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Abstract. Software economics, acquisition, and pricing are important concerns,
in particular for Systems-of-Systems (SoS). SoS are alliances of independent
software-intensive systems combined to offer holistic functionalities as a result
of the constituents interoperability. SoS engineering involves separately acquir-
ing constituents and combining them to form the SoS. Despite the existence of
cost prediction techniques at Systems Engineering practice, predicting SoS ac-
quisition costs at design-time should include: 1) an analysis of the minimum
set of constituents that offer a ‘good enough’ result, and 2) an analysis of the
compatibility between the constituents to deliver the expected result. The main
contribution of this paper is proposing a novel simulation-based method for cost
prediction in constituents acquisition process, while considering the effective-
ness of constituents combination to offer the intended functionalities, and pre-
dicting the lowest configuration, at design-time. We adopt a simulation model
to predict, at design-time, the results that shall be yielded by the constituents
during SoS operation. Preliminary results point out the success of our method
to predict such costs while still supporting a selection of the best architectural
configurations.

1. Introduction

Economic aspects are a pungent concern for both software production and software acqui-
sition [Boehm and Sullivan 2000]. Software economics involves, in particular, an activity
known as software costing, which consists of establishing a price for selling a software
product (under the software vendor perspective) and assessing whether the price is fair
considering the functionalities provided (from the client point of view). Software costing
is actually required in software acquisition processes. Public governments open public
announcements of software acquisition and software companies compete for selling their
products. Companies establish prices for their software products and offer them. If they
match the specification requirements with the lowest price, the government acquire their



software. However, with the emergence of smart cities, software pricing and acquisition
processes have faced some additional challenges. Such process have involved, besides
other concerns, the acquisition of multiple systems (e.g., Flood Monitoring Systems and
Smart traffic systems) to form what is nowadays known as Systems-of-Systems (SoS1).

SoS comprise many independent software-intensive systems, known as con-
stituents, that are combined to offer complex functionalities that could not be indi-
vidually offered by their constituents. Since SoS depend on the compatibility among
its constituents to achieve a cohesive mission, the design of a SoS should involve a
careful selection of the participating constituents that exhibit the desired capabilities
[Burton et al. 2014] and that best results to contribute to the accomplishment of the pre-
established missions [Silva et al. 2015]. However, several candidate constituents may of-
fer similar functionalities and thus it is important to consider other distinguishing factors
such as the cost and predict how they will influence in the SoS holistic performance.

Acquisition of systems to be part of a larger set of interoperable systems is not
a new trend, it has occurred since the 1970s in the USA, especially in the military do-
main [Acker 1983]. Satellites, airplanes, missiles, and systems have been purchased to
interoperate for a long time during the last decades. However, the constituents are often
individually acquired without (i) a thourough investigation on the value delivered when in-
tegrated within a larger system, (ii) a guarantee of functional compatibility, (iii) thorough
investigation on the architectural configurations required to optimize the overall results,
and (iv) a determination of the amount of constituents effectively needed to solve a prob-
lem. Evaluating costs and benefits at SoS context can be a complex task, since during its
execution, a SoS can assume several distinct architectural configurations, which present
different results that can influence the number of constituents required to be acquired, and
the arrangement that should be maintained during SoS operation. Decisions made in the
software development processes, especially in software architecture, have economic im-
plications on the cost perspective. Therefore, it is important to investigate this economic
aspect.

The main contribution of this paper is a novel simulation-based method to predict
the optimal cost for SoS constituents acquisition. The method comprises three main steps:
(1) the analysis of diverse architectural configurations a SoS can assume at runtime; (2)
the selection of architectural configurations that offer the best combination of cost and
performance; and (3) the assignment of an acquisition cost for that SoS based on a list of
prices for each constituent system. Preliminary results reveal that our method is able to
select the best architectural configurations, besides supporting a prediction of costs on the
involved constituents. Such advance is important with the imminence smart cities (a type
of SoS) and the respective government acquisition processes for SoS conception that may
take place soon.

The paper is structured as follows: Section 2 presents the foundations to under-
stand our proposal. Section 3 details our method, while Section 4 shows results of a pre-
liminary evaluation. Section 5 discusses our results. Finally, Section 6 draws conclusions
and indicates future work.

