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Abstract

In the development of complex engineering systems, such as spacecraft, the first
and most crucial step is the definition and evaluation of different concepts. Model-
based systems engineering, in general, and the use of concurrent conceptual design,
in particular, have proven to reduce the time needed for feasibility studies of space
missions. Moreover, concurrent conceptual design studies are valued for producing
good quality conceptual designs and for fostering direct discussion between the cus-
tomer, the involved engineering disciplines, management, and others. The benefits
of concurrent conceptual design indicate a clear potential for this approach to get
adopted more broadly. Therefore, we collected implicit knowledge about concurrent
conceptual design from the practice of various organizations, through a survey, and
confronted our findings with subject matter experts through in-depth interviews.

The core of this work consists in the formalized description of the model-based co-
located conceptual design methodology. It includes a process guideline, consisting of
a formal model to describe the order and interaction of activities. Also, we developed
a tool to support a team’s coordination during the conceptual design process. The
description of our methodology helps to acquaint new people with the concurrent
conceptual design approach and may serve as a baseline for implementing it in new
organizations.

We verified the approach through a set of case studies on conceptual design of
space systems. The study environment consisted of teams of students with limited
prior knowledge and limited time. With the help of our process guideline and our
collaborative tool, the project teams were able to build feasible conceptual designs.

Taking this methodology further, we describe how it can also be applied to tech-
nology planning, which often happens independently from the product life cycle.
Our approach integrates technology planning and development, and conceptual de-
sign activities. Finally, we discuss the adaptation of the model-based co-located
conceptual design methodology to the creation of technology roadmaps in an indus-
trial setting and our findings.
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Chapter 1

Introduction

Technical systems are omnipresent in modern society and engineers are tasked to
build them, such as to meet the needs of its direct users or other, indirect stakehold-
ers. The design of technical systems is a complex task and requires deep engineering
knowledge, as well as creativity to solve problems that potentially have many dif-
ferent solutions. Solutions can differ on a number of aspects: system architecture,
technology, operations, performance or associated cost [Crawley et al., 2015]. Ide-
ally, the performance and cost differences can be estimated, assessed and compared
in the early stages of the design, and hence, support fact-based decision-making.
As an example, imagine the design of a satellite constellation, providing broadband
communication services via radio signals. The design goal - to cover a certain area of
the earth’s surface - determines the number of satellites and their respective orbits.
These, in turn, require certain number of rocket launches, which result in associated
costs. The dependencies between the different elements make the design a complex
task.

To cope with the complexity of taking into account the entire life cycle of a prod-
uct, systematic approaches are necessary. An entire discipline has developed since
the middle of the last century, called Systems Engineering (SE). The International
Council of Systems Engineering (INCOSE) defines it in their handbook as "an in-
terdisciplinary approach and means to enable the realization of successful systems"
[Walden et al., 2015]. Successful, in this context, means that it meets the actual

needs of stakeholders. The application of systems engineering processes results in
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the generation of different kinds of engineering artifacts, most of them being text
documents and technical drawings. For example, the stakeholder needs are formu-
lated in natural language, translated into the more technical language of system
requirements and compiled into requirements documents. During the development
of the system, the requirements are used to inform technical decisions, and after
manufacturing, the system is verified against its requirements [Crawley et al., 2015].

Over the last decade, a paradigm-shift has been going on in systems engineering,
to replace natural language documents with models, as primary engineering arti-
facts. Model-Based Systems Engineering (MBSE) started with a focus on ensuring
unambiguous system definition, through requirements management and conceptual
models of the systems to build [INCOSE, 2007]. Already starting in the 90°, the
digitalization of mechanical and electrical engineering gave rise to first Product Data
Management (PDM) systems and later Product Life Cycle Management (PLM) sys-
tems. Their intent was first to manage design information and later to manage all
technical information over the entire life cycle of the product. While both, PLM and
MBSE, aim to provide data continuity throughout the life cycle, they differ slightly
in their focus. PLM focuses more on the tools and integrated tool-chain. MBSE’s
focus is on the processes and artifacts. Currently, various space projects are already
ongoing, where MBSE is applied rigorously from the beginning, e.g. the Mars 2020
rover! [Fosse et al., 2015|, Extremely Large Telescope?, or the Euclid astrophysics
mission [Alvarez et al., 2018]. These projects use MBSE to address the challenge
of complexity, using a model as a single source of truth and allowing the different

involved parties to interact with, from their specific perspective (see Figure 1-1).

1.1 Designing Space Systems

In the development of most engineering products and systems, such as those em-
ployed in space missions, the conceptual design phase is given particular importance,
because this is where most of the project cost is decided upon already [Walden et al.,

2015, pp.14-15]. Concept studies or feasibility studies allow organizations to obtain

"https://mars.nasa.gov/mars2020/
’https://www.eso.org/public/teles-instr/elt/
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The European Extremely Large Telescope
Courtesy of the European Southern Observatory.
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Figure 1-1: Development of the European ELT [Fosse, 2019|

an estimate of the cost and define the expected outcomes of a space mission.

Simplified Example

To illustrate the complexity of the design of a space mission, we use a simplified
concept of a communication satellite as an example. Figure 1-2a shows a simplified
conceptual model with the dependencies among the design elements.

The design of the system is decomposed into the following blocks, that correspond
to logical subsystems fulfilling a function or disciplines covering certain aspects of
the system: Mission design, communication system, Attitude Determination and
Control System (ADCS), power and structure. Mission design determines the orbits,

based on where the service is needed. The communication system provides the actual

3source: https://www.oneweb.world/technology
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Figure 1-2: Example Communication Satellite

service to the final customer and also provides a channel for transmitting telemetry to
the operator and receiving commands. The ADCS maintains the satellite’s attitude
and the antennas oriented towards the communication partners. The power system
provides the satellite and all its parts with electric energy. The mechanical structure
needs to host all the components, while withstanding all the loads that appear during
the launch and operation of the satellite. These dependencies can, and often do form

loops.

Chain of design dependencies

Continuing the example, the conceptual model reflects rules for sizing the satellite
subsystems, which form dependencies. The electrical power required from all sys-
tems drives the size of the solar panels and batteries.
Power(Comms + ADCS) — Dimensions(Power), Dimensions(Solarpanels)
The size of the solar panels influences the structure.
Dimensions(Solarpanels) — Moments of Interia(Structure)
A larger structure leads to higher power consumption and size of reaction wheels
for the attitude determination and control system.
Moments of Inertia(Structure) — Power(ADCS)
The power consumption of the ADCS loops back to the sizing of the power
system.
Another loop is formed by the link between the overall volume of the structure,

which influences the mission design regarding the usable launch vehicle. And the

4
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launch vehicle may again influence the achievable orbit. Additional complexity
comes in when the satellite should be part of a constellation, as it would be in the
case of a mission to provide broadband communication. Continuous connectivity
from ground requires permanent visibility of at least one satellite. This heavily drives
the choices of possible orbits for the set of satellites and their relative positioning to
each other. This is to be taken as an illustratory example, because in reality there

are many more factors driving the design.

Outcomes of the conceptual design of a spacecraft are the size, mass, as well
as the physical configuration. For example, Figure 1-2b shows the rendering of
the structure of a real commercial communication satellite. As part of the study,
estimates are also made for the power required onboard the spacecraft, for the data

to be transmitted, and regarding the appropriate orbit or trajectory.

Due to the inter-dependencies, the design process can not be done in a straight-
forward procedure but it needs to go in iterations. Full awareness of the involved
domain experts about the dependencies and tight information exchange is required
to consolidate a design, which copes with the design dependencies and also satisfies

the customer needs.

A way to involve different domain experts early on, is known as Concurrent
Engineering (CE). The Concurrent Engineering approach was first systematically
described as a recommended management approach for defense acquisition [Winner
et al., 1988|. Traditionally a defense agency would first define the mission and sys-
tem requirements and then hand them off to suppliers to design and develop the
system. By doing these steps concurrently, it takes less time and allows to better
reconcile requirements, technical feasibility, development time and cost. This ap-
proach to overlap subsequent life cycle phases had also proven to be effective in other
industries. The biggest gain was achieved by a closer integration between detailed
design and manufacturing. Traditionally, manufacturing engineers would start work-
ing only after the detailed design was completed. Problems with manufacturability
required to make change requests that go back to the design engineers. Concurrent
Engineering (CE) allows giving feedback regarding manufacturing, already during

the detailed design. Especially for mass production, the cost of manufacturing is a
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factor to strongly consider already from the beginning of the design.

Concurrent Design

Starting from the late 90, space agencies started to adopt the concurrent engineer-
ing approach to do conceptual design and mission feasibility studies [Kane Casani
and Metzger, 1995, Bandecchi et al., 1999|. This approach allows adapting the re-
quirements while doing conceptual design [Ferreira, 2012, p.5|, as well as taking into
account later life cycle phases: detailed design, manufacturing, testing, operation,
disposal. To do so, all relevant experts are involved in a co-located design study and
collaborate in a digital modeling environment.

The space industry puts a strong emphasis on the conceptual design phase,
because space missions are generally unique, very expensive, risky, and do not allow
corrections during operation. This method for doing the conceptual design of space
systems received various names: Concurrent Design (CD) |Bandecchi et al., 2000,
Concurrent Engineering (CE) [Romberg et al., 2008|, Integrated Mission Design
(IMD) [Karpati et al., 2003]. To make the focus on the conceptual phase explicit,
the term Concurrent Conceptual Design (CCD) would be more appropriate. The
term concurrent in this context actually means two things: 1) a team working on
different aspects of a conceptual design (in parallel), and 2) in the same place (co-
location).

The Concurrent Design approach is described by different authors to rely on a
set of key elements. Bandecchi et al. [2000] lists: process, team, model, facility, and
infrastructure (meaning software tools). Instead, Karpati et al. [2003] lists: people,
process, tools, and facility (see Figure 1-3).

The model is tightly connected to the tool and digital models are often only
accessible with specific software tools. But the MBSE vision argues for the use of
standardized data formats to ensure interoperability. Hence, the model can also be
considered an independent element.

In synthesis, we consider the concurrent design approach to build upon the fol-

lowing 5 pillars:

e multidisciplinary team of experts,
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Figure 1-3: Concurrent Design - Elements [Karpati et al., 2003]

co-location in a shared workspace (facility),
e an integrated system model,

collaboration tools and

e a managed design process.

Following the concurrent design approach, feasibility studies are conducted in a
compact period of time, integrating human expertise of all relevant engineering
disciplines. Concurrent Design embodies the Model-Based Systems Engineering
approach, because it relies on an integrated model to represent all relevant aspects
of the system. This approach allowed for the time needed for feasibility studies to
decrease significantly. As an example, ESA observed a reduction from 6-9 months to

3-6 weeks |[Bandecchi et al., 2000, Di Domizio and Gaudenzi, 2008|. Time efficiency

7
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is considered to have paved the growing adoption of concurrent design approach for
complex space systems. Besides that, our survey of the practice has shown additional
benefits, such as increased quality of results and improved understanding between
experts of different disciplines [Knoll et al., 2018a).

Many space agencies and companies have established dedicated facilities and
regularly perform early concept validation and feasibility studies, using the concur-
rent design approach. Due to the benefits of this approach, there is the potential of
applying it also to other life cycle phases and outside the space sector.

An established methodology does not exist yet, but rather each organization has
its own interpretation of this approach. All implementations of concurrent design
though, follow the MBSE approach, so they use interconnected multi-disciplinary
modeling at the conceptual stage. With respect to the design process and the
tools, there is still more to be understood and improved, in particular, the interplay
between the two. To support wider adoption of this approach, a comprehensive
description of a methodology is instrumental.

Our work describes a methodology (MoCoDeM) using formal models, including
a guideline for the concurrent design process and support for team, through a tool.
This methodology is verified through expert interviews and case studies with con-
ceptual design studies of space missions. Moreover, we propose how the model-based
conceptual design methodology could be extended to include the evaluation of new

technologies, and in this way, integrate with strategic technology planning.

1.2 Scope

This work is related to further fields of knowledge (see Figure 1-4). Its focus lies on
the intersection of model-based systems engineering, and design research, as well as
computer-supported collaborative work and conceptual design.

Concurrent Design (CD) is a specific way of doing Model-Based Systems
Engineering for Conceptual Design of complex systems. This approach is used
in various flavors for feasibility studies of space missions.

The goal of our work is to give a comprehensive and formalized description of the
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Figure 1-4: Our work’s relation to fields of knowledge

CD approach. To investigate the existing practice, formulate a design methodology
and test it on use cases, we engage in Design Research and follow the Design
Research Methodology (DRM) [Blessing and Chakrabarti, 2009).

Our focus lies on the collaborative design process, for which we provide a guide-
line, and its support through a tool. The work also touches the field of Computer-
Supported Collaborative Work, as far as the development of a tool to support

collaboration.

1.3 Relevance

The benefits of Concurrent Design in a model-based systems engineering environ-
ment are well acknowledged by experts in conceptual design of space missions. Peo-
ple and organizations from the space sector or other fields, who are used to the
traditional, sequential way of doing conceptual design, quickly understand the po-
tential time reduction through the concurrent approach. Nevertheless, implementing
the CD approach in an organization requires knowledge of best practices, guidelines,
and eventually external consulting.

Organizations with established concurrent design facilities face the challenge of

frequent people turn-over. When a significant number of participants on each de-
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sign study are new to the approach, it can have a negative impact on productivity
[Braukhane et al., 2015]. It is necessary to provide help for getting new people
onboard.

This work provides a comprehensive description of this methodology, based on
the common practice among different organizations. This forms a relevant contribu-
tion to the field of Model-Based Systems Engineering, as it can help organizations
adopt this approach as well as train new people in it.

A tool for concurrent conceptual design should allow a team to collaborate on an
integrated parametric system model. The tool built as part of this work (CEDESK),
works as comprehensive design support for conceptual design and is ready to be used
for actual concurrent design studies. While other existing tools are focused on the
management of design information, our tool was built to support the concurrent de-
sign process comprised in our generic design methodology. The process emphasizes
two aspects: work parallelization and team coordination. The case studies investi-
gate the tool’s impact on these two aspects. The investigation of the link between
the tool and the design process make this work highly relevant.

Technology management uses roadmaps to define and document strategies for
future technology development. At its best, conceptual design of future products
can already consider the infusion of new technologies [Suh et al., 2010]. While
the use of models in conceptual design is very common, it is not in roadmapping.
Our work proposes an extension of the model-based concurrent design approach
to roadmapping. We tested this approach with a major aerospace company to
make technology roadmaps based on models. This industrial use case confirms the

relevance of this work.

10
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Figure 1-5: DRM Framework [Blessing and Chakrabarti, 2009, p. 15|

1.4 Research Methodology

Systems Engineering is an engineering discipline, which by nature connects to many
other disciplines. Since our work primarily has to do with conceptual design, we
found the Design Research Methodology (DRM) from Blessing and Chakrabarti
[2009] very appropriate for our research. The framework contains a staged process
as illustrated in Figure 1-5. It consists of four types of research activities, which
can be performed in iterations. In fact, our research was an iterative process, going
through these stages. This work summarizes the outcomes of all the stages, not in

a chronological, but logical order.

Research Clarification

First, we review literature about model-based systems engineering, concurrent en-
gineering, conceptual design, concurrent design and related topics. The outcome of

this stage is contained in chapter 2.

11
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Descriptive Study I

To understand the actual use of Concurrent Design in space industry, we conducted a
structured survey among subject matter experts. The insights gained into the actual
practice include what experts see as benefits and challenges, and future perspectives.
The analysis of the survey results can be found in chapter 4, and parts of it were

published in [Knoll et al., 2018a].

Prescriptive Study

Based on the information gathered from literature, we formulate a generic methodol-
ogy for concurrent conceptual design, including a guideline for the conceptual design
process (see chapter 5). We developed a support embodying the methodology in the
form of a collaboration software (see chapter 6).

Early versions of the methodology and the tool appeared in [Knoll and Golkar,
2018|.

Descriptive Study 11

The methodology, and in particular the process guideline were verified through semi-
structured interviews with subject matter experts (see chapter 7).

We tested the methodology and tool on nine conceptual design studies of space
systems, all of which are described in chapter 8.

Additionally, we describe the adoption of our approach to a new field, model-
based technology roadmapping. This application of our methodology is illustrated
with a case study in an industrial setting (see chapter 9). The basic concepts of this

were already discussed in [Knoll et al., 2018b].

12
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1.5 Thesis Structure

The topic of the thesis, model-based processes and tools for concurrent conceptual
design of space missions, develops over the following chapters. The diagram in

Figure 1-6 illustrates the flow of information through the structure of the thesis.
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Figure 1-6: Thesis structure

Chapter 2 - Background At the beginning, we illustrate the context of the work

and summarize the current state of the knowledge on the related topics.

Chapter 3 - Thesis Objectives Then, we identify the gaps to address with our
work and define the objectives of our work. In this chapter, we also describe

the chosen research approach.

Chapter 4 - Expert Survey The survey complements the knowledge about con-
current conceptual design for space systems found in the literature, with the
one from practice. We collected knowledge and experience of subject matter
experts with the help of an online questionnaire and analyzed the results for

the benefits and challenges.

13
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Chapter 5 - A Design Methodology Based on the literature review and the
outcome of our expert survey, we distilled a generic methodology for model-
based co-located conceptual design (MoCoDeM ). This chapter also contains a

formalized process guideline for conducting conceptual design studies.

Chapter 6 - Concurrent Conceptual Design Tool A tool, CEDESK, has been
developed in correspondence with the concurrent conceptual design method-
ology. This chapter provides the specifications, the structure and the features,

in particular, its support of the process proposed as part of the methodology.

Chapter 7 - Expert Interviews We conducted interviews with subject matter
experts, who previously had answered our survey. With the interviewees we
discussed and verified our process guidelines and tool support. This chapter
summarizes the comments on our methodology, as well as additional insights

into the actual practice, which are not covered by literature.

Chapter 8 - Conceptual Design (CD) Studies To test our methodology, we
conducted a set of case studies dealing with the conceptual design of space
missions. In this chapter, we describe each of them in detail and discuss their

respective outcomes.

Chapter 9 - Technology Roadmapping (TRM) Studies Applying our method-
ology to technology roadmapping, comes with model-based systems engineer-
ing and co-located multi-disciplinary teamwork. We explain how this approach
was tested in an industrial setting and we present the benefits and challenges

of it.

Chapter 10 - Conclusion Finally, in the last chapter, we discuss our results ob-
tained in terms of methodology, its validation through expert interviews and
use cases, as well as its limitations. At last, we give an outlook on open paths

for future research.

14



Chapter 2

Background

The aim of this chapter is to provide the necessary background to the method of
Concurrent Conceptual Design. This topic of our work is embedded in the fields of
Model-Based Systems Engineering and Design Research. As a foundation, we look
at systems engineering before going into model-based systems engineering. Then we
look at conceptual design and concurrent and collaborative engineering. The method
of concurrent design is a specific way of applying model-based systems engineering
to the conceptual design. Special emphasis is made on the particular application of
concurrent design to space systems.

Moreover, we describe the Design Structure Matrix method, the paradigm of
Trade Space Exploration, and the technique of Multidisciplinary Design Optimiza-

tion.

2.1 Systems Engineering

Engineers design and produce technical systems to fulfill specific needs. Systems, by
definition, consist of a number of interrelated elements to serve a defined purpose
[Crawley et al., 2015]. The elements of a system themselves can be considered as sys-
tems, or the system can itself be part of a larger entity. The term system-of-interest
indicates that the purpose and hence, the system boundaries are chosen differently
depending on the context. When talking about the development of systems, we

sometimes use the words system and product interchangeably.

15



2.1. Systems Engineering Chapter 2. Background

Definitions

Various standardization bodies and organizations came up with definitions of Sys-

tems Engineering.

According to the standard ANSI/EIA-632, SE is "an interdisciplinary approach
encompassing the entire technical effort to evolve and verify an integrated and life
cycle balanced set of system people, product, and process solutions that satisfy
customer needs. Systems engineering encompasses (a) the technical efforts related
to the development, manufacturing, verification, deployment, operations, support)
disposal of, and user training for, system products and processes; (b) the definition
and management of the system configuration; (c) the translation of the system
definition into work breakdown structures; and (d) development of information for

management decision making." [ANSI/EIA, 2003|

And according to ISO/TEC Standard 15288, SE is an "interdisciplinary approach
governing the total technical and managerial effort required to transform a set of
customer needs, expectations, and constraints into a solution and to support that
solution throughout its life" [I[SO Central Secretary, 2015al. It "includes the defi-
nition of technical performance measures; the integration of engineering specialties
toward the establishment of an architecture; and the definition of supporting life cy-
cle processes that balance cost, performance, and schedule objectives" [ISO Central

Secretary, 2017, p. 460].

The handbook of International Council of Systems Engineering (INCOSE) de-
fines SE as "an interdisciplinary approach and means to enable the realization of
successful systems. It focuses on defining customer needs and required functional-
ity early in the development cycle, documenting requirements, and then proceeding
with design synthesis and system validation while considering the complete problem:
operations, cost and schedule, performance, training and support, test, manufactur-
ing, and disposal. SE considers both the business and the technical needs of all
customers with the goal of providing a quality product that meets the user needs."

[Haskins et al., 2011]

Common themes in all these definitions are:

16



Chapter 2. Background 2.1. Systems Engineering

e need oriented - making sure the developed system fulfills its purpose.
e encompassing full life cycle - considering the system from inception to disposal.

e inter-disciplinary - systems engineering bridges between specialized engineer-

ing disciplines.

Often Systems Engineering is considered to be complementary to Project Man-
agement (PM). While PM is concerned with the organizational aspects of a product

development project, SE is more focused on the technical aspects.

Product Life Cycle

Commonly, the life span of a product is subdivided into a set of subsequent stages.
The ISO standard 15288 describes a generic life cycle that any product undergoes
in a set of 6 stages [ISO Central Secretary, 2015a|. These stages indicate periods of
the product’s lifetime. Forsberg et al. [2005] visualized life cycle models of different
organizations. As it can be seen in Figure 2-1, NASA and similarly other space
agencies, use a slightly longer and structured formulation phase than the concept
stage in the ISO model. The figure also shows decision gates along the product life-
time. These are moments where intermediate project deliverables are reviewed, and
decisions about the continuation, halting, or canceling of the product development

are taken.

Concept Stage This stage serves to clarify the user and stakeholder needs, require-
ments and constraints. Based on those, technical feasibility and technology
readiness is assessed. Iterations are made to assure needs do not exceed fea-
sibility. Alternative concepts to best meet the stakeholder needs are defined

and assessed. More details on conceptual design are described in section 2.4.

Development Stage The design of the system is elaborated to such details that it
meets the requirements. Keeping the customer involved in this stage assures

that the design meets the actual needs.

Production Stage In this stage, the product is manufactured, assembled and

tested. The testing is done against the specification and requirements.

17
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Figure 2-1: Product Lifecycle Models. Adapted from Forsberg et al. {2005, p. 87|.

Utilization Stage The period of time when the system is used and serves its initial

purpose to the users and stakeholders.

Support Stage To keep a system operational, typically service and maintenance
operations are needed. Within this time frame the the system can degrade or
lose its capability or show better endurance than expected, which can influence

the decision about anticipated or postponed disposal.

Retirement Stage In this stage, the system is removed from operation in accor-

dance with requirements and regulations.

It is common that some stages overlap in time, in particular utilization and sup-
port. The concurrent engineering approach aims to increase the amount of parallel
work in order to reduce the total duration of product development. More on that
in section 2.6.

According to the Defense Acquisition University, at the completion of the con-
cept stage, 75 % of the total cost is already committed [Walden et al., 2015, fig.
2.4]. Hence, the concept stage must consider all subsequent stages and entails the
most fundamental decisions, which have a strong impact on the rest of the life cycle.
This makes the conceptual stage particularly worthy of research, to increase under-
standing of conceptual design and improve its efficacy. Also our work is focusing on

the conceptual design stage.
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Processes

The development of a system is achieved through a number of technical processes,

each of which appears in one or more of the lifecycle stages.

"Technical processes are used to define requirements for a system, to
transform the requirements into an effective product, to permit consis-
tent reproduction, of the product where necessary, to use the product
to provide the required services, to sustain the provision of this services
and to dispose the product when it is retired from service."[ISO Central

Secretary, 2015a, sec. 6.4]

The two main goals of the conceptual design stage are the elicitation of stake-
holder needs and the formulation of system requirements.

The documented outcome of Systems Engineering processes are intermediate ar-
tifacts. The next section describes the ongoing transition of using textual documents

to models under the term Model-Based Systems Engineering [INCOSE, 2007].

2.2 Model-Based System Engineering

Traditionally systems engineering relies on documents as primary artifacts, such as
requirements documents, interface definition documents, etc. Fundamental draw-
backs of documents, is that the content is mainly natural language, which can easily
be ambiguous, as well as inconsistencies within a document or among separate doc-
uments. In contrary, models can be used to describe a system to be developed that
allow for automation, in particular automatic consistency checking [INCOSE, 2007|.

Model-Based Systems Engineering (MBSE) is defined as "the formalized appli-
cation of modeling to support system requirements, design, analysis, verification,
and validation activities beginning in the conceptual design phase and continuing
throughout development and later life cycle phases." [Haskins et al., 2011]. Applying
MBSE to a product development process requires a modeling method, a modeling

language and tools.
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Models

Models are commonly used to describe certain aspects of a system and its environ-
ment. Every model has an explicitly or implicitly defined scope. Depending on the
scope and the required accuracy of the representation, different types of models are
used. For conceptual modeling of systems, two types are generally used: descriptive
and analytic models.

The primary purpose of descriptive models is communication and documentation.
Graphical languages (such as SysML, OPD, IDEF0) have proven very useful for this
purpose. More on languages in the next section.

On the contrary, analytic models are used for obtaining insights. Parametric
models are used a lot in conceptual design to estimate the values for key system char-
acteristics. For spacecraft, these key figures are typically: mass, power consumption,
data rate [Di Domizio and Gaudenzi, 2008]. Mathematically, these mappings from
input to output parameters are transfer functions

These models rely on mathematical formulas reflecting the behavior of a system
or an element of it. Analytic models of high accuracy are built on basic physical
laws of nature. Less accurate models use some approximations of real phenomena.
Examples are surrogate models or response surfaces derived from experiments. Ad-
ditionally, such models are used to approximate the results high-fidelity simulations,
which are very expensive to run.

The exchange of models is essential to allow for collaboration between different
engineering disciplines as well as between organizations. In a common effort of
European space organizations, a number of standards (ECSS) have been defined to
ensure interoperability [Braukhane, 2015]. Moreover, the attempt to adopt SysML
for MBSE in ESA, led to the creation of a specific profile and a set of guidelines,
forming the SysML Toolbox [Alvarez et al., 2018|.

Languages

Each of the methods mentioned above relies on certain modeling language to de-
note the model. "The Object-Oriented Systems Engineering Method (OOSEM)
integrates a top-down, model-based approach that can be used with ... SysML to
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support the specification, analysis, design, and verification of systems" [Frieden-
thal et al., 2014|. The System Modeling Language (SysML) [Object Management
Group, 2015] was developed based on UML [Object Management Group, 2005,
which was successfully applied in software engineering. The conceptual framework
behind SysML forsees that the model of a system consists of a set of diagrams
reflecting different viewpoints. There are 9 different diagram types to describe re-
quirements, structure and behavior. Models denoted in SysML do not support
simulation and analytics [Friedenthal et al., 2014]. This shortcoming is currently

being addressed, by the elaboration of the next standard, SysML 2.0.

