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“With the passage of time, the psychology of people stays the same,
but the tools and objects in the world change. Cultures change.

Technologies change. The principles of design still hold, but the way
they get applied needs to be modified to account for new activities,
new technologies, new methods of communication and interaction”.

Don Norman
in “The Design of Everyday Things”, 2013
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ABSTRACT

The first development phase of a Space Mission consists of the Space System Concept
Studies, in which system concepts are broadly defined, as a set of feasible System
Conceptual Solutions to accomplish the mission needs. Nowadays, this phase in-
volves the practices of System Engineering (SE) and Concurrent Engineering (CE),
which respectively: (i) organizes the systems investigation/documentation method-
ology, and (ii) speed-up the process into parallelization of disciplines studies and
successions of convergence sessions (CE Sessions). The CE Sessions for Space Sys-
tem Concept Studies are highly interactive activities, which require: (i) specialists of
a given discipline (thermal, operation, electrical, etc.) to describe to the team their
System Element solution models, showing its parts and required parameters, and (ii)
facilities to handle the CE activities streamlining the work toward the System Con-
cept Solutions. Either in document-centric or model-centric approaches, the model
collaborations occur by: projection of the models, within a sequential order, and
accordingly to the number of the projectors, which shows the discipline’s models.
This virtualization of information undermined the physical collaboration through
artefacts, in preference to virtual-only metaphor collaborations, where, for instance,
a person bringing together two physical peons means that a new representation is
obtained, was replaced by drag-n-drop tree branches in Graphical User Interface
(GUI). This thesis proposes and demonstrates the viability to use Tangible User In-
terfaces (TUI) constructed with physical electronic artefacts and Spatial Augmented
Reality to reintroduce tangible collaboration into CE Session. A tangible interac-
tion vocabulary was defined in order to use real artefacts to control CE data. In a
pragmatic aspect for the Space Engineering sector, this thesis brings cognitive aid
tools back to the design workspace.

Keywords: Tangible User Interface. Concurrent Engineering. Model Based System
Engineering. Space Systems Concept Design. Collaborative Environments.
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COLABORAÇÃO TANGÍVEL APLICADA PARA ESTUDOS
CONCEITUAIS DE SISTEMAS ESPACIAIS REALIZADOS

ATRAVÉS DA ENGENHARIA SIMULTÂNEA

RESUMO

A primeira fase de desenvolvimento de uma Missão Espacial consiste dos Estudos
Conceituais de Sistemas Espaciais, na qual os conceitos do sistema são definidos,
como um conjunto de Soluções de Sistemas viáveis para atender às necessidades da
missão. Hoje em dia, esta fase envolve as práticas de Engenharia de Sistemas (System
Engineering - SE) e Engenharia Simultânea (Concurrent Engineering - CE), que
respectivamente: (i) organiza a metodologia de investigação e documentação de sis-
temas e (ii) agiliza o processo em paralelização de estudos das disciplinas e sucessões
de sessões de convergência (CE Sessions). As sessões para os Estudos Conceituais
de Sistemas Espaciais são atividades altamente interativas, que requerem: (i) espe-
cialistas de uma determinada disciplina (térmica, operacional, elétrica, etc.) para
descreverem ao grupo de especialistas seus modelos com as Soluções dos Elemento
do Sistema, mostrando suas partes e parâmetros necessários, e (ii) instalações para
realizar as atividades durante as sessões, acelerando o trabalho para as soluções dos
conceitos dos sistemas. Ou abordagens centradas no documento ou nas centradas
no modelo, as colaborações de modelos ocorrem por: projeção dos modelos, dentro
de uma ordem sequencial, e de acordo com o número do projetores, que mostram os
modelos da disciplina. A virtualização da informação diminuiu a colaboração física
usando artefatos, dando preferência às colaborações de metáforas apenas virtuais,
deixando de lado, por exemplo, uma pessoa que reúne dois peões físicos significa
que uma nova representação foi obtida, estas representações foram substituídas por
arrastar e soltar de ramos de informação em interface usuário gráficas. Este trabalho
propõe e demonstra a viabilidade de utilizar Interfaces Tangíveis construídas com
artefatos eletrônicos físicos e Realidade Aumentada Espacial para reintroduzir inte-
rações físicas colaborativas nas sessões de Engenharia Simultânea. Foi definido um
vocabulário de interação tangível para uso de artefatos reais capazes de controlar os
dados dos modelos. Em um aspecto pragmático na engenharia, esta tese traz para
o espaço de trabalho de design as ferramentas cognitivas.

Palavras-chave: Interfaces-Usuário Tangíveis. Engenharia Simultânea. Engenharia
de Sistemas Baseada em Modelos. Design de Conceitos de Sistemas Espaciais. Am-
bientes Colaborativos.
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1 INTRODUCTION

1.1 Context

The engineering activities are done, primarily, by human beings that iterate using
their cognitive and intellectual background to transform problems into buildable
solution.

Complex, Coupled and Multidisciplinary Engineering consists of technology arrange-
ments, optimized by its function, cost, schedule and performance, in a multidisci-
plinary convergence that involve the engineered product itself and the people who
develop it. Examples are the products of the Space Engineering, which requires great
effort within a very controlled life cycle through the development decomposition, the
realization, use/operation and disposal.