1For sake of simplicity, along this text, this acronym will be interchangeably used to express both sin-
gular and plural forms.



2. Background
SoS comprise a set of operational and managerial independent systems combined to
offer larger functionalities that could not be individually delivered by any of them
[Maier 1998]. Such complex functionalities are materialized as intended emergent behav-
iors, which can be intentionally engineered to accomplish a pre-defined set of missions
[Rodriguez and Nakagawa 2017]. Individual missions are realized by constituent systems
themselves whereas global missions of an SoS are accomplished through emergent behav-
iors [Silva et al. 2015]. SoS fulfill global missions by (i) performing assigned activities
(individual missions) through constituents capabilities, and (ii) interactions among con-
stituent systems leading to emergent behaviors.

SoS holds software architectures. A single software architecture comprises the
fundamental structure of a software system, which comprises software elements, rela-
tions among them, and the rationale, properties, and principles governing their design and
evolution [ISO 2011, Bass et al. 2012]. In turn, a SoS software architecture involves its
fundamental structure, which includes its constituents and connections among them, their
properties as well as those of the surrounding environment [Nielsen et al. 2015]. SoS
software architectures are highly dynamic, i.e., they continuously change in response to
addition, substitution, and deletion of constituents [Cavalcante et al. 2015]. In SoS soft-
ware architectures, an architectural configuration is the current state and organization of
an arrangement of interoperable software-intensive systems at a given point of time, also
known as coalition in SoS domain. During its operation, a SoS software architecture
can assume many different architectural configurations due to its dynamic architecture
property. Each architectural configuration yields specific values about performance, reli-
ability, and effectiveness. Such values can be collected through simulations, which enable
an architect to anticipate, at design-time, the structure and behavior of a SoS before be-
ing deployed [Graciano Neto et al. 2018]. Once the best configurations are achieved, i.e.,
those systems that exhibit the best results with the lowest cost (the lowest number of
constituents) are found, a self-healing mechanism can be triggered to maintain that coali-
tion along the rest of the SoS operation, unless it occurs an emerging need of changing
such structure. Therefore, coalitions can be predicted at design-time through simulations,
and deployed to work later. Hence, the cost of system acquisition can be calculated in
function of the predicted set of necessary (and enough) constituents, besides a margin of
replacement (such as 10% of extra constituents) in case of defects or need of substitution.

Acquiring constituents to form such SoS depend on a twofold analysis: (i) the
selection of constituents that offer the required set of capabilities necessary to fulfill the
pre-established missions, and (ii) an assessment of the coalitions that offer the best re-
sults. Such results are often based on quality attributes, such as performance, and the
available budget. Hence, constituents acquisition inherently involves a cost-benefit trade-
off analysis, i.e., a balance between the advantages offered by a product and its associated
cost.

Performance is one of the most important quality attributes to be analyzed in an
acquisition process. At SoS context, performance concerns the results yielded by the
synergy between the constituents systems to achieve the desired overall system goals2.

2http://www.sebokwiki.org/wiki/Architecting_Approaches_for_Systems_
of_Systems



Despite performance definition is not consensual for SoS context [Santos et al. 2014], for
the scope of this paper, performance is defined as the degree of effectiveness of a coalition
to accomplish a mission. This is measured as a relation between the effective number of
data transported across a SoS architecture without losses and the total number of data
provided as stimuli for feeding a simulation.

2.1. Related Work
SoS acquisition processes are often based on capability-based planning approaches, i.e.,
an optimization procedure that searches for a good solution that balances the set of de-
sired capabilities and potential coalitions [Burton et al. 2014]. TLCM (Through Life Ca-
pability Management) [Urwin et al. 2010] and CapDEM [Robbins et al. 2005] are exam-
ples of approaches that rely on capability-based planning for predicting acquisition cost.
However, those processes do not address an anticipation of the results exhibited by those
coalitions measured in terms of quality attributes.