Methods

A modeling method describes which design activities to perform, what engineering
artifacts to produce and how they are denoted. Several methods have been proposed,
such as OOSEM by INCOSE and OMG [Walden et al., 2015], MBSE Methodology
by Vitech [Long, 2010|, Harmony by Rational [Hoffmann, 2011], Arcadia by Thales
|[Roques, 2018] and OPM by Dori [Dori, 2011].

OOSEM, Harmony, and Vitech MBSE rely on SysML or a subset of it as a lan-
guage and describe procedures for building a model. Common among these meth-
ods are the following major activities, sometimes referred to with slightly different

names.

Need Analysis Identify the customer needs.
Requirement Analysis Derive the required system functionality.
Functional Analysis Identify the associated system states and modes.

Architecture Design Allocate the system functionality to a physical architecture.

These include, or are complemented by, verification activities to ensure the model
is consistent in itself and the customer needs. The conceptual framework behind
SysML foresees that the model of a system consists of a set of diagrams reflecting
different viewpoints.

All methods claim to be tool- and vendor-neutral, but provide a reference tool.
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Tools

For some of the above-mentioned methods, there are software tools that incorporate
the method. For example, Vitech Core! reflects Vitech MBSE methodolgy, Har-
mony is supported by Rational Rhapsody?, and Arcadia is implemented in Polarsys
Capella?.

Different software vendors are offering tools for the creation of models, manag-
ing versions of models, and collaboration on models. Other tools allow to connect
descriptive models and analytic models made with different software, for example
ModelCenter MBSE*, or Cameo Simulation Toolkit®. Nonetheless, interoperability
is still a stumbling block for tight collaboration |Ferreira, 2012|. Any real-world en-
gineering project requires the collaboration of multiple engineers. In the past, trans-
ferring work from one engineering team to another meant moving paper documents.
With the increasing digitalization, paper documents were replaced by digital files.
Today’s technology allows to share digital artifacts and have different engineering
teams working on them simultaneously, and engineering practice has incorporated

the vision of collaborative engineering.

2.3 Modeling Engineering Processes

The modeling of processes commonly has the goal to make them repeatable and
guarantee identical outcome. This applies in general and in particular also to engi-
neering processes. But the process of designing and developing a system also differs,
as it is expected to produce new solutions to any specific problem at hand [Brown-
ing et al., 2006]. Still, a process model codifies knowledge about the organization of
work.

In practice, a strong connection exists between the artifacts produced during

engineering design and the process model. Eckert et al. [2017] reviewed a variety

"http://www.vitechcorp.com/products/core.shtml

’https://www.ibm.com/us-en/marketplace/systems-design-rhapsody

Shttps://www.polarsys.org/capella/

“https://www.phoenix-int.com/product/mbse/

Shttps://www.nomagic.com/product-addons/magicdraw-addons/
cameo-simulation-toolkit
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of different methods for integration of process and product models in engineering
design. The result is a unifying terminology and conceptual framework of model
integration. According to the authors, so far, all integration method are mainly
theoretical and did not make it into practice, as none of them addresses all the
required aspects.

Process models can either be descriptive, documenting the actual situation, or
prescriptive, defining as it should be [Browning et al., 2006]. Process models differ
depending on the purpose of the model [Heisig et al., 2010, ch. 1| Various modeling
approaches have been proposed, and they differ in the aspects of processes that are
covered, the methods for representation and analysis available, as well as the effort
needed to build the models and the contained detail. Examples are Gantt, PERT,
IDEF, DSM and UML / SysML [O’Donovan et al., 2005]. Gantt charts allow to
represent activities, their dependencies and timing and commonly used in project
management. The PERT / CPM method uses the same information as in Gantt
charts, but also allows to analyze a project plan for its slack time and determine the

tasks which are critical to the timely completion of the process.

IDEF

The IDEF family contains a set of modeling methods for different purposes. In
particular, IDEFO0 for functional modeling can be used to represent design processes

(see Figure 2-2). The design activities (boxes) are connected by flows (arrows) of

Control(s)

Activity

Mechanism(s)

Input(s) Output(s)

Figure 2-2: A task represented in IDEF0 [O’Donovan et al., 2005
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information and resources (inputs) and enabled by people and tools (mechanisms).
The information dependencies determine the precedence of activities but the model
does not specify the timing. A useful feature in IDEF0 diagrams is the hierarchi-
cal structure, which allows to zoom in on a single activity and represent its inner
structure.

We applied this method in our work for the functional analysis of the integrated

process of conceptual design and technology roadmapping.

Design Structure Matrix

The Design Structure Matrix (DSM) is an established and well-known method for
the representation and analysis of dependency structures. Hence, its acronym is
sometimes also decoded as Dependency Structure Matrix. The method was origi-
nally proposed by Steward [1981] as a method for managing the design of complex
systems. DSMs allow to represent networks of elements composing a system. The
DSM is a square N x N matrix, representing the interaction between the N ele-
ments. The system can be products, processes, or organizations for a wide range of
applications [Eppinger and Browning, 2012].

A Process DSM represents a network of activities and their interactions. Activ-

ities can be sequential, parallel, coupled, conditional (see Figure 2-3).

ABCDETFGH
A

Sequential (Dependent)

Parallel (Independent)

Coupled (Interdependent)

Conditional (Contingent)

I O mMmmOO® >

e e

Figure 2-3: Illustration of task dependencies in a process DSM in IR /FAD notation
|[Eppinger and Browning, 2012, p. 134]

For DSMs, two different notations exist, which only differ in the way to read
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them. One contains the input in rows (IR) and the feedback above the diagonal
(FAD). The other shows the inputs in columns (IC) and the feedback below the
diagonal (FBD). The second is similar to read than N? diagrams, where the flow
goes from left to right above the diagonal and from right to left below the diagonal.

A strength of the DSM method is its capability to represent loops of dependen-
cies. Other modeling approaches for networks of activities such as PERT and Gantt
charts, explicitly exclude cycles [Eppinger and Browning, 2012|. The design of a
system unavoidably has to do with the coupling between its elements. This inherent
coupling of elements requires the design process to go in iterations, rather than a
straightforward process. Other causes of process iterations can be changing external
inputs (requirements) or mistakes, etc. Such design iterations can not be avoided,
and the need for redoing design steps is known as the "design churn effect" [Yassine
and Braha, 2003]. But, changing the sequence of design tasks, can help to reduce
the number of repeated design steps [Yassine et al., 2003].

Further in our work, we use the parameter-based DSM, where the activities are
decisions on design parameters. The DSM can be automatically derived from the

parametric system model for visualization and analysis.

None of the known process modeling frameworks are capable of covering the entire
richness of design process [Eckert et al., 2017|. PERT and Gantt charts miss to
represent the nature of the connectivity between activities and hide activity failure
and iteration, which limits the understanding the complexity of design processes
[O’Donovan et al., 2005]. The DSM method allows to model loops and allows for
very efficient automated analysis, but for this same reason, it can not provide a time
line representation. Visual diagrams like IDEF0 and SysML/UML are visual means
for documentation and communication, but miss automated analysis.

Given the broad adoption of SysML, it can be considered the lingua-franca in
the field of Systems Engineering [Walden et al., 2015|. Hence, we use SysML in this
work to describe our design methodology. Specifically, we use block diagrams for
structure, use case diagrams for team roles, and activity diagrams for describing the

design process.
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2.4 Conceptual Design

The development of any product or system starts with a concept stage (see sec-
tion 2.1). Knowing that correcting design flaws becomes very costly in later phases
of the product lifecycle [Walden et al., 2015, fig. 2.4], special attention is given to

the conceptual design.

According to Pahl et al. [2007, p. 159] "Conceptual design is the part of the
design process where ... the basic solution path is laid down through the elaboration

of a solution principle."

The INCOSE handbook lists the following activities in conceptual stage: de-
fine problems space; exploratory research & concept selection; characterize solution
space; identify stakeholders’ needs; explore ideas and technologies; refine stakehold-
ers’ needs; explore feasible concepts; propose viable solutions [Walden et al., 2015,
p.28].

For the concept selection, a number of methods have been proposed [Okudan and
Shirwaiker, 2008]. The major difficulties are ambiguity in the stakeholder needs and
uncertainty about implementation details. According to Okudan and Shirwaiker
[2008], concept selection methods can be classified into six categories based on the
underlying methods: decision matrices, analytical hierarchical process, uncertainty
modeling, decision theory, optimization, heuristics. The selection methods distin-
guish also in their capabilities and the number of concepts it can reasonably handle.
Most widely adopted in the space sector are concept selection methods that rely on
quantifiable characteristics (Figure of Merit), such as performance, cost, develop-

ment time, and risk.

According to Horvath [2006], conceptual design requires both knowledge and
creativity, which is hard to formalize and even less to automate. Software tools
can only support the human designers, by facilitating interaction with knowledge
expressed in models. Models can represent geometry or behavior at different levels of
complexity. A common kind of model used during conceptual are parametric sizing
models. According to Srinivasan and Chakrabarti [2007], basic physical laws and

effects are fundamental for conceptual models. Physics-based, first principle models
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are by nature parametric. Fortin et al. [2017| show that in conceptual design systems
are primarily described by their behavior. The behavior reflects the function of the
system, while leaving the form mostly unspecified.

The conceptual design of space systems, require the participation of multiple
disciplines, including engineers focused on particular elements as well as specialists of
later life cycle phases, such as manufacturing and operation. In order to shorten the
duration of conceptual design studies, space agencies have adopted the concurrent

engineering approach [Bandecchi et al., 1999].

2.5 'Tradespace Exploration

While designing a system, engineers often need to take into account multiple ob-
jectives. A Figure of Merit (FOM) is the quantitative evaluation of an objective.
Commonly, these objectives are in tension, meaning that one can not be improved
without compromising another. For example performance should be maximized and
cost minimized. Solutions with better performance generally come at a higher cost.

Engineering a system also requires to choose between options. To make the
trade-off between different options the resulting system characteristics need to be
evaluated. The set of possible designs spanned by all possible design options is called
tradespace. Tradespaces are often visualized as data points on a two-dimensional
plane. The tradespace exploration method is summarized in [Ross and Hastings,
2005]. An important concept in tradespace exploration, is pareto-optimality. A
system is pareto-optimal, if it is best according to one figure of merit, while simul-
taneously not being worse on all the other figures of merit. Figure 2-4 shows the
example of a tradespace comparing Graphical Processing Units based on the figures
of merit processing power (GFLOP) and price (USD), where the line connects the
Pareto-optimal products.

In the case of more than two objectives, the trade space is hard to visualize.
Multi-attribute trade space exploration is a way to guide the selection of design
solutions that satisfy multiple criteria based on stakeholder preferences [Ross and

Hastings, 2005].
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Tradespace: ProcessingPower vs. ReleasePriceUSD
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Figure 2-4: Example tradespace comparing GPUs based on processing power and
price.

The method consists of the following steps:

1. Description of the system by mathematical functions mapping design param-

eters to figures of merit.
2. Full or partial enumeration of possible design solutions.
3. Evaluation of each design variant’s figures of merit.

There are commonly two ways to enumerate the possible design options: 1) on
a morphological matrix, 2) composition rules. Morphological matrices contain for
each design option or parameter a set of possible values. They are simple, but
in the design of complex systems, not any combination of design options results
in a feasible design. This makes the evaluation of all combinations unnecessarily
costly. Therefore, it is more efficient to define rules for composing a feasible design.
An example is given by Shougarian [2017| describing a method to generate feasible

airplane architectures from a model library and composition rules.
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Once all design solutions are evaluated, it allows to compare different designs

and in particular, identify the pareto-optimal solutions [Ross et al., 2004].

2.6 Concurrent Engineering

Concurrent Engineering (CE) is a management approach for complex Systems Engi-
neering. One of the first descriptions is given in a report by the Institute of Defense
Analyses as a desirable management approach for defense acquisition projects to
ensure meeting user need while avoiding cost explosion [Winner et al., 1988|. That
report compiled the experiences of successful implementation of concurrent engi-

neering in over 10 major technology companies.

Definition

"Concurrent engineering is a systematic approach to the integrated, con-
current design of products and their related processes, including manu-
facture and support. This approach is intended to cause the developers,
from the outset, to consider all elements of the product life cycle from
conception through disposal, including quality, cost, schedule, and user

requirements." [Winner et al., 1988|

CE also made large impact in the automotive, electronics and computer industry
in particular by supporting integrated product development spanning over different
disciplines and lifecycle phases. An extensive description of CE as an integrated
approach to product development was given by Prasad in two books on integrated
product and process organization, integrated product development [Prasad, 1995,
1996].

A particular merit of CE was to bridge the gap between the fields of design and
manufacturing [Borsato and Peruzzini, 2015|. Teams or organizations had more and
more specialized in one or the other, and projects moving from design phase and
implementation phase suffered from information loss. CE enables not only to pass
on the design intentions more effectively, but also to feed back information to the

design about manufacturability or even results from tests.
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In a methodological analysis of CE, 7 enabling principles have been identified

[Prasad, 1999]:

Principle 1: Parallel work group Multifunctional teams are working in parallel,
each working on the product from its own perspective. This allows also the

early involvement of suppliers into the product development.

Principle 2: Parallel product decomposition Decomposition is applied to han-

dle complexity, and reveals dependencies among parts.

Principle 3: Concurrent resource scheduling Tasks that have been identified
to be independent, can be accomplished in parallel. Tasks that show depen-

dency require sequential work.

Principle 4: Concurrent processing The execution requires optimal routing and

queuing of activities balancing workload and lead to a quality end.

Principle 5: Minimize interfaces Re-configuring the product shall allow to re-

duce interfaces.

Principle 6: Transparent communication A common understanding by all team
members of terms and their meanings shall help to resolve conflicts and build

consensus.

Principle 7: Quick processing Each of the decomposed activities is able to com-
plete processing in short time, and information systems support friction-less

exchange between teams.

Different fields of engineering have adopted the main concepts of CE differently.
Table 2.1 shows how Concurrent Engineering (CE) is applied differently in various
fields.

The use of CE approach to the conceptual design phase also entered into indus-
tries beyond space and defense, and attempts were made to integrate it with Mul-
tidisciplinary Design Optimization (MDO) approach |[Reysset et al., 2015, Safavi
et al., 2016].
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Application Activities Phase Parallelism

Automotive industry overlap of | Phase 1+ | parallel work
detailed  de-
sign and
manufacturing

Defense agencies Acquisition Phase 0/1 | parallel work
management

Aerospace agencies conceptual de- | Phase 0 parallel work
sign, feasibil- + co-location
ity studies

Technology Roadmapping | conceptual Phase -1 | parallel work
design and + co-location
tradespace
exploration

Table 2.1: The meanings of Concurrent Engineering in different contexts

Collaborative Engineering

Related, but not identical to Concurrent Engineering is the concept of Collaborative
Engineering, which, according to Lu et al. [2007], is the application of collaboration
sciences to engineering. The goal is "optimizing engineering processes with objec-
tives for better product quality, shorter lead-time, more competitive cost and higher
customer satisfaction [Wang et al., 2002]. This is made possible through technology
for computer-supported collaboration over local networks and the internet. It has
been widely applied to product design, manufacturing, construction, enterprise-level
collaboration and supply chain management [Borsato and Peruzzini, 2015].

In product design, Germani et al. [2012] identified four collaboration styles:
e Synchronous and co-located (e.g. face-to-face meetings);
e Synchronous and remote (e.g. remote meetings between different sites);

e Asynchronous and co-located (e.g. routine design activity of a team inside the

same company);

e Asynchronous and remote (e.g. routine design activity of a team involving

multiple companies at different geographical locations).
Each of these styles has its specific challenges and requires different tool support.
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Concurrent Conceptual Design, which is the focus of our work, presumes col-
laboration in "synchronous and co-located" style. Although distributed concurrent
design using remote collaboration was proposed [Beco et al., 2008, it did not find
much adoption yet. The cost of collaboration depends on the team size, as well as
on the complexity of the system at hand. Hirschi and Frey [2002] and Grogan and
de Weck [2016] have shown that the time required in collaborative design grows over

linearly in relation to coupling of the design tasks.

Concurrent Conceptual Design

The concurrent design approach as used by space agencies and which we refer our
work to is even more specific. It focuses on the conceptual design phase of the life
cycle, hence the term Concurrent Conceptual Design (CCD).

Note that some authors and organizations use Concurrent Engineering while
implicitly focusing on conceptual design, e.g. |[Romberg et al., 2008, Braukhane
et al., 2015, Gomez et al., 2017|.

2.7 Multi-disciplinary Design Optimization

Conceptual design studies aim for the evaluation of alternative designs including
the potential of infusing new technology. Engineering sees an increasing availability
of numerical models at various levels of accuracy and simulation tools for many,
if not all aspects of technical systems. These models can be used during design,
for analysis and optimization, forming the Multidisciplinary Design Optimization
(MDO) or Multidisciplinary Design Analysis and Optimization (MDAO) approach.
MDO is an integrative method that takes the interconnected subsystem models
and applies system-wide optimization according to a utility function [Bil, 2015].
Such utility function can be performance, cost, other system characteristics or a
combination of them. For cases where the utility measure is unknown, Jilla [2002]
described a way to estimate the customer’s perceived utility from their needs.
There are many different MDO tools available on the market, capable of inte-

grating numerical models of multiple disciplines and their respective tools. Main
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feature of these tools is the efficient computation of the interconnected models and
the optimization of the design with respect to given utility functions (figures of mer-
its). Along with appropriate visualization of results these enable the exploration of
the design space, or trade space. This approach can be automated and allows to
capture a large design space.

Coarse parametric sizing models useful for conceptual design are available for
families of products with a long history of development. E.g. for satellites, see
[Wertz et al., 2011|, for planes see [Raymer, 2012|, for ships see |[Papanikolaou,
2014], and similar standard textbooks for other well-known systems.

For systems without design legacy, it is quite hard to find or make parametric
system models in order to apply multidisciplinary design optimization. Building
an integrated model based on parametric model of subsystems requires that the
interfaces between the subsystems are already defined beforehand. Depending on the
level of detail of the model, straightforward calculation may be impossible, because
they require optimization steps or design iterations. For example, the design of
an airplane’s propulsion system and its air-frame mutually depend on each other,
wherefore the design needs to be re-iterated. This makes it harder to implement

automated trade space exploration.

Comparison of MDO and CCD

Since design automation is not applicable in all cases, it may be worthwhile to
compare different approaches. In Table 2.2 we illustrate the differences of MDO and
the CCD approach.

The most significant difference and choice of CCD is that it explicitly values
human experts and their interaction as a source of creativity. MDO, on the other
hand, because it relies on automation, allows to extensively cover the design space,
up to the validity range of the numeric models.

After all, the two approaches do not fully exclude each other. Depending on the
availability of models which can be evaluated automatically, they are likely to be
included into a concurrent design environment [Reysset et al., 2015, Safavi et al.,

2016].
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Feature MDO CCD References
People
Role model prepa- model prepa-
ration ration, trade-
off discussion
Team offline co-location Austin-Breneman et al. [2012]
Process model-driven  expert-driven  Oberto et al. [2005], Morse
et al. [2006], Avnet [2009], Fer-
reira and Gil [2012]
work sessions asynchronous  synchronized
number of evalu- | high low
ated designs
Integrated Model Schaus et al. [2010, 2011],
Daniele Gianni et al. [2014],
ECSS [2010]
model preparation | beforehand beforehand,
during design
model use automated human oper-
ated
Tools Meenakshi et al. [2013], Fis-
cher et al. [2017a], Hepperle
[2012], Ferreira and Grogan
[2010], Di Domizio and Gau-
denzi [2008]
data and workflow | needed needed
mgmt
visualization optional needed
Infrastructure Romberg et al.  [2008],
Braukhane and  Quantius
[2011], Golkar [2016]
collaborative virtual physical
workspace

Table 2.2: Comparison of MDO and CD

2.8 Concurrent Conceptual Design of Space Mis-

sions

The use of the concurrent engineering approach in the conceptual design phase had
its origins in the NASA JPL - Team X |[Kane Casani and Metzger, 1995]. Today
Team X defines itself as "a cross-functional multidisciplinary team of engineers that
utilizes concurrent engineering methodologies to complete rapid design, analysis and
evaluation of mission concept designs" [Caltech, 2015]. Many other organizations

have established their own concurrent design facilities. Here a few examples from
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space agencies, companies and universities:

e NASA Goddard Space Flight Center has the Integrated Mission Design Center
(IMDC) [Karpati et al., 2003].

e At NASA Glenn Research Center there is Concurrent Mission and Systems
Design (COMPASS) [McGuire et al., 2011].

e At ESA/ESTEC they have the Concurrent Design Facility (CDF) [Bandecchi
et al., 2000].

e DLR has the Concurrent Engineering Facility (CEF) [Romberg et al., 2008].

e At CNES there is CIC, which stands for Centre d’ Ingénierie Concourante
[Bousquet et al., 2005].

e At the Aerospace Corporation they have the Concurrent Design Center (CDC)
[Aguilar et al., 1998].

e The Technical University of Lisbon established the Student Concurrent Design

Environment [Silveira, 2009].

e At Skoltech we have the Concurrent Engineering Design Laboratory [Golkar,
2016.

At JPL, the approach has developed further to also allow architecture studies in
the Innovation Foundry A-Team [Ziemer et al., 2013|. Appendix A reports all 44
concurrent design facilities that we know of.

At the ESA CDF, Concurrent Design is defined as "a systematic approach to
integrated product development that emphasizes the response to customer expecta-
tions. 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." [Bandecchi et al., 2000] To make sure the design
process is reaching its goal the decision making also requires moderation and lead-
ership [Hatamura, 2006]. Indeed Gomez et al. [2017] characterizes CD as "working
within a guided process, the concurrent access of all experts to a shared database,

and the direct verbal and medial communication between all subsystem experts".
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This approach has gained popularity since it can help to reduce the time and
cost for the conceptual design phase. Di Domizio and Gaudenzi [2008] have found
reduction from 6-9 months down to 3-6 weeks, and Karpati et al. [2003] reports a
reduction from over 3 months to less than a week. Concurrent engineering leverages
multidisciplinary teams of experts collaboratively working on a systems design. The
team of experts is usually co-located in a shared work space, it is supported by
appropriate discipline-specific design tools and a data exchange tool. The team
follows a coordinated process to produce a consolidated system design |[Braukhane
and Quantius, 2011, Braukhane, 2015]. Feasibility studies as they are done in the
aerospace industry use concurrent design in order to develop system architectures
and evaluate possible design alternatives given available technology |Ferreira, 2012].
For the case, when all involved disciplines have models, which can be automatically
evaluated, there is a method proposed by Morse et al. [2006] to improve the outcome
of concurrent design studies with sensitivity analysis in order to understand the trade

space around point designs.

The way space agencies do concurrent conceptual design, they apply all 7 con-
currency principles (namely parallel work group, parallel product decomposition,
concurrent resource scheduling, parallel processing, minimize interfaces, transpar-
ent communication, and quick processing) as describe in Prasad [1999], but instead
of virtual teams they bring people together in a designated design facility. This is

to leverage effective direct human communication for design trade-offs.

A survey on the current practice has revealed that the duration of mission fea-
sibility studies is typically around 9 working days [Knoll et al., 2018al. People with
expertise in different fields are put together in a collaborative work space to design
in parallel and closely coordinate to effectively achieve cohesive and feasible prod-
uct or system designs. It relies on the following five key elements: a process, a
multidisciplinary team, an integrated design model, an infrastructure and a facility
[Bandecchi et al., 2000]. Since "infrastructure" and "facility" might be mistakenly
interchanged, we prefer to replace "infrastructure" with tools, meaning in particular
software, whereas hardware is meant to be part of the "facility". A corresponding

definition is found in Karpati et al. [2003] (see Figure 1-3).
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2.8.1 Team

The team is formed, based on the expertise required to design subsystems that ful-
fill functions in the system. This presumes a preliminary analysis of the required
system functions and decomposition into sub-functions. These get assigned to dif-
ferent experts on the team, while a systems engineer leads the team through the
design process and coordinates the teamwork [Wall et al., 1999, Bandecchi et al.,
2000, Braukhane and Quantius, 2011]. According to these authors, people are the
most vital element of concurrent design. Their expertise, capability of engineering
judgment and negotiation bring the real benefit to this method. The involved en-
gineers need to have experience in designing subsystems of a spacecraft. To give
a valid contribution to the conceptual design process, the experts are expected 1)
to be capable of making quick estimates for the sizing of the subsystem or build
conceptual models of their respective subsystem or aspect, 2) to be able to explain
design rationals and discuss design trade-offs, in order to work productively in a

collaborative setting [Braukhane and Bieler, 2014].

Companies and agencies use matrix organization, where people reside in discipline-
specific departments, and projects like a mission design study draw the personnel
from across these departments. Bandecchi et al. [2000] for example reports the fol-
lowing disciplines to be commonly involved: Configuration, Structure, Simulation,
ADCS, Propulsion, Mission Analysis, Ground Systems and Operations, Communi-
cations, OBDH, Power Systems, Thermal Systems, Instruments, Mechanisms, Pro-
grammatics, Risk, Cost. Similar team compositions are reported by Bousquet et al.

[2005], Braukhane and Quantius [2011], Iwata et al. [2015].

Another important aspect to conduct effective CCD studies, is the involvement
of the customer of the mission study. Hence, there is a permanent customer rep-
resentative part of the team ready to respond to clarification questions and [Iwata

et al., 2015, Gomez et al., 2017|.
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2.8.2 Model

The model used in CCD represents the system of interest encompassing the struc-
ture, configuration and design parameters. For the sizing of a system and its subsys-
tems, it is common to use parametric models. Subsystem models can encapsulate
analytic or behavioral models, but appear to the system simply as a mapping of
input to output parameters. On of the first descriptions of a comprehensive data
model for the case of a satellite system design is given in [Di Domizio and Gaudenzi,
2008]. In essence, it is a set of parameters for each subsystem, design inputs and

sizing outputs. Figure 2-5 shows the respective data model in a UML class diagram.
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Figure 2-5: Essential data model for CCD [Schaus et al., 2013|

This structured approach allows to properly represent the dependencies between
the sizing models, which were primarily calculation spreadsheets [Bousquet et al.,
2005]. While being easy-to-use by the single discipline expert, technically it is very
hard to keep a set of linked spreadsheets consistent without a centralized data storage
and managed access control. It requires an infrastructure to maintain a shared
system model and to allow different discipline experts interacting with it.

European space agencies and companies have elaborated a technical memoran-
dum, which contains a unique data model for CCD studies. The quasi-standard
ECSS-E-TM-10-25A [ECSS, 2010] is vendor-independent and should guarantee in-
teroperability between different tools, such as generic and domain specific design

software used by engineers of various disciplines. The standard covers the data for-
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mat for storing the system breakdown structure, and for each element parameters
and other attributes. It also allows to store variants of the system, as different de-
sign options are developed throughout a study. Moreover, the standard defines a
web-based Application Programming Interface (API) access the shared data model,
to allow tools (clients) to interact with a centralized model storage (server).

