute the value (cV ) of an aggregated
cost entity (cE) –of a certain type (cT )– corresponding to a
specific design entity (dE). It thus receives as input the design
entity and cost type, and generates as output the corresponding
value of the aggregated cost entity. It is worth mentioning that we
exploit the custom relationship (i.e., estimation) that is uniquely
used to connect design entities to cost entities.

Specifically, based on the estimation relationship, a cost entity
that has the input cost type and is connected to the input design
entity is first found and set as our current cost entity. In case the
associated design entity has no children design entities (cDEi),
i.e., it is not composed of others, the function terminates and
the cost value of the current cost entity is returned. In case the
design entity has children, we apply the function recursively on
each of the cost entities (cCEi) which estimate them, as long as
they are of the same –input– type; the cost value is updated via
summing up the return values of the recursive functions calls.
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Function 2 is used to calculate the value (cV ) of a composite
cost entity (cE) corresponding to a specific design entity (dE),
which is the only input of the function. The generated output
is the cost value of the corresponding cost entity. We employ
the estimation relationship (eRi) that the design entity has with
cost entities, in order to locate our current cost entity (cEi).
By traversing all the rest of the estimation relationships (i.e.,
between the design entity and the corresponding aggregated or
individual cost entities), we extract their cost value and sum
them up to compute the value of the composite cost entity.

E. Cost Computation Functions Inventory

The inventory of the cost computation functions is essentially
a collection of various mathematical or logical expressions that
transform input (e.g., structural property values of a system
component) to output (i.e., the cost value of this component).
Extracting the values of individual cost entities is equivalent to
computing these expressions.

Note that multiple functions may be readily available within
the inventory, loaded to our custom cost profile (see Section III-
B). Forming such an inventory brings the following benefits to
the system designer. First, functions are readily available in a
drag-and-drop form for connection with appropriate cost enti-
ties. This enables function reuse without having to reimplement
them from scratch. Even if the designer is not a cost-analysis
expert, he/she can utilize them to perform a useful cost analysis.
Second, the inventory can be easily extended with more func-
tions at will (by the designer himself/herself or another expert),
e.g., to perform more fine-grained cost analysis. Third, it can also
be used across several system domains, containing computation
functions for various cost categories. Last but not least, during
system design, the inventory remains a part of the modeling
environment, meaning that all computations are defined and con-
ducted within a single tool, without requiring time-consuming
interactions with external cost-computation tools.

IV. STUDYING SYSTEMS FROM A COST PERSPECTIVE

To explore the applicability of the proposed approach and
the efficiency of the SysML cost profile, two case studies were
employed using real-world systems: 1) an REMS from the
healthcare domain, and 2) the Athens Metro from the public
transportation domain. Each case study deals with a specific
cost-related issue in a different system, modeled using SysML.
Both case studies are described in the following structure:

1) The purpose of each case study and the problem to be
solved via the proposed approach.

2) The SysML model of each system under study is de-
scribed. It consists of the structural elements representing
the system and the imposed user requirements.

3) The way the SysML Cost profile is applied in each sys-
tem to perform cost analysis is explained. Sample cost
functions used to compute individual cost entities are also
presented.

4) Results extracted from the case study design problem
analysis are presented and discussed.

A. REMS Case Study

REMS [46] enables the remote monitoring and diagnosis of
the medical condition of elderly individuals from professional
health caregivers (e.g., doctors) [47]. Patients agree to install
specific devices in their homes, connected to a remote health
monitoring facility (e.g., a hospital), while they may also wear
devices to monitor their health, thus, become part of the system
itself [48], [49], [50].

Our experience stems from the heart monitoring service de-
veloped as part of the EMBIoT research project and operated
at a prototype level by the Hamad Medical Corporation in
Qatar [51]. In this case, after the patient–doctor consultation,
a REMS solution designer working in Hamad helps patients
choose from a list of tested and approved solutions to be installed
in their homes, taking into consideration the necessary properties
identified by the doctor (minimum requirements) and patient
concerns [52]. To enhance the patients’ willingness to become
part of the system, their concerns should be taken into account
and transformed into design requirements that the system should
satisfy [18].

Such concerns may be considered as high-level requirements,
targeting comfort or affordability, while at the same time the
performance of the configuration should serve their conditions.
Consulting with the designer, patients may prioritize their con-
cerns and make decisions on the suggested configuration. The
process is presented in [18]. In the following, we focus on
affordability concerns, e.g., the cost of the devices patients
should purchase and install in their home. We explore how the
SysML cost profile may contribute in the computation of the cost
of specific configurations and, consequently, enable patients to
prioritize affordability concerns with the assistance of the system
designer.

In the context of EMBIoT project, interviews were done with
face-to-face sessions, although other alternatives may also be
adopted. The exact interaction time depends on the use case and
is not predetermined, while the interactions are coordinated by
the designer. We realized the medical staff were not willing (and
equipped) to consider technical details of the devices installed in
patients’ homes, thus the involvement of REMS engineers was
helpful.