Burton et al. (2012) adopt a Model-Driven Engineering (MDE) approach, which
includes domain-specific modeling languages to automatically generate potential solu-
tions to the acquisition problem [Burton et al. 2012]. They progressed towards visu-
alization techniques for the proposed solutions, and trade-off analysis for acquisition
[Burton et al. 2014]. However, there is no focus on the results yielded by those poten-
tial solutions, specially considering quality attributes.

A recent work has invested on simulations for predicting attributes of a SoS soft-
ware architecture at design-time [Graciano Neto et al. 2018]. In this approach, the authors
specify a SoS software architecture using SoSADL models3 [Oquendo 2016b], and auto-
matically generating simulation models documented in DEVS [Zeigler et al. 2012]. After
the assessment of multiple coalitions, the best configuration is elected. In the next section
we show how such approach has been exploited for prediction of SoS acquisition cost.

3. A Simulation-Based Method to Support Constituents Acquisition for
Systems-of-Systems Engineering

Figure 1 depicts our method that aims to help us predicting the selection of the best archi-
tectural configurations.

For determining the cost of system acquistion, the method starts with a list of
consituent systems that goes through the following steps:

Step 1. SoS Architectural specification in SosADL. In this first step, an archi-
tecture of SoS is generated using SoSADL models;
Step 2. Model transformation execution. Having SosADL models produced, these are
used as input for a model transformation to automatically generate simulation models
specified in DEVS (a discrete-event simulation formalism)4;
Step 3. Simulation execution. DEVS models produced in Step 2 are executed using
MS4ME platform. Such Eclipse-based environment enables (i) the visualization of mes-
sages exchanged between constituents during SoS execution, (ii) dynamic architecture,

3SosADL is an architectural description language specially created for SoS domain.
4Details about the model transformation and how SosADL and DEVS models are mapped between them

are not the focus of this paper and can be found in [Graciano Neto et al. 2018].



Figure 1. A Simulation-Based Method to Support Constituents Acquisition for
Systems-of-Systems Engineering

and (iii) the measurement of pre-established metrics related to quality attributes;
Step 4. Coalitions analysis. After metrics collection, it is possible to analyze values
delivered by coalitions through a trade-off procedure, supporting the decision of the
coalition that offers the best combination between cost and benefits;
Step 5. Cost estimation. Once the constituents involved in that selected coalition are
already defined, a table of prices can be used to estimate (with precision) the cost of
acquisition for that set of constituents.

4. Evaluation
We conducted a pilot study to evaluate our method in supporting a precise prediction of
acquisition cost in function of the selection of coalitions through simulations at design-
time. A Flood Monitoring SoS (FMSoS) was adopted as an application scenario in this
work. This SoS monitors rivers crossing urban areas, which pose great danger of floods in
rainy seasons, potentially damaging property, lives, and possibly spreading diseases. FM-
SoS notifies possible emergency situations to residents, businesses owners, pedestrians,
and drivers located near the flooding area, and also to governmental entities and emer-
gency systems. Its mission comprises the emission of flood alerts. FMSoS is composed
of three different types of constituents:

1. Smart sensors, which are fixed embedded systems monitoring flood occurrences
in urban areas, located on river edges;

2. Gateways, which gather data from constituents and share them with other sys-
tems;

3. Crowdsourcing platforms, which are mobile applications used by citizens for
real-time communication of water level rising; danger level is a pre-defined value
(between 1 and 6, 1 being no risk, and 6 being flood effectively occurring) that
can be classified by a human user according to what he/she observes.

We provide a detailed overview on the execution of each step of our method for
the application case (FMSoS).



Step 1. SoS Architectural specification in SosADL. In this step, SoSADL models were
elaborated to register the FMSoS architecture. We modeled one of each type of constituent
in SosADL, and replicated them.

Step 2. Model transformation execution. We run the model transformation and pro-
duced the simulation models. These were later deployed in MS4ME environment.
Step 3. Simulation execution. After deploying the DEVS models, we executed the sim-
ulation. It started with a configuration of constituent systems (i.e., four smart sensors, one
gateway, and no crowdsourcing system). Along the execution, we exploited the dynamic
architecture ability to include variations of the systems. This type of investigation enabled
us to study the SoS behavior evolution based on its structural changes.