An important aspect of parametric models is the semantic consistency in terms
of unambiguous interpretation of data by the use of standards such as the "Quanti-
ties, Units, Dimensions and Values" (QUDV) in [Object Management Group, 2010,
Annex C5|. Based on the QUDV standard, automatic unit conversion can be real-
ized, for example, values in meters to feet, given their specified relationship [Schaus
et al., 2013].

A similar approach was taken by NASA, but the data model builds on top of
SysML [Wagner et al., 2012, Karban et al., 2016]. This way not only structured
parametric models can be represented, but also behavioral models. Moreover, it
allows to have a single model, and different disciplines use their viewpoint to interact
with the model [Delp et al., 2013, Kulkarni et al., 2016].

Researchers at the German Space agency (DLR) developed a conceptual data
model that covers the information needs not only of the conceptual design phase

but also of later life cycle phases [Fischer et al., 2017b,a].

2.8.3 Tools

Data exchange tools implementing such a standard enable collaboration among dis-
ciplines, and at best interact with domain-specific models or tools. This architecture
is shown in Figure 2-6, adapted from [Bandecchi et al., 2000].

The architecture shown in Figure 2-6 has been implemented for ESA in the
OCDT [ESA, 2014], which use is limited to ESA member states. The public version
of it is Concurrent Design Platform (CDP) [Fijneman and Matthyssen, 2010], which
is now open source. These two tools implement the ECSS-E-TM-10-25A [ECSS,
2010).

For a similar purpose the German Aerospace Agency (DLR) developed Virtual
Satellite (VirSat) [Schaus et al., 2010|, and the Jet Propulsion Laboratory, Califor-
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Figure 2-6: A central data exchange connecting all domain models. Adapted from
Bandecchi et al. [2000].

nia Institute of Technology, United States of America (JPL) developed OpenMBEE
[NASA JPL, 2016]. But not only agencies are commissioning or building tools in-
house, also start-up companies are offering collaborative tools for parametric con-
ceptual design. Valispace is one of them [Valispace, 2017]. See Table C.1 in the
appendix for a comparison of commonly used tools for conceptual design studies in

space agencies.

The tools made for parametric conceptual design are focusing on enabling a
team to collaborate on a model, by regulating concurrent modifications and assuring
consistency. They do not enforce any specific way of building a tool, nor do they
provide guidance for the user. Still, they are based on certain assumptions about
the process. Some tools require the user to follow the logic of "load, edit, save"
or "checkout, modify, check-in", and regulates this way concurrent modifications.
VirSat as a desktop application, for example, is explicitly based on the source code
versioning system Subversion (SVN). Other tools apply and propagate changes in
real time, without explicit load and save operations by the user. Valispace as a web
application, for example, automatically updates and notifies other team members of

changes affecting their calculations.

Tools for concurrent conceptual design are required to be flexible to accommodate
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many different models and kinds of missions [Karpati et al., 2003]. More recent work
of Karpati et al. [2011] described the collaboration support in terms of information
flow among team members. Avnet [2016] has found that the system model and the
coordination are related to a team’s shared mental model. But, no direct relationship

was revealed between the system model and the coordination.

Research Gap

Regarding the interplay of tools and the CCD process, all that has been found is
reported above. This represents an opportunity for more research to be done. Based
on common patterns of CCD processes, a tool can provide more specific support for

it, in terms of collaboration as well as coordination.

2.8.4 Process

The process of preliminary design studies for space missions has, according to Ban-
decchi et al. [2000], as principal inputs mission requirements and constraints as well
as study requirements, and produces study results (S/C Design, S/C Configuration,
Launcher, Risk, Cost, etc.). After preparation, the study is performed in so-called
design sessions. In these design sessions, the participating design experts join in
collocated collaborative work, to discuss and evaluate design options and communi-
cate design decisions. According to the size and complexity of the project and the
availability of the required experts the sessions are scheduled over the duration of
one or more weeks [Braukhane and Quantius, 2011]. In between the design sessions
the discipline experts also work on their respective part of the project, in order to
post-process or prepare for design sessions.

An example of how the work schedule looks like in DLR is shown in Figure 2-7.
A driving factor in packing the study into one week is the availability of experts
[Braukhane and Quantius, 2011|. More precisely, many domain experts do not
reside in Bremen, where the facility is located, and need to take business trips for
participating in a study. Hence, to save costs the amount and duration of business
trips is kept minimal. The downsides of the condensed study period are that it limits

the use of time-consuming analyses with discipline-specific tools and less options at
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Figure 2-7: Example of a schedule used in DLR [Braukhane and Quantius, 2011].

system level can be studied. Braukhane and Quantius [2011] also point out the need
for appropriate tutorials to get new people on-board as quickly as possible. Karpati

et al. [2003] reports a very similar schedule of compact studies with 4 days of design

sessions.

The process of concurrent design is often referred to follow a spiral-like approach
[Bandecchi et al., 2000, Karpati et al., 2003, Braukhane and Quantius, 2011]. The
reason is the iterations revising the different aspects of the system (see Figure 2-8).

At the beginning the design starts from very coarse estimates to more and more
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Figure 2-8: Concurrent Design - Spiral Process [ESA ESTEC, 2019|.

Iwata et al. [2015] in a review of concurrent design practice among several US

and UK CDFs, does not report any details about the process.
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What we find documented is the general principle of periodically holding roll-calls
during the concurrent design sessions. There, each discipline needs to report key
engineering parameters to allow effective dissemination of information and design

issues to all team, including the client [Karpati et al., 2003].

In a first approach, the concurrent design process was tried to be organized in
three subsequent iterations. The first finishes with a "straw man", the second with
a "baseline" and the last, with a "final convergent baseline". This process model
demonstrated be applicable only to a few kinds of studies. Consequently, Karpati
et al. [2003] describes a distinction into 4 types of concurrent design studies: 1)
Proposal effort in response to a NASA Announcement of Opportunity (AO), 2) Early
mission formulation a) Validate feasibility b) Explore and trade multiple options, 3)
Advanced concepts for future missions, and 4) Special studies or system architecture
trades. Similarly, at COMPASS, they distinguish 3 types of studies: Feasibility
study (2 weeks), Design and Exploration of Trades (1 month), Conceptual Design
Study (6 months) [McGuire et al., 2011].

Besides the working schedule, we are interested in how the concurrent design

process is structured.

In McGuire et al. [2011], we found a high-level schema of the process, covering
the entire study. The respective flow diagram is shown in Figure 2-9. The four
major activities "establishing", "pre work", "design study with concurrent team",
and "post work", also contain some more detail. Note, that the diagram shows the

design iterations.

Other work has been done to provide templates and process diagrams in the
form of SysML diagrams [Infeld et al., 2018]. This MBSE template can be used
during concurrent design sessions to guide the process as well as the artifacts to be

produced.

An overview on the processes documented in literature is shown in Table 2.3.
From this summary, it can be seen that the authors roughly agree on the phases
of the CD process. But beyond that, the descriptions differ or lack of details with

respect to the schedule.
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Organ- Reference Phases Schedule Design Activ- Note
ization ities
Aerospace  Aguilar et al. study planning, concurrent design
Corp. [1998] session, wrap-up activities
ESA Bandecchi et al. preparation phase, design phase

[2000]
DLR Braukhane and Initiation, Preparation, Study, One-week

Romberg [2011]  Processing schedule
DLR Romberg et al. preparation phase, study phase,

[2012] post-processing
DLR Gomez et al. Initiation, Preparation, Study and

[2017] Processing
NASA Karpati et al. Preparation phase, Execution Multi-week "... need for design iterations."
GSFC [2003] phase schedule
NAS JPL Morse et al. Pre-Sessions, Sessions, Post-

[2006] Sessions, Report
NASA McGuire et al. Establish the Study Definition, Multi-week 3 phases con- "... design process is iterative."
GRC [2011] Pre Work, Design Study with schedule taining 14 sub-

Concurrent Team, Post Work activities
NASA Infeld et al. Study initiation, Preparation, Pre 4 phases con- SysML diagrams, considering
GSFC [2018] work, Session taining 28 activ- multiple design options
ities

NASA, Iwata et al cross-organizational CDF compar-
Aerospace  [2015] ison, Budget Flow-Charts
Corp.,
RAL

Table 2.3: Summary of CD processes
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Figure 2-9: Concurrent Design - Team Process [McGuire et al., 2011]

Research Gap

The most detailed models by McGuire et al. [2011], Infeld et al. [2018] describe
the process schematically at a high level. These models do not give detail on the

structure of the design iterations and how they are performed.

2.8.5 Facility

Concurrent design facilities (CDF's) are established within organizations that want
to carry out concurrent design studies regularly. The facility is staffed with person-
nel for coordinating the activities and maintaining the infrastructure. The study
coordinators are usually part of the facility’s permanent staff.

In terms of structure and equipment, many facilities are also similar. For the
ESA CDF see Bandecchi et al. [2000], for the German DLR’s facility see Romberg
et al. [2008], for Skoltech’s CEDL see Golkar [2016]. As an example, Figure 2-10
shows the desk arrangement and their allocation to discipline experts in the CDF
at DLR.

A CDF hosts concurrent design studies, and provides the location for people to
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Figure 2-10: Discipline seat allocation in a CDF |Gomez et al., 2017|

gather for the duration of the studies. All of them have a main design room, and
also have connected meeting rooms for parallel working sessions.

Common equipment of the main design room are:

Shared screens for the presentation of intermediate engineering results. The vi-
sualization is considered to be very important to reach a shared understanding

and enable effective discussions.

Video conferencing allows to connect remote participants into the room. This

includes means for team conversations and the sharing of screens content.

Workstations for the study participants. They consist of desks with a computer,
connected to the network and to the shared screens and videoconferencing
equipment. In most facilities, the workstations have a fixed arrangement and
allocation to specific engineering disciplines. Golkar [2016] describes the poten-
tial benefits and challenges of realizing a facility with flexible desk arrangement

and mobile computers.
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Not to neglect are the social aspects of concurrent design facilities [Braukhane
et al., 2015]. Firstly, the time study participants spend in informal conversations
helps building the relationships which later ease professional collaboration. Appro-
priate space for coffee brakes can facilitate the team building [Braukhane and Bieler,
2014]. Secondly, within organization a facility receives a certain brand, e.g. "a fan-
cy/enjoyable place", which can be due to appealing architecture or latest technology
for visualization, collaboration and videoconferencing. This has a positive influence

on the likeliness of engineers to engage in subsequent concurrent design studies.

2.9 Technology Roadmapping

Technology roadmaps are an increasingly popular tool for strategic management of
technology development and supporting decision-making in Research and Technol-
ogy (R&T) investments. In this context we distinguish R&T from R&D. Where
R&D is more oriented to short/medium term product development, and R&T is
more oriented towards technology maturation for strategic, long-term goals.

Garcia and Bray [1997] writes: "Technology roadmapping provides a way to
identify, evaluate, and select technology alternatives that can be used to satisfy the
need." A similar definition with respect to the needs of science and technology is
given by [Kostoff and Schaller, 2001].

Roadmapping is one step of technology management and can best be described
in this context. The obvious analogy is how conventional maps are used in road
navigation (Figure 2-11) [Knoll et al., 2018b]. Choosing a route first requires to
identify the current position on a map. Secondly, potential destinations are identified
on the map. Thirdly, a desired destination is selected according to individual decision
criteria (as for instance, distance or road tolls), which are combined into a utility
function. In a for-profit corporation, this utility function is generally the expected
return of the planned R&T investment. Only after that, the route to the destination
is defined. Correspondingly, technology management includes these three activities:
1) technology assessment, 2) technology roadmapping, and 3) technology planning
[Knoll et al., 2018b].
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Figure 2-11: Route planning metaphor for technology roadmapping [Knoll et al.,
2018b]

Roadmapping and planning is done upstream to the actual product life-cycle,
and the goal is to screen a large number of possible system architectures and various
technologies to be infused into products [Suh et al., 2010]. Technology roadmapping
deals with the identification of desired targets for the development of new technology.
A technology roadmap is a plan that matches short-term and long-term goals with
specific technology solutions to help meet those goals. It is a plan that applies to a
new product or process, or to an emerging technology. Developing a roadmap has

three major uses:

e it helps reach a consensus about a set of needs and the technologies required

to satisfy those needs,
e it provides a mechanism to help forecast technology developments, and

e it provides a framework to help plan and coordinate technology developments.

There exist different practices to build technology roadmaps. Phaal et al. [2004]
propose a "T-Plan fast-start approach" based on workshops to identify and assess
technology development within a company. Most commonly, technology roadmaps
are formulated and maintained as visual charts depicting projects and milestones
over a time. In fact Moehrle et al. [2013] writes "a technology roadmap is nothing less

than a graphical representation of technologies, often relating objects like products
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or competencies and the connections that have evolved between them in the course

of time."
Figure 2-12 shows a schematic roadmap covering 3 layers: market, product and

technology and a horizontal time axis. Very similar, a generic roadmap from Rinne
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Figure 2-12: A schematic technology roadmap [Phaal et al., 2004]

[2004], where the time line is implicit but the connections between the elements are
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Figure 2-13: A generic roadmap [Rinne, 2004]
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The limitation of such charts is that they do not carry the rationale, and with
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progress and changing conditions they become easily out-dated. For that same rea-
son, these roadmaps are also hard to maintain. Being snapshots of specific moments
in time hinders their effective use over long periods |Rinne, 2004|. This lack of an
explicit connection, between their technology targets and the underlying scientific
and engineering rationale, make target verification and validation difficult [Knoll

et al., 2018b|.

Nevertheless, most organizations see the value of the roadmapping process for
discovery and consensus building, more than as a quantitative tool to support tech-
nology investment decisions and associated targets [Rinne, 2004|. As a result, tech-
nology roadmaps reflect the intuition of experts and judgment of senior executives

[Bray and Garcia, 1997, Garcia and Bray, 1997, Bernal et al., 2009].

Alternatively, roadmapping can rely on analytics and forecasting of the evolution
of performance characteristics over time. When studying the influence of technol-
ogy infusion into products, integrated product models are needed to estimate the
impact on the overall system performance. In a rigorous process, such estimates are
generated with the help of parametric system models. These estimates of poten-
tial system performance are used for planning technology development in order to

support next-generation products [de Weck and Chang, 2003].

An information-based approach to generate roadmaps was proposed and demon-
strated by Gausemeier et al. [2009]. Their approach relies on an innovation database
about technologies for principal functions. User input about a product ideas is then
broken down into principal functions and related information about the technologies

is aggregated as a roadmap.

More recent work, from Arendt et al. [2012] has shown the quantitative tech-
nology assessment using trade space exploration analysis to identifying the Pareto
front of a given technology, and forecasting the evolution under uncertainty. Yuske-
vich et al. [2018] applied two-dimensional Pareto front forecasting using historical
data of technology evolution. In a competitive market, the historical data can also
be used to simulate the strategic decision making. Using the forecasted Pareto
fronts Smirnova et al. [2018] described how to predict strategic options, in terms of

marketable product designs.
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2.10 Summary

This chapter provided the necessary background from the literature. We discussed
the context of our work, namely Systems Engineering and Model-Based Systems
Engineering. Closer to our topic, we described the role of conceptual design in
the product lifecycle, as well as the modeling of engineering processes. Further,
we explored the methods of tradespace exploration and multidisciplinary design
optimization.

We presented an overview of the broad topic of Concurrent Engineering and its
application in different industry sectors. Finally, we gave a more in depth review of
the literature on the use of Concurrent Conceptual Design for feasibility studies of
space missions.

The next chapter sets the objectives for the following parts of the thesis.
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Chapter 3

Thesis Objectives

The introduction gave the context of Model-Based Systems Engineering and its
use in conceptual design of space systems. The previous chapter presented the
background knowledge and state-of-the-art in the literature related to our topic,
Concurrent Design as a specific form of MBSE for the conceptual design phase.
The review of existing research on Concurrent Conceptual Design (see section 2.8)
revealed gaps with respect to tools and processes. In this chapter, we define the

goals and derive the specific questions to be addressed in our research.

3.1 Goals

We acknowledge that engineering in general, and concurrent design in particular,
are very much driven by humans. Basically, the design process is the result of the
interaction between people and their supporting tools. Our work contributes to the
related fields of model-based systems engineering and design research, by addressing
the gaps identified in literature.

The goal of this thesis is three-fold. First of all, we aim to get a better under-
standing of the concurrent design approach and its dynamics. Secondly, we want to
provide support for new teams adopting this approach for the conceptual design of
space mission. Thirdly, we strive to extend the application of this approach to the

field of technology roadmapping.
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Improve understanding

Clearly, the concurrent design approach is not new and a significant amount of
publications exists. But a gap, identified in subsection 2.8.4, is that most of them
originate from single organizations, and no common description of the actual design
process exists. Our intent is to integrate findings in literature and experience from
practitioners, especially from different organizations, and describe a generic method-
ology. Interviews with subject matter experts from space agencies and companies
shall be conducted to obtain more information on the used processes. Generalizing

from the practice of different organizations, a generic, formal model of the process

shall be developed.

Propose supporting tools

Leading and participating in concurrent design studies, we experienced how impor-
tant the ease-of-use of tools and guidance are, in following a structured process.
Building upon the design methodology, we propose specific support for the design
process built into the collaborative modeling tool. The current design support tool
focuses on the system model, while neglecting the process (see subsection 2.8.3).
Using the generic process model derived from the practice, a tool can be designed
that can give guidance to the users and assist in coordinating the collaboration. Our

aim is to contribute to a shift from data-centric to process-centric tools.

Extend for new applications

With our process guideline and the related tool, we want to facilitate the adoption
of this methodology to other areas as well. Potential technologies to be infused into
a product are important to consider during conceptual design. Likewise, technology
planning could benefit from closer integration with conceptual design. We propose
a way to extend the concurrent design approach to the creation and maintenance
of model-based technology roadmaps. Such roadmaps could become more robust
sources for decision making, if they were based on models. The application of

collaboration in an MBSE environment to roadmapping shall be explored.
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3.2 Research Questions

The general objective, as already mentioned above, is to provide a comprehensive
description of the Concurrent Design (CD) approach, which provides guidance for

teams to effectively perform conceptual design studies of complex systems.

Based on a generic description of the CD approach, we will focus on the roles of

the process and tools.

3.2.1 Design Methodology

The review of the literature about concurrent conceptual design has revealed the
need for a design methodology. The general approach of Concurrent Conceptual
Design (CCD) is widely used by space organizations, but it requires people who are
prepared for this specific type of teamwork [Ferreira, 2012|. The teams are formed
for each conceptual design study according to the required engineering expertise.
As a consequence, frequently there are people on the team, who are new to CCD
[Braukhane, 2015]. Moreover, our survey shows (see chapter 4) that some organiza-
tions struggle to find enough people with both, engineering expertise, and familiarity
with the specific way of working in CCD. One way to address the lack of experts, is

providing support for training with a well-documented methodology.

Each organization employing CCD has its specificity, and there are many differ-
ent ways to do the conceptual design of a system. We found organization-specific de-
scriptions in [Bandecchi et al., 2000] from ESA, in [Romberg et al., 2008| from DLR,
in [McGuire et al., 2011, Iwata et al., 2015] from NASA. Ferreira [2012] describes
an integrated design methodology, but does not provide verification for it. The dif-
ferent implementations of CCD have a set of commonalities: a multi-disciplinary
team, a collaborative environment, the resulting artifacts are models. Following the
MBSE vision [INCOSE, 2007], it makes sense to formalize the concurrent design
methodology using models. According to Heisig et al. [2010] there is great potential

in the modeling of design methods and processes to improve their manageability.

Hence, we formulate our first research question as follows.
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RQ1 "Is there a generic design methodology for the concurrent design of

complex space systems in an MBSE environment?"

To answer this question, we extract the common elements from the approaches
implemented in different organizations. The resulting Model-based Co-located Con-
ceptual Design Methodology (MoCoDeM) shall be a formalized description of CCD.
It combines knowledge of various organizations and represents a generic synthesis.
A similar effort to formalize the concurrent design method used in NASA JPL was
recently published in [Infeld et al., 2018].

The methodology we developed is validated through interviews with practitioners
and subject matter experts. Moreover, we tested in real design studies, whether this
methodology enables a team to build a conceptual design model of the system, and
check the concepts feasibility.

The proposed and verified methodology can serve as a baseline for implementing
the concurrent design approach in new environments, as well as to train people in

the approach.

3.2.2 Tools and Processes

The practice of concurrent conceptual design shows common patterns in terms of
process. To make the best use of the available time, work is parallelized wherever
applicable. In general, design dependencies and propagation of changes lead to a
highly non-linear process, which is not understood, and even less planned [Yassine
et al., 2003, Shapiro et al., 2015]. The concurrent design process, as described in lit-
erature, primarily relies on the experience of the systems engineer to organize work.
This challenge of managing the process non-linearity is confirmed by our survey
(see chapter 4). Likewise, experts report the difficulty of unequal work distribu-
tion among team members [Braukhane and Bieler, 2014|. For the design process to
produce a result, the teamwork needs to be coordinated.

The tools used in concurrent design are built around the data model [Di Domizio

and Gaudenzi, 2008, Fischer et al., 2017a]. Their purpose is to enable team members

o6



Chapter 3. Thesis Objectives 3.2. Research Questions

to modify the shared system model [Schaus et al., 2010, Voirin, 2010]. In the existing
literature, tools are considered data-centric and process-agnostic. In practice, tools

often embody or implicitly favor a specific way of working.

This brought us to the following research question.

RQ2 "How can a tool guide the team collaboration through the design process

and coordinate the work?"

Our hypothesis is that a tool able to support parallel or overlapping work, al-
lows to speed-up the design process. The visualization of dependencies assists the
moderator to coordinate the work, such that unnecessary rework can be avoided, by
properly sequencing the participants’ synchronization. A tool that reflects a process
guideline, indicates the steps of the design study and assists the design team in their

work.

The usefulness of the proposed tool support is verified in case studies and evalu-
ated for its efficacy. Hereby this work contributes to the knowledge on the interplay
of processes and design tools in CCD. Finally, the adoption of CCD is facilitated by

the improved tool support.

3.2.3 Extension

With the proposal of a generic methodology, the question arises about the scope of

its validity, and the ways to adapt it to fields, other than the one where it originated.

Technology roadmaps, as described in management literature, are the product
of negotiation, and serve to share a common vision [Garcia and Bray, 1997|. The
definition of the targets for technology is based on expert estimates [Phaal et al.,
2004, Kerr et al., 2006] Ideally though, these targets should be based on evidence
coming from R&T projects. In this way, technology to be infused into products
could be evaluated more reliably [Suh et al., 2010]. So far no general approach

exists for modeling roadmaps and linking to technology development.

o7



3.3. Summary Chapter 3. Thesis Objectives

RQ3 "How can the methodology be adapted to the creation and maintenance

of model-based technology roadmaps?"

For an industrial research project, we formulated the concurrent roadmapping
approach, based on MoCoDeM. This approach considers the parallel development
of interdependent roadmaps, with a co-located team in a model-based environment.
This approach is implemented and tested in the technology management department
of a major aerospace company. The use case illustrates the application of MoCoDeM
to Technology Roadmapping. Using the CCD approach beyond its originating field

of conceptual design studies represents a novelty.

3.3 Summary

In this chapter, the goals of our research were set and research questions were mo-
tivated and defined.

Our research applies the established framework of Design Research Methodology
(DRM). Based on that, we developed the work in a set of stages and used methods
such as surveys, interviews, developed design support and tested it in case studies.

In the next chapter, we describe in detail the survey conducted among concurrent

design practitioners.
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Chapter 4

Expert Survey

We know about the use of Concurrent Design (CD) in space organizations primarily
from announcements or publications on the establishment of a dedicated facility.
Our literature review has revealed that many articles give insights into the work of
single concurrent design facilities. According to our research there are more than 40
facilities built over the last 20 years in many agencies, companies and universities, all
over the globe. While some of the facilities carry the terms "concurrent engineering"
or "concurrent design" in their names, others do not. Nevertheless, their purpose
and general approach are very similar.

To get an understanding of the practice, we decided to investigate the common-
alities and differences between different organizations. Through a survey, we try to
quantify the benefits, challenges and trends, along all 5 pillars of CD: team, tools,
model, process, facility. This provides us with indications on where the application
of the concurrent engineering approach for conceptual design of space missions can

be improved.

4.1 Online Questionnaire

We surveyed subject matter experts in space agencies and industry on their expe-
rience with the concurrent engineering approach to conceptual design. With the
help of the ESA Conference Bureau, we reached out to all experts who participated

in the conference most relevant to our topic: Systems Engineering and Concurrent
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Engineering for Space Applications (SECESA). The complete survey and all results
are included in Appendix B. A summary of this survey was published in [Knoll

et al., 2018al.

4.1.1 Population

The 20 respondents to the survey came from 15 different organizations’ concurrent
design facilities, located in Brazil, China, France, Germany, Italy, Russia, UK and
USA. From the participants of SECESA conference, we know of 44 facilities (see
Appendix A) and our estimate is that up to 100 such facilities may exist worldwide.
Our sample covers 30% of the known population and at least 15% of the potential
population. If it was a random sample, the results could not be generalized to the
entire population, but our sample is a good representative, because it includes all the
world leading facilities using CCD for space mission feasibility studies from NASA,
ESA and DLR.

Based on the variability of the answers, we can estimate the statistical signifi-
cance of our sample. For questions on which we report proportions, the margin of
error for a confidence level of 95% is £ 22%. The questions for which we report an
average over the 20 responses, we used the 1-sample t-test to compute the probabil-
ity that our responses are the result of pure chance (p-value). As indicated below,
for all averaged values, the respective p-value was computed to be less than 1%,
which means a confidence level of 99%.

The respondents are qualified staff members of CDFs with 65% of them counting
more than 5 years of experience. They are active in the roles of facility manager,

team lead, systems engineer, discipline expert, and others.

4.1.2 General

The data shows that CDFs are operated as engineering support units. A large
majority of design studies (95%) are initiated by principal investigators outside the
concurrent design facility.

Six motivations to use concurrent engineering were asked to be ranked between
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0 and 5. The most important reasons are "quality of results" and "time efficiency",
both with an average rank of 4.3 (p«1%) followed by "connecting people" with a rank
of 4.2 (p«1%). Lowest and most diverse answers were given about the importance
of repeatable results (see Figure 4-1).

Respondents were asked to rank a set of eight challenges of concurrent design
on a scale of 0 to 7 with 7 being the biggest challenge. The top three are "expert
availability" with an average rank of 5.3 (p«1%), "integrated tool chain" with an

average rank of 4.9 (p«1%) and "capturing engineering knowledge" with an average

rank of 4.7 (p«1%) (see Figure 4-2).

4.1.3 People and Team

With respect to the responsibility of forming the team for the concurrent design

study, 70% of the respondents agree that this is the duty of the CDF core staff.
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Figure 4-1: Benefits of Concurrent Design
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Figure 4-2: Challenges of Concurrent Design

61



4.1. Online Questionnaire Chapter 4. Expert Survey

It is also very common practice (65%), that experts from other organizations get
involved in design studies. On the choice of the team size there is significant variety
among CDFs (see Figure 4-3). In a few words, the average minimum team size is
6.2 people, the average typical size is 13 people, and the average maximum team

size is 20 people, with confidence level above 99%.
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Figure 4-3: Distribution of the team sizes

Although co-located work is a building block of concurrent design, the data also
shows that remote participation is quite common. Only 15% of the respondents
confirmed that their studies run exclusively with people on-site, whereas 55% affirm
to sometimes having remote participation, and other 30% have remote participation
on a regular basis.