Space Engineering has historically used passive tangible artefacts to aid the devel-
opment. Mock-ups are created to represent, with higher or low fidelity, the context
and elements required by the engineers to understand the domain. In Space En-
gineering the most common tangible artefacts are the Earth, and-or, Earth-Moon,
globes which allows the engineers to discuss their disciplines and the influences from
the orbit position. Discussing how they may suffer from where the Space Product
will operate.

At early 50’s at the Mercury Program, the NASA’s Space Task Group (NASA,
1969) was responsible to study and explore man-made missions. The Task Group
was represented in the movie “Hidden Figures” (FOX, 2016), which shown exactly
the work facility. Figure 1.2a depicts the main view of such facility, where, a tangible
artefact to orient discussions regarding orbit is located in the center of the room.

The NASA’s Space Task Group was focused in the conceptual study before the
first main review of the Space Engineering product. This study is now structured
and named as Space Systems Concept Studies (Phase 0 - Mission Concepts, to
ESA (ECSS, 2008) and/or Phase Pre-A / Concepts Studies, to NASA (KAPURCH,
2010)). The Space Systems Concept Analysis aims to: (i) identify mission needs,
(ii) propose possible space system concepts, (iii) do a preliminary assessment of
programmatic (cost, schedule) and risk aspects and (iv) early requirements. The
Space Mission Concept Definition and Exploration, to Wertz et al. (2011), is an
iterative approach that evaluates the multidisciplinary needs of subjects, and states:
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“To explore a concept successfully, we must remove the walls be-
tween the sponsor, space operators, users, and developers and be-
come a team.”(WERTZ et al., 2011)

Nowadays, the community body of knowledge of successful missions, systems, and
equipment increased, so the Concept Studies can reuse decisions with superior confi-
dence, speeding up the process. New approaches in evidence in these context are: (i)
Concurrent Engineering (CE) and (ii) Model Based System Engineering (MBSE).

CE organises the engineering work into three parts: pre-study (definition of the
involved disciplines, time, cost, etc.), and cycles of (i) concurrent studies and (ii)
sessions for information convergence. In CE, the various subsystems and designers
involved in the process demand to integrate multidisciplinary perspectives to resolve
their trades to create designs or to fulfil requirements of all stakeholders. The canon-
ical Bandecchi’s paper (BANDECCHI et al., 2000) defines Concurrent Engineering
(CE) as:

“a systematic approach to integrated product development that
emphasizes the response to customer expectations. It embodies
team values of co-operation, trust and sharing in such a manner
that decision making is by consensus, involving all perspectives in
parallel, from the beginning of the product life-cycle.”

The literature (BRAUKHANE et al., 2012) (BRAUKHANE; BIELER, 2014)
(DENIER-GÉGU et al., 2014) (SCHUMANN et al., 2010) (BIESBROEK, 2012)
(RICHARDSON et al., 2012) and real cases observations indicate that a common
situation among the specialists (engineers, scientists and/or Principle Investigators)
is the exchange of shared knowledge at collaborative CE sessions. Even though the
existing practices in collaboration are relatively well mapped into spreadsheet-based
software infrastructures, this is not true when considering collaboration using Model
Based System Engineering modelling tools.

In Model Based System Engineering - MBSE there is a systematic adoption of
explicit modelling aided by software, with the benefits of (i) significant advantage
to project performance, (ii) improvements in engineering efficiency, and (iii) further
prevention of costly rework (CARROLL; MALINS, 2016) (HAUSE; HUMMELL,
2015). According to Watson et al. (2015) the term MBSE means:
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”the formalized application of modelling to support system re-
quirements, design, analysis, verification and validation activities
beginning in the conceptual design phase and continuing through-
out development and later life cycle phases. MBSE is part of a
long-term trend toward model-centric approaches adopted by other
engineering disciplines, including mechanical, electrical and soft-
ware. In particular, MBSE is expected to replace the document-
centric approach that has been practiced by systems engineers in
the past and to influence the future practice of systems engineer-
ing by being fully integrated into the definition of systems engi-
neering processes.”

The tendency in System Engineering, and its increasing momentum, is towards
model-centric approaches. Even though, modelling is in the core of SE, as well it is
in all other engineering disciplines (HARVEY et al., 2012), the role of the tools that
support modelling, processes, viewpoints and ways to connect the data from multiple
developers, still does not have a standardized language and/or approach to allow con-
tinuous use of model-centric tools by organizations (SAMPSON; FRIEDENTHAL,
2015) (OMG, 2014) (ECSS, 2010).

Particularly, in Space Systems Concept Studies, which is traditionally Document-
Centric, two Model-Centric methodologies are just now being researched, the Ar-
cadia (POLARYS, 2017) and the Object Process Methodology - OPM (DORI et
al., 2016). These methodologies help modelling from brainstorming of first phases,
through architectures designs and deliverable work-package distribution to next de-
composition phases. But, even with the available systemic methodologies and tools,
manipulating models during collaborative CE sessions is still not as dynamic as
drag-and-drop building boxes into GUI (Graphical User Interface), and tools have
not converged into a systemic collaborative representation.

Despite the tendency towards Model-Centric approaches, as far as was researched,
there are none researches about human-to-data collaboration related to Space Sys-
tems Concept Studies regarding physical artefacts aiming at improving knowledge
aggregation of the whole team (Figure 1.2b exemplifies the ESA’s Concurrent Design
Facility, which has no physical artefact available to the team).