Step 4. Coalitions analysis. For this context, we compared coalitions considering the
number of constituents of a coalition and their effectiveness to transport the data used to
feed them. This analysis was done because the triggering of an emergent behavior is only
possible as a result of the data exchange between constituents. Hence, the more success-
ful a SoS architecture is to correctly transport data, the more effective it is to complete a
given mission through its correspondent emergent behavior. Figure 2 plots the results of
our analysis, taking into account (i) the percentage of the data fed to sensors that were cor-
rectly transmitted along the SoS architecture until the gateways considering the variation
in the number of constituents, and (ii) the percentage of flood alerts that were triggered.
It was observed that data loss increased with the number of sensors, reducing both the
reliability of data transmission and triggered alerts (Point 2). This loss was alleviated by
increasing the number of gateways, which increased the numbers of transmission rate and
triggered alerts. When the architecture configuration had 40 constituents (Point 3), i.e.,
30 sensors and 10 gateways (without considering mediators), the number of crowdsourc-
ing platforms was increased as well. However, despite the expectation, increasing the
number of crowdsourcing platforms neither increase the transmission rate, nor the num-
ber of alerts triggered because of the bottleneck of the gateways. Results improved again
when the number of crowdsourcing platforms was fixed at 20 (Point 4), and the number
of gateways was increased to 20 (Point 5), with 30 sensors, 20 gateways, and 20 crowd-
sourcing platforms (70 constituents, without considering mediators). It was also possible
to observe that the rate of alerts correctly triggered was close to the rate of data effectively
transmitted5.

Good results occurred when FMSoS has many constituents, but these results are
not better than when FMSoS has only five constituents. Hence, unless there is a situation
in which a geographic area to be covered is too large, using a small number of constituents
can achieve similar results as using a large number, at least for this domain, these config-
urations defined, and these types of constituents.

Step 5. Cost estimation. After selecting the coalition depicted in Point 1 of Figure
2, the cost estimation procedure was performed. We estimated prices for each type of
constituent used in FMSoS in monetary units. As crowdsourcing systems are owned
by population, only smart sensors and gateways were considered6. XBee technology is

5Results replicated from a previous study [Graciano Neto et al. 2018].
6SoS also depend on a type of element called mediator, which enables the forwarding of data between

constituents, such as ZigBee wireless links. One mediator is required between each pair of constituents.
We did not consider them in this study.



Figure 2. Relation between percentage of data received in gateways and alerts
triggered [Graciano Neto et al. 2018].

one instance of smart sensor brand, whilst gateways can be materialized by an industrial
computer linked to the Internet [Oquendo 2016a]. A smart flood sensor can be acquired
from prices that varies from U$ 57.77 to U$ 79.997. In turn, prices for gateways vary
from U$ 28.95 to U$ 61.338.

Table 1 shows a comparison between realistic estimation of cost acquisition for
smart sensors and gateways of four different brands. For this study, we assume that all of
them deliver the same performance.

Table 1. Comparison of prices between different constituent brands.
Brand A Brand B Brand C Brand D

Smart Sensor $57.77 $64.99 $66.99 $79.99
Brand E Brand F Brand G Brand H

Gateway $28.95 $39.95 $49.95 $61.33
Final Best Price for the selected coalition using
cheapest prices among brands.

$260.03

The lowest price found, as presented in Table 1, was $260,03. However, it is
important to highlight that the acquisition costs could reach $2312,1 (Point 5 in Figure 2:
30 sensors and 20 gateways) if we have not performed an analysis that revealed a similar
result between a small coalition and a large coalition. While this value is relatively high,
our method demonstrates that the acquisition costs can be reduced in almost 90% ($2312,1
in relation to $260,03) in a SoS acquisition process due to a careful analysis of the results
yielded by different coalitions. Moreover, in an acquisition process for military domain,

7https://goo.gl/9Lu5Ug
8https://goo.gl/cNxuFh



whose the order of magnitude of prices reaches millions of dollars, this type of procedure
can be even more valuable.