The preparation of a study team leader greatly varies among different organiza-
tions, but many respondents report “on the job training”, meaning that team leaders
learn from participation in concurrent design studies in various roles. Besides that,
leaders are prepared by mentoring and studying manuals. Some respondents men-
tion that it requires a talent.

A challenge mentioned by several experts, consists in the balancing of workload,
such as keeping the team motivated and actively engaged throughout a study.

The trend, which is considered by 40% of the respondents to have an influence
on concurrent design studies, is the lack of experts. This is confirmed also in the

challenges described by the respondents, repeatedly mentioning the turnover of peo-
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ple from one study to another, and the need to get newcomers familiar with the
concurrent design methodology quickly.

This need can be addressed with more widely available training materials.

4.1.4 Tools and shared model

The majority of concurrent design centers (45%) rely on in-house developed and
proprietary software for the exchange of design information. The other 40% of the
tools are either open source or free, and only 10% use commercial software. There
are very few tools that are used by more than one organization. This demonstrates
that there is potential for tool vendors, and the need for standardization to achieve
interoperability.

For 65% of the respondents the training needed for their tool is up to one day.
Training is crucial because, as reported above, many studies have people without
previous CD experience. As it is shown later, the average duration of a study is
around 9 days. Hence, one day of training can be a significant portion of the time
available for a design study. This underlines the particular need for tools that are
easy to use and learn. Tools that are used across many organizations would reduce
the need for training on proprietary tools.

The fact that model-based systems engineering is becoming more and more pop-
ular can be seen from the use of descriptive modeling (50%) and requirements man-
agement tools (50%). Models are commonly reused through reference designs (55%)
and curated model libraries (45%).

Challenges related to the concurrent design tools that were reported in various
forms, are to the ease of use, to keep required training low, in order to cope with
frequent people turnover. Tools need to balance the ease of use and modeling rigor,
but also guarantee consistency of the design model. Another challenge reported
is the integration of tools for analysis and simulation and interoperability, as well
as more insightful visualization of the system to be designed. Among the future
trends, most influential on concurrent design tools, are "real-time collaboration"
(55%), "integration with Product Life Cycle Management systems" (50%) as well
as "augmented reality" (50%) (see Figure 4-4).
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4.1.5 Process

The vast majority of organizations, given the years of experience, have established
clear procedures. 80% of the respondents affirm to have a process for the overall
design study, and 66% also have a defined process for single design sessions. The
total duration of concurrent design studies on average is 9.6 days, with a confidence
interval of £+ 3 days (see Figure 4-5). Studies are carried out by the majority of
respondents (65%) in a compact period of time, whereas the rest span the study

over a longer period of time.
The process is meant to produce feasible designs. For 35% of the respondents

a single design point is enough, 50% usually produce two or three design variants

and the remaining 15% aim at producing more designs. The evaluation of feasible
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Figure 4-4: Trends influencing tools
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designs is very commonly done according to figures of merit, such as mass (90%),
cost (85%), power (80%), and communication (75%), as shown in Figure 4-6. It
is interesting to note that all respondents widely agree that the study results are

always documented in the form of models (90%), reports (85%) and presentations

(85%).
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Figure 4-6: Design evaluation criteria

On the process aspect, challenges reported by the survey participants regard the
management of the varying workload and keeping the degree of details adequate for
the next project stage. The trend that has been voted most important (70%) for the
concurrent design process is the agile methodology. This means that design studies

are expected to have more or quicker iterations with useful intermediate results.

4.1.6 Infrastructure and facility

Facilities have been established starting in the 90’s and their number is steadily
growing (see Figure 4-7). On average, the facilities have been in operation already for
around 13 years. Consequently, the majority (78%) of them already have undergone
refurbishment /modernization at least once, and some (12%) even several times.
All facilities older than 10 years have already undergone refurbishment. The seat
capacity of facilities varies between 10 and 40 (see Figure 4-8), with an average of
22 seats for designers and 11 seats for observers.

Most facilities are equipped with dedicated computers for the study participants
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to work on (60%), whereas the rest of the facilities accommodate computers brought
by participants.

The features of concurrent design facilities were asked to be ranked by their im-
portance on a scale from 0 to 5. By far, the most important features are "structured
data sharing", with an average rank of 4.5 (p«1%) and "visualization capabilities",
with a rank of 4.1 (p«1%) (see Figure 4-9). The data also shows that importance
of conferencing depends on the amount of remote participation. Facilities that have
exclusively on-site participants rated videoconferencing much lower (2) than ones
that have regular remote participation (3.8).

The respondents agree (65%) that a concurrent design facility can only partially

be replaced by a well-equipped meeting room. The biggest challenge is the mainte-
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Figure 4-7: Number of facilities established and adapted over the years
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Figure 4-9: Importance of facility features

nance of IT systems, keeping them up to date and dealing with obsolescence. This
is also confirmed by the trends which respondents deem to have an influence on the
future evolution of concurrent design facilities. The most important trend (70%) is
the shift towards computers brought into the facility by the study participants, and
equipment obsolescence (30%) (see Figure B-14).

4.2 Key Results

Here is a summary of the results from the survey, which influenced the elaboration

of our methodology.

Benefits

The survey partially confirmed what was already found in literature. "Time ef-
ficiency” and "quality of results” are deemed the primary benefit of Concurrent
Design for space missions. Another important benefit is that concurrent design

studies bring together and connect people.

In relation to the concurrent design facility, the survey respondents widely agree

on the importance of "structured data sharing” and "visualization” capabilities.
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Challenges

From the responses to our survey, we identified that the following two challenges are
the most pressing to practitioners of concurrent conceptual design of space systems:
A) expert availability, B) integrated tool chain.

Despite the association that Concurrent Design generally means co-location, it is
very common to have remote participants. The remote participation is a compromise
to involve experts with knowledge on a specific aspect of the space mission, who can

not be brought on-site for the entire CCD study.

Expert availability

The ideal participants in concurrent conceptual design studies should have deep
knowledge in their own discipline as well as capability to think of the inter-dependencies
with other aspects of the space mission. Moreover, participants should have good
communication and negotiation skills. People with such skill sets are rare and highly
requested for many projects in organizations. Hence their availability for concurrent
design studies is limited. Because of that, those actually participating in concurrent
design studies change frequently, leading to a significant part of the team being new
to the concurrent design approach.

According to our survey, it is very common to have participants coming from
other organizations, who very likely are new to the concurrent design approach.
Both factors underline the need to get newcomers acquainted with the approach

quickly.

Integrated tool chain

Most, if not all, discipline experts participating in a concurrent design study use
some form of knowledge base or discipline specific tool. The development of a
conceptual design requires all experts to share the information that is of mutual
relevance. A shared integrated system model covers all that common information.
The required information infrastructure is shown in Figure 2-6. One part of this

challenge consists in the automated data exchange between all the domain specific
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tools through a shared model. The other part of this challenge refers to the capability
to facilitate human collaboration. To facilitate the team in collaboration, the tool

needs to provide guidance for the synchronization of concurrent work.

We made it our goal to address these challenges with our design methodology.
The documentation of the methodology in chapter 5, develops the process guideline
broadly, and chapter 6 describes the support for the processes through a software

tool.

4.3 Open Questions

The answers to the survey also exposed challenges and opened paths for future

research that go beyond this work.

Distributed Work

Co-located work, considered a cornerstone of concurrent design, has been questioned
many times and concepts such as distributed concurrent design have been proposed
[Beco et al., 2008]. Our survey shows that remote participation is quite common.
Mostly because highly specialized experts cannot be freed up of other duties, or be-
cause of limited resources available to bring all experts on-site for the entire period
of a design study. Because video-conferencing does not provide the same quality of
communication as face-to-face meetings, study leaders choose to hold at least the
study kick-off as an in-person meeting, in order to help establish personal relation-
ships. Current technological developments renew the promise of enabling effective
remote collaboration with the help of augmented and virtual reality [Nee et al., 2012,
Choi et al., 2015]. A positive impact of augmented reality tools in the automotive
maintenance has been described by [Jetter et al., 2018]. But whether this technol-
ogy can also improve collaboration in distributed concurrent design is a question for

further research.
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Real-time collaboration

Despite the continuous evolution of the tools for concurrent design, experts still
expect major improvements. Survey respondents name ease-of-use, concurrent edit-
ing of the model, interoperability and integration with domain-specific, analytical
tools as ongoing challenges. Spreadsheets are a simple and frequently used way
to build simple parametric models. Today state-of-the-art tools already allow real-
time collaboration on spreadsheets, e.g. Google Sheets. Given the broad availability
of spreadsheet tools, many organizations maintain collections of validated models.
Although there are more advanced languages and tools for parametric models, for
example ones based on Modellica, none have reached wide adoption in concurrent
conceptual design so far. A decisive factor is surely the existence of legacy in orga-
nizations, which would require highly labor-intensive migration of existing models
to newer tools. Gopsill et al. [2013, 2015| have proposed a more comprehensive ap-
proach to rethink the engineers’ collaboration, in the form of a social media frame-

work for engineering design communication.

Model from scratch

Parametric modeling is an important part of the concurrent design approach for
feasibility studies. The literature, referred by the survey participants, generally
presumes the existence of such models. Baseline models for the sizing of spacecraft
are, for example, explained in [Wertz et al., 2011]. Such models embody years or

decades of design heritage.

When starting from a blank sheet, quantitative models can only be derived
from first-principles, such as laws of physics. Otherwise, when similar systems have
already been built, quantitative models can also be derived from the data collected
about existing systems. Still, finding or choosing parametric models that describe
a system with an appropriate level of detail, remains an open challenge. Ways
of guiding this crucial step in the conceptual design should be subject of further

research.
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Drawings

Engineers often express and communicate their ideas with the help of simple draw-
ings. To reduce ambiguity in diagrams, various formalized languages have been
invented (e.g. IDEFO0, SysML, OPM). The responses to our survey suggest that
none of them is adopted broadly. This could be due to people’s lack of familiarity
with those languages or their appropriateness. Further research should address the
question, which modeling techniques are most appropriate for concurrent design,
given the limited time of design studies and the teams heterogeneous knowledge

background.

4.4 Conclusion

Our survey investigated the state-of-the-art of concurrent design as practiced by
space agencies, companies and research institutes. Due to the limited sample, the
data does not allow for quantitative generalization, but provides qualitative indi-
cations. Our survey has revealed important challenges, some of which we aim to

address with our methodology.

71



4.4. Conclusion Chapter 4. Expert Survey

THIS PAGE INTENTIONALLY LEFT BLANK

72



Chapter 5

A Design Methodology

The general objective of this work is to provide a comprehensive description of the
concurrent conceptual design approach. This approach was developed based on the
findings in literature and the expert survey described in the previous chapters. In
this chapter we define a methodology for conceptual design of complex systems in

an MBSE environment. According to Gericke et al. [2017], a design methodology is:

"... a clearly and explicitly articulated approach to producing designs

for a class of systems, that specifies in more or less detail the activities
to be carried out, the relationship and sequencing of the activities, the
methods to be used for particular activities, the information artifacts to
be produced by the activities and used as inputs to other activities, and
how the process is to be managed, as well as (tacitly or explicitly) the
paradigm for thinking about the design problem and the priorities given
to particular decisions or aspects of the design or ways of thinking about

the design." [Gericke et al., 2017]

We call our methodology model-based co-located conceptual design methodology
(MoCoDeM). During the literature review phase, it was discovered that there are
many commonalities found among the various implementations of concurrent con-
ceptual design, currently being utilized by different organizations within the space
sector. Although this methodology originated and was first implemented in the early

phases of space mission design, we consider it to be generic enough to be applied to
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other fields as well.

The description of this particular way of organizing conceptual design in a collab-
orative process within a model-based systems environment, aims to help introducing
conceptual design to new people and organizations. This methodology also contains
a generic, formalized process for running concurrent design studies. This can be
used by a moderator, a team lead or any team member as a guideline which steps
to follow throughout the study.

We will validate this method using a survey and interviews with subject matter

experts from different organizations, as well as performing different case studies.

5.1 MoCoDeM - Overview

We propose this methodology for the conceptual design of complex systems, based on
co-located work of a multi-disciplinary team in a Model-Based Systems Engineering
environment.

The methodology itself is described using models, with SysML as a formal lan-
guage. MoCoDem builds upon the 5 pillars of concurrent conceptual design: facility,
team, processes, tools, model. Figure 5-1 shows how these key elements are inter-

connected using a SysML package diagram.
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Figure 5-1: Concurrent Conceptual Design - Elements and Interactions

The staff of concurrent design facilities organize concurrent design studies. To-

gether with the customer, they form a single team. The facility hosts the team for
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the concurrent and co-located design sessions. The team makes use of the environ-
ment (e.g. meeting room, kitchen), equipment (e.g. screens, videoconferencing) and
the expertise (e.g. moderator) provided by the facility.

The team creates and shares a common model of the system (e.g. diagrams,
spreadsheets). Digital models are always read and modified using software tools.
The tools that are used allow the team to collaborate on a shared model (single
source of truth).

Concurrent design studies always follow some kind of process, which can be
an implicit or explicit set of procedures and rules. The tools employed can be a
reflection and/or prescription of the design process.

In the following sections we will describe each of the 5 key elements separately.
We give articular attention to the organization of the design processes, as well as the
tools to support collaboration on parametric integrated system models for conceptual

design.

5.2 Facility

Concurrent design facilities are, as described in the literature, organizational units
with associate staff, which also contain a number of rooms and equipment. The staff
is responsible for the operations of the facility, as well as organizing the process of
concurrent design studies.

The facility needs to accommodate the team and provide the technical means to
enable the teams to collaborate. At Skoltech we experienced the rare opportunity
to design and build a laboratory for concurrent design and its equipment systems,
by leveraging on the experience developed by the international community over the
last thirty years in building and operating facilities of this kind [Golkar, 2016].

A proper facility requires a main design room for the concurrent design sessions
with the full team, along with the ability to allow stakeholders and visitors to observe
the teamwork in action. Additional meeting rooms allow for splinter or break-out
sessions with parts of the team.

All rooms are equipped with desks and seats. The main design room was planned
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to be flexible and adaptable taking into consideration teams of various sizes. There-
fore, the desks can be re-arranged in different layouts, and the screens are config-
urable to show content from any participant’s computer.

A facility needs screens or projection walls as well as whiteboards for drawing
and writing. Computers can either be desktop workstations or laptops. In our case
the second was preferred because they could be moved or reassigned more easily.

The development of our facility Concurrent Engineering Design Laboratory (CEDL)
went through different stages. At the beginning there was a concept of the facility’s

structure as shown in Figure 5-2.
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Figure 5-2: An initial concept of rooms for the facility

The architects used this initial concept to design the space and provided render-
ings, such as Figure 5-3 of the main design rooms.

With the facility available, we defined a configuration for hosting concurrent
design sessions. A model plan of the table layout as well as the use of the screens is

shown in Figure 5-4.
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Figure 5-3: An architects rendering of the main design room
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Figure 5-4: The layout of CEDL planned for a specific design study
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The setup was implemented and verified in a dedicated pilot study (see sec-

tion 8.2), as illustrated in Figure 5-5.

Figure 5-5: CEDL configured and used according to the plan

The lessons learned from the construction and operation of the Concurrent En-

gineering Design Laboratory (CEDL) were described in Golkar [2016].

5.3 Team

The concurrent design approach engages multidisciplinary teams to work in an in-
tegrative way. People are involved in the team according to different roles: study
customers, technical authors, domain experts, team leaders, systems engineers and
assistant systems engineers.

There are 3 major activities that these people are involved in: They participate
in studies, prepare study model, and develop model template. Their roles and their
engagement in activities is shown in a SysML use case diagram in Figure 5-6.

Roles and their responsibilities:

Participant The participant role is shared by all actors in a team, and all other

roles are specializations of this basic role.
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package UseCases [ Use Case - Perform Concurrent Design Study ])

All actors are represented in the E-TM-10-25 model by a combination of Person, Participant and DomainOfExpeﬂil}‘
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Figure 5-6: Actors and activities in a concurrent design study, from ECSS-E-TM-
10-25A [ECSS, 2010, Appendix C |

Study Coordinator Some participants have a coordinating role and are respon-
sible for the preparation of the model. This role is further specialized into

System Engineers, Assistant System Engineers and Team Leaders.

Study Customer The customers initiate concurrent study with the CDF. Since
they are the primary stakeholders, they hold an important role throughout
the entire study. At initiation, they are responsible for providing the mission
goals, define the study objectives and available resources for the study. It is
common to have the customers participate in the concurrent design sessions,

in order to have their direct contribution taken into consideration.

Team Leader, Moderator The team leader, is part of the CDF staff and respon-
sible for organizing the entire process of a design study, much like a project
manager. Moreover, those holding this role help in the moderation of concur-
rent design sessions, making sure that schedules are kept, discussions remain
both focused and positive. That’s why this role is sometimes referred to as

the moderator or the facilitator.
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Systems Engineer The systems engineer role is also part of the CDF staff. They
make sure that any needs are properly elicited and clarified during the study
preparation sessions as well as ensure that requirements get properly identified
and gradually elaborated. During the concurrent design sessions, they take
care of the integrated design model consistency and ensure that any and all
design decisions lead towards a feasible design. Finally they are responsible

for the concurrent design study reaching its prescribed set of objectives.

Assistant Systems Engineer The assistant systems engineer supports the sys-
tems engineer in their duties. This role is particularly concerned with the
modeling as well as making sure that the other team members contributions

are reflected in the integrated system model.

Domain Expert Domain experts are engineers and specialists, who have the nec-
essary expertise to determine the size and designs of their respective parts of
the system. They are required to be able to communicate the design drivers,
choices and outcomes of their specific parts, such that others can understand

them and make adjustments to their own decision making accordingly.

For each design study, the systems engineer, defines the set of disciplines to be
involved, based on the customers study objectives. The number of disciplines
which can potentially contribute can be quite numerous, so team size can
become the most significant contributor to the cost factor of a study. As a

reference, see Table 7.1 which lists the domains of expertise.

Technical Author The technical authors function in support of the team. They
assist in the writing of the documents, not only during the preparation, but
also during the conclusion of a study. Of particular importance is the doc-
umentation of the outcome of the study, especially if it is used in a call for

proposals, or other external funding approval procedures.

People participating in a concurrent design study can eventually play one or

more roles.
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5.4 System Model

In concurrent conceptual design, systems are designed by experts of different dis-
ciplines, collaborating together. The disciplines relate to physical subsystems (e.g.
propulsion, instruments) or design aspects (e.g. mission, cost). Each discipline
models their respective part based on defined parameters, so that these models can
be linked together to form an integrated systems model. The parametric system
model is used to estimate the primary characteristics, or figures of merit (outputs),
based on requirements, along with system architecture and design decisions (in-
puts). Parametric discipline models have input and output parameters. Internally,
each model performs a mapping from the input parameters to the output param-
eters. Externally, models are connected by linked parameters: one model’s input

parameter takes the value from another model’s output parameter.

5.4.1 Discipline / Subsystem Model

The parametric model of a discipline/ subsystem is described as a mapping of a
vector of input parameters to a vector of output parameters. Figure 5-7 shows a

representation of a subsystem model as a SysML internal block diagram.
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h i | Engineering Reasoning | []uu puU

output 2
]

in[:-utzl:_| Calculation |

inputN[r‘ Simulation >/\wiﬁuutput M

Figure 5-7: Parametric Modeling - Single Discipline

In mathematical notation, a subsystem model is described as:

The inputs form vector u, the outputs form a vector v.
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U = [uy, ..., uy], where N is the size of the input vector.
U = [v1, ..., up], where M is the size of the output vector.

Sizing models for subsystems map design parameters (inputs) to characteristics
(outputs). The mapping denotes as @ +— v. ¥ = F(i), where F' : RY — RM is the
real valued transfer function.

This mapping can be an analytical function, a complex simulation, or engineering
decision based on heuristics or prior knowledge from experiments. Subsystem models
can be built with a wide range of tools: Excel™(spreadsheets), MATLAB® (scripts),
different simulators, etc.

Discipline experts generally have preferred tools and keep a set of models ready

to use when needed. Different organizations also follow knowledge management

approaches to capture and maintain the knowledge embodied in the tools an models.

5.4.2 Integrated System Model

The parametric system model is used to estimate the primary characteristics, or
figures of merit (outputs), based on requirements, system architecture and design
decisions (inputs).

The inputs form a vector X , the outputs a vector Y. The design is based on the
mapping between input and output denoted as ¥ — ¢. Because a system is always
composed of elements or subsystems, the mapping is the result of all subsystem
models and their dependencies. Figure 5-8 illustrates the interconnected subsystems
models forming an integrated system model as a SysML internal block diagram.

In mathematical terms the integrated parametric system model can be described
by the vectors of input and output parameters. The vector of input parameters is
composed of all subsystem inputs:

X = [0, ooy 1Ny T215 -T2 Ny s ooy TE1s ooy TiONg |, Where K is the number of

subsystems, and Ny is the number of input parameters of subsystem k.

The vector of output parameters is made of all subsystem outputs:

—

Y = [Y11s oo Y10y Y215 Y2 My s - YK 15 -5 Y My |, Where K is the number of sub-

systems, and M}, is the number of output parameters of subsystem k.
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ibd [Block] Integrated System Model[ Integrated System Modeling ],J
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]
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Figure 5-8: Parametric Modeling - Integrated System Model

Dependencies

Subsystems are connected such that the input parameters of one subsystem receive
their inputs from the output parameters of other subsystems.

x;; = Yr, denotes input parameter j of subsystem i receives it’s value from
output parameter [ of subsystem k.

Hence we define the dependency relationship as D C { K x K} = {(x;, yx) }, Vo, ; =
yeNi, ke KNje N;Nle M.

Figure of Merit

Figures of merit are used to characterize and evaluate the designs according to
criteria relevant for the stakeholder, e.g. cost or performance.

A Figure of Merit (FOM) is a metric of the entire design, based on its design
parameters, or a subset of them. Typically, system designs are evaluated according
to several FOMs.

FOM; = f(X), where f : R* — R

Based on these definitions, we can derive measures to asses the outcome of a

design study, in terms of optimality or diversity.
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Optimality of design

An intuitive approach is to evaluate the optimality of the resulting design solu-
tion(s). Such an evaluation could use the FOMs defined at the beginning of the
design study, specifying the optimality criteria: minimization or maximization. De-
sign solutions can be compared according to several FOMs applying the concept of
pareto-optimality (see section 2.5).

The evaluation of design solutions requires the existence of alternative solutions.
If the study produces more than one design, their relative optimality can be evalu-
ated. Depending on the subject of the design study, alternative solutions may either
be rare or non-existent. Some may exist but may be unknown to the team. This

means that design optimality can be used as a metric only in a few cases.

Diversity of designs

When a study is meant to produce two or more alternative designs, it’s desirable
that they differ from each other. As a measure of diversity among different designs
we use the product of the variance of the FOMs.

FOM'(X) = normalize(FOM (X)) is the normalization of the figure of merit
to a value range of [0, 1].

diversity = I/ "™V ar?(FOM!)

The values are in a range of [0, 1], where 0 means no diversity and 1 maximum
diversity.

This measure can be applied when different solutions exist or are produced by
the design study. Depending on the subject of the design study, alternative solutions
may either be rare or non-existent. Some may exist but may be unknown to the

team. Hence, this metric can only be evaluated in few design studies.

5.5 Process

The early stages of system design involve concept development and creative problem
solving. The design process needs to take into account the dependencies between the

system’s parts. As a consequence, the method used should focus on facilitating an
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orderly collaboration between discipline experts, in order to tackle all interactions
between the parts for which they are responsible. This need for communication can

be represented as a network, as can be seen in the example diagram in Figure 5-9.

Expert Expert
Discipline Discipline
B

Discipline g _ Discipline

Expert Expert
Discipline Discipline
3 F

Figure 5-9: People interaction throughout a concurrent design study

In current practice, the facilitation of a concurrent design study is entrusted to
a team leader who has working experience as a system engineer and has already
participated in concurrent design studies. The personal and professional skills of
the team leader will greatly influence the design study’s outcome. Hence, the pro-
posed method should support the team leader coordinating the above-mentioned
interaction of people in the entire team.

Since people will be designing in a concurrent fashion, this means that their
work will tend to overlap, therefore, due to the dependencies among the disciplines,
changes in designs need to be communicated to each team member when they occur.
Hence, there are two different perspectives: (1) from a people’s perspective, the
disciplines work in parallel. (2) From the model perspective, the design decisions
are taking place in a temporal sequence.

A measure for parallelization of work is the degree of concurrency, which is
the ratio of the amount of time tasks overlap, to the entire duration of all tasks

[Prasad, 1999|. To maximize the degree of concurrency, different methods have been
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proposed, based on the assumption of known task duration and fixed information
needs and availability [Hu et al., 2003, Srour et al., 2013|. In conceptual design, the
tasks of the disciplinary experts consist in making design decisions and refining the
system model. Assumptions on the duration of these tasks, and on the information

needed or it’s availability, are hard to make.

Our proposed method aims to guide the interaction of people collaborating on
the design, while keeping a consistent record of the design decisions taken. Going
forward, we concentrated on the model perspective, while trying to support collab-

oration among people.

5.5.1 Process Levels

We identified three logical levels of activities carried out during the process: at the
top level, there is the entire study, at the intermediate level, there is the single
design iteration, and at the bottom level, there is the single discipline contributing
to the design. As shown in Figure 5-10, each level covers a different time scale. The
study includes one or more design iterations. Each design iteration consists of a
sequence of changes to the system model made by discipline experts, which lead to

a consolidated system design.

In case the need arises and time permits, there may be several design iterations,
a once completed design is revised according to the previously defined set of FOM.
This corresponds to mapping the obtained design to the trade space, hence we call

this step Trade Space Exploration (TSE).

Level 3
Initiation, TSE Post-
Level 2 Preparation soe Processing
Level 1 Disc‘ifline Disc'l;line Discigline D'rsci:)l'me
Time
———

Figure 5-10: The logical levels of activities during a design study
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5.5.2 Process Guideline

This description of a generic process of concurrent design is meant to serve as a guide
for adopting the methodology in new environments. From the practice described
in the literature (see chapter 2) and reported by people who had participated in
concurrent design studies, we extracted a generic model of the concurrent design
process. This description can serve as a guideline for participants rather than a
strict ruleset. We use SysML activity diagrams as a formal graphical notation. In
this notation activities are shown as rounded rectangles, and arrows with dashed
lines indicate the flow of control. The decision points are depicted by a diamond
shape and the outgoing lines indicate a condition. Objects are denoted as rectangles
and arrows with continuous line indicate the flow of objects. Comments are depicted
by rectangles with a folded corner and a dashed line indicates the item the comment

relates to.

Conceptual design study

Conducting a conceptual design study is a complex process composed of several
activities (see Figure 5-11). For the more complex activities which are marked in
blue, there are separate diagrams, describing their internals.