Interfaces with physical artefacts rely on the Natural User Interfaces, that aims
to augment the facility and objects, creating interactive surfaces and/or tangible
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artefacts, expanding the applications to tools to other than keyboard and mouse.
These extensions of the virtual world enable tangible explicit interaction with the
otherwise hidden data (ISHII et al., 2012). Those environments are described in
interaction trends reported in The New Media Consortium Horizon Report NMC
(2017) as a four to five years’ time-to-adoption in daily activities (Figure 1.1).

Figure 1.1 - Horizon Report indication of future technological adoptions.

SOURCE: extracted from NMC (2017).

In the Human-Computer Interaction research of the Computer Engineering, the
user-interfaces which the users interact with data through physical arterfacts is the
Tangible User Interface (TUI).Ullmer and Ishii (2000) defines that Tangible User
Interface:

“gives physical form to digital information, employing physi-
cal artefacts both as representations and controls for computa-
tional media. TUIs couple physical representations (e.g., spatially
manipulable physical objects) with digital representations (e.g.,
graphics and audio)”

The later aspect that contextualize the TUI reintroduction as an user-interface with
smart and integrated tools connected to a source of data (models) to perform a
given task is the 4th Industrial Revolution - Industry 4.0 (GILCHRIST, 2016). The
Industry 4.0 relates the integration of computational tools and services (Artificial
Intelligence, Big Data, Machine Learning, Internet-of-Things - IoT, Augmented Re-
ality, so on) with the industrial tools and processes. This integration is driven by
the rising complexity of the engineered products, that also demands speed/quality
to keep the time-to-market need (SMITH, 1997). The Industry 4.0 in the Space field
is addressed in Space 4.0 (ESA, 2016b). Space 4.0 integrates the space into a toolset
framework that provide the connectivity services to enables Industry 4.0 potentials
(ESA, 2016a).
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In this context, this thesis investigates the shift giving by the tendency towards
moving from implicit modelling to explicit modelling ongoing in the Concurrent En-
gineering (SCHUMANN et al., 2010) added with TUI in the Space Systems Concept
Studies scenarios. Figure 1.2c exemplifies the facility arrangement proposed in this
thesis, where data and models are handled via TUI over a single collaborative table
rounded by the engineeries in a given design session..

Figure 1.2 - Facilities example regarding the physical artefacts to aid Space System Con-
cept Studies.

(a)

(b) (c)

(a) Scene of the movie Hidden Figures containing the NASA’s Space Task Group work
facility with the physical artefacts to help into design. (b) ESA’s Concurrent Design Facility
illustrating the nonexistent physical artefacts. (c) example of a Facility with TUI artefacts
proposed in this thesis.

SOURCE: (a) was extracted from the movie Hidden Figures from FOX (2016), (b) from
Pickering (2017), (c) from the author.

The Space System Concept Studies, after being performed with Concurrent Engi-
neering practices and supported by computational tools (since the 90’s), may be
described through five elements: the team, the facility, the software, the Integrated
Design Model (IDM) and the process (Figure 1.3a). The current CE approach for-
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malizes and collaborates the information in Sessions mainly through Office Software
medium representations, as charts and presentations, and 3D models in specific
cases.

Over the 2010’s, MBSE methodologies, containing tools with Systemic Modelling
languages, are being researched as the main format to formalize and collaborate
information in System Engineering. These tools porsue a medium with a common
language to all specialists. MBSE combines: the IDM, the set of software and a
process that is embedded in the methodology (Figure 1.3b) of the MBSE Framework.
MBSE still requires some steps to be fully adopted as CE standard medium. The
focus of the MBSE Framework is toward the creation of a model, rather than a
document.

(BRAUKHANE; BIELER, 2014) noted that despite the virtual tools to create mod-
els, facility artefacts were being used to create physical model representations. How-
ever, such models only contributed to aid mental models and in fact, does not cater
into the MBSE Framework. This thesis illustrates the inclusion of such artefacts,
creating an artefact medium to manipulate the models to promoting meaningful
collaborations in a Computer-Aided Facility (Figure 1.3c).

This work discusses, for the future, a basis for the ongoing tendency related to
Industry 4.0 (and Space 4.0) where a real team collaborates and is assisted by a
virtual team (V-Team) made from artificial intelligent agents, as well as the use
of software user-interface modalities such as Augmented Reality and Tangible User
Interfaces, to create a Computer Aided Facility which will enable to manipulate the
models through natural languages (Figure 1.3d).

Figure 1.3 - Concurrent Engineering medium changes.
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CE applied to Space Systems Concept Studies regarding computer-aided cognitive
physical artefacts handled by the engineers during sessions, shows an opportune
starting point in developing computational tools and experiment interaction meth-
ods to: explore the nature of sharing model information among the engineers using
physical artefacts. Once the literature review did not indicate any study on that.

Exchange models addresses challenges that come with MBSE and CE combined.
The way interaction happens can ease or difficult communication among engineers,
interfering into the resulting solution. So, the following question drives this thesis:

Can Tangible User Interfaces be integrated to handle models in CE
Sessions?1

That driven question leads to other three questions for previews analysis:

• Question 1 - How does the team of a CE Session manipulate models?

• Question 2 - How adapted are the current tools to collaborate during
a CE Session?

• Question 3 - How does the collaboration among the members occur dur-
ing a CE Session?