1) Problem Statement: As part of EMBIoT research
project [51], volunteers after a cardio-surgery may recover at
their residence, while remotely monitoring their physiological
signs. However, each patient’s monitoring needs may vary, re-
sulting into different configurations of REMS corresponding to
different acquisition budgets [18].

A configuration is considered suitable only if it fits patient
health monitoring requirements, which reflect upon primary
patient concerns. However, patients need to reflect on their
concerns (expressed as criticalities) and realize the fact that it
might not be possible to satisfy all of them. Enabling them to
understand conflicts between concerns, including affordability,
and consciously participate in their prioritization, reflects on
their willingness to use such a system [52].

In order to do that, the REMS solution designer creates
an REMS Home SysML model, as described in detail in the
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Fig. 3. REMS Home model.

following section. The SysML cost profile enables a person-
alized cost analysis; it provides the REMS designer with the
necessary tools to assess costs at different levels, i.e., from the
overall REMS CapEx cost to the individual acquisition expenses
of medical and data communication devices, in an automated
fashion.

2) REMS Home SysML Model: Two basic components are
defined in the REMS Home model (see Fig. 3): 1) Shimmer3-
ECG [53], i.e., the medical device, comprising an electrocardio-
gram (ECG) sensor; size, battery, communication protocol, or
signal reconstruction accuracy are some of the properties of the
sensor device that characterize it. 2) Odroid-XU4 [54], i.e., the
data aggregator; properties such as type of CPU core or number
of these CPU cores assist the designer to fully describe this
entity.

To depict patient concerns, the designer defines requirements
attached to REMS components. They are described by text
and a quantitative levels property, whose value indicates the
desired level that covers patient needs [55]. This way, it is easier
for patients to describe their design requirements. However,
this information is too abstract to result in analytical system
configurations. Thus, each requirement is refined by the designer
to describe requirement levels, by formulas which are computed
based on properties of the REMS components. These formulas
are described by the designer and are applied to different patient
configurations. They are stored in SysML VerificationReqFor-
mula entities, refining requirements, as shown in Fig. 3. Verifi-
cationReqData entities are defined to store the actual computed
value of each requirement’s level, corresponding to a specific
configuration. Their comparison to desired levels verifies re-
quirement satisfaction [18].

Indicatively, the Device_Battery_Lifetime requirement is
associated with the Shimmer sensor in Fig. 3, holding the
levels property with an “occasionally” value, meaning that
occasional charging is required to refill the battery of the
Shimmer device. The VerificationReqFormula entity refining

this requirement provides the formula for computing the De-
vice_Battery_Lifetime requirement level.

The Equipment_Acquisition is a cost-related patient require-
ment (it is termed costing, as shown in Fig. 3), indicating the
level of expenses required by an elderly patient for purchasing
an REMS Home configuration. Thus, it should be associated
to the Elderly_Patient_Home entity. However, this is a cost
requirement. Thus, since there is a need to assess the costs of
the overall solution, the designer creates a composite CapExCost
entity (see Elderly_Patient_Home_CapEx_Cost in Fig. 3) that
represents the total capital expenses of the REMS Home, and
connects it (via estimation relationship) to the top component
of the structural hierarchy, i.e., the Elderly_Patient_Home. Note
that this is a composite CapExCost entity, which shall be com-
puted in a latter stage. It is created at this stage to associate the
Equipment_Acquisition requirement with it.

Note that in our modeling tool, i.e., Cameo Systems Modeler
(CSM) [56], the CapExCost entity is accompanied by a Cost
Menu that contains specific buttons; these buttons correspond
to steps that the designer can follow in order to perform a
complete and accurate cost analysis. Specifically, the designer
can 1) automatically generate cost entities for the child structural
components, 2) add computation functions to extract the values
of individual cost entities, and 3) automatically compute the
values of aggregated and composite cost entities. These steps
are described in detail in the following sections.

The Equipment_Acquisition requirement, depicted in Fig. 3
is of a “low_cost” level. Thus, based on the formula, defined in
the Equipment_Acquisition_Computation VerificationReqFor-
mula, the acquisition cost of the equipment for the patient should
not exceed “800” Euro. Is this possible taking into account
the other requirements set for the patient? The operation of
the system should be performed in “real time” to meet the
patient’s healthcare needs, while the patient wished to have to
charge the sensor “occasionally.” How are cost requirements
related to other requirements? All of them are estimated based
on the configuration of the system, e.g., the properties of the
Shimmer3-ECG and Odroid-XU4 components. Our SysML
Cost profile should assist the designer to associate CapExCost
cost entities to these components, specify functions for the cost
estimation of each of them, and automatically compute the
values of Elderly_Patient_Home_CapEx_Cost already defined
by the designer. Note that this can be based on automated
–recommended– pre-configured setups, as presented in [57].