For a customer, a concurrent design starts with the analysis of operational needs

and ends with a report showing the solution concept and the system requirements.

Initiation Once a customer has expressed their need to perform a concurrent de-
sign study, the preparation starts with collecting and documenting mission require-

ments. Then, study constraints are identified (budget, technology, confidentiality).

Preparation In the preparation step, the objectives of the design study are de-
fined together with the customer. As a result of a preliminary analysis of the required
high-level functions, the required disciplines are determined. Based on the availabil-
ity of discipline experts and the concurrent design facility a schedule is defined.
During preparation or at the start of the first design sessions, a joint meeting of the

full design team is held with customer representatives. The purpose of the meeting
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Figure 5-11: The overall process of a concurrent design study



Chapter 5. A Design Methodology 5.5. Process

is to clarify the mission requirements and the role of each study participant.

Define Figures of Merit Figures of merit are attributes of the system that
characterize its performance, cost, value or other qualities. These are used in order
to compare different design concepts. The most common figures of merit in feasibility

studies of spacecraft include:

e spacecraft mass — determines the requirements on the launcher carrying the

spacecraft to orbit

e power consumption — is important to the design of the system, so as to balance

both generation and consumption of power during operations

e data generated for telemetry, command and customers — is needed to determine

the requirements for storage and communication

e cost of development — paired together with the value provided to the customer,

is used to evaluate a mission’s economic viability

Build Integrated System Model In order to collaborate on a conceptual design,
a model is built which includes all of the necessary discipline perspectives. Some
of the disciplines are responsible for the conceptual design of a physical subsystem
(e.g. propulsion, communications), while other disciplines are concerned with non-
physical, or transversal issues (ed. cost, schedule). This activity is composed of

sub-activities, explained in further detail later in this section.

Perform Design Iteration At the core of the design study are the concurrent
design iterations. The goal of each iteration is to consolidate the design by mak-
ing sure all input parameters take values which are correspondent to the mission
requirements, or to the output values produced by other subsystems. Since depen-
dency relationships of subsystems are transitive and can form cycles, the design of
subsystems potentially needs to be re-iterated. The process of a single design iter-
ation is described in the next section. Throughout the design study, an arbitrary

number of design iterations can occur, and they are stored in order to keep the state
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of the system model. The design iteration is itself composed of other sub-activities,

described below.

Store Design Variant Once a design iteration is complete, which means that
the parametric model is consistent, a snapshot of the integrated system model is
taken for future consultation. In its simplest form a snapshot consists of all the
values of design parameters and the figures of merit. The values of the Figures
of Merit (FOMs) form a point on the tradespace. In a more advanced form, the

configurations of all of the analytic models involved are stored as well.

Compile Study Report At the completion of a conceptual design study, one or
more resulting system designs, which were shown to satisfy the mission requirements,
need to be documented and characterized according to common or mission specific
performance measures (e.g. mass, cost, risk, schedule). For the continuation of the
project, in the case of the approval of the results of the design study, the system
requirements contained in the documentation will serve as a starting point for the

detailed design phase.

Build Integrated System Model

The process of building an integrated parametric system model can either start from
a blank sheet or from the re-use of models taken from previous conceptual design

studies. Figure 5-12 and the paragraphs detail the case when one starts from scratch.

Decompose System The system’s high-level functions are derived from the mis-
sion requirements. Then, subsystems are defined which incorporate these functions
and are assigned to discipline experts who are members of the team. The system’s

breakdown structure is encoded and stored in the system model.

Define Subsystem Interfaces For each discipline or subsystem, experts will
define which are the essential design parameters (input) and resulting attributes

(outputs).
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Figure 5-12: The process of building the integrated system model
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Build Subsystem Models In this step, discipline experts shall come up with
models for their respective subsystems. Parametric models map design parameters
to estimates of the essential characteristics of the subsystem. These characteristics
either contribute to the figures of merit of the overall system (e.g. mass) or influence
the design of other subsystems. These models can either be based on first-principles
of physics or based on heuristics. Simplified analytical models for preliminary sizing

may exist for many subsystems with a design history.

Connect Subsystem Models The discipline experts together with the team lead
identify the source for each input. When starting with new models from scratch, this
is a non-trivial task. It happens, that for certain parameters, no other subsystem
may be providing that parameter as an output, and it must be then decided which
discipline shall produce and be responsible for it. For some inputs, if no other source
can be identified, the value can be determined freely by the discipline expert. It can
also happen that more than one subsystem claims to be able to produce a certain
output, it then must be decided which discipline shall produce and be responsible
for it, and which other disciplines take it as an input. In this step the subsystem

model interfaces are refined, in order to be able to interconnect them.

Design Iteration

During a design iteration, the team is consolidating the conceptual model of the
system, based on the mission requirements and in order to satisfy all dependencies
within the system model (Figure 5-13).

From the parametric dependencies among elements in the system model a De-
sign Structure Matrix (DSM) can be derived [Eppinger and Browning, 2012]. We
used a weighted DSM, where the weight was determined by the number of param-
eters linking two subsystems. Applying a clustering algorithm to the DSM allows
us to determine which are the more closely dependent subsystems and can propose
a sequence which is best to synchronize the subsystem models with the integrated
system model. This method was successfully applied to integrated concurrent engi-

neering [Yassine and Braha, 2003, Chen, 2005, Avnet and Weigel, 2010].
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Figure 5-13: The process of a single design iteration
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Based on this proposed sequence, the team leader moderating the design study
calls one discipline at a time, to provide updates with respect to their subsystem
model.

The procedure of preparing and performing this update is described in a separate
procedure in the next section. After that, depending on whether the subsystem’s
output parameter values have changed significantly, the sequence is either updated
or not. A significant change is one that exceeds the applied margins. Design mar-
gins are a common way to cope with uncertainty and are defined by organizational
policies [McManus and Hastings, 2005]. Typically the margins are between 10%
and 30% [Thunnisen, 2004|. If the outputs change more than that, then the dis-
ciplines which depend on them are required to update their subsystem model. In
case the update of a discipline model leads to changes of the subsystem interfaces
and thereby also it’s dependencies, the sequence needs to be recalculated. More-
over, it can happen that a discipline, instead of updating its outputs, may reject
the proposed modifications. This evokes a negotiation process between the respec-
tive disciplines, under the guidance of the team leader, where an agreement on the
changed parameter values shall be reached.

Once there are no more disciplines in the sequence, it means that the integrated
system models has converged and represents a feasible conceptual design and this

signals that the iteration has finished.

Update Discipline Model

A discipline expert, when updating a subsystem model, performs a simple sequence
of activities (see Figure 5-14).

First, the values for the input parameters, which are connected to other subsys-
tems, are updated from the shared system model. Depending on the kind of model,
the designer either executes a calculation, simulation or makes decisions based on
prior knowledge. The discipline expert can either perform one or a combination of
all of these activities. After that, the design expert checks their results for feasibil-
ity. If the feasibility is not given, then any changes on the inputs shall be rejected.

Only when everything is okay, are the subsystem’s output parameters updated. In
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Figure 5-14: The process of updating a discipline model

parallel, the experts check the model for integrity, and in case additional input or

output parameters are needed, the interface is modified accordingly. Finally, the

changes to the parameters are then stored in the shared system model.

5.5.3 Characterizing the Process

The analysis of the design process can best be described using mathematical for-

malism. The conceptual design of a system uses an integrated parametric system

model (see section 5.4).
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Definitions

Time The design of a system is the result of a chain of design decisions on the
architectural, as well as the subsystem levels. Design decisions for a subsystem can
cause the outputs to change as well. Due to the connections between subsystems,
other subsystem’s inputs may change.

The values of the input and output parameters can evolve over time. A global
clock is used as a reference point for time taking, providing a discrete timestamp

tevent for any event which occurs.

Design Changes The input and output parameters may change over time, so the
vector input parameters should be denoted as X t and the output parameters }7,
both at time step t.

AXHL = Xt+1 — Xt is the change of all input parameters at time step ¢ + 1.

AXI = X X1 is the change of input parameter i at time step ¢ + 1.

Design Steps To elaborate on a change to the design of any subsystem, it may
take any finite amount of time to complete.

ts; is the time that a design step of subsystem i started, te; is the time that the
design step ended.

8d = tstep end — Ustep start 15 the duration of the design step.

Study Features

The conceptual design process is influenced by a set of parameters, which are deter-

mined during the preparation step.

Number of Disciplines The number of disciplines affects the team size and num-
ber of experts that need to coordinate their work. The decision of which disciplines
to involve depends on the level of detail the conceptual study will entail. Our survey
has shown, that the typical team size is between 6 and 20 members, an on average

number of 13 people (see chapter 4).
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Study Duration Represents the amount of time that the teams dedicate for the
completion of the design study. Typically, the total duration is around 9 days,
scheduled in a compact period of time ,rather than spread out over a longer period

(see chapter 4).

Design Variants This is the number of design solutions that a study aims to
produce. It is frequently one, but two or even three are not at all that uncommon
(see chapter 4). For each design variant, the team completes a design iteration,
bringing the parametric system model to convergence. This parameter defines a
target for the team on the amount of work to accomplish within the allocated study

period.

Blank sheet design vs. Legacy reuse The decision, whether to start a new
design from scratch or build upon previously elaborated conceptual models, has a
significant impact on the process and outcome of the design study. In the case of
reusing systems or subsystem models, the step “building system model” requires
much less time. In the case that the design starts from a blank sheet, the team is

less constrained if they wish to find and use new solution concepts.

Process Metrics

The execution of the conceptual design process is characterized by a set of metrics,

which can be evaluated either during or upon conclusion of the the design process.

The duration of an iteration is the result of the total actual study and the
number of design variants which were achieved. The design process is a set of design
steps, which make changes to the parametric system model. These are oriented in
a proper direction in order to converge on a feasible solution. A design iteration
converges, when the changes of subsystem outputs are less than a certain threshold
Axy,; < exxVk € K i € Ng, where € € [0, 1] is the threshold. This threshold is set
according to the policy for design margins (e.g. 0.15 for 15%). The convergence of
all the subsystem models also presumes that the values of the parameters make up

a feasible design.
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The duration of an iteration is defined as:
d= titeration stop — titeration start
The lesser the time a design iteration takes, the more iterations can be performed

within a design study.

Interconnectedness The conceptual design of subsystems are interconnected,
when the sizing of one subsystem requires information from another subsystem.
These dependencies can be extracted from the links in the integrated parametric
model and represented in a Design Structure Matrix (DSM). The ratio of existing
dependencies to the potential connections, can be used as a metric of the intercon-
nectedness. In mathematical terms it is the matrix density of the DSM.

For the design process, it means that the more connections there are, the greater

the chance that a design change will cause a chain reaction of other changes [Yassine

and Braha, 2003].

Degree of Concurrency A fundamental idea behind concurrent design is the
parallelization of work [Prasad, 1999]. The higher the achievement of this measure,
the more time is saved due to parallelization. For concurrent engineering, different
methods have been proposed to maximize the degree of concurrency, based on the
assumption of known task duration, and fixed information needed and it’s availabil-
ity [Hu et al., 2003, Srour et al., 2013]. In our case of conceptual design the duration
of the design steps and information needed or it’s availability, is hard to estimate
beforehand. Hence, our process uses the dependency information only to coordinate
the contributions of the discipline experts on the shared system model, by keeping
consistent records of the design decisions taken.

The degree of concurrency can be defined as the ratio of the amount of time
design steps overlap, against the total duration of all design tasks. We used a
definition following Hu et al. [2003].

0; = ts; — te;_1 is the overlap of design step ¢ and 7 — 1.

Oi

di—1

g =1-— is the measure of concurrency of two partially overlapping de-
sign steps, assuming that they overlap (o; > 0). Figure 5-15 provides a graphical

illustration of overlapping design steps.
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Figure 5-15: Concurrent design steps overlapping

We can extend the measure of concurrency to a set of concurrent design steps,

where S is the number of steps.

C = B0
T teg—tsy

This value is 0 when there is no overlap. If two design steps take the same amount
of time and happen simultaneously, the degree of concurrency is 1. If more than 2
design steps happen simultaneously and have full or partial overlap the degree of
concurrency can be more than 1. Ultimately the value is bound by the number of
steps: C'< S — 1.

This metric gives a good indication about the amount of design steps taken in
parallel, but it is not sufficient to characterize the efficiency of the concurrent design
process. It can well be that the degree of concurrency is high, but as a consequence
of the dependencies, many design steps need to be repeated, because the inputs for
the subsystem have changed and require re-evaluation of the subsystem model.

To avoid rework on the subsystem models, the sequence of synchronization mat-
ters (see section 2.3). Because of this, our process guideline builds a proposed
sequence of discipline updates, based on the design dependencies. A DSM which

was built on the links in the parametric model was used for sequencing.

5.5.4 Operational implementation

So far we have illustrated the logical organization of the design process. Additionally,
the process should be translated into a practical working schedule. Organizing a
concurrent design study basically requires the proper planning of the activities, the

people and the infrastructure. An overview of the activities according to allocations
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is shown in Table 5.1

What When Who Where
preparation weeks between | customer, virtual or
initiation  and | study coordina- | physical meet-
CDF sessions tor ings
build system | before and first | study coordina- | offline and in
model CDF sessions tor, CDF
domain experts
design iterations | CDF sessions full team in CDF

Table 5.1: Activity allocations

The term ’CDF session’ describes a period of time where the entire team comes
together in the Concurrent Design Facility for collaborative work. It’s important to
note that there can be one ore more design iterations and one or more CDF sessions.
Generally a design iteration takes more than one CDF session.

The team coordinator, when crafting the schedule for the CDF sessions, needs
to take into account each experts’ availability. A general principle for creating the
work schedule for a concurrent design team, is to alternate periods of working all
together into the CDF, and periods of offline work, where the discipline experts work
individually on their subsystem models.

In the course of design sessions, the study coordinator may see the need for closer
discussions between only 2 or 3 disciplines. In such cases the team breaks up and
holds splinter-meetings in separate rooms.

Let’s consider as an example the setting of a master level course of 2 months on
space mission design, where the course project shall use a concurrent design study.
The study extends over 6 weeks, where within each week, one half day' is dedicated

to the concurrent design sessions. Figure 5-16 illustrates an example schedule.

5.6 Summary

This chapter presents the comprehensive methodology for model-based co-located

conceptual design. The methodology (MoCoDeM) was devised from literature re-

ldepending on the organization it can be 3-5 hours
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Mission | CD Session | CD Session | CD Session| Offline | CD Session
clarification 1 2 3 work 6
Break
Intro t.o cb, Prep. Offline CD Session | CD Session .
Tutorial on | Subsystem Conclusion
work 4 5
collab. Tool | Models

Figure 5-16: Example schedule for a CD study

view and expert survey, as well as the author’s learning from conducting conceptual
design studies with a co-located team and within a Model-Based Systems Engineer-
ing environment. It included the description of formalized models of the 4 pillars:
facility, team, model, process.

The next chapter will illustrate the 5th pillar, the tool we developed to support

the team in working on the model and following the process.
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Chapter 6

Concurrent Conceptual Design Tool

We analyzed tools referenced in the literature about concurrent engineering in con-
ceptual design as practiced by space agencies. In line with the methodology MoCo-
DeM, described in the previous chapter, we need a tool for Concurrent Conceptual
Design (CCD) based on parametric models. Models used in the conceptual design
of space systems primarily describe the system’s behavior. In fact, [Fortin et al.,
2017] found out that only around 20% of the parameters in CCD describe geometry.
There are MBSE tools, such as CameoSystemsModeler™! for example, which are
used to make descriptive models of systems’ decomposition structure and subsys-
tems’ interactions in the form of SysML diagrams. Although parametric models can
be built in SysML, they are not a good fit for multi-user collaboration.

MDO tools, like ModelCenter®?, deal with parametric models of any kind, but
focus on automated analysis and optimization, while CCD keeps experts actively
involved during the design process.

PLM systems, such as ENOVIA® or Teamcenter®?* for example, have their
strength in supporting design and manufacturing and hence, the management of
geometric models. PLM systems also allow to leverage knowledge accumulated in an
organization by managing models in a way to facilitate their reuse. Such knowledge-

based engineering approach is particularly advantageous when system designs can

"https://www.nomagic.com/products/cameo-systems-modeler
’https://www.phoenix-int.com/product/modelcenter-integrate/
3https://www.3ds.com/products-services/enovia/
‘https://www.plm.automation.siemens.com/global/en/products/teamcenter/
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be derived from models available for a product family [Prasad and Rogers, 2005].
The fact that the integration of knowledge management into product development
tools remains challenging, is confirmed by Chandrasegaran et al. [2013]. While tool
vendors are continuously extending the scope of PLM systems, in order to include
different kinds of models, the tools’ strength are geometric models. For the focus
on behavioral models in CCD [Fortin et al., 2017], PLM systems are not a good fit.

We analyzed these tools and compiled a comparison [Knoll and Golkar, 2018].
An updated version of the comparison is available in Appendix C, Table C.1. A
discriminating characteristic of the tools is the specialization on certain life cycle
phases. Furthermore, the tools differ in the focus and level of abstraction of para-
metric models.

Tools specialized on CCD focus on the conceptual design phase and allow col-
laboration on parametric models. Examples are: VirSat® from DLR, CDP® from
RHEA, Valispace’.

We tested these tools to verify their ease-of-use and whether they could be
adapted to fit our methodology. We made the following observations that later

informed the development of our own tool:

e None of the tools allowed for customization, nor did they provide extension

points to log design activities for research purposes.

o Excel™

is a common and easy-to-use tool for making simple parametric disci-
pline models, but it is not adequate for being primary user interface, for the

interaction with the system model, as in CDP for example.

e Third-party engineering tools are typically installed as desktop applications,
which makes it difficult to integrate with web based applications, like Valispace
did.

e There is no need to incorporate discipline specific functionality, such as the

visualization of the 3D geometry, as in VirSat for example.

Shttps://www.dlr.de/sc/en/desktopdefault.aspx/tabid-5135/8645_read-8374/
Shttps://www.rheagroup.com/cdp
"https://www.valispace.com/

104


https://www.dlr.de/sc/en/desktopdefault.aspx/tabid-5135/8645_read-8374/
https://www.rheagroup.com/cdp
https://www.valispace.com/

Chapter 6. Concurrent Conceptual Design Tool 6.1. Requirements

6.1 Requirements

The tool we developed focuses on this primary function: exchange parametric model
information between discipline experts. In other words, it was not meant to repli-
cate any functionality of discipline-specific engineering tools, but rather integrate
those with a shared parametric system model for easy exchange among engineering
disciplines.

In response to the challenge revealed in the survey, that of limited expert avail-
ability (section 4.2), the tool shall be easy to learn an use. To match the needs of
CCD and in line with ECCS-E-TM-E-10-25A [ECSS, 2010], the tool shall meet the

following requirements:

Reqg-1 Allow users to build a hierarchically decomposed system model, with pa-
rameters associated to each element of the model and possibility to define
parameter links.

Req-2 A team of users shall store the model on a shared repository, and keep local
copy while working on their respective part.

Reqg-3 Multiple users shall be able to work in parallel on the same system model.

Reqg-4 The tool shall allow to assign permissions for different model elements ad-
herent to their respective discipline.

Reqg-5 Upon storing changes to the shared model, the user shall be given the pos-
sibility to resolve conflicting changes.

Reqg-6 The tool shall allow to couple parameters from the system model with ex-
isting calculation spreadsheets.

A tool which limits itself to this functionality can be relatively easy to learn and
use.

To address the challenge "integrated tool chain", revealed in the survey (sec-
tion 4.2), specific features shall support the team in performing conceptual design

in an orderly manner.

Req-7 The tool shall be shipped with an inbuilt documentation about the process
guideline.
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Reqg-8 To allow the team to see the status of the work and the effects of changes,
the tool shall visualize the dependencies in the system model as N2.-Diagram.

Reqg-9 The team leader shall be provided with a function to calculate the optimal
order of disciplines, using a DSM sequencing algorithm.

These features, explicitly supporting the coordination during the design pro-
cess, are not available in existing tools. Hence, we developed CEDESK as a tool

implementing MoCoDeM.

6.2 Tool Concept

Concurrent Engineering Data Exchange Skoltech (CEDESK) is a tool to facilitate
co-located collaborative model-based conceptual design for complex engineering sys-
tems. This type of tool is also known as data exchange for concurrent engineering
studies. Multidisciplinary design teams can use CEDESK to facilitate their work

together, by building shared parametric models of their system of interest.

6.3 Software Architecture

A common architecture that supports data sharing and collaboration is the client-
server architecture. CEDESK implement this architecture as illustrated in Fig-

ure 6-1. The server part embodies the central model repository and consists of a

Repository

- \
Client l l Client

ol
[EEEEN

Client Client

E.

-

O
w

Figure 6-1: The client-server architecture of CEDESK

relational database, and the client part consists of a desktop application (Reg-2).
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The application was implemented in Java™in order to be able to run on all major
desktop platforms, such as Windows®, MacOS™, and Linux™. Multiple clients can
connect to a server at the same time and work on the same model (Req-3). Model
synchronization is built on top of atomic database transactions. The data storage
relies on a MySQL™ from Oracle [2016] database and the client application uses
the Hibernate™ Object Relational Mapping from Redhat [2014] framework to store
models in the database.

The user interface is built with JavaFX™ technology. Moreover, CEDESK makes
use of various open-source libraries for logging, access to workbook files, spreadsheet-

like user interface components, and handling of graph data structures.

6.4 User Interface

The client application is the primary user interface for the user to access the central
study repository and to interact with the models. Similar to many collaborative
design tools, with CEDESK, users load projects from the repository, then operate
on a local working copy, and it can then be saved back to the repository when
needed (Req-2, Req-3). Figure 6-2 shows a screenshot of the client application’s
main window.

At the top, the name of the current study, the logged-in user, and their active
roles are displayed. According to the roles, a user is assigned; one can either view
or modify a subsystem, its parameters, and external models (Req-3).

The user interface consists of four major parts enabling the user to work with

the system model (see numbers in Figure 6-2).

(1) Shows the structure tree for the systems hierarchical decomposition. The but-
tons allow users to add, modify, and delete model nodes (Req-1). The screen-

shot above shows the model of the "demoSAT" spacecraft and its subsystems.

(2) This is the list of external models belonging to a model node (Req-6). External
models (files of third-party tools) can be attached, detached, and opened with

the respective tool, directly from there, with the appropriate buttons. In

107



6.4. User Interface

Chapter 6. Concurrent Conceptual Design Tool

.
&} Concurrent Engineering Data Exchange Skoltech = B8 X
Project  Edit  View  Help [cenes
O.G
New Reload || Save View Changes | Project demoSAT  User: Dominik Knoll  Roles: Admin L )~ 4
Structure (1) ¥ External Model (2)
-
v B demosaT | Orbitadsm Z|l=|l=| |*|l&
e Mission
e Optical Payload
¥ Parameters (3)
@ onit - - -
Nature Name Value Unit Value Source Information Descri...
0 Structure ‘ . § ) _J ) _J‘ i
output Light Time 65,85 Minute [min] reference Orbit.xlsm:Sheetl!G6
@ Power output  Orbit SMA 7178,0 Kilometer [km]  reference Orbitxlsm:Sheet1!C5
e Thermal output Orbit altitude 800,0 Kilometer [km] manual
e AOCS outnut Qrhit nerind 100817 Minute [minl reference Qrhit.xlsm:Shest1!G4 SOLUIRC..
@ communicaions ||| £/ =12
Communications
Parameter Details (4)
Name | Orbit SMA
+ (&= &
Nature | output - | \AQCS::Orbit SMA
Owners
Value Source | reference - | Orbit.xlsm:Sheetl!C5 =
Dominik Knoll i ;
Value | 7178,0 ‘ Unit | Kilometer [km] -
Dependencies Override Value
upstream Export
downstream pesention
‘ Optical Payload, Power, ‘
View DSM View N2 Revert Apply
Successfully saved study: demoSAT

Figure 6-2: The main screen of CEDESK

the screenshot above, an Excel™ workbook "Orbit.xslm" is attached to the

subsystem "Orbit" which was selected on the left.

(3) Shows the list of parameters belonging to a model node (Req-1). The buttons

on the bottom allows a user to add a new parameter, remove an existing

parameter, and see the version history of a parameter.

(4) This is the area for parameter details, which also allows for immediate editing

(Reg-1).

In particular, this editor allows a user to create a link to another

parameter or to set up the reference to external models.

There is the possibility to clone a study by exporting the full system model

to an XML archive and then re-importing it with a new name. This can save

a user time when building a new model based on similar conceptual design

108



Chapter 6. Concurrent Conceptual Design Tool 6.5. Modeling Capabilities

studies. Basic knowledge management capabilities are implemented in the
form of a model library, with the possibility to store, search, and instantiate

models from a component library as laid out in |[Fortin et al., 2017].

A feature invisible to those designers who are using the tool, but of high relevance
to researchers, is the detailed logging of user activities. The application logs each
action such as loading and saving of models as well as modifications to the models’
structure and parameters, along with all of the relevant meta data such as the related
entity, time and user information. The log is stored in the same central database as
the modeling information. This allows for a deeper analysis of the logs even after a
design study is completed.

Upon close inspection of the various screenshots provided as examples, it can be
noted that the application changes its appearance. As the screenshots originate from
different operating systems (Windows®, MacOS™, and Linux™), the application
windows slightly differ in style. This also demonstrates the cross-platform capability

of CEDESK.

6.5 Modeling Capabilities

The data model in CEDESK is structured similar to ECCS-E-TM-E-10-25A, as
much as it concerns parametric system models (Reg-1). The primary model entities
represent the system structure, its parameters, units of measures, users, and roles.
Figure 6-3 describes the data structures, using the graphical notation of a UML
class diagram.

A study is composed of a system model, which is a tree structure of model
nodes. A node represents the parametric model of an engineering discipline or a
system component. Each model node contains a set of parameters and a set of
external models. External models encapsulate files made by third-party engineering
tools. Parameters are of one of the following natures: input, internal, or output. All
parameters have a numerical value and can be associated with a unit of measure.
The value is obtained either from manual entry, from a link to another parameter,

or a calculation based on other parameters.
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6.5. Modeling Capabilities
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Figure 6-3: Data structures for integrated system models in CEDESK

110



Chapter 6. Concurrent Conceptual Design Tool 6.5. Modeling Capabilities

Each model node, such as system, subsystem, element or component encapsu-
late a parametric model, with input and output parameters. Figure 6-4 shows how
parametric models work in CEDESK: values of input parameters are fed into a cal-
culation, a simulation or a human design decision and values for output parameters

are produced.

Discipline Model

INPUT OouUPUT
PARAMETERS PARAMETERS

source| MANUAL source| MANUAL

Value Flow

source |LINK source| REFERENCE

EXPORT

EXTERNAL MODELS

Figure 6-4: Structure and information flow in a parametric discipline model in
CEDESK

An input parameter can obtain its value either from manual setting or from a
link to another subsystem’s parameter. Actually, only output parameters are visible
to other subsystems and can be linked. An output parameter can obtain their value
from setting it manually or from a reference to an external model. In the example
shown in Figure 6-2, the parameter obtains its value from a reference to a specific
cell from the Excel™ workbook "Orbit.xlsm:Sheet1!C5". Whenever the value of a
parameter is obtained from a link or an external model, there is an option to override
the value. This is useful at the beginning of the concurrent conceptual design, when
a discipline engineer works with assumptions before being provided with calculated
values by another discipline. Finally, a parameter can also export its value to an

external model (e.g. to a cell of an Excel™ spreadsheet).
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6.6 Consistency Check

Making sure that the integrated design model does not contain inconsistencies is a
major concern. Some changes to the model that would introduce inconsistencies are
blocked by the user interface right away. For example, links can only be established
to output parameters, and removing a parameter that is already linked is restricted.
The tool also ensures that the units of measure of two linked parameters will always
correspond.