1.2 Thesis Objective

This thesis objective is to propose (and show the feasibility of the use of) TUI
artefact vocabulary as the medium to engineers collaborate models during
Space Systems Concurrent Engineering Concept Studies Sessions. The
idea is to reintroduce physical cognitive artefacts to represent the study data and
collaborative interactions.

Taking into account the existing Space Missions Integrated Design Center (Centro
de Projeto Integrado de Missões Espaciais - CPRIME) at INPE, this thesis intend
to contribute with new ideas towards a model collaboration and a new way of inter-
action for the work being developed in CPRIME according to the current practices
on MBSE and CE applied to Space sector.

1From now on, we name collaborative sessions of Concurrent Engineering performed for the
Space Systems Concept Studies only as CE sessions
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1.3 Research Paradigm

We adopted the Design Science Research Paradigm (DRESCH et al., 2015) in order
to structure and preset this research. This paradigm comprises three activity cycles
(Figure 1.4) (HEVNER et al., 2004) (HEVNER, 2007):

• The Relevance Cycle: relates to the application domain environment
which is desired to introduce a new/innovative artefact or process. The
Cycle addresses the identification and representation of the opportunities
and problems (presented in the Context of this Thesis), to improve prac-
tices, or identify the problem before it is broadly recognized. The Relevance
Cycle provides the context, that not only describes the requirements for
the research, but also the acceptance criteria (see Section 1.4).

• The Rigor Cycle: relates to the experience and expertise knowledge that
defines the state of the art foundations that will be applied into the ap-
plication domain. The cycle collects existing artefacts/processes found in
Scientific Theories and Methods, so the research project can use them as
innovative meta-artefacts. The Rigor Cycle includes any extension to the
original theory made during the research, as a feedback to the Body of
Knowledge.

• The Design Cycle: generates design alternatives matching knowledge
foundations with application domain environment. It contains the evalua-
tion of the design against acceptance criteria requirements until a satisfac-
tory design is achieved.
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Figure 1.4 - Design Science Research Paradigm.
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In this thesis we consider as (the numbers of the items are indicated in Figure 1.4):

1. Relevance Cycle Inputs: The inputs come from the thesis background
environment, containing the Facility, Information Exchange and Collabo-
rations used in the CE Sessions.

2. Rigor Cycle Inputs: The inputs are the Related Technologies, including
Collaborative Environments, Tangible User Interfaces and Ergonomics.

3. Artefact & Process Build or Design: The development description of
the interactive facility as well as the artefacts, and the interaction vocab-
ulary.

4. Evaluation: The evaluation is against the proposed questions realized
through a comparison of the CE Session Collaborations and an evaluation
regarding the Collaborative Environment attributes.

5. Rigor Cycle Feedback: It is given by the outputs of the design that
contributes to the Body of Knowledge, in this case a proposal of Tangible
Artefact Elements Taxonomy.

6. Relevance Cycle Feedback: It means the outputs of the design that
contributes to the background environment, in the case a proposal of CE
Session Model Taxonomy and the CE Sessions contributions.

7. Relevance Cycle Revisiting: The further opportunities after the De-
sign Cycle. It considers the inclusion of other technologies that extend the
development and presents other problems and opportunities.
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1.4 Evaluation Criteria Propositions

The evaluation criteria of this thesis that can be used to demonstrate the design
relevance follow two of the Design Science Evaluation Methods, listed by Hevner et
al. (2004):

• The Analytical Architecture Analysis: uses a study fit of the designed
artefact into the technical propositions. We demonstrate through a com-
parison with the CE Session Collaborations;

• The Descriptive Informed Argument: uses the information from The
Body of Knowledge to build a convincing argument for the artefact’s utility.
We demonstrate through arguing about this thesis’s questions.

1.5 Thesis Outline

The next Chapters of this thesis are organized as follows:

• Chapter 2 - Space Systems Concurrent Engineering Concept
Studies - CE Sessions: This Chapter describes the current state of the
practice of the Space Systems Concurrent Engineering Concept Studies,
within the research towards how data is modelled, how the information is
exchanged, the physical aspect of the facility and the collaborations. This
Chapter relates to the Relevance Cycle of the Design Science Research.

• Chapter 3 - Tangible User Interfaces: This chapter describes the cur-
rent state of the art of the computational technologies regarding the design
opportunity of introducing Tangible User Interfaces in CE Sessions, with
the research towards the Collaborative Virtual Environments (CVE), the
Tangible User Interfaces, and the relative ergonomics of using physical
artefacts. This Chapter relates to the Rigor Cycle of the Design Science
Research.

• Chapter 4 - Concurrent Engineering Collaboration with Tangible
Cognitive Artefacts: This Chapter presents the design solution regard-
ing the background and the related technologies. The chapter describes
the data entities, the way the data is represented, the Computer Aided Fa-
cility, and the interaction vocabulary. This Chapter relates to the Design
Cycle of the Design Science Research.
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• Chapter 5 - Implementation: This chapter presents the implementation
of the tangible artefact, the Computer-Aided Facility Interaction Elements
to track the artefact and project the intangible representations, and the
viability proof demonstration. This Chapter relates to the Design Cycle of
the Design Science Research.

• Chapter 6 - Evaluations and further discussions about the Future
Works Opportunities: This chapter presents the Evaluation Criteria to
demonstrate the thesis’ design relevance, as well as further development
opportunities to create a Hyper-Reality CE Facility, describing some fore-
seen research opportunities including Cognitive Artificial Intelligence, Big
Data & Analytics, Augmented Reality, and Modelling & Simulation. This
Chapter relates to the Design Cycle Evaluation, and Rigor and Relevance
Cycles Feedback.