3) Performing REMS Home Cost Analysis:
a) Generate Cost Entities: The CapExCost entity, con-

nected to the Elderly_Patient_Home layer, is composed of ag-
gregated costs, i.e., the AcquisitionCost and IntegrationCost
entities, connected to the same component. In addition, each
child of the layer, i.e., the device and the data aggregator, should
be connected to respective AcquisitionCost and IntegrationCost
entities. Note that the AcquisitionCost is chosen to demonstrate
the cost of purchasing these components, while the Integra-
tionCost represents the cost of integrating them, according to
the SysML Cost profile (see Fig. 1). The profile facilitates the
automatic generation of subcost entities from a composite one, in
this case the Elderly_Patient_Home_CapEx_Cost (see Fig. 4).
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Fig. 4. CapEx cost computation in the REMS Home model.

They are automatically created, initialized, and connected to
system components; even if the designer neglects the insertion
of a cost entity, our approach integrates it automatically to the
model. In the REMS Home case, due to the minimal number of
components, the contribution of the IntegrationCost entity to the
overall CapEx is negligible. Although cost entities are defined
automatically, the system designer should add their properties
used for their computation, as explained in the next section.

It is worth mentioning that all REMS-related data were
provided by the Hamad Medical Corporation and the College
of Engineering at Doha University, in Qatar, as part of the
EMBIoT research project [51]. Due to the sensitive nature of
this medical data, it remains proprietary; we were allowed to
disclose only high-level (anonymized) insights and information.
In addition, according to the hospital’s policies, devices’ cost
data remain constant on a yearly basis. Note that, irrespective
of change frequency, the system designer can easily incorporate
any data-related alterations (e.g., the price of a REMS device
may be increased or decreased) within the model. Computations
encapsulating supply-chain backlogs, back orders, etc., or even
promotional discounts, can be inserted in the model in the form
of additional functions by the system designer according to
his/her modeling objectives.

b) Add Cost Computation Functions: The cost entities
connected to the device and the data aggregator are considered
as individual, i.e., their cost values are computed one by one
by custom cost computation functions; in our case, only the
AcquisitionCost entities are computed, while the values of the
integration costs are set to zero.

When our SysML Cost profile is applied to the REMS home
system model, functions from the inventory are readily available
for computation; these functions are solved within the modeling
tool in SysML parametric diagrams, contained in respective
individual cost entities, using OpenModelica [58] as the (math)
solver. Indicatively, the parametric diagram for Odroid-XU4
aquisition cost is illustrated in Fig. 5. Note that input properties
from the cost entity and system components may be used for
the computation of the function, while the output is the resulting

Fig. 5. Odroid-XU4 data aggregator acquisition cost computation.

cost value, stored within the cost entity. It is worth mentioning
that our approach supports dependencies between functions; for
example, in Fig. 5, there is a secondary function within the same
parametric diagram (see yellow-colored block) which produces
the value of a property that is in turn used as input to the main
cost computation function. Here, the cost of different core types
is first computed and then used to compute the cost value of the
multicore Odroid data aggregator.

c) Compute Aggregated and Composite Costs: Following
the addition of the required cost computation functions, the latter
are automatically computed, while respective cost values are
extracted and stored to associated cost entities. In turn, based on
these values, the values of aggregated costs can be computed via
simple summations. The AcquisitionCost entity, connected to
the Home layer, is aggregated; therefore, it obtains its value only
from the summation of the Acquisition-type costs of the device
and the data aggregator. The same applies to the respective
integration costs. The CapExCost entity of Home layer is derived
by the summation of the values of the aggregated cost entities.

d) Verify Cost Requirements: In order to verify the Equip-
ment_Acquisition costing requirement depicted in Fig. 4, the
value of the CapExCost entity is employed; the corresponding
VerificationReqFormula entity receives this value as input, initi-
ating the verification process, while the actual value of the cost-
related level is computed within it (via parametric execution). In
the case of REMS home model presented in Fig. 4, CapExCost
value is “806” Euro, resulting in a “high_cost” level of the
Equipment_Acquisition costing requirement. Thus, the require-
ment may not by met, thus, it is automatically framed with red
color.

Note that when there is a verification problem, our approach
enables the modeling environment to automatically exhibit ap-
propriate information to the designer, as well as adjustments that
he/she can make. The latter may include suggested actions or
solutions (like reconfiguring the system) to reduce costs. This
process can occur several times –dynamically– in the design
process of the system, adjusting to changing operational condi-
tions [18].

4) Results and Discussion: Patients need to reflect on their
concerns and realize the fact that it might not be possible to sat-
isfy all of them. The designer transforms high level descriptions
corresponding to patients’ concerns, into design requirements
and properties as depicted in Fig. 4. After verifying these re-
quirements against possible system configurations, the designer
discusses with the patient the satisfaction of the concerns and,
when in conflict, helps them explore their prioritization. In the
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TABLE I
EVALUATING THE TRADEOFF BETWEEN COST AND PERFORMANCE LEVELS IN

THE REMS HOME SYSTEM

case of Fig. 3 there are three patient concerns explored: 1) the
mode of operation, transformed to performance parameters (how
often are patient data collected), 2) comfort (e.g., battery life
time), and 3) affordability (related to the cost of the solution).