For incomplete models or inconsistencies that can occur in the model, the tool
offers the ability to run a model check. The issues of the model are categorized by
severity: critical, error, warning. An example of the result of such a check is shown

in Figure 6-5.

&) Model consistency B xR

Pl
[

Severity ¥ Source Inconsistency Description
CRITICAL  “Mission + Programmatics#Pri.. External model has empty attachment
CRITICAL \Bio Payload#ScientificPayload.. External model has empty attachment
CRITICAL  'AOCS#cubesatPointingSyste..  External model has empty attachment

ERROR \Bio Payload:pre-launch prepa.. Linked parameter must have link to a source parameter
ERRCR \Bio Payload:flight duration Linked parameter must have link to a source parameter
ERROR study Study latest modification is earlier than system maodel last modification
WARNING  LaserNaut:TOTAL mass Output parameter is not linked by any other parameter

WARNING  LaserNaut:TOTAL power requi.. Output parameter is not linked by any other parameter
WARNING  \Mission + Programmaticszmis.. Output parameter is not linked by any other parameter
WARNING  \Mission + ProgrammaticszDe.. Output parameter is not linked by any other parameter
WARNING  ‘\Mission + Programmatics:Mi.. Output parameter is not linked by any other parameter
WARNING  \Mission + Programmatics:5ta.. Output parameter is not linked by any other parameter

WARMING  \Bio Payload:Capsule size X Output parameter is not linked by any other parameter

WARNING  \Bio Payload:Capsule size Y Cutput parameter is not linked by any other parameter

Figure 6-5: Inconsistency check in the integrated design model

6.7 Tradespace Exploration

The conceptual design elaborated during a conceptual design study is commonly
evaluated according to a few characteristics, or Figure of Merits. In the case in
which the system to be designed can be associated to a bigger family of products

(e.g. communication satellites), the new design is compared with other planned
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or existing solutions. A very powerful tool for this comparison is the tradespace
chart (see section 2.5). The integration of tradespace exploration and parametric
modeling is not available in any other tool.

CEDESK has the related functionality of tradespace exploration built-in. The re-

spective screen is shown in Figure 6-6. This part allows a user to create tradespaces,

] Tradespace Explorer == -
New || Load || Save Import C5V || Import Excel [e CarDesign I‘ ‘ Definitions |
Scatter Chart || Polar Chart Figures of Merit Definitions

X-Axis | Horsepower ~ | Y-Axis | Highway Efficiency ~  Epochs » Name Unit  Optimality Parameter Link

. . Horsepower h maximal * <not defined> % | @
Tradespace: Horsepower vs. Highway Efficiency " " |7|
504 | HighwayEfiiciency | mpg maximalv | <notdefined> | % ||
5512 LL\ Fuel Tank Capacity gal. | maximal~ | <not defined> | % || 1
\ Skt
o =
4084 \ City Efficiency mpg | maximal v | <not defined> | % |1
o | .
o 4456 \ Engine Size L maximal * | <not defined> | S ||
a o\ Sl
E \ —
3928 = Cylinders maximal = | <not defined> | % || @
5 o oo ——
2 d Torque fi-lbr | maximal | <notdefined> | % ||
b Shu——
- —
£ Curb Weight lbs  maximalv | <not defined> | % | |
=
T 2 +
0.
_ ©
1216 &P T
REEH 6 2004
e 2005
177 B166 14562 20058 27354 3375 40146 46542 52938 50334 6573
Horsepower (hp)
© 2004 © 2005
» Current Design Point +

Figure 6-6: The tradespace explorer in CEDESK

define the respective figures of merit (left upper part), and visualize tradespace
charts (left side). The screenshot shows the data points, that were imported for the
comparison of car designs.

Data points represent designs that are characterized by a name, and values for
a set of FOMs, as well as the epoch (year) the design was made. During the import
of the data points from spreadsheets in CSV, XLS and XLSX format, the user can
choose the meaning given to each column, whether it contains the name, a FOM or
the epoch.

The definition of the figures of merit allows for the selection of a figure of merit
optimality criteria. In the example, the FOM "horsepower" is set to maximal. A
FOM for cost, would be set to minimal. On the top left, the user can choose which

FOM to be shown on which axis of the chart. A line connects the data points which
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form the Pareto-front among the known designs.

FOMs can also be linked to parameters of the design model. For example, the
parameter of engine size and horsepower of the design model can be connected to
the figures of merit of the cars tradespace. In this way, any state of the current
design can be compared to all existing designs in terms of these FOMs. This allows
for immediate feedback between the concurrent design and analysis of competitive

products.

6.8 Collaboration

To enable multiple users to work on a project, CEDESK also furnishes a user man-
agement feature, which allows for the assignment of users and roles (Req-4). A
quick turn-around in collaboration is facilitated by notifications to the user, when-
ever changes have been stored to the model repository. Changes made by other
team members or the user’s own unsaved changes can be reviewed in a dedicated

window, as shown in Figure 6-7 (Reg-5).

{8} Concurrent Engineering Data Exchange Skoltech = & &
Poject _ Edit el CEDESIK
New Reload Save View Changes .:‘

Design Study: demoSAT  User: Team Lead  Roles: Admin L ..'
J

& Model differences [ = éj

Change Type Node Parameter Aitribute Local Value Repository Value Action
change external model \Orbit Orbitxlsm accept remote
¢ »

Revert all local changes Accept all remote remote changes || Cancel
M i i m— e —
Value [ 71780 ] Unit | Kilometer -
|up5tream | Override Value
Export
downstream o
| Updates on study x
New version of study in repository! | View Differences Revert || Apply
Rer

Figure 6-7: Change notification and possibility to review changes

Whenever a user stores the system model, the tool not only saves the latest state
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of it, but also keeps track of each modification. All changes to the structure of the
model and parameters are recorded and a full version history is kept. This allows
the reconstruction the complete state of the model back to any stored version as
part of posterior analysis. The tool provides functionality to tag the state of the
system model at any point in time. The user can also restore any tagged version
from the history.

To distinguish the responsibilities of study participants over parts of the system,
the tool implements access control based on roles Figure 6-8. Roles can be created

for all disciplines. Model nodes can be associated with roles, and roles associated

with users.
i ™
&) User Management L = Cl ﬂ
Disciplines Subsystems
MName #Subs...  Description assigned unassigned

Admin (builtin) 0 Orbit

AOCS 1 e

Communications 1

Mission 1 Users

Orbit 1 assigned available

Payload il dknall (Dominik Knoll) Name Full Name

Power 1 a.galkar Alessandro Galkar

Structure i admin Team Lead

Thermal 1 dknoll Deminik Knoll

observer Observer
+ | =

Figure 6-8: The discipline and user management

6.9 Process Guide

The aim is to assist the user in following the proposed design methodology. There-
fore, we included the process model and description into the tool, such that it is
available for consultation during the concurrent design sessions. Figure 6-9 shows the
interactive documentation containing all the process guideline (Req-7), as described

in subsection 5.5.2. This allows newcomers to learn about the process on-the-fly,
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and gives all team members awareness about the current activities.

e0e & Concurrent Engineering Data Exchange Skoltech 7
” — = 7=
P Edit V Tools  Hel :
roject it View Tools Help o CD Process Guide
e,
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Structure = External Models Stud i
-
~ B demosat [ orbitxtsm |z |- = [+ &2
e Mission Parameters
@ optical Payload Nature Name Value Unit Value So... information Description Decomposition
— - Analysing the mission
e orbit output Inclination 90.0 degree [deg]  manual requirements high-level
output Light Time 65.85  Minute [min]  reference  Orbit.xlsm:Sheet1!G6 v functions of the system
@ structure are derived. Subsystems
output Orbit SMA Kilometer [km] reference  Orbit.xlsm:Sheet1!C5 are defined which
e Power output Orbit altitude 800.0  Kilometer [km] manual incorporate these
, i functions and are
9 Thermal outnut Qrhit perind 100817 Minute (minl _ reference  Qrhit 1G4 OQURCE: 16 assigned to discipline
+ - ko) experts present in the
@ rocs b team. The structure of
Parameter Details - the system is encoded
@ communications ® and stored in a system
Name | Orbit SMA < model.
Nature | output - | \aocs:orbit sma Define Subsystem Interfaces - .
For each discipline or subsystem experts define which are the
Vaiue Source i = ‘ Orbit.xlsm:Sheet1!C5 v essential design parameters (input) and resulting attributes
(outputs).
Value | Unit | 7178.0 | | Kilometer k) = Build Subsystem Models
Completion Override Value In this step, discipline experts shall come up with models for their
respective subsystem. Parametric models map design parameters
|2 =l ls]l= Export fo estimates of the essential characteristics of the subsystem.
These characteristics either contribute to the figures of merit of the
O s o overall system (e.g. mass) or influence the design of other
Description subsystems. These models can either be based on first-principles of
€« physics or based on heuristics. Simplified analytical models for

. preliminary sizing exist for many subsystems with a design heritage.
% Optical Payload, Power, Ther... Caveal =

» Successfully loaded study: demoSAT

Figure 6-9: The process guide integrated into CEDESK

6.10 Coordination

An important goal of CEDESK is to support the team leader in coordinating the
design effort. A graphical representation of the dependencies is given in the form
of an N2-Diagram (see Figure 6-10) (Req-8). The boxes in the diagonal represent
the subsystems, and the lines indicate the parameter links. The arrows at the end
of the lines show the direction of information flow. The width of a line reflects the
number of parameter links, and at the bend in the lines the names of the parameters
are shown.

The tool allows users to interact with the chart by clicking on single arrows
and subsystems to highlight them (see red border). Moreover the user can change
the order in which the subsystems are arranged via the buttons at the top, and
export a snapshot of the chart as a picture. Charts not only give a view of the
static parameter links between the subsystems, but also their status. The arrow tip
is shown in blue, if the value of the output parameter is explicitly overwritten at
the input parameter. The arrow line turns blue when the output value is not yet

propagated to the input parameter.
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Figure 6-10: The subsystem dependencies visualized in a N2-Diagram

The user can choose to have the view updated automatically at any change made
to the model in the repository. This allows a team lead or moderator to use this

view to observe the design process and the propagation of changes in real-time.

Another view in the application allows the user to visualize the dependencies
among subsystems in the form of a Design Structure Matrix (DSM). The cells of the
matrix in Figure 6-11 show the number of parameters linked from the subsystem in
that row, to the subsystem of that column. The user can interact with the chart
by using the mouse. Hovering over a cell lists the names of the parameters, and by
clicking on a cell it will highlight the two involved subsystems. The interface offers
the user the possibility to run a DSM clustering/sequencing algorithm (Req-9). The
results are shown on the same view, just through the re-arranging of the discipline

names and marking the clusters with a square.

A moderator or team lead can use this discipline sequence to minimize rework.
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Figure 6-11: A visualization of the subsystem dependencies in the form of a DSM

6.11 Distinctive Features

This application was designed and developed to provide the necessary functionality,
which supports the user throughout the concurrent design study. Like all other
available tools, CEDESK allows teams to store and share the integrated parametric
model as specified in section 6.1 The following features are not available elsewhere

and represent innovation in the area of tools for concurrent conceptual design:

Consistency check Is an automated analysis which reveals possible mistakes in

the parametric models, and helps the team to make corrections accordingly.

Tradespace Explorer This tool can import and visualize competitive solutions in
terms of key system characteristics (Figure of Merit). Thereby the concurrent
design teams have the ability at any moment of the design study, to compare

the design with the best-in-class.
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Coordination With the visualization of dependencies as interactive N2-diagrams,
concurrent design teams have the ability to see the changes as they are prop-
agated. The automatic generation of the DSM based on the parameter links
allow the user to better decide the order in which the various disciplines make

updates.

6.12 Summary

This chapter provided an ample description of the software tool developed mainly
by the author. Further information on technical details about the source code and
software components can be found in the appendix section D.1 and in the developers

guide on the website https://cedesk.github.io
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Chapter 7

Expert Interviews

For the verification of our approach, we conducted interviews with subject matter
experts, who already had participated in our survey (section 4.1). We talked to five
experts from five organizations, such as NASA, ESA and DLR, who are leading in
the field of Concurrent Conceptual Design (CCD). Besides space agencies, we also
covered research centers and industry.

The first part of the interviews was dedicated to the verification of the process
guideline (subsection 5.5.2), included in our approach. In a second part, we tried to
capture the experts’ respective experience of CCD, focusing on processes and tools.

Before that, we summarize the organizational context in which the concurrent
design facilities operate, as it can have significant influence on the use of the CCD

approach.

7.1 Organizational Context

Within organizations concurrent design facilities (CDF's) are known for the specific
purpose of bringing people together for collaborative design sessions. Depending on
the organization, CCD finds different implementations. Nevertheless, it is common
to all facilities where our interviewees work, that they are staffed with a relatively
small group of people with the qualification of systems engineers. Their task is to
provide support to concurrent design studies in different roles. The facility provides

the service to run concurrent design studies commissioned by other units of the
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organization. Within an agency, it could be the science directorate requesting a
concurrent design study based on a proposal received from a academic researchers.
In a company, it could be the sales department requesting a conceptual design
study in response to a call for proposals launched by a funding agency. Upon
commissioning a study for a mission, the amount of dedicated resources is defined.

The team for a specific design study is formed, drawing experts coming from
engineering units within the organization or from external partners. The size of
the team can vary significantly depending on the complexity of the mission, the
scope of the study, and the available budget. Our interviewees reported that their
organizations all have a matrix structure. It means that projects like mission design
studies draw from expert pools of departments specialized on different engineering
disciplines and business aspects. As an example for a space agency, Table 7.1 lists

the 30 disciplines available in ESA ESTEC.

AIV/Programmatics | EMC & Harness Navigation / GNC
Antenna/Sub- Flight Software Sys- | On-board Payload
Millimeter Wave tems Data Processing
AOCS Flight Vehicles& | Optics/Instrument
Aerot.Eng.Sect.
Chemical Propulsion Ground Segment Power
Communications Ground SW Systems | Radiation
& Functional Verifica-
tion
Configuration / Struc- | Independent Safety Risk
tures
Cost Instrument /Payload Robotics
Data handling Life & Phys Science | Solar Generators
Instrument
Debris Office Mechanisms Systems
Electric Propulsion Mission Analysis Thermal

Table 7.1: Possible Domain Experts

Over the years, the study leaders from concurrent design facilities have learned,
which experts are more likely to participate and are more productive in concurrent
design studies. Nevertheless, it was reported that there are newcomers on basically

every design study. This requires special attention to make sure these people learn
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the concurrent design process and the usage of the available collaborative tools.

7.2 Process

As we talked our interviewees through our process model, they confirmed that our
model in general reflects the actual design process they experience in their environ-
ment. The visual representation was considered useful for communication purposes.
Several interviewees pointed out that there is not a "one size fits all" process. Each
study comes with specific needs and characteristics, and requires to be treated in-
dividually. Hence, it is common that the process, as it may be defined within the
organizations, gets tailored to the specific needs of a project. All facilities have
their proprietary mechanisms to estimate the required efforts in terms of money or
man hours based on the customer needs. This is used for the agreement with the
customer on funding and expected study outcome.

In the following we summarize the comments regarding the process model for-

malized in SysML activity diagrams, shown in subsection 5.5.2.

Conceptual Design Study The interviewed experts found our process model
at this level of abstraction to correspond to reality. Basically, the overall process
is agnostic to the specifics of each disciplines analysis, as they are left up to the
domain experts.

An additional detail in the preparation step is that certain high-level architec-
tural decisions might be taken already during the preparation. For example, in
the case of research on a planetary surface, the trade-off could be in-situ measure-
ment versus remote sensing, giving different science return at different cost. The
preparation phase can take up to a third of all the time from the initial request to
the delivery of the results. Agreeing on the initial requirements and defining the
appropriate figures of merit, in some organizations can take a couple of weeks.

The number of design variants that the concurrent study shall produce is defined
by the customer and constrained by the time or budget allocated for it. Besides one

baseline solution, some facilities try to prepare at least one alternative solution.
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It was noted that the generated study report generally contained the system
requirements along with the feasible concept, risk analysis and cost estimates. An-
other outcome of a design study that occurs in practice, is that a follow-up study is

needed.

Build Integrated System Model A important factor already mentioned in our
process guideline is the starting point for the system model. Our activity diagram
assumes the case where a study starts from a blank page, and the system model
has to be built from scratch. Interviewees confirmed that this model in broad terms
describes their reality.

If a study can make use of model templates, the process is simpler and the
effort reduced. Indeed, most but not all our interview partners are used to an
intermediate case, where the system decomposition is partly taken from templates.
The templates are then adapted in each project, and the subsystem models are
contributed by discipline experts drawing from the design heritage of their respective
home departments.

Our process guideline allows for both cases, building the model from scratch and
reusing existing models. The major part of building the model is done during the
preparation phase and the models can be used in the design sessions for analysis

and making decisions.

Design Iteration According to the interviewed experts, the sequence of discipline
updates in general is determined by the study lead based on their experience. In
this point, our process model does not describe the actual practice, but as it could
be.

The interviewees considered the automatic sequence based on the dependency
information innovative. A concern raised by one interviewee was that the system
model could potentially contain a large number of interconnections, which could
potentially render the sequencing based on the DSM impractical. It was confirmed,
that many interconnections indicate that the model is too detailed for conceptual

design. In order to keep the dependencies to the minimum necessary, practitioners
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prefer to have the systems engineer manage the definition of the subsystem inter-

faces.

Another way to coordinate concurrent teamwork used by one of our interviewees
is a chart, where each discipline continuously reports it’s current state in a stop-light
manner: green - up to date, orange - busy updating, red - waiting for inputs. This
method assists the moderator to decide the sequence of discipline updates on-the-fly.
It is a heuristic coordination method, which aims to reduce the waiting time and to

keep the design process flowing.

In this aspect, our process model is more prescriptive then descriptive. Hence,

further validation through practical design studies is needed.

Update Discipline This sub-process is rather straight forward, and the experts
confirmed that it describes the reality well. A specific activity happening in practice
is that sometime the model is not recalculated, but replaced, due to major concept
changes, e.g. change the power source from solar batteries to RTG. Additionally,
the feasibility check is not only necessary within a discipline, but also at a system
level. Our process model considers the system budgets (e.g. mass, power, etc.) to

be checked by the systems engineers.

Schedule An important comment was given regarding the implementation of the
process in a schedule for the concurrent design sessions and the agenda for each
session. After all, the teamwork relies on humans, who can vary unpredictably in
mood and availability. Hence, the moderator needs to be ready to adopt the schedule

due to people coming late, being sick, or being in a bad mood.

All our interviewees agreed that the activities "Preparation", "Define Figures of
Merit" and "Compile Study Report" are done in asynchronous collaboration. Partly,
also "Build Integrated System Model" is also done before gathering the full team
into the facility. Only the activities "Design Iteration" and "Store Design Variant"
presume co-located teamwork, but frequently some experts are connected via video

conferencing.
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Overall, the feedback on our process model confirmed that it corresponded to
reality. Further we describe additional insights gained regarding the processes in

different organizations.

Types of Design Studies

Some organization also established classes of design studies. NASA JPL for exam-
ple defined a clear schema of concept maturity levels (CML)[Wessen et al., 2013].
Depending to which level the concept is already developed the design study takes a
different form. Our process model fits only to certain kinds of studies.

Several organizations established a tailored process of Cubesat studies |Zarifian
et al., 2015, Jahnke and Martelo, 2016]. The standard form factor and the heavy
use of COTS components, puts strong constraints on the design space. But it also
allows design studies to provide a more detailed description of the solution, which
is similar to a preliminary design.

Some facilities host design studies not only for concept feasibility verification, but
also for the preliminary design of missions. Due to the difference in duration, team

size and expected outcome, the processes for executing these studies are adapted.

Training

A recurring theme in our interviews was the need for training newcomers. People
joining the staff of Concurrent Design Facility are mainly trained on the job. This
primarily means participating in concurrent design studies and secondly studying in-
ternal documentation. The experts confirmed that there are no general descriptions
of the concurrent design methodology available. Most of the publications used, and
referred by our interviewees are from their own organization. Conferences on con-
current design or aerospace are the principal occasion for exchange of ideas between
practitioners of different organizations.

Most interviewees frequently have to deal with people on the team, who are
new to the concurrent design approach. This means, in each study session time
needs to be dedicated to explain the way of working, and the respective tools. Some

of our interviewees report that the the study plan always takes into consideration
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additional staff to support the team in using proprietary collaboration tools. Other
organizations are trying to grow a more stable pool of participants to reduce the
need for training.

Our work is addressing the need to train new people by providing a generic

description of the methodology and in particular the design process.

7.3 Modeling and Tools

Another topic we paid particular attention to in our interview is the aspects of

modeling related tools.

Model Library

One of the reasons for introducing the MBSE approach is the potential savings due
to model re-use. Regarding the models, all our interviewees confirm that they are
undertaking efforts to better manage their organizations knowledge in the form of
models.

At a system level, several organizations make use of templates based on the type
of mission. One organization has distinguished 4 types of interplanetary missions
(inner and outer solar system, orbiting, and landing). Another organization has
templates for earth observation and communication missions.

Models at discipline level are traditionally maintained by the respective depart-
ment. Our interviewees report a transition towards centralized model libraries
shared within the entire organization. This requires more rigor in the documen-
tation of models, in particular regarding the range of validity of analytic models.
The models are validated on a set of standard cases. With the growing heritage of
conceptual design studies, there is potential to find models that are validated on
a wide range of design cases. Some experts describe that certain discipline models
have reached high levels of automation, including design decision trees. Nevertheless
the responsibility remains with the human experts even if they only supervise the
calculation of the models check the results.

One interviewee reported, that the migration of existing models in spreadsheets
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onto a new technology such as SysML is rather time consuming, and can take up to

a decade.

Tool Integration

The linking of domain specific tools with the integrated system model is still a
challenge. Facilities using a proprietary tool struggle with limited interoperability
with analytic tools. As a consequence, some interviewees admit that with certain
disciplines (e.g. Configuration) parameter values are exchanged via voice, instead
of a collaboration tool.

Nevertheless, experts note a growing integration of analytic tools, which im-
proves the responsiveness of the disciplines during the design sessions. Due to the
continuous improvement of technology, simulation tools can produce more accurate

results in shorter time.

Collaboration

The tools used by our interviewed experts are partly proprietary and partly publicly
available. Of those publicly available, we note that their primary function is to
storage of the model, and allow multiple users access while managing permissions.
To support collaboration on a shared model, they assure model consistency despite
concurrent modifications.

Although the tools focus is on the data model, each of them implies a certain
way of working. None of these tools provides explicit support for coordinating the
discipline experts’ work. Where a tool is used for coordination, such as the stop-light

chart mentioned above, it is independent of the shared data model.

7.4 Summary

This chapter reports about the interviews we performed with experts of different
organizations, who had already participated in the online survey described in chap-
ter 4. Our interviewees are top-level experts in setting up and leading Concurrent

Conceptual Design studies for space missions.
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We discussed our generic process model with them to verify its correspondence
to reality. In general the experts found the model a proper abstraction of their
actual processes. The description of certain activities requires more detail. For
example, the step of building the integrated system model only captures the case of
starting from scratch. In reality, a team more often re-use previous models, unless
this bias shall be explicitly excluded. Where our model diverges from actual practice
is the sequencing of disciplines within a design iteration. This is a novelty in the
concurrent design process, which needs to be tested in practice.

With regards to modeling and tools we obtained additional insights into the
practice in each Concurrent Design Facility. All of our interview partners reported
ongoing efforts to improve knowledge management and consistent use of model-based
tool chains. The experts in these facilities are the forerunners in implementation
of MBSE. Certain standards, like the new SysML 2.0, are the result of their ex-
perience and realized with their respective contributions. The integration of data
management and process management is still in it’s infancy, and these aspects re-

quire further research to be done.
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Chapter 8

Conceptual Design Studies of Space

Missions

The conceptual design of a product is a dynamic process, with complex interplay of
people and tasks. Each real design study comes with a unique combination of people,
their skills and characters and concrete design tasks. This makes it hard to conduct
studies in a controlled environment. At the same time, controlled experiments hardly
reflect real situations of design exercises. As it is common practice in design research,
we performed a set of case studies. The goal is to test our Model-based Co-located
Conceptual Design Methodology (MoCoDeM), and verify if and how well it addresses
the research questions set forth in chapter 3.

We organized a set of Concurrent Conceptual Design (CCD) studies for space
missions in our Institutes Concurrent Engineering Design Laboratory (CEDL). Find-
ing participants for design studies is challenging, because it requires people with
knowledge in space engineering willing to dedicate time, and motivated to perform
a real design task. A pool of candidates were students attending the "Satellite and
Mission Design" course, which requires a course project in the form of a conceptual
design for a space mission. This course is delivered each year at Skoltech, and it
provides an extended testbed (6 weeks) to apply our methodology and to gather
data about the design process. Additionally, we managed to recruit volunteers for
4 more design studies.

As our survey showed, it is frequent that there are newcomers in a design study,
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and a goal of our work is describe the methodology that help newcomers to adopt
easily. Our case studies with mostly newcomers are a hard test for entire teams to

adopt the methodology.

Overview

The design studies were set up similar to the practice in established CDFs in terms
of team size and overall duration, as we revealed through our survey (see chapter 4).

An overview on all the design studies is shown in Table 8.1.

ID | Project name Participation Team Duration Sessions
size

Pilot Studies

1 Dumbo coursework 8 6 weeks 6 & 3h

2 BeeSAT coursework 8 6 weeks 6 &4 3h

3 DemoSAT volunteers 7 1 week 3 4 3h

4 LaserNaut volunteers 7 2 weeks 8 &4 3h

Case Studies

5 GLISS coursework 12 6 weeks 6 &4 3h

6 RadMonConst  coursework 9 2 weeks 6 & 3h

7 ComConstbG coursework 7 2 weeks 6 & 3h

Comparative Study

8 OgonSat-A volunteers 4 1 day 3 4 1.5h

9 OgonSat-B volunteers 4 1 day 3 4 1.5h

Table 8.1: Case Studies Overview

All of them followed a common research methodology, but served different pur-

poses.

Pilot Studies

The pilot studies (1-4) focused on the definition of the methodology and testing
the collaboration tool. We performed these design studies to check whether the tool

allows a team to build an integrated system model by connecting disciplinary models
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in spreadsheets. Following the methodology, the design teams were able to complete
the conceptual design studies. At the same time they revealed shortcomings of the
tool, which limited concurrent modifications of the system model. The experiments

also unveiled functionality with which the tool could explicitly support the process.