• Chapter 7 - Related Works: This chapter presents this thesis’ related
works. The topics cover the technology, use of tangible user interfaces in
engineering, use of systemic modelling to collaboration in Concurrent En-
gineering Sessions and Concurrent Design Facilities collaborations.

• Chapter 8 - Conclusion: This Chapter discuss the contributions and
summarizes this thesis findings.

The Appendixes brings more specific related information:

• Appendix A describes the intangible representations (auras) created to
exhibit the Concurrent Engineering Session context.

• Appendix B contains a Tangible User Interface Elements Taxonomy pro-
posal.

• Appendix C contains the first page of all publications done by the author
during this thesis.
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2 SPACE SYSTEMS CONCURRENT ENGINEERING CONCEPT
STUDIES - CE SESSIONS

This chapter presents the information about the application domain background
within the state of the art, focusing on the practices of the Phase 0 - Concept
Studies using Concurrent Engineering. This Chapter supports the Relevance Cycle
of The Design Science Research showing the application context of collaboration in
CE Sessions. We divided this chapter in:

• Space Systems Concept Studies: describes the System Engineering life
cycle phase in consideration of this thesis;

• Concurrent Engineering: describes the CE approach that speeds-up the
assessments of Concept Studies;

• Data Modelling Approaches: describes the document and model cen-
tricity vs. basis approach towards the data modelling tool possibilities;

• Information Exchange: describes the media to system concept informa-
tion exchanging during sessions collaboration;

• Concurrent Design Facilities: describes the facilities broad types found
through the literature and observations;

• Collaborations: describes the collaboration of the main data entities.

2.1 Space Systems Concept Studies

The purpose of the Concepts Studies is to provide a feasible spectrum of concept
alternatives and ideas from which system solutions can be selected.

Wertz et al. (2011) states a common set of disciplines that are necessary to concept
a Space Mission Architecture, as illustrated in Figure 2.1. The space mission defines
the density and amount of depth of each discipline exploration. The common dis-
ciplines are: (i) the subject, which consists of the end reason for the system, (ii)
the payload and service bus, which consists of the subsystems which are part of
the aircraft, where the payload fulfils the reason of the system and the service bus
provides the infrastructure to it (as power, pointing, etc.), (iii) the launch system,
which consist of the elements to place the aircraft in orbit, as launch facility, launch
vehicle, etc.; (iv) the orbit and constellation, which consist of the spacecraft’s,
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or group of spacecraft, movement description necessary to fulfils the system mis-
sion; (v) the ground systems, which consist of the arrangement of subsystems
to communicate with the spacecraft and distribute data; (vi) the mission opera-
tions, which consist of people, facilities and resources to execute the mission and
the (vii) command, control and communication architecture, which consist
of the spacecraft, ground segment and the mission operational elements.

Figure 2.1 - Space Systems Concept Study Main Disciplines.
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SOURCE: adapted from Wertz et al. (2011).

The first phase of a Space mission development, as described into NASA’s System
Engineering Handbook (KAPURCH, 2010), is named “Concept Studies”. It describes
the study of the stakeholders needs and potential opportunities consistent with the
organization, demonstrate the feasibility of the desirable mission, and/or system
that will need some programmatic estimates, analysis and future allocation of re-
sources. These concept studies aim to stablish mission goals, high-level requirements
and functional descriptions, and Concept of Operations - ConOps (or Operational
Concept Description - OCDs).

Similarly, ECSS’s ECSS-M-ST-10C - Project Planning and Implementation (ECSS,
2009), calls the Concept Studies as “Mission Analysis/Needs Identification” states
that the primary objective is to release the mission statement and assess the pre-
liminary technical requirement specification and programmatic aspects. The main
tasks are: (i) decompose the mission statement in terms of mission needs, ex-
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pected performance, dependability, goals and operations constraints, (ii) establish
a preliminary technical requirements specification; (iii) identify possible mission
concepts, and (iv) evaluate a preliminary programmatic and risk assessment.

2.2 Concurrent Engineering

Since the 80’s, the importance of a quicker Space System Assessment lead to find
ways to speed-up the process to create Space System architectures (REDDY et al.,
2013) (BANDECCHI et al., 2000) (KARPATI et al., 2013) (COFFEE, 2006). These
studies postulate, in general, that a product design and its manufacturing process
are thought simultaneously, with multidisciplinary groups to accomplish the multi-
modality coverage and convergence of complex coupled products. Even though this
approach is not new, as pointed by (HARVEY et al., 2012), it gained momentum
using different names: Concurrent Design, Simultaneous Engineering, Simultaneous
Design or Integrated Design.

CE is characterized by five key dimensions (Figure 2.2 illustrate the dimensions):
(BANDECCHI et al., 2000)

• Team: the most important factor, it must be a well-chosen, and integrated,
group of specialists to study the system. The team is the base of any
development, and they are accompanied of four following pillars.

• Process: the sequence of steps that the study needs to accomplish the
desired deepness and results.

• Software infrastructure: the group of domain specific tools (the special-
ist tools).

• Integrated Design Model (IDM): the centralization of the specialists
results into a single repository, usually spreadsheets.