Table I contains alternatives for the levels of these concerns
corresponding to REMS configuration presented in the same
figure. The real-time operation and battery lifetime concerns are
considered as performance parameters according to Wymore [2].
Thus, the tradeoff between performance and cost for the config-
uration of Fig. 3 is depicted in the table. All of them provide
valid system, e.g., appropriate output according to Wymore.

However, the system designer is interested in the acceptable
ones, that satisfy both performance and cost concerns of the
patient. In this case, patient’s mode of operation and battery
lifetime concerns, and affordability concerns, e.g., the cost re-
striction is the patient’s budget for the acquisition of REMS de-
vices. The acceptability of a solution on both fronts is explicitly
stated in the last column of the table (i.e., “Accepted solution”
column).

In this case, the patient asked for a “low-cost” solution, while
appliances should operate in “real-time” mode and charge bat-
teries “occasionally.” As shown in Table I, there is no acceptable
solution, e.g., design output under the technology employed in
the EMBIoT project, that may satisfy all three concerns (all
cells of the specific row should be transparent). Compatible
alternative matching for them is depicted in the table, though
nonsatisfied patient concerns are set in Fig. 3. The designer
may share this data with the patient, explore the conflicts be-
tween their concerns and help them prioritize them. Real-time
operation is power consuming and cannot be achieved without
charging batteries in a “short” period of time. Furthermore, the
primary CapEx driver of the REMS is the real-time operation
requirement, since the battery behavior does not have any impact
on cost (see first two rows of the table). In case the elderly patient
requires a “low-cost” CapEx level, the patient should be willing
to compromise on the real-time operation of the medical units
(which should measure, process, and transmit medical data as
quickly as feasible). If “real-time” operation is a prerequisite
for the patient’s condition, cost is high and batteries should be
charged shortly. To meet “low-cost” and “occasionally” battery
charging, the patient’s condition should allow “best-effort” data
transmission and monitoring. This is true in most of the cases in
the EMBIoT case study. Summarizing cost versus performance
exploration data in a format the patients understand, enables
them to make more conscious decisions on how to use REMS,
always with the assistance of the designer.

On the designers’ side, the proposed approach enables them
to automatically compute CapEx of specific configurations, and

categorize it into specific affordability levels (see the first, sec-
ond, and third row of Table I) integrated into the patient concerns
discussion.

In the specific example of REMS case study, performance and
cost constraints set by the patient were not satisfied. However,
the application of the proposed approach provided the necessary
data to enable patients explore the tradeoff between conflicting
QoS and affordability concerns. This case is indicative of the
fact that finding the right balance between cost and performance
is not trivial, even in a simple REMS scenario with two devices.
Patients may be inclined to pay more to address their primary
concern, such as real-time operation. However, they have to
decide whether they really need it or not, based on their condition
and their doctor’s advice.

B. Athens Metro Case Study

The Athens Metro, operated by the ATTIKO METRO,
S.A. [59] and Urban Rail Transport, S.A. [60], is an RTS
that provides public transportation services in the metropolitan
area of the capital city of Athens in Greece, populated with
approximately 5 million people.

In the following sections, we focus on addressing a funda-
mental challenge in large-scale RTSs, which is the need for
adapting operations to satisfy commuters (e.g., in terms of
available space within trains and stations), while minimizing
the additional operating costs that this adaptation involves. We
select the Athens Metro as our case study.

The operators of the Athens Metro aim to provide efficient
transportation services to the commuters (i.e., the end-users of
the RTS), in multiple dimensions. The services provided by
an RTS are rated by international standardized performance
parameters, defined as LoS. Each of these parameters is rated
from “F” to “A,” based on the formulas provided by [61]. One of
the most popular LoS parameters is passenger comfort, e.g., the
spatial comfort of passengers while waiting at a stop or within
a moving train.

In collaboration with Athens Metro operators we estimated
the passenger comfort for all the lines of Athens Metro system
and explored ways to improve it; for more details we refer the
reader to the work of [20] where comfort is quantified in terms
of LoS and is measured under varying traffic conditions. Our
study enabled the operators to estimate passenger comfort during
peak hours, i.e., 8–11 A.M. (business times) for all the lines and
stations. We also explored whether there was a possibility to
improve passenger comfort, without any modifications in the
existing infrastructure. During the peak hours, Athens Metro
train routes take place every 7 min, yielding a LoS “D.” This
is a barely acceptable LoS (assuming “A” as the best and “F”
as the worst). The operators want to explore the improvement
of passenger comfort with the existing infrastructure. Using
simulation, we concluded that by changing only the frequency
of the train routes, a “B” could be obtained. This prospect has no
additional acquisition cost, but what about the operational cost
of the Metro system?

To explore this problem, we applied the SysML cost profile in
the existing SysML model which is used to simulate and study
Athens Metro System [20], as described in the following:
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Fig. 6. Athens Metro SysML model.