Case Studies

The case studies (5-7) tested the process guideline and the tool’s process support
in realistic design scenarios. The goal was to check if the described design process
reflects the reality of a design study. The hypothesis we tested in these design
studies was: do the activities described in the process guideline lead a team to
conclude a conceptual design? Teams of students who were mostly new to space
mission feasibility studies adopted our methodology to perform conceptual design
studies. Performing the design activities according to our guideline they successfully
completed their task. The teams took advantage of tool features supporting the

coordination during the design iteration.

Comparative Study

The comparative study (8, 9) evaluated the effectiveness of process guideline to
reduce the duration of design iterations. In this studies, we tested our hypothesis
whether the support we developed reduces the duration of a design iteration. Two
teams were given the same task to design a spacecraft for one mission and a partially
pre-built system model. One of the teams was left to coordinate spontaneously,
while the other was instructed to follow the process guideline in particular for the
design iteration. In the same time the first team concluded 1 design iteration, the
second team made 3 design iterations. This supports our hypothesis that the process

guideline reduces the duration of a design iteration.

The following sections are dedicated to the description of each of the case studies
and the respective results. Each section contains a table, summarizing the design
of the case study, in a common format taken from Blessing and Chakrabarti [2009,

p.84].
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Pilot Studies

8.1 Study 1 and 2 — Dumbo & BeeSat

These two case studies were the first ones, where method and tool were initial.
They were performed as part of the course "Spacecraft and Mission Design" in
November and December 2015. We describe them together, because they share the

same setting, and only differ in the design task and team.

The case studies were set up to test the supporting tool in a real conceptual

design project. Table 8.2 documents the characteristics of the study design.

Dimension Experiment (Case Studies 1 + 2)

Aim, research ques- | Test the parametric design support by the data exchange tool.

tions, hypotheses

Nature of Study Interventional

Theoretical basis Concurrent Engineering approach: Conceptual Design using
Parametric Models

Unit(s) of analysis parametric design: process and result

Data-collection recording model changes

method

Role of researcher Observer

Time constraint Limited to course project

Continuation Continuous data collection.

Duration 6 weeks, 6 sessions a 3h

Observed process Starting point: system requirements, discipline assignment.
Deliverable: conceptual design

Setting Skoltech CEDL

Task Realistic

Number of cases 2

Case size 8 and 8 people

Participants Master students of various background.

Object The project consists in consolidating a parametric design to a
feasible and close to optimal solution.

Coding and analysis | From the logged design decisions (modifications to parameters)

method(s) reconstruct the sequence and causality of the changes.

Table 8.2: Design of Case Studies 1 and 2
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8.1.1 Mission and Team

The goal is to design a system with capabilities complementary to the European
Commission’s Copernicus infrastructure. The two teams were given inter-related
missions: a set of high-resolution Earth Observation satellites and a constellation of
communication satellites for fast transfer of the voluminous observation data. Over
the course of the project the two teams realized that the two systems are tightly
interdependent. As a consequence, the teams decided to merge the two separated
system models into a single one, so that the parametric dependencies can be realized

more efficiently.

EO Satellites — Dumbo

The observation shall provide high-resolution and frequently updated images com-
plementing the current system mainly for land monitoring, ice, snow and aerosol
measurements. For that purpose, the satellites have a multi-spectral imager focused
on achieving a higher resolution. To provide high quality data at short delays, the
satellite shall use a data relay via a communication satellites via an optical com-
munication link. The satellite shall have a preferable Cubesat form factor of 3 or 6
units.

The team made of 8 students organized itself in the disciplines: Mission, Payload,
Orbit, Structure, Power, Thermal, ADCS, Communications, Propulsion, Laser-

Comm.

Communication Satellites — BeeSat

The communication satellites serve to relay data from the observation satellites to
the ground. The orbits are chosen such to maximize the time available for receiv-
ing data. The inter-satellite optical communication module is designed such to be
capable of pointing, acquiring, tracking and data transmission. The down-link via
radio frequency is designed to provide the necessary capacity and availability.

The team made of 8 students organized itself in the disciplines: Mission, Payload,

Orbit, ADCS, Power, Structure, OBDH, Communications, Thermal
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8.1.2 Design Process

The process proposed to the two teams comprised the following steps:

Mission analysis and system breakdown Based on the mission requirements
and a concept the architecture of the system is defined. As a result the system’s
composing elements are identified. This step happens very early on and immediately
reflects in the organization of the team and the assignation of roles.

This step has correspondence in the process guideline (section 5.5.2): the activity

"Decompose System" in the step "Build Integrated System Model"

Discipline modeling Each discipline expert starts building a parametric model
using the formulas provided in a textbook for conceptual spacecraft design, such
as [Wertz et al., 2011]. The primary goals of these models are to estimate key
characteristics, such as power, mass and cost of the subsystem based on the design
inputs.

The process guideline calls this activity "Build Subsystem Models".

Connecting disciplines The discipline experts identify the source for each input.
For parameters which miss a source, it must be decided which discipline shall provide
it.

In the process guideline this activity is called "Define Subsystem Interfaces".

Consolidating integrated model In this step the discipline experts iteratively
adopt inputs they get on the subsystem models from other disciplines and update
their respective outputs. This process should make the model to converge on a
feasible design.

This step corresponds to the activity "Design Iteration" in the process guideline.

Dependency Model Analysis

The teams also spent significant effort to elaborate in detail all the design inter-

faces between the involved disciplines and visualized these connections in a matrix
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Figure 8-1: Manual N?-Diagram of VITC (Dumbo & BeeSat)*

form (see Figure 8-1'). For each cell with connections an interface (named with a
alphanumeric code) was described. During this design study, the collaboration tool

did not yet feature the automatic creation of N2-Diagrams.

8.1.3 Design Outcome

The teams for both missions, the EO satellite (BeeSat) and the Communications
satellite (Dumbo), concluded the concurrent conceptual design studies. As part of
the study outcome they produced mass and power budgets, as well as CAD drawings

of the preliminary configuration of the satellites (see Figure 8-2 and Figure 8-3 ).

Both projects were presented and passed an examination similar to a preliminary
design review. Finally, the student teams produced a comprehensive report with all
the results of the concurrent design studies, including trade-off analyses for design

options at subsystem level.

LCredits to the student teams
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Figure 8-2: CAD model of BeeSat!

Figure 8-3: CAD model of Dumbo!
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8.1.4 Observations

e Almost no student had prior knowledge on subsystem disciplines. As a conse-
quence, it took them a significant amount of time to build parametric models

for their subsystems.
e The role of moderator and System Engineers coincided in the same person.

e Students had a very hard time to establish the parametric dependencies be-

tween the sizing models of individual subsystems.

e The students found it more practical to manually elaborate a N?-Diagram
(see Figure 8-1). Only later they built the parametric model and the links in
CEDESK.

e It is important to distinguish between subsystem requirements (derived from
system requirements) and design inputs (resulting from other disciplines cal-
culation). To keep the number of links low, they shall only be used to pass

design information between subsystems.

e Many times in-person negotiation is quicker than propagating a parameter

value in the tool and then refuse the change.

e Taking into account the concept of operations, the model needs to somehow

reflect different operational states.

8.1.5 Summary

What we learned about the design process is that the structure of model continues
evolving during design iterations. The method shall handle the situation of adding
new parameters and links during design iteration. Adding new dependencies may
change order of synchronization.

In support of the team, we concluded that the tool should generate a N2-Diagram
from the model on-the-fly. This visualization can also show the changes to be prop-

agated, and by that indicate the disciplines that need to be updated.
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8.2 Study 3 — DemoSAT

This case study was conducted as an academic exercise with a team of volunteers.
The sole purpose of it was to test the process guideline, in particular the coordina-
tion of the work during the design iteration. Given the limited availability of the
volunteers, the duration was reduced to the bare minimum. To keep the difficulty

of the concept study low, we chose a textbook-like satellite mission.

The main characteristics of our design experiment are documented in Table 8.3.

Dimension Experiment (Case Study 3)

Aim, research ques- | Test the parametric design support by the data exchange tool.
tions, hypotheses

Nature of Study Interventional

Theoretical basis Concurrent Engineering approach: Conceptual Design using
Parametric Models

Unit(s) of analysis parametric design: process and result

Data-collection recording model changes

method

Role of researcher Team-Lead, Observer

Time constraint Test project

Continuation Continuous data collection.

Duration 1 weeks, 3 sessions a 3h

Observed process Starting point: pre-built system model, system requirements,

discipline assignment.
Deliverable: improved conceptual design

Setting Skoltech CEDL

Task After an example from the textbook

Number of cases 1

Case size 7 people

Participants Postdocs, PhD and Master students of various background.
Object The project consists in consolidating a parametric design to a

feasible and close to optimal solution.

Coding and analysis | From the logged design decisions (modifications to parameters)
method(s) reconstruct the dynamics of the design process.

Table 8.3: Design of Case Study 3
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8.2.1 Mission and Team

The mission chosen for this study was similar to the well-known FireSat example
from SMAD textbook Wertz et al. [2011]. A different goal was set for the observa-
tion. Instead of detecting fire in the infrared spectrum, the satellite should make
observations in the range of visible light. The observations desirably should cover
the territory of the Eurasian continent.

The team was formed of postdocs, doctoral and master students, where most
of them had prior experience in conceptual design of space systems. The system’s
architecture was already defined, and the model broken down in the following sub-
systems: Mission, Optical Payload, Orbit, Structure, Power, Thermal, AOCS, Com-
munications. The disciplines were assigned such that each volunteer took care of

one or two subsystems he/she was most familiar with.

8.2.2 Design Process

The scope of this case study was focused on the process and tool. The condensed
experiment consisted in 3 concurrent design sessions, lasting 3 hours each. To reduce
the experiment to the core activities, the design started from a previously built sys-
tem model. The design sessions started with translating the mission requirements,
where applicable, into subsystem requirements and values for the subsystem sizing

models.

Design Iteration The goal of a design iteration is to make sure the inputs and out-
puts of the difference subsystem models are consistent. While members eventually
could make changes in parallel, due to the dependencies uncoordinated changes are
likely not to lead to consistency. According to our method, the discipline dependen-
cies should be used to determine a sequence for the synchronization. The parameter
links in the integrated system model are used to make dependency structure ma-
trix, on which a clustering/sequencing algorithm is applied. During the teamwork
session, the members one after the other explain their design considerations, discuss
changes, and apply them to the model. Following the proposed sequence should

minimize the need for repeated changes to the same subsystem, and hence reduce
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the amount of design steps.

8.2.3 Dependency Modeling

As described above, our method uses the parameter linkage information in the in-
tegrates system model to form a design structure matrix. The entries in the matrix
can either be binary, 1 if a link exist and 0 otherwise, or weights of real values. The
number of linked parameters can be considered as a proxy for the strength of the
dependency between two subsystems.

The tool generated the DSM based on the parameter links, as shown in Figure 8-
4. The rows and columns are named after the subsystems. A cell in row A and

column B contains the parameters flowing from subsystem A to subsystem B.

&) Dependency Structure Matrix ] X
@ =] Generate weighted DSM
demoSAT Mission Optical Payload Or... Structure Power Thermal AOCS Communications
demoSAT | -- Spacecraft total ... | Spacecraft total ...
Duration,
Mission Instrument perf... Duration Duration Pointing accuracy,
| Slewing require...
Data Volumn,
Height,
'gnt Height,
Length, Length Power, Data Vol
Optical ... Max dimension, iy . Satellite estimat... | o (O
Max dimension ower
Power, Satellite estimated Weight
Satellite estimate... atellite estimatec..
Weight
Duty Cycle PL,
vy e Eclipse Time,
Eclipse Time, £l T Inclinat
Orbit Inclination clipse Time neination Orbit SMA Orbit altitude
- Light Time Light Time,
Orbit altitude, Orbit altitud
Orbital Speed rort sftituce
Structure Mass, Ix
! ,
Structure I‘x" - ly,

Y.
Iz

Power |Weight power sys...
Thermal

'AOCS mass,
AQCS power

Commu... comm consumption

AOCS

Figure 8-4: DSM for DemoSat generated by CEDESK

For the visualization and the clustering algorithm, we used existing MATLAB®
code made by Thebeau [2001], see appendix section D.3. Figure 8-5 shows the
weighted DSMs, where the size and color of the dot represents the weight. At the
top, it shows original one, and at the bottom, after running the clustering algorithm.

The visual representation, as well as the derived sequence, were used to guide

the concurrent design process.
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Figure 8-5: Original and clustered DSM for DemoSat
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8.2.4 Observations

e The team started from a pre-configured integrated system model. As a conse-

quence the time to build parametric models was saved.

e All volunteers had some knowledge on subsystem disciplines, but they needed

to get acquainted with the provided models for sizing the subsystems.

e The author needed to cover the roles of moderator, system engineer, tool

maintainer and observer. This is too much workload for a single person!

e Because of limitations of the tool, parallel work was inhibited, and updates to

the model could be made only in a strict sequential order.

8.2.5 Summary

The case study was short in duration and focused on the process and tool. The
participant were volunteers with knowledge in space and systems engineering. The
team was equipped with a model of a system built previously after a textbook
example. The design task was not a real mission, but an academic exercise. While
the team was held to design to the best of their knowledge, the actual outcome was
of minor relevance for the case study.

During the design sessions the visualization of the dependencies gave useful guid-
ance to decide which discipline to consider next. Shortcomings of the tool revealed
the importance of the possibility for discipline experts to concurrently modify the

system model.
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8.3 Study 4 — LaserNaut

This case study followed a need for a conceptual design study for a potential Cube-
sat mission. There were two colleagues working on payloads and the goal was to

investigate the feasibility of integrating them on a single platform.

The goal of this case study was to test our method and the collaboration tool
in a real conceptual design project. Table 8.2 documents the characteristics of the

study design.

Dimension Experiment (Case Study 4)

Aim, research ques- | Test the parametric design support by the data exchange tool.
tions, hypotheses

Nature of Study Interventional

Theoretical basis Concurrent Engineering approach: Conceptual Design using
Parametric Models

Unit(s) of analysis parametric design: process and result

Data-collection recording model changes

method

Role of researcher Team-Lead, Observer

Time constraint Test project

Continuation Continuous data collection.

Duration 2 weeks, 8 sessions a 3h

Observed process Starting point: pre-built system model, system requirements,

discipline assignment.
Deliverable: improved conceptual design

Setting Skoltech CEDL

Task After an example from the textbook

Number of cases 1

Case size 7 people

Participants Postdocs, PhD and Master students of various background.
Object The project consists in consolidating a parametric design to a

feasible and close to optimal solution.

Coding and analysis | From the logged design decisions (modifications to parameters)
method(s) reconstruct the dynamics of the design process.

Table 8.4: Design of Case Study 4
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8.3.1 Mission and Team

The mission for this conceptual design study was to demonstrate the technology of

two independent payloads onboard a single nano satellite.

Optical communication terminal This terminal should allow to establish laser-
based inter-satellite communication for nano-satellites. Optical communication would
allow to greatly increase data delivery of earth observation satellites through a net-
work of relay satellites and enable resource sharing like a federated satellite system
|Golkar and Lluch I Cruz, 2015]. Previous tests of this technology on ground and
high-altitude balloons showed promising results [Briatore et al., 2017|. The design

of this terminal for nano-satellites was a research project of a few colleagues.

Incubator for biomedical experiments This instrument should allow multi-
disciplinary biomedical research in space by using a novel multi-organ-on-a-chip
platform. Such a platform would enable complex drug testing in microgravity. The
design of this miniaturized incubator to fit on a satellite was a colleagues master’s

thesis in collaboration with Harvard Medical School [Moreno et al., 2018].

None of the two payloads was ever implemented on nano-satellites. Provided
a potential launch opportunity, the form factor of the platform has to be 3 unit
Cubesat.

The team was formed of postdocs, doctoral and master students, where most
of them had prior experience in conceptual design of space systems. The system’s
architecture was already defined, and the model broken down in the following sub-
systems: Mission, Optical Payload, Orbit, Structure, Power, Thermal, AOCS, Com-
munications. The disciplines were assigned such that all volunteers took care of one

or two subsystems they were most familiar with.

8.3.2 Design Process

The primary goal of this case study was to observe the design process, towards a

meaningful system concept meeting the mission goals. The team started from a
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skeleton of an integrated system model, with most subsystem models inherited from
the DemoSat study. No further preparation of the concurrent design study besides
gathering the team were made.

To complete the design study, two subsequent activities were planned.

Refine System Model At the beginning the mission requirements need to be
translated into system requirements and encoded into parameters for the subsystem
models. Given the specificity of this mission, this will produce significant changes
to the existing system model.

The process guideline calls this activity "Build Integrated System Model", with

the variation of starting from a template model.

Design Iteration The design iteration shall bring the integrated system model
to a consistent state. This requires that all subsystems are sized/designed using the
inputs from requirements or provided by others. In particular the overall system
budgets have to conform with the constraints of power, mass and possible launchers
given by the mission.

This activity exactly reflects the step "Design Iteration" from the process guide-

line.

8.3.3 Dependency Modeling

The parameter links between subsystem models form dependencies which can be
represented in a weighted Design Structure Matrix. The weights of the matrix
corresponds to the number of linking parameters. The collaboration tool exported
that information such that it could be processed with a matlab script for anlysis
and visualization (see section D.3). We can apply algorithms to DSM to group more
strongly linked subsystems (clustering) and this way reduce the size of feedback loops
(see section 2.3). Figure 8-6 shows the DSMs before and after clustering. The size of
the dots in the matrix and their color represent the dependency weight. Important
to note is that the subsystem "LaserNaut" collects information from many other

subsystems to form the system budgets. Therefore, it is by default assigned the last
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position.
For the coordination of the team member’s work we effectively used the visual

representation of the dependencies and the computed sequence.

8.3.4 Design Result

The choice of this mission to rely on the industry standard of 3 unit Cubesat,
allowed to consider during the design the use of already existing, Commercial and
Off-The-Shelf (COTS) components. This way the design is more detailed than a
usual concept study. The team chose a flight proven satellite platform with known
characteristics in terms of provided power and available space for payload.

The main design work went into the optical communications terminal and the
cell incubator. Their respective design underwent several changes, particularly due
to the negotiation about the distribution of the available volume for each payload.

In the end both payloads came up with feasible technical designs. The config-
uration of the satellite and the payload is shown as renderings in Figure 8-72 and
Figure 8-73.

A challenge raised during the concurrent design sessions for the biological payload
is related to the launch schedule. Usually small satellites are integrated on the
launcher weeks before the launch. Because of the limited lifetime of living cells, the
instrument needs to be loaded with living cells shortly before the launch. Being the
satellite a secondary payload of a bigger launch, the possibility to adapt the schedule

for our instrument seemed low.

8.3.5 Summary

This design study was not only an academic exercise, but driven by two of the
participant’s need to verify their concepts for payloads in the context of a Cubesat
mission. A few of the the participants were new to the concurrent design approach.
Provided with an introduction to our methodology, and the author acting as a

study coordinator the team managed to follow the proposed design process. The

2Credits to the Simone Briatore
3Credits to the Carolina Moreno
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Figure 8-6: Original and clustered DSM for LaserNaut
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Figure 8-7: Configuration of the optical payload?
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Figure 8-8: Configuration of the biological payload?
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collaboration tool at the moment of this case study did not allow for parallel work.
Hence, while one discipline made changes to the model, the rest of the team needed
to wait. This imposed a strictly sequential process, but the sequence followed the

design dependencies.

Conclusions from Pilot Studies

The pilot studies were performed to help refining the design methodology and test
the tool in realistic use by design teams. The learning gained from these experi-
ments suggested to enrich the design process model to cover also the modification of
interfaces between disciplines. During the design studies the tool demonstrated to
provide the basic functionality for a team to build an integrated system model. Be-
sides that, the teams revealed shortcomings of the tool when they wanted to modify
to the system model in parallel. To facilitate team coordination, concurrent modi-
fications should be reconciled automatically. Moreover, it became evident that the
tool can use the dependency information encoded in the system model to provide

support in coordinating the teamwork.
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Case Studies

8.4 Study 5 — GLISS

This case study was conducted based on the course projects with "Spacecraft and
Mission Design" in November and December 2016. Differently from other case
studies, the mission was set by an external partner, who wanted to compare the
concept developed internally with the concept that the student team would come
up with.

The goal of this case study was to test our method and the collaboration tool
in a real conceptual design project. Table 8.5 documents the characteristics of the

study design.

Dimension Experiment (Case Study 5)

Aim, research ques- | Test the parametric design support by the data exchange tool.

tions, hypotheses

Nature of Study Interventional

Theoretical basis Concurrent Engineering approach: Conceptual Design using
Parametric Models

Unit(s) of analysis parametric design: process and result

Data-collection recording model changes

method

Role of researcher Team-Lead, Observer

Time constraint Limited to course project

Continuation Continuous data collection.

Duration 6 weeks, 6 sessions a 3h

Observed process Starting point: system requirements, discipline assignment.
Deliverable: conceptual design

Setting Skoltech CEDL

Task Realistic, commissioned by outside customer

Number of cases 1

Case size 12 people

Participants Master students of various background.

Object The project consists in consolidating a parametric design to a
feasible and close to optimal solution.

Coding and analysis | From the logged design decisions (modifications to parameters)

method(s) reconstruct the dynamics of the design process.

Table 8.5: Design of Case Study 5
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8.4.1 Mission and Team

The mission for this conceptual design study was set in agreement with an external
partner, who acted as a customer for a team of students.

The goal is to design a constellation of communication satellites capable of pro-
viding for broadband internet connectivity. The customer requires the system to
operate in radio frequencies of the Ka- and Ku-band. This service should effectively
address the digital divide in Russia between cities and rural areas. The potential
customers of this service need fixed and mobile broadband connectivity in remote
areas of Russia. The provided service should also cover machine-to-machine com-
munication. To become a commercially viable service, cost effectiveness of the space
segment, as well as affordability of the end user terminals should be considered.

The course’ 12 students organized themselves as one team and grouped by the
following disciplines: Orbit + Constellation, Structure, Power + Thermal, ADCS +

Propulsion, Communications, OBDH, Ground Segment.

8.4.2 Study Process

The available session time of 3 hours per session was split in concurrent team work
and independent off-line work. The design study anticipated the process guideline
from our approach (see section 5.5.2). Since the students have no prior knowledge
on the design process, the actual design sessions were preceded by introductory

sessions. The single sessions were planned was as follows:

Introduction to CD An introductory lecture about the methodology of concur-
rent conceptual design. Explanation of parametric modeling for conceptual design

and hands-on training on CEDESK collaborative design tool.

Concurrent Design Sessions 1-5 At first all disciplines shall define their respec-
tive subsystem interfaces. Basically each discipline needs to understand the outputs
it shall provide, and which inputs it needs therefore. The process guideline calls this

step "Define Subsystem Interfaces".

153



8.4. Study 5 — GLISS Chapter 8. Conceptual Design Studies

Then connections between the individual models of disciplines are established.
In case of mismatches or unmet needs of some disciplines the team finds how the
information can be provided. The process guideline describes this activity as "Con-
necting Subsystem Models".

These core design sessions aim to iteratively consolidate the integrated system
model, such that the parameter values are propagated consistently between all sub-
system models. This activity follows the description of "Design Iteration" in the
process guideline.

The final session is meant for concluding the conceptual design and make the
team ready for the project presentation. This corresponds to the step "Compile

Study Results" in the process guideline.

Offline work Between concurrent design sessions the team members work indi-
vidually on the parametric models of their respective subsystem. This corresponds

to the step "Build Subsystem Models" in the process guideline.

Activity Analysis

The concurrent design was embedded in the course and provided with a predefined
time frame of 6 sessions over 6 weeks. Also, beside the concurrent sessions, students
worked individually.

The collaborative tool recorded all design activities and allow for posterior anal-
ysis. Changes made to the parameters, can be either creation, update and deletion.
The cause of an update, can be either a users’ manual change, a change propagated
from a linked parameter, a calculation or import from a spreadsheet. The evolution
of these changes over time is shown in Figure 8-9. We can read from the chart, that
many changes to the model were made "offline", meaning outside the concurrent
sessions.

From the chart we can see how the types of changes to the model evolve over time.
This means that the team initially focused on building the model, predominantly
creating parameters. In later sessions the focus changes to using the model to

perform design iterations, by manly updating the parameters, either from links to
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Figure 8-9: History of parameter changes for GLISS

other parameters, or from spreadsheets.
This analysis shows that the actually performed design activities relate to the

activities of the intended design process.

8.4.3 Dependency Modeling

The parameter links determine the information flow during the design process. Vi-
sualizing them gives the team understanding of the dependencies. The N2-diagram
generated by CEDESK (Figure 8-10) has the evident flaw of being hard to read.
This is firstly due to the poor automatic diagram layout produced by the tool, and
secondly because of the big number of dependencies introduced related to param-
eters for geometric dimensions. This indicates a system model, which atypically
included too much geometric information.

Like in the previous case study, we use the DSM to represent the dependencies
and perform analysis on it. The weight of the dependency is expressed by the
number of links. CEDESK generated the DSM in the form of a chart, and also
ran a clustering algorithm on it. These matrices in Figure 8-11 follow the IR /FAD
notation, meaning the inputs of an element are indicated in the same row and

feedback loops appear above the diagonal. The numbers correspond to the weights,
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8.4. Study 5 - GLISS
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Figure 8-11: Original and clustered DSM for GLISS

eg. structure receives 9 inputs from Power + Thermal, 24 from AOCS, 7 from
Communications, etc. The original DSM shows the subsystems in the order as it
was defined by the team. The clustered DSM, reflects the same dependencies, but

the order was changed for more strongly dependent subsystems to stay closer.

In a further analysis, we extracted from the audit log of parameter changes, the

number of changes to linked parameters. The number of changes per subsystem
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dependencies represented in a DSM is shown in Table 8.6. By pairwise comparison
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Orbit + Constellation | 4 11 2 2 32
Power + Thermal 2 114
Structure 30 14 1

Table 8.6: DSM of propagated changes from GLISS

of the number of links and the changes we see that there is a significant correlation
of 0.92. There are a few links which were created and never modified, but on average
a parameter is modified 4.48 (standard deviation 4.28). This indicates that the links

served for design iterations.

8.4.4 Design Outcome

Through the concurrent design study the team came up with a feasible mission
concept. This included an analysis of the market demand, possible implementation
schedule, and concept of operations. Part of the outcome were mass and power
budgets, as well as a CAD drawing of the preliminary configuration of the satellite
Figure 8-12%.

The project was presented twice in the form of design reviews to the external

partner, who acted as customer. Finally, the team produced a comprehensive report

4Credits to the student teams
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Figure 8-12: CAD model of GLISS*.

with all the results of the concurrent design studies, including trade-off analyses for

design options at subsystem level.

8.4.5 Summary

This design study had as a customer a commercial company, which added motivation
for the students to produce a meaningful conceptual design. None of the students
had previous experience with the concurrent design approach. After an introduction
provided to our methodology, the team was able to complete the conceptual design
study and produce a solution concept.

Because the tool did not allow for parallel work, the disciplines needed to apply
their changes to the model sequentially. A flaw of the automatically generated
NZ2-Diagrams is that they easily become incomprehensible, when the number of
parameter links is more than 5.