• Work Facility: the place where the studies occur.
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Figure 2.2 - Concurrent Engineering dimensions.
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Smith (1997) notes that CE dates from 19th century and become organized and
popularized as Concurrent engineering in recent years. The post 90’s CE initiatives
based in computational tools have a strong resemblance with the Software Engineer-
ing Agile Methods (SOMMERVILLE, 2011). The Agile Methods are best suited to
applications still gathering requirements, that are intended to deliver fast answers
to customer, which can propose, or remove, delivered elements in further iterations
- just as CE.

2.3 Data Modelling Approaches

In Concept Studies Phase are described in models the characteristics that are im-
portant to the final system’s description, and further viability analysis (FLEETER
et al., 2014). To those models, performance and other choosing criteria are done by
catalogue comparison or by the discipline specialist “feeling”.

In data modelling an important aspect is the information model that describes
the relations, constraints, rules and operations of a data semantics for a chosen
domain. One of the information model elements are the entities. The entity is the
fundamental building blocks which describes the data structure of information model
(MICROSOFT, 2017). The ECSS (2010) (Illustrate in Figure 2.3) exemplifies the
hierarchies of an Information Model: the organization, the process, the product, the
parameters, and the infrastructure.
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Figure 2.3 - Space Engineering Information Model main object types.

SOURCE: extracted from ECSS (2010).

The Space Engineering Product and Concurrent Design Parameters (Figure 2.3)
contains the spacecraft types of parameter grouping, from which are abstracted the
main entities: models, system elements, and parameters.

• Models: the file, the project, the abstract representation that contains
one, or a set of system elements.

• System Elements: the abstract reunion of system parameters that the
specialists use to describe parts of the system. The system elements are
the object things which the solutions are made of, and can be further
specialized (if required) into: mission, option, discipline, segment, satellite,
subsystem, equipment, ground station, ground function, launcher. System
elements are coupled to each other, as building blocks, to create the concept
alternatives.

• Parameters: the actual data, from where the specialists retrieve informa-
tion to their decisions. The parameters are exposed system elements data
that describe inner information. ECSS (2010) describes several sub types
of parameters used in CE, thus they can be summarized in three types: (i)
discrete, (ii) continuous, and (iii) textual.

Different tools approaches can handle these entities. Harvey et al. (2012) describes
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a historic process of System Engineering tools technology evolution, which keeps
changing the way to represent the design entities. From documents to specific mod-
elling tools. He proposes a taxonomy, summarized in Figure 2.4, to characterize the
tools.

Figure 2.4 - Correlation between basis and centricity.
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Spectrum representation of tooling considering the combinations of model or document
basis vs. model or document centric.

SOURCE: adapted from Harvey et al. (2012).

The taxonomy combines two aspects: (i) the centricity - which describes the user
interface approach to the tools; versus the (ii) basis - which describes the informa-
tion’s nature in:

• Document-centric & document-based approach (in the bottom-left):
does not have a central model of the system, and loosely allows descriptions
of the system as the documents are unconnected.

• Model-centric & document-based approach (in the top-left): the
model is in the head of the systemic engineer, and it populates a set of
documents with the views of the system, the data interconnection among
documents is implicit (in dashed black), only the engineer knows the in-
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terconnection (in red).

• Model-centric & model-based approach (in the top-right): a full
model approach, where the model is the integration of engineering, tech-
nical and documentation. The model can be refined, transformed and re-
drawn, as required, in any level.

• Document-centric & model-based approach (in the bottom-right):
the user handles model elements that correspond to document parts (para-
graphs, sections, and diagrams) and the tool output a whole document
when required.

To summarize the categories, (HARVEY et al., 2012), (KONING et al., 2012) and
(FRIEDENTHAL et al., 2008) describe the shared tool-set that the specialists agree
to use in:

• Document-Centric Tool-set (DCT): approach when the organization
documents the information directly on the end-media artefacts, being ei-
ther a physical or virtual document artefact.

• Model-Centric Tool-set (MCT) approach when the organization docu-
ments the information that represents the system in model artefacts which
will them be transformed in the end media interface, with representations
and formats adequate to the context of the author.

2.4 Information Exchange

The model-based information exchange, in both document-centric and model-
centric, in CE Sessions are the way that the specialists exhibit their design entities
data. The literature points to four possibilities: (i) via a single worksheet, (ii) via
multiple linked worksheets, (iii) via multiple worksheets linked by databases and
(iv) via modelling tools.

2.4.1 Via Single Worksheet:

Using a single worksheet, as depicted in Figure 2.5, the CE study uses only one
worksheet file that contains all system parametrized aspects. Each tab, or group of
tabs, of the worksheet has spreadsheets that relates to one discipline. The disciplines
are interconnected by links through the cells of two tabs (in the case of external
context parameters). (GAUDENZI, 2006)
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Figure 2.5 - Data connection among the spreadsheets of a single worksheet.

Study Worksheet File

Abstract Worksheet Representation

Spreadsheets

Subject A Subject B Subject C

The connection among the spreadsheets can be done through cell links that relates the
interconnection through the subject domains.

SOURCE: by the author.

In earlier implementations, the use of this single worksheet as a data source was
not concurrent per se (ROSER, 2006). Each specialist had a moment of the study
sequence to place the study result meeting the specified process - and free access
to only examine. They shared the worksheet through a file server, e-mail, and/or
diskette (and later flash drives). Nowadays within the collaborative cloud documents
a single worksheet can be filled and manipulated by multiple users concurrently, as
Quip1, Mindmeister2, the Google Suite3 and the Microsoft Office Online4.