1) Problem Statement: Altering the operational conditions
of the system to achieve better LoS, e.g., increasing the fre-
quency of train routes during peak business hours from 7 up
to 3 min, comes at an extra –operational– cost. The increase
in operational costs is associated with the additional number of
train routes which involve more drivers (and thus, paid shifts),
more energy consumption and more maintenance costs. There-
fore, operators require the evaluation of the benefits in comfort
versus the –relative– cost increase, needed to yield these benefits.
The Athens Metro operates under specific budgetary constraints;
therefore, cost drives company-wide decisions. This is reflected
with a specific threshold for acceptable OpEx beyond which
increasing LoS is simply not viable.

Thus, altering route frequencies requires two things: 1) an LoS
analysis to ensure that the change achieves the required passen-
ger comfort level (as described in [20]), and 2) a comprehensive
cost analysis, in terms of incurred OpEx.

Having identified the two facets of the problem, an Athens
Metro engineer comes into play. Using the SysML RTS pro-
file, developed in [20], he/she employs SysML within the
Cameo modeling environment, and runs simulations to compute
comfort LoS under different conditions. This corresponds to
Athens Metro exploitation focusing on performance parameters
and technology (e.g., infrastructure) constraints according to
Wymore [2]. With this at hand, cost parameters should also come
into the equation. The engineer employs the SysML cost profile
and cost computation mechanisms, which facilitate forecasting
LoS and OpEx incurred during peak hours for different train
route frequencies; this deals with the second facet, and is the
primary focus of the following sections.

2) Athens Metro SysML Model: In Fig. 6, we present an
excerpt of the Athens Metro system model where the RTS
profile, described in [20], was applied and LoS analysis was
conducted. In the figure, an abstract view of Line_1 of the Metro
system is presented.

The depicted transparent (white) elements represent structural
entities of the Athens Metro system; for demonstration purposes
we consider one entity per type (e.g., line, stop). Specifically,
Line_1 is a primary entity of this system, that contains the
routes along which Athens Metro electric trains move. Since
LoS needs to be evaluated on a line-by-line basis, the LoS
requirement, referring to the general level of passenger comfort
inside a train or at a stop, is connected to the Line_1 entity.
Line_1 also comprises a sequence of stops. Thissio_L1 is such a
stop, corresponding to the platforms of the Athens Metro system
and representing the area where passengers are accumulated in
order to board an incoming train, or disembark. The Thissio_L1
stop is connected to an LoS-comfort subrequirement, holding
the comfort level of passengers waiting at the platforms of
the stop. The Athens_Metro_Electric_Train entity represents
the trains that carry passengers, providing the transportation
service(s). Specifically, after the passengers board a train (e.g.,
at the Thissio_L1 stop), the train transports them to the next
adjacent stop, following a specific route (dictated by Line_1).
The Routes_L1 entity represents the course of the Athens Metro
electric trains, traversing Line_1, from its starting stop to the
final one. It is worth mentioning that routes “glue” together
lines, trains, and stops and are important both for the LoS and
cost analysis.

The model also includes simulation-related entities, storing
simulation results. They are designated as Sim entities. The esti-
mated passenger comfort LoS is stored as one of their properties,
after the execution of the simulation. The Sim_Line_1 evaluates
the defined Line_1, holding statistics about the number of the
moving electric trains, their average capacity, as well as the min-
imum available space of the passengers inside the trains and the
average comfort LoS. The Sim_Thissio holds indicators related
to average or maximum number of commuting passengers, as
well as the minimum available space around them while waiting
at the stop platforms. The Sim_Routes_L1 simulation-related
entity evaluates the Routes_L1, holding the statistical values
of the performed train routes (e.g., the total number of routes,
performed on the left direction or the exact duration of the
routes in minutes). This entity’s statistics are informative for
the cost analysis that will follow; e.g., the simulated number
of routes is factored in while computing the total OpEx. The
Sim Controller is used to control the system’s simulation, in
particular its time window (180 min, representing the 8–11 peak
hours) and repetitions.

In the case presented in Fig. 6, trains pass in Line_1 every
“6” min (“360” s), while passenger comfort inside trains is rated
as “C.” The same is true for station Thissio_L1, however, the
aggregated passenger comfort for Line_1 is rated as “D,” as
most stations’ passenger comfort is rated as such. Quantitative
requirements regarding comfort were defined, holding a prop-
erty that described the desired levels (depicted as blue-colored
in Fig. 6). The Los_Comfort, depicted in Fig. 6, for Line_1 is
of level “C.” It is associated to both the Line_1 entity and all
stations and trains that belong to it.