5. Discussion
Our simulation-based method covers characteristics that are essential for SoS domain and
that are not covered by other lines of studies on SOS, such as the dynamic architecture
of the SoS, and analysis of emergent behaviors [Oquendo 2016b, Oquendo 2017]. More-
over, other proposals have been more focused on optimization problems to find, within
the expected spectrum of constituent capabilities, the minimum set of constituents, with-
out a thorough analysis of performance [Burton et al. 2014]. Our method analyzes the
results delivered by the different coalitions according to a set of metrics (pre-defined in
the context of the SoS architectural analysis approach), allowing a trade-off on metrics
related to the quality and cost attributes of SoS software architecture.

This work also contribute to previous works on the role of architects of software
ecosystems [Weinreich and Groher 2016, Amorim et al. 2017]. Within software ecosys-
tems, the architect is resposible to define the optimal strategy of product because he knows
the customers’ needs and priorities. Results obtained in the evaluation of our method pro-
vide valuable metrics, as well as an organization of optimal arrangement of systems that
would support a decision-making for software architects. In other words, they can make
decisions considering not only customers’ needs but also the lowest cost and best perfor-
mance of systems.

We highlight the following threats to the validity of our conclusions: transfor-
mation correctness, human failure during estimation of prices, and choice of the best
coalition. The same model transformation has already been used to make dozens of trans-
formations between SosADL and DEVS models for two different domains: smart cities
and space. Therefore, this threat is relieved by the number of studies that have already
used such transformation. In addition, although formal proofs of its correctness have
not been conducted, it generates correctly specified simulations every time. Such result is
reliable because in the DEVS formalism a single erroneous instruction may make the sim-
ulation execution unfeasible, causing it to crash or even preventing its execution. From
the point of view of human failure, there are some points in the process that are subject
to failures, such as the observance and collection of metrics, as well as the choice among
prices. A study with real data was performed on a small scale. However, results indicate
the feasibility of reproducing it on a larger scale. Moreover, automation processes can be
conducted to avoid human errors and enable the study of larger instances.

6. Final Remarks
Cost is a primary driver to decide whether to build a SoS or to create a new specialized
system [Johnson 2015]. Moreover, cost is a relevant economic aspect of systems. Our
simulation-based method enables to evaluate the performance of different arrangements
of constituents and decide which constituents should be bought to form that SoS, offering
the best performance and lowest cost.

After conducting a pilot study, we concluded that using a small number of con-
stituents could achieve the same results as using a large number of constituents. Owing to
such information, it is possible to anticipate which constituents are effectively necessary



to build a SoS, and predict the budget necessary to acquire them. The acquisition and con-
struction of a SoS involves acquiring hardware in which software will be deployed with
specific capabilities to realize the intended emergent behavior. In this paper, we exploited
(i) the prediction of software architectures of a SoS at design-time, (ii) the prediction of
different coalitions such architecture could assume at runtime, and (iii) the results that
each one of such coalitions yield to suppport (iv) a prediction of cost of acquisition of the
corresponding hardware necessary to support the existence of that SoS.

With the emergence of smart cities, software-intensive SoS will become highly
open and dynamic. As such, dealing with acquisition cost comprises the prediction of
their results at design-time, and the acquisition of the hardware in which the correspoding
software will be deployed. Next steps of investigation include the prediction of soft-
ware acquisition and software development under man-hour metric and function points
prediction for development of software for constituents. Besides, our approach does not
currently explore the diversity of constituents, i.e., we did not conduct a study in which
products of different brands are benchmarked in order to choose not only the best coali-
tions, but also brands that offer lowest prices and better performance. This shall also
be covered in forthcoming advances on this research. Other future work lines include
(i) comparison among coalitions through the substitution of constituents that offer the
same capability for better decision-making between different brands, (ii) adoption of co-
simulation to accurately reproduce the scenarios required for other quality attributes such
as security [Hachem et al. 2016], and (iii) establishment of a mechanism for automation
of the cost estimation through the integration between the simulator, a mechanism for
querying and comparing market prices, and some model-checker mechanism to automat-
ically deliver the best coalition, without the need to manually collect and analyze data.
We also consider that, for large volumes of data, we can apply search-based software
engineering to support the selection of constituents from criteria related to technical and
economic aspects of software. Nevertheless, we highlight the importance of the results
achieved until now and the seminal nature of our solution for SoS domain.
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