2.4.2 Via Multiple Linked Worksheets:

As the worksheet software evolved in, it allows interconnection among files, as mul-
tiple linked worksheets. With multiple worksheets, each worksheet file can represent
one discipline. The separation of the disciplines provides better organization and
work parallelization (PORTELLI et al., 2008). The parameters are linked through
cells of different worksheets files. Figure 2.6 shows the organization.

1Quip - available at https://quip.com/
2Mindmeister - available at https://www.mindmeister.com
3G Suite - available at https://gsuite.google.com.br
4Office Online - available at https://www.office.com/
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Figure 2.6 - Data connection among spreadsheets of multiple worksheets.
Subject A Subject B Subject C

Spreadsheets

Abstract
Worksheet
Representation

The connection among the worksheets can be done through cell links that relates the
interconnection through the subject domains.

SOURCE: by the author.

One worksheet per discipline, allows: structured worksheets and template work-
books. (MATTHYSEN; HENDERSON, 2012)

• Structured worksheets, illustrated in Figure 2.7, contains the IDMs five
main parts: (i) subsystems workbooks - containing the discipline’s mod-
els in four sheets dimensions: input sheets, calculation sheets, presentation
sheets, and output; (ii) systemic workbooks - containing the main activi-
ties control, storing the requirements, trades, options and budgets included
in all other workbooks, (iii) data exchange workbook - containing all
the output parameter from the output sheets, as a snapshot repository of
all outputs at every moment, (iv) data parking workbooks - contain-
ing the links between specific tools, with the large amounts of raw data
that need to be formatted to the proper workbook, and the (v) domain
specific tools / databases - containing the specific software/databases
that are part of the engineer software repertoire, to some authors this is
described as the Software infrastructure.

• Template workbooks are earlier created discipline’s workbook, which are
handled to each engineer at the beginning of a new study. The templates
are result of the know-how of common used parameters, and successful
data organization.
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Figure 2.7 - Template sheets on multiple worksheets.
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Having one domain per worksheet allows to create: (i) a sheet to each group of parameters
- reusing in later studies, (ii) data parking, and (iii) data exchange sheets with data
conversions.

SOURCE: by the author.

2.4.3 Via Multiple Data Base Linked Worksheets:

The third approach found in the literature is the Multiple Data Base Linked Work-
sheets, realized by the Open Concurrent Design Tool (OCDT), which implements
the ECSS-E-TM-10-25 - System Engineering - Engineering Design Model Data Ex-
change (CDF) (ECSS, 2010) definitions to create a European size collaborative server
to share information among: agencies, industries, and academia. This modality is
similar to the multiple linked worksheet. But, instead of direct links, the information
flows through a remote database which tracks all sheets cells (as the data exchange
and data parking worksheets of the structured worksheets). Figure 2.8 shows the
organization.

NASA’s Fredrik work environment has a similar approach, interconnecting tools
with a remote data base (VOLK et al., 2000). The Team Xc is also implementing
a DB based Trade Space Tool to provide continuity, adaptability and reuse of the
different types of models (MURPHY et al., 2016).
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Figure 2.8 - Data connection among the spreadsheets via remote database.
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Using a Database as an exchange middle-ware among the spreadsheets allows to scale
locally and remotely the implementations.

SOURCE: by the author.

2.4.4 Via Model Based System Engineering Tools

Using MBSE Tools moves from direct cell linked through the DB to a linked
model done by the modelling infrastructure. The modelling infrastructure must
allow to: remotely save and retrieve in case of a collaborative use, and locally edit
models in design studies. Figure 2.9 shows the data architecture organization.

Figure 2.9 - Data connection among models.

Project File
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Subject C

Abstract 
Models
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SOURCE: by the author.

Those SE implementations vary from the use of modelling environments, as Simulink
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5 and Enterprise Architect 6, to specific designed implementations. Including tailored
strategies underneath methodologies to support the SE processes. Some convergence
of methodologies was researched by INCOSE, resulting into a suggestion list of
MBSE Methodologies. (WATSON et al., 2015)

The two MBSE that are gaining momentum in Space CE Community as possible
common modelling standards, are: (i) the Arcadia from Polarsys Group (GIOR-
GIO et al., 2012) (POLARYS, 2017); and (ii) the Object Process Methodol-
ogy (OPM) from the Enterprise Systems Modelling Laboratory of the Technion
Israel Institute of Technology (DORI, 2016), which recently become an ISO7 stan-
dard under the name: ISO/PAS 19450:2015 - Automation systems and integration
– Object-Process Methodology.

OPM is based on the minimal universal ontology paradigm, which states the minimal
number of symbols and semantics that can describe any system. The Object-Process
Theorem defines fundamental principles that organize the system concept design:
(DORI, 2016)

• Function-as-seed: every design starts by defining the high-level function
that defines, names and depicts the main function of the system.

• Model Fact Representations: a fact in the model needs to appear at
least in one diagram to be represented in the all model.

• Element Representation: a model element appearing in one diagram
may appear in any other diagram of the same element.

• Timeline: processes, inside a zoomed process, sequence must be described
from top-bottom, and left-right direction.

• Thing Importance: the most important things are the one that appear
on the highest levels of the models.