To also integrate cost into Line_1 model, an OpexCost entity
should be associated to a structural entity. Routes_L1 is the pri-
mary contributor of the Athens Metro OpEx; electric trains that
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Fig. 7. OpEx cost computation in the Athens Metro system model.

traverse Line_1 routes incur energy consumption, maintenance,
and driver crew costs, which compose the biggest part of the
OpEx of the Athens Metro, induced during peak hours. Note
that each system component holds its own structural properties;
some of them may be descriptive (e.g., the ID of a line or the
name of a stop), while others, e.g., route properties, may be
critical for conducting a cost assessment of the current system
operation (e.g., the kilowatt-hours that an electric train consumes
or the distance and expected duration of a route).

In Fig. 6, the Routes_L1 entity is estimated by the
Routes_L1_OpEx_Cost composite cost entity that represents
the overall OpEx of the routes. Note that within our modeling
environment the OpExCost entity is accompanied by a Cost
Menu; this menu contains the same buttons as in the REMS
case study, enabling the engineer to follow specific steps to
automatically generate cost entities, add computation functions,
and automatically compute costs. These steps are described in
the following Sections.

The OpEx_Cost_Restriction requirement is defined, repre-
senting the need of the system operators to keep in check the rel-
ative differences in operational costs while adjusting the number
of train routes during the Athens Metro peak hours. This is im-
portant since, assuming a congestion event at a platform (which
degrades LoS), system operators may decide to increase the
number of serving trains (and thus, routes) to bring LoS back to
acceptable levels. However, more routes mean more OpEx (e.g.,
energy consumption, drivers, etc.). In order to check whether this
requirement can be satisfied or not, this OpEx cost is compared
against a metro-operator-defined threshold. The relative differ-
ence in OpEx costs, upon adjusting the route frequencies, can
be defined as follows: OpExCost(routes_final) - OpExCost(routes_init)

OpExCost(routes_init)

Fig. 8. Cost functions inventory.

Thus, the requirement translates into the following
inequality check: OpEx_Cost_Rel_Diff(routes_init, routes
_final) > OpExThreshold, where the threshold for the relative
cost differences is provided by the Athens Metro operation
company. This formula is depicted in Fig. 6 within the
OpEx_Cost_Restriction_Computation_Formula, which results
in a “true”/“false” output value, indicating that the final
operational cost value exceeds (or not) the defined threshold.
The OpEx_Cost_Restriction_Data is used to refine the costing
requirement; it is the holder of two values provided by the
system operators, i.e., the existing (or initial) OpEx cost and the
desired threshold. It also contains the computed result of the
computation formula.

3) Performing Operational Cost Analysis:
a) Generate Cost Entities: The OpExCost entity, defined

in the Athens Metro model (see Fig. 7), is composed of the fol-
lowing individual cost entities: 1) the Routes_L1_Energy_Cost,
which refers to the energy consumption cost incurred by the
electric motors of the Athens Metro electric trains moving along
the Line_1 route, 2) the Routes_L1_Driver_Cost that is associ-
ated to the wage of the operating driver(s) (working in shifts),
and 3) the Routes_L1_Maintenance_Cost, which refers to the
expenses incurred by maintaining (e.g., repairing if needed)
the traversing Line_1 electric trains. Note that each cost en-
tity holds cost-specific properties, critical for their cost value
computation (e.g., the wages of a train driver is reflected in the
driverSalaryTotalCost property of the Routes_L1_Driver_Cost
entity).

b) Add Cost Computation Functions: Following the def-
inition of the cost entities, the engineer can use functions,
that are readily available in the cost inventory (see Fig. 8), to
compute energy consumption, labor, and maintenance costs for
the electrically powered trains that move along the Athens Metro
routes. In Fig. 7, we illustrate these functions within the Athens
Metro model.

The energy cost value of the electric trains traversing the
route is the result of the multiplication of the 1) number of
wagons per electric train, 2) the number of engines per wagon,
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Fig. 9. Electric trains energy consumption computation.

3) the kilowatt-hours that electric train engines consume (per
hour), 4) the duration (in hours) of a complete route, 5) the
cost of each consumed kilowatt-hour, and 6) the total number
of performed routes (the summation of the number of routes,
performed in both directions). Regarding the cost value of a
train driver, it is the result of the multiplication of 1) the total
number of routes divided by the number of routes that a driver
performs on his/her shift, and 2) the total salary cost of the
driver. Finally, the maintenance cost value for electric trains is
the result of the summation of 1) the maintenance crew cost
per hour, multiplied with 2) the duration of a complete route
(in hours), and 3) electric train spare parts costs per train-Km,
multiplied with 4) the route’s distance (in km); this summation
is multiplied with 5) the total number of performed routes. Note
that these functions are contained in the cost profile functions
inventory depicted in Fig. 8.