The analysis of model changes allow to deduce the the actually performed design
activities, which reflect the intended design process. Further analysis of the changes
on linked parameters confirmed that changes are propagated from source to target

and drive the sequence of disciplines.
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8.5 Study 6 and 7 — RadMonConst & ComConst5G

These two case studies are the most exhaustive ones, because the method and tool
were fully developed. They were performed as part of the master level course "Space-
craft and Mission Design" in February and March 2019. We describe them together

because they share the same setting, and only differ in the design task and team.

The case studies were designed to test the process guideline and the supporting

tools. Table 8.7 documents the characteristics of the study design.

Dimension Experiment (Case Studies 6 + 7)

Aim, research ques- | Test the applicability of the process guideline, and the process

tions, hypotheses support in the tool.

Nature of Study Interventional

Theoretical basis Concurrent Engineering approach: Conceptual Design using
Parametric Models

Unit(s) of analysis parametric design: process and result

Data-collection Audio, Video, of design sessions, after questionnaire, recording

method model changes

Role of researcher Observer // Study moderator

Time constraint Limited to course project

Continuation Continuous data collection.

Duration 2 weeks, 6 sessions a 3h

Observed process Starting point: system requirements, discipline assignment.
Deliverable: conceptual design

Setting Skoltech CEDL

Task Realistic

Number of cases 2

Case size 7 and 9 people

Participants Master students of various background.

Object The project consists in consolidating a parametric design to a
feasible and close to optimal solution.

Coding and analysis | From the logged design decisions (modifications to parameters)

method(s) reconstruct the sequence and causality of the changes.

Table 8.7: Design of Case Studies 6 and 7
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8.5.1 Missions and Teams

The class was divided in two teams. Each team received a different mission for which
they should come up with a feasible conceptual design. Both missions are meant to

design a constellation of satellites.

Radiation Monitoring Constellation (RadMonConst)

The scientific mission goal is to measure the cosmic radiation in range from low to
high earth orbit over an extended period of time. The obtained data is meant to be
used for updating the existing models about radiation levels at different altitudes.
The radiation measuring instrument will be provided by a partner institute. In order
to keep the launch costs low, it is advised to choose a standard Cubesat form factor
of either 6 or 12 units.

The team was composed of 9 master students, of which 2 had experience with
spacecraft design and testing of equipment. The students organized themselves into
8 disciplines: Systems Engineering & Mission Design, Payload, Power, Thermal,

ADCS & Propulsion, Structure, OBDH, Communication.

Communication Constellation for 5G (ComConst5G)

The mission goal is to provide broadband data connectivity for end-users via radio
waves. Ideally the satellites shall provide coverage on all earth surface. To make
the intended communication service commercially viable, the cost factor should be
considered attentively.

The teams was composed of 7 master students, for whom it was their very
first experience in designing a satellite. The students organized themselves into

7 disciplines: Systems Engineering, Mission & Propulsion, Communications, Power

& Thermal, ADCS, Structure, OBDH.

8.5.2 Work Schedule

The concurrent design was embedded in the course and provided with a predefined

time frame of 6 sessions. The available time of 3 hours per session was divided equally
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among the two teams, such that we could observe them independently. The design
study was setup to follow the process guideline from our approach (see section 5.5.2).
Since the students have no prior knowledge on the design process, the actual design
sessions were preceded by introductory sessions. The schedule was set up as shown

in Figure 5-16, and the single sessions were planned was as follows:

Introduction to CD (1 hour) General introduction into the methodology of
concurrent conceptual design and the use of parametric models for estimation of

mission feasibility.

Introduction to CEDESK (1 hour) Explanation of the concepts and capabil-
ities of the CEDESK tool for exchanging data of conceptual design models. The
students were given hands-on training with the software to build a simple parametric

model.

Concurrent Design Session 1 (1.5 hours) The goal set for the first design
session was to define subsystem interfaces, which corresponds to a step in the process
guideline called "Define Subsystem Interface". Basically each discipline needs to

understand the outputs it shall provide, and which inputs it needs therefore.

Concurrent Design Session 2 (1.5 hours) The second session is dedicated to
establishing the connections between the individual models of disciplines. In case
of mismatches or unmet needs of some disciplines, the team needs to decide how
the information can be provided. The process guideline describes this activity as

"Connect Subsystem Models".

Offline work Between concurrent design sessions the team members work indi-
vidually on the parametric models of their respective subsystem. This corresponds

to the step "Build Subsystem Models" in the process guideline.

Concurrent Design Session 3-5 (1.5 hours) These core design sessions aim to

iteratively consolidate the integrated system model, such that the parameter values
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are propagated consistently among all subsystem models. This activity follows the

description of "Design Iteration" in the process guideline.

Design Wrap-Up (1.5 hours) The final session is meant for concluding the
conceptual design and make the team ready for the project presentation. This

corresponds to the step "Compile Study Report" in the process guideline.

8.5.3 Team support

To assist the teams in the concurrent design sessions, we provided each of them with
a moderator. The moderators understood the team’s mission and were able to give
hints on design decisions. But most importantly, they had previously participated
in concurrent design studies and knew the process guideline from our approach. The
moderator’s primary role was to facilitate the discussion and negotiation of design

decisions between discipline representatives.

8.5.4 Observed Design Process

Within the co-located work sessions both teams started to follow the design process
according to the work schedule. Before the start, the teams had clarified their
mission statement, basic requirements and a presumed system breakdown structure.

To analyze the progress in the design, we take the log of changes made to the
parametric model. We distinguish between 3 types of changes: creation, update
and deletion of a parameter. Besides that, a parameter can retrieve its value from
4 sources: manual input, link to another subsystem, a calculation based on other
parameters, importing from a spreadsheet.

First we analyze the data of "ComSat5G" team. Figure 8-13 shows the number of
parameter changes over the different sessions. The creation of new parameters (blue
bars) are higher in the first sessions, but already in the third session the number
of updated parameters (orange bars) takes over. Another trend is the decreasing
number of manual changes (violet bars), and the increasing number of updates

caused by links (green bars). After session 3 the amount of changes is significantly
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Figure 8-13: ComSat5G parameter changes

lesss. This indicates, that the team has passed from building the model to performing
design iterations on few parameters.
For the "RadMonConst" team, the evolution of parameter changes are in shown

in Figure 8-14. The number of parameters created and updated grows strongly until
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Figure 8-14: RadMonConst parameter changes

a maximum in session 3. After that, in sessions 4 to 6 the number of updates (orange)
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grow together with the changes caused by links (green) and imports (grey). This
indicates the shift from creating the model from scratch, to modifying parameters
for consolidating the system design.

Both teams change the design activities reflecting the different steps of the in-

tended design process.

Concurrency Analysis

One goal of the concurrent conceptual design method is to maximize the work in
parallel. To measure the degree of concurrency (see subsection 5.5.3) we analyze the
activity logs written by the tool. We group activities which single users do between
loading and storing the integrated system model, and consider this a design step.
The design steps of different users overlap and form a design session. Based on the
activity logs we determine the duration of the session and the overlap of all contained
design steps. The ratio between total session duration and overlaps, results in the
degree of concurrency.

The analysis of the activity logs gives us statistics about the concurrent design
sessions (see Table 8.8). Theses sessions mostly coincided with the design sessions
scheduled with the entire team. The tool’s log also reveal design activities performed
outside the moments of teamwork. During sessions where more than 1 user took
part the data show a degree of concurrency well above 0. This confirms the teams
capability to accomplish design tasks in parallel, and the tools support for effective

collaborative and parallel work.

8.5.5 Interactive support

The tool used by the teams to collaborate on the integrated system model, CEDESK,
provided specific support for the process. One way of supporting the team was the
visualization of dependencies via automatically generated N2-Diagrams. The di-
agram shows all N subsystems on the diagonal, and arrows for the dependencies
formed by linked parameters. Naturally, this diagrams evolves together with the
system model. During the activities "connecting the subsystem models", dependen-

cies are added. While performing "design iteration" values propagate from output
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session start session stop duration overlap ratio #users
2/22 14:34 2/22 14:56 0:21:40  0:00:00 0.0 1
3/4 14:07 3/4 16:35 2:28:09  3:22:55 1.37 7
3/6 07:09 3/6 12:46 5:36:50 14:50:05 2.64 7
3/11 10:53 3/11 16:29 5:36:04  4:04:00 0.72 3
3/12 08:02 3/12 08:08 0:05:24  0:00:00 0.0 1
3/13 14:15 3/13 16:59 2:43:48  0:54:20 0.33 5
3/13 17:01 3/13 17:03 0:01:40  0:00:00 0.0 1
3/15 09:37 3/15 11:30 1:52:56  1:26:19 0.76 6
3/15 11:31 3/15 11:31 0:00:16  0:00:00 0.0 1
3/15 11:40 3/15 11:43 0:03:17  0:00:00 0.0 1

Table 8.8: Work sessions of ComSatbG team

parameters of one subsystem model to the input parameters of another subsystem
model.

The visualization of this automatically generated diagram allowed the team to
always have a clear picture of the dependencies. Figure 8-15 and Figure 8-16 contain
the N2-Diagrams of the two teams as the tool showed them at the end of the design
study. Unfortunately the text in the diagrams overlap and are hard to read, due
to a flaw in the automatic diagram layout. The user of CEDESK can select any
eventually unreadable label and it gets highlighted.

Observing the team, this view was actively used to understand, which subsys-
tem(s) are affected by changes done on a specific subsystem. The highlighted arrows
(see Figure 8-16) also indicate the links, where changes to parameters still need to
be propagated.

This aspect of the tool, the live visualization of dependencies and change prop-

agation, demonstrated to support the team also in coordinating the design work.

Analysis of Design Steps

A second goal of the concurrent conceptual design method is to minimize the rework
necessary because of uncoordinated changes. We can obtain the order in which

discipline experts made changes to the integrated system model using the log of the

166



8.5. Study 6 and 7 — RadMonConst & ComConst5G

Chapter 8. Conceptual Design Studies

D5jefWwoTy

DGIRGUWO)) JO WRISRI(J-,N dMRWOINY :GT-§ 931

[EULIZY | 403500
“EIUIELEUOT [EWISYL

SIEW LITIEINEU]

€3y peeszuzb 300y

18 pEiEisuEl swotsEL

={5uE ung

ucisjnd
151 Dmum..__m_m_. uzisndolg

saulfua Jo srEp

uoisndoud $o 1507

‘zau1Bum By 4o sucEsURWIg

r|L « Wppi 2890

E1EQ PUSLULLOT PEAIEIS

SnswspE wasls 2o Wiy anpow

‘wbuz| Ao D8040 =D
uondiiSiEE DRG0 s62ihae RINdIWCT PIECT-UD
UEO e el
abEnE o0y S0 401507
2unINNS 4o 1503

bl o
“y6uE| BINpoLW W
DI SINPOL L
eanzoe Bunuod euusiuy

sfeszn0 3)0UE JEU BUUSTI

SPILNE LIy
SRUGE [EWHE
* prapy X

paszazoldun

38510 LI KB

SUOIEIUNLULIOT

pruake lFUgio

[SIRANBWELL [BUGA0 105) A ELE]

Rk SR el R ]
125 40 (aBus) nep
‘5185 0 J3quiny

‘asdipa un s

SENIBLES JO SSGWNR

‘UONEIIUMILIDT 43 1500

YYYV?

r

uoISsI

(MO} UOIIELUICU] JO UCIIIRUIP MOYS SMOLY  USPPLUSAC ff—

'dod JOU —— JUB]SISUCD

ISMIEYS JUr]

167



Chapter 8. Conceptual Design Studies

8.5. Study 6 and 7 — RadMonConst & ComConst5G

Link status: consistent not prop. ———» overridden  Arrows show direction of information flow!
o orbit altitude start,
Mission Missicn lifetime, Orhital altitude end
Orbit Altituds (mission end], Max sdipss time.
IVYVYVVY — DetaV, ortit altitidz, Orit Altituds (Mission start), Qrbit inclination (default),
T Life ima w_._vm_..__m- velodity, Bax range to G5 1. Altitude (min)
4 GmEer o TEX Tange 10 G5
er (OBDH)
OBDH _
SEE OBC Size X.
A A A A OBC Size Y,
OBC Size Z,
Paficad data ais. g _ SRR o+ (payload)
PD Durftion, oad Size X
p] Cost PLI oad Size ¥,
— e Stz o
[p] Navigation Data Zm&mm».ﬁ:.. _ cad mass ler Mavigation)
Cost NAV
Py 1<, Powier kion)
Cost PRN _ y
¥ 3
Powgr (A0
ADCS Data
Communication Data rate Communications
ower ([JOMM)
Cost COM,
Cost ADCS,
Antenna FOV
[p] 5C mass ,.a
Structure
[pl Total 5C Mass [p] Mass
ﬁ _m”“_ﬂ”mm A YYYYVYY
Power fize¥,  Power
p—— Pomerfize ¥,
Power siz& ¥ L
Powar mass '
Power (Tharrgal)
Thermal
Termal mass
Cost TRM

Figure 8-16:

Automatic N2-Diagram of RadMonConst
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data exchange tool. A visual representation of part of the change history is shown
in Figure 8-17. The horizontal axis is time, and on the vertical axis are the different
subsystems. The small grey circles represent changes made to subsystem models,
and the number besides it is the internal revision number. Arrows connecting circles

represent influences of changes in one revision to another.
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Figure 8-17: Partial sequence of model changes and their connections (RadMon-
Const).

Each revision (design step) contains changes to parameters of one or more subsys-
tems. Output parameters of one subsystem are often linked by another subsystems’
input parameters. Subsequent changes to such linked parameters, can be considered
to have causal relationship. Changes on a parameter of one subsystem are propa-
gated to another subsystem, following the established links. The parameter links

between subsystems can be represented as a design/dependency structure matrix
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(DSM). The values in the cells of a DSM (weights) can be given different meanings.
We use two different types: weights based on the number of linking parameters, and
weights based on the number of changes that were propagated during the design
process. To see whether the propagated changes directly reflect the establishment

of a link, we perform a pairwise comparison of the weights in the two matrices.

RadMonConst The two DSMs are shown in Table 8.9 and Table 8.10. The
number of changes is always higher or equal than the number of links, with an
average distance of 3.3 and a ratio of 3.1. The correlation between the respective

weights is 0.64.

ComSat5G The two DSMs are shown in Table 8.11 and Table 8.12. The number
of changes is always higher or equal than the number of links, with an average

distance of 1.8 and a ratio of 1.8. The correlation between the respective weights is

0.87.

In both cases the correlation is above 0.5 and and the ratio is above 1. This means
that each established link also served to propagate a value change. Hence the links
served to perform design iterations. The ratio of changes per link can be taken as a
proxy for the number of repetitions of the discipline update. Indeed, the fact that
team "RadMonConst" has a ratio of 3.1 and team "ComConstbG" a ratio of 1.8
corresponds to the difference in their activity profile. The data of the first, showed

a more continuous engagement (see subsection 8.5.4).

8.5.6 Results of conceptual design

The conceptual design produced parametric subsystem models and built and inte-
grated system model. Using this model the teams managed to form power and mass
budgets for their systems, and made simulations on the orbital dynamics. Moreover,
the teams came up with preliminary configurations of the satellites in the form of

CAD drawings, of which renderings are shown in Figure 8-18 and Figure 8-19 5.

5Credits to the student teams
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Navigation 1 1 1 4
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Power 1 4
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Thermal 1 1 1

Table 8.9: Static DSM of parameter links from RadMonConst
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Table 8.10: DSM of propagated changes from RadMonConst
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Table 8.11: Static DSM of parameter links from ComSat5G
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Table 8.12: DSM of propagated changes from ComSat5G

172



Chapter 8. Conceptual Design Studies 8.5. Study 6 and 7 — RadMonConst & ComConst5G

OBC Communication

Spectrometer

Power (Electric powe
50 ~2 batteries,
solar cells)

ADCS

Reaction Wheel
MTM

MTQ

ADCS

Thruster

Navigation

Figure 8-18: Configuration of RadMonConst satellite’

8.5.7 Observations

The data has shown two teams with slightly different activity profiles. The Com-
ConstbG team had high activity at the beginning, while RadMonConst team only
gradually grew active. This corresponds to our in-situ observation of different team

behavior.

Achievements

e Both teams managed to elaborated conceptual designs following the proposed
methodology. The projects were presented the obtained and passed an exam-

ination similar to a preliminary design review.

e The process guideline gave clear indications which steps to follow. In particular
having defined the overall figure of merits, the budgets at the beginning helped
to keep the later activities focused. Moreover, the procedure to build an

integrated system model gave clear orientation.

e The process can cope with changes to the interfaces between subsystems. It
happened repeatedly that new parameters and dependencies were introduced

during the design process.
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Figure 8-19: Storage and deployment configurations of ComConst5G satellite®

e The tool enabled the collaboration on the integrated parametric system model.
The team frequently used the built-in visualization of dependencies and changes

to be propagated via the N2-Diagram.

Challenges

e Students easily confuse the conceptual design (parametric sizing) and detailed
design or implementation. Parameters connecting the disciplines are mixed up

with operational connections.
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e For non-experts in conceptual design it is hard to choose appropriate model
accuracy. E.g. to what degree the operations need to be accounted for in
terms of power, thermal, inertia, maneuvers, visibility of communication or

observation target, etc.

e Parametric models cannot capture complex information, e.g. geometry (com-

ponent shape), time series (communication profile).

e Tool reliability is important, so that users don’t lose accomplished work and

need to redo their contributions.

8.5.8 Feedback

After the concurrent design studies were completed, we performed a survey among
the students who participated in the case study using an anonymous online ques-
tionnaire. The purpose was to reveal whether the concurrent design approach was
perceived to facilitate the conceptual design of the space mission. The quantitative
questions used a Likert scale: 1 disagree, 5 agree, with an expected average of 3. In
total, 7 students filled the questionnaire, which forms a 44% of all 16 study partici-
pants. For the average on all answers, we calculated the statistical interval using a

confidence of 95%.

Sessions are useful The statement "I found the concurrent design sessions (in
the breakout room) useful for our project” had an average answer of 3.7 £+ 0.4. This
is above the expected average, meaning that generally students found the design

sessions useful for their project.

Offline work is useful The statement "I found the individual work before and
after sessions useful for our project” had an average answer of 4.1£0.76. This value
well above the expected average underlines the usefulness of the periods of offline

work for the concurrent design study.

Approach appreciation The statement "I appreciate the overall approach of

concurrent conceptual design?” had an average answer of 4.7 £ 0.2. This high value
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and small interval tells clearly, that the students appreciated the concurrent design

approach.

Adaptation The statement "I changed my behavior and adapted to the concurrent
conceptual design approach?” had an average answer of 3.86 + 0.44. The value
only slightly above the expected average means, that the participants are undecided

whether the practiced concurrent design approach had an influence on their behavior.

Besides these quantitative evaluation of the concurrent design approach, the stu-
dents also provided comments. Benefits attributed to the approach are the clarity of
the goals and the collaborative environment. Challenges reported are the creation

of parametric models and the stability of the tool.

8.5.9 Summary

This case study with a group of master students has confirmed that the prior expe-
rience of the team members with concurrent design makes a significant difference.
The participants were all novices, in conceptual design of space craft, as well as in
concurrent design. This is particular to the environment of a university, where the
primary purpose of doing concurrent design studies is learning. With the course
project the students actually learned a new to them conceptual design approach.
The students were able to complete the task of a feasibility study applying our
proposed concurrent conceptual design method. Both teams followed the process
guideline and managed to build conceptual models and consolidate a design con-
cept. Our in-situ observations and posterior analysis confirmed that the teams were

supported and actively relied on the tool to coordinate during teamwork sessions.
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Conclusions from Case Studies

The goal of the case studies was to test the process guideline and respective support
for it by the tool. To check whether the our process model corresponds to what
the participants actually did, we analyzed the activities logged by the collaboration
tool. The modifications to the system model by the team members were grouped
into design activities. The different design activities over the course of design study
reflected the stages of the process. Additional analyses have shown high correlations
of the DSM of the parameter links and the changes propagated between the discipline
models. This confirms the importance of the design dependencies to determine the
discipline sequence.

All teams in these design studies successfully created conceptual designs following
process guideline available within the tool. This is particularly relevant, as the ma-
jority of the participants were new tho the concurrent design approach. The teams
made use of the coordination support in the tool in the form of the dependency-based

sequencing and the visualization of the change propagation.
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Comparative Study

8.6 Study 8 and 9 - OgonSat-A & OgonSat-B

The purpose of this case study was to test the effect of using the process guideline
on the duration of design iterations. In common practice the design iteration is
guided by the team leader based on experience. Our process guideline proposes to
determine the sequence of disciplines based on the parametric dependencies. The
goal is to determine, whether the duration of the design iteration is less when the
team uses this sequence instead of spontaneous coordination. To compare the two
ways of managing the design iteration, two independent design studies with distinct
teams but the same conceptual design task were conducted.

This case study was conducted as an academic exercise with teams of volunteers.
Given the limited availability of the volunteers, the overall duration of design study
was reduced to the bare minimum. To limit the difficulty of the concept study, we
chose a textbook-like satellite mission.

The main characteristics of our design experiment are documented in Table 8.13.

8.6.1 Mission and Team

The mission chosen for this study was similar to the well-known FireSat example
from SMAD textbook [Wertz et al., 2011]. The mission goal is to detect forest fires
through the heat signatures in the infrared spectrum. The observations desirably
should cover the territory of the Russian Federation.

The two teams were formed of four Master or PhD students each. On each team
there were 3 people with some prior experience from one or two conceptual design
studies for space missions, and 1 person without. This composition was chosen to
resemble conditions in established CDF's, where it is frequent to have participants
new to Concurrent Design (see chapter 4).

The system’s architecture was already defined, and the model broken down in the
primary subsystems. The participants were assigned only the subsystems Payload,

Power, AOCS, Communications, while the other subsystems remained unmanaged.
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Dimension

Experiment (Comparative Study)

Aim, research ques-
tions, hypotheses

How does following a design process affect the duration of a
design iteration?

Nature of Study

Interventional, Comparative

Theoretical basis

Concurrent Engineering approach: Conceptual Design using
Parametric Models

Unit(s) of analysis

parametric design: process and result

Data-collection
method

recording model changes

Role of researcher

Observer

Continuation

Continuous data collection.

Duration

1 day, 3 sessions a 1.5h

Observed process

Starting point: system requirements, discipline assignment,
subsystem models.
Deliverable: conceptual design

Setting Skoltech CEDL

Task Realistic, Simplified

Number of cases 2

Case size 4 people

Participants MSc and PhD students of Space and Engineering Systems.
Object The project consists in consolidating a parametric design to a

feasible and close to optimal solution.

Coding and analysis
method(s)

From the logged design decisions (modifications to parameters)
reconstruct the sequence and causality of the changes.

Table 8.13: Design of Comparative Case Study
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Where possible, the participants were assigned to disciplines they had prior knowl-

edge about.

8.6.2 Design Process

This case study focused on the design process, in particular the design iteration.
The condensed experiment consisted in 3 design sessions, lasting 1.5 hours each.
Focusing on the process of the design iteration, the design started from a previously
built system model. This model contained the system breakdown structure and
parametric models for each subsystem. For each of the subsystems, the respective
interfaces were defined by their input and output parameters. The participants were
provided with textbook excerpts and tutorials describing the formulas and design
reasoning for their respective subsystems.

The experiment was set up in four steps: Introduction, Build Subsystem Models,
Connect Subsystem Models, Design Iteration. The latter three are activities from

the process guideline (see subsection 5.5.2).

Introduction (1 hour) First, the teams were given a general introduction to
Concurrent Design and the space mission to design using parametric models. Then,
we explained the participants the concepts and capabilities of the CEDESK for
collaborating on conceptual design models. The volunteers received a hands-on

training with the software to build a simple integrated system model.

Build Subsystem model (1.5 hours) Separated time was dedicated for the par-
ticipants to study the design reasoning using textbook materials, and get acquainted

with the models for their respective subsystem.

Connect Subsystem Models (1.5 hours) At the beginning of the design ses-
sions, the team was instructed to establish the connections between the parametric
models of the subsystems. The team members introduces these parameter links into
the shared integrated system model. By doing so, each team member also develops

mental awareness on the design dependencies.
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The links between the subsystems are visualized using CEDESKSs function for
generating N2-diagrams, shown in Figure 8-20 and Figure 8-21.

A comparison of the two underlying system models reveals only minor differences.
The amount of parametric dependencies in OgonSat-A and OgonSat-B are 20 and
21 respectively. Hence, the interconnectedness is 0.31 for OgonSat-A and 0.33 for
OgonSat-B. While the overall amount of connections differs only by 1, the number
of different connections is 3. These differences are due to links reflecting slight
difference how the team decided to summarize the mass and power budgets. Hence,

they do not impact the design iteration.

Both teams used the N2-diagram to monitor the design dependencies and inform

their decision making.

Design Iteration (1.5 hours) The goal of a design iteration is to make change
the design such that the inputs and outputs of the difference subsystem models
become consistent and the feasibility of the design is assured. During the design
steps, the members to communicate their design considerations, discuss changes,

and apply them to the model.

The first design iteration started with a set of system requirements for one variant
of the system, and subsequent iterations used modified system requirements (see
Table 8.14). These requirements were chosen such to affect the design of the Payload,
the Power system, and the Communication system, and hence require parameter

changes on all subsystems.

Requirement | Variant 1 Variant 2 Variant 3

Infrared image | 2 bands around | 3 bands around | 3 bands around

sensor 900nm wave- | 1000nm  wave- | 1200nm  wave-
length length length

Ground resolu- | 100m x 100m 200m x 200m 50m x 50m

tion

Orbital altitude | 700km 800km 600km

Table 8.14: System Requirements for Design Iterations
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A /B Study

Control The team of project "OgonSat-A" was not given a precise procedure how
to organize the design iteration. The team members decided on the sequence of
disciplines ad-hoc. Without taking systematic account for the design dependencies,
it is expected to take longer for the team to converge the system model.

During the session allocated for design iterations, the team managed to converge
the system model for Variant 1. Consequently, the duration of the design iteration

was 1.5 hours.

Treatment The team of project "OgonSat-B" was instructed to closely follow our
process guideline. The sequence for the disciplines was computed using the DSM
clustering and sequencing algorithm available within the CEDESK (see section 6.10).
The matrices in Figure 8-22 follow the IR/FAD notation (inputs in row, feedback
above diagonal) and show the original and clustered DSMs. Following the proposed
sequence should minimize the need for repeated changes to the same subsystem, and
hence reduce the amount of design steps.

Over the time allocated for design iterations, this team completed designs for
each of the 3 variants. Consequently, the duration of the design iteration was 0.5

hours.

Comparison The difference in duration of design iteration between the team A
and team B is significant: 1.5 versus 0.5 hours. This means that using the DSM
based sequence, as proposed in our process guideline, team B demonstrated 66%
shorter design iteration than team A. Hence, in this experiment the application of
our process guideline lead to a significant increase in time efficiency of the design

iteration.

8.6.3 Summary

In this case study we focused on the design process, comparing two different ap-
proaches to the coordination of disciplines during the design iteration. The design

task was based on a textbook example, and the team was provided with previously
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Figure 8-22: Original and clustered DSM for OgonSat-B

built subsystem and system model. The participants were volunteers with knowl-
edge in space and systems engineering. While the team was held to design to the
best of their knowledge, the resulting conceptual was of minor relevance for the case
study.

The two coordination approaches in the design iteration gave significant differ-