• Singular Name: all things must be single named, plurals must be convert
to “group of” and “set of” naming.

• Graphic-Text Equivalence: every fact on the OPD must have a textual
representation.

5Simulink - available at https://www.mathworks.com/products/simulink.html
6Enterprise Architect - available at http://sparxsystems.com/products/ea/
7Available at: https://www.iso.org/standard/62274.html
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• Thing Name Uniqueness: different things must have different names;
in case of feature names they are distinguished by the reserved word “of”
and the name of their exhibitor.

• Procedural Link Uniqueness: a process shall have at least one object
or state connected by a transforming link.

• Detail Hierarchy: every time the diagram becomes with an excessive
amount of details, a new, descendant diagram shall be created.

• View Creation: this is not a principle but is an important refining mech-
anism, the detail hierarchy zooms the model vertically, adding internal de-
tails into the refinable model; the views mechanism adds horizontal specific
aspects which improves the description or addresses different scenarios.

To support OPM, the Prof. Dov Dori developed the OPCat tool8. OPCat is a
custom-made tool, written in Java that implements OPM. The software incorpo-
rates additional functionalities created by the prof. Dori alumni. OPCat uses the
semantics defined by Object-Process Theorem defining: (i) stateful objects: things
that exist, (ii) processes: things that happens, and (iii) links: relationship char-
acteristics between two things. Both structure and behaviour are described into a
single diagram. The elements are interconnected through the name of the things to
provide traceability and consistency through the complete model.

Underneath the OPM models, the methodology (and tool) uses graphs (WILSON,
1986) that relates the things (nodes), through links (edges). System Designs are also
nodes, with things connected. System Designs nodes also interconnect with other
designs through: zooms-in and views nodes. Figure 2.10 exemplifies the one-to-one
graph representation of the OPM elements: (i) in blue the system designs models,
and its relations, (ii) in yellow the object things, (iii) in purple the object states, (iv)
in green the process things, (v) in black the things links, and (vi) in dashed orange
the containing relations.

8http://esml.iem.technion.ac.il/opcat-installation/
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Figure 2.10 - OPM Graph Representation.
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Left: Example Model with the relation among System Design. Right: Graph Representa-
tion of the relations.

SOURCE: from the author.

The user of a modelling tool does not need to know if the tool has a graphs under-
neath. The information of this structure presents opportunities to implementations
of graph-based data-bases to manipulate the models, as well as graph-based artifi-
cial intelligence strategies to optimize and manipulate OPM models through Design
Languages (GROß; RUDOLPH, 2012).

2.5 Concurrent Design Facilities

Concurrent Engineering Facility is the physical accommodation where the team of
specialist meets and collaborates to converge the concept designs. The facility re-
ceives different names, accordingly to the organization: ESA calls it as Concurrent
Design Facilities (CDF), NASA’s Team X calls it as Project Design Center (PDC),
NASA’s Goddard calls it as Integrated Mission Design Center (IMDC). Chinese
National Space Science Center calls it as Concurrent Design and Simulation Cen-
ter (CDSC), and Brazilian National Institute for Space Research calls it as Space
Missions Integrated Project Center.

The key role of the facility is to create an environment which fulfil the operational
needs of the specialist team, dealing with: (SIMONINI et al., 2008) (PICKERING,
2017) (NAKAJIMA et al., 2016)

• table placements,

• positioning of the people by discipline’s relationship,
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• ergonomics of the participates,

• ”free” design spaces,

• meeting equipment positioning,

• study/research material,

• table space to draw sketches and notes,

• communication among study sprints,

• relax zones,

• breakout rooms,

• archives,

• data centres, and

• office material storage.

The baseline facility layout, illustrated in Figure 2.11, presented by (BANDECCHI
et al., 2000) set-up a standard to the facilities layout. Even though they already
changed their layout concepts9, it keeps the original as a baseline (PICKERING,
2017). This layout is formed by a large “U” shape table distribution containing
the disciplines. The disciplines’ positions are related with the amount of interaction
between disciplines. Discipline with strong coupling, which will lead to more collab-
orations, are close to each other. The inner U usually contains the customers and
other invited experts. The U’s are facing a multimedia wall, that the literature refers
as containing: projectors, monitors, and/or interactive whiteboards.

9http://www.esa.int/Our_Activities/Space_Engineering_Technology/CDF/The_Facility
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Figure 2.11 - Standard Concurrent Design Facility Layout.

The U shape layout facing a multimedia wall is the most common approach to organize
the team.

SOURCE: from Bandecchi et al. (2000).

Collins (2004) and Thorne (2014) list some of other possible meeting rooms’ lay-
outs, discussing the ideal number of participants, the discussion format, the sense
of freedom, and some psychology issues, as diminished feelings. Figure 2.12 exhibits
some of the rooms which are found on the SECESA’s Community literature: (i)
the standard “U” shape found in the majority of the facilities, followed by the (ii)
Boardroom, then by the (iii) Clusters.

Figure 2.12 - Meeting room layouts.
U-Shape Boardroom Team Tables/Clusters 

SOURCE: adapted from Collins (2004).

CE Facilities, regarding modelling, only servers as housing places. Models are han-
dled at computer stations, and projection/TV screens, as exemplified at Figure 2.13,
of the ESA’s CDF. The facility itself does not cater any modelling in-formation, it
does not have any meaningful apparatus other than the desktop/laptop interfaces,
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