In order to compute each cost value, parametric diagrams
provided by SysML, are employed; Fig. 9 depicts such a
parametric diagram holding the equation for the computa-
tion of the energy cost value of an electric train. The equa-
tion takes input properties whose values are used to com-
pute it; these properties may belong to different entities. In
particular, the energy consumption cost function takes in-
put from 1) the Athens_Metro_Electric_Train entity, 2) the
Sim_Routes_L1 entity, and 3) the Routes_L1_Energy_Cost
entity. The Athens_Metro_Electric_Train provides the num-
bers of the train wagons, their electrical engines, and the
energy consumption of these engines in kilowatt-hours. The
Sim_Routes_L1 entity supplies the duration of a complete route
and the total numbers of routes, performed in both directions,
during peak hours. Finally, the Routes_L1_Energy_Cost en-
tity provides the cost of a kilowatt-hour; note that this is a
cost-specific input property. The equation is solved within the
parametric diagram (using OpenModelica as the math solver)
and the output energy cost value is extracted for further cost
assessment. Here, the value property represents the extracted
output value of this equation. Using a parametric diagram within
the modeling environment, the engineer does not have to go
through the complexity of writing additional code for the compu-
tations. He/she simply provides the corresponding input values
and defines the functions that will be used; after the computations
are complete, the final required cost values are easily extracted
and may be used for the cost analysis of the system.

c) Compute Composite Costs: Since the aforementioned
functions refine a respective cost entity, the computed output
value is stored within these cost entities. According to our
approach (see Section III-D), an OpExCost entity obtains its

TABLE II
EVALUATING THE TRADE-OFF BETWEEN COST AND PERFORMANCE IN RTS

value from the sum of the values of EnergyCost, LaborCost, and
MaintenanceCost entities via automatic summations. Therefore,
at this stage of the analysis, the engineer has all the components
and the method needed to automatically compute the OpEx-
Cost value. Indicatively, in Fig. 7, the Routes_L1_Opex_Cost
obtains a “38827.15” Euro cost value (assuming a “6”-min
train interarrival interval); this is the result of the summation
of the Routes_L1_Energy_Cost, Routes_L1_Driver_Cost, and
Routes_L1_Maintenance_Cost entities’ values during the de-
fined peak hours, when the Athens Metro was studied.

d) Verify Cost Requirements: In Fig. 6, the desired LoS
for Line 1 was set at a “C” level, assuming a “6”-min
route frequency). The simulation returned an LoS “D.” Thus,
LoS_Comfort requirement (see Section IV-B2) was not sat-
isfied for Line_1 entity. What about operational cost restric-
tions, set to “40”% increase limit? The requirement is verified
in the same fashion, as depicted in Fig. 7. As indicated in
OpEx_Cost_Restriction_Data refining the cost requirement, the
initial operation cost is “35575.68” euro for Line_1 in peak hours
between 8 and 11 each morning, while the acceptable operational
cost increase is up to “40”%. Thus, the solution is acceptable
costwise, although the desired Passenger comfort LoS in not
achieved. Related entities are not highlighted, since the cost
requirement is satisfied.

4) Results and Discussion: Table II contains alternatives for
passenger comfort LoS and operational cost increase corre-
sponding to different train frequencies for Line_1. The engineer
runs simulations to calculate LoS for different train frequencies
(corresponding to “7,” “6,” “5,” “3”-min intervals between arriv-
ing trains) during rush hours. All of them provide valid system
(i.e., appropriate) outputs according to Wymore [2]. However,
Athens Metro engineer is interested only in the acceptable ones,
that satisfy both performance, e.g., passenger comfort LoS, and
cost restrictions. That is, passenger comfort LoS should be set
to “C” for Line_1 with an increase of up to 40% for peak hours
to the operational cost (see Fig. 6).

Having yielded suitable solutions for the Metro peak business
hours (8-11 A.M.), operational cost data may be extrapolated on
a daily level. Metro operators have a dual OpEx requirement,
concerning the peak hours (max 40% relative OpEx increase)
and the daily operation (max 25% relative OpEx increase). Thus,
daily OpEx increase is also depicted in the table.

In essence, this table contains alternative system design so-
lutions achieving certain operational expenditures and LoS. In
the context of RTS in particular, the system design goal is
to improve LoS for passengers, and the cost restriction is a
maximum relative OpEx increase over which this improvement
is not financially viable. The acceptability of a solution on both
fronts is explicitly stated in the last column of the Table (i.e.,
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TABLE III
CASE STUDIES CHARACTERISTICS

“Accepted solution” column). We observe that configurations
from and under “5” min train frequency achieve better LoS
(“C” or “B”), however the “5”-min configuration is the optimal
solution balancing LoS and cost constraints (both for peak and
daily hours). Time intervals under “5” min (i.e., “3” min) lead
LoS to an even better level (i.e., “B”), however, the relative OpEx
cost increase it demands violates the constraints set for both the
peak hours and the daily operation.

In this case, our approach assisted the Metro Operator engi-
neer to easily forecast LoS and OpEx and identify an acceptable
solution with the proper balance between performance and cost.
This assessment takes place in a single graphical modeling
environment, where both performance and cost estimations are
integrated within the SysML model and presented to the user.
Quantifying the tradeoffs is key.

It is certainly not a trivial task to increase patient comfort
in a large-scale RTS. It costs money and it is often not a first-
level priority for the operators. In the case of Athens metro, we
provided alternatives for LoS configurations and corresponding
operational cost. Revenue and profit exploration was not part of
the study discussed.

V. DISCUSSION

Here, we discuss the contributions of the proposed approach
applied in two distinct case studies with different purpose and
characteristics.

The purpose of the Athens Metro case study is to improve
LoS during rush hours taking into account cost restrictions. Our
contribution in this case is forecasting performance and cost
during rush hours, e.g., exploring how to improve LoS with
an acceptable cost increase. Integrating cost management into
SysML enables the computation of both performance and cost
of a specific scenario at the same time. An Athens Metro team
of engineers was responsible for exploring different scenarios.

The purpose of REMS case study is rather different, i.e., to
integrate and prioritize patient concerns into system design.
Patients need to reflect on their concerns (expressed as crit-
icalities) and realize the fact that it might not be possible to
satisfy all of them. An REMS solution designer transforms high
level descriptions corresponding to concerns into design require-
ments and explores the cost of corresponding solutions. After
verifying these requirements against possible system configura-
tions, the designer discusses with the patient the satisfaction of
the concerns and, when in conflict, helps them explore their
prioritization. Computing CapEx of a selected configuration
is rather straightforward in this case, while no forecasting is
needed. Nevertheless, our approach enabled the designer to

assist patients to explore tradeoffs between affordability and
quality of service concerns. The different characteristics of the
two case studies are summarized in Table III.

Calculating cost reflects on the decisions made by different
stakeholders when designing or configuring a system, either
complex or simple. Regarding the Athens Metro case study, one
of the difficulties faced by the engineers was the formulation
of the operation cost computation functions and their precision.
Comparing the forecasted cost of the existing operation with the
actual cost and making proper minor adjustments enabled them
to validate the cost computation function. The policy suggested
for the rush hours to ensure LoS level C, with trains passing every
3 min in Line 1, was applied by the operator at the beginning
of 2021. Obtained data refer to the first half of 2021. The
operation cost increased by 41% during rush hours, similar to
the forecasted increase. The system LoS level was computed as
C, however, the number of passengers using the metro decreased
during this period due to COVID-19 restrictions.

Regarding the REMS case study, computing installation costs
was rather trivial, since the cost of the approved components was
known in advance. However, the main difficulty was to transform
the patient’s rather abstract concern, e.g., a affordable solution,
into computable quantitative requirements. In EMBIoT project,
the experience of talking to patients enabled the REMS solution
designer to suggest such a transformation, like the limits of an
affordability category, as depicted in Table I. In this case, the
patient has to choose between a list of solutions considering the
performance characteristics and cost, taking into account their
personal medical needs and concerns.

There are limitations identified when applying the proposed
approach. Some of them are parts of the method itself. Both the
problem under consideration and the system under study must be
modeled using SysML. Furthermore, the involved stakeholders,
for example the engineer, should have the data and knowledge
to produce/depict cost computation functions in different levels
of detail. However, aggregations and validations are provided
by the method and related profile.

When applying the approach in specific domains or case
studies, a thorough knowledge of the domain is required. As
shown by the case studies, the efficiency of the approach depends
upon the detailed specialization in the specific domain. The
engineers must realize what to test against cost constraints.
This in practice is not always straightforward, especially when
the engineer is nonfamiliar with model-based design. System
complexity itself also might be an issue. To this end, we intend
to further explore the applicability of the proposed approach in
more complex case studies, where more than one design issue
has to be explored against cost.

Authorized licensed use limited to: Harokopio University. Downloaded on January 10,2024 at 13:40:38 UTC from IEEE Xplore.  Restrictions apply. 



KOTRONIS et al.: EXTENDING SysML TO INTEGRATE COST ANALYSIS INTO MODEL-BASED SYSTEMS ENGINEERING 2879

VI. CONCLUSION

Cost, likewise performance, is a crucial system design pa-
rameter. By extending SysML to enable cost analysis, this
popular language becomes more efficient and comprehensive
for MBSD. The proposed approach is general, as the resulting
cost profile can be integrated into any system model, existing
or built from scratch. Moreover, the automated computation of
individual costs (via cost computation functions, included in a
reusable and extendable library) assist the designer to perform
a cost analysis of SoS, at different levels of granularity, across
domains.

We demonstrated the feasibility and the benefits of this ap-
proach in two distinct domains with different structural and
operational characteristics. In the context of the REMS, patients’
concerns were accommodated under specific CapEx restrictions.
In the context of Athens Metro RTS, we evaluated LoS improve-
ments and the respective impact on OpEx. In both cases, perfor-
mance and cost constraints were integrated within the system
model, enabling the designer to check them while designing the
system.

As part of our future work, we will expand our analysis to
more fine-grained cost categories, and provide domain-specific
cost computation functions. We further plan to extend the SysML
cost profile to support revenue and profit analysis as well. Cor-
responding properties and functions may be supported and auto-
matically computed in a similar way as cost ones. Furthermore,
the integration of external tools, facilitating financial analysis,
with SysML modeling frameworks shall also be explored.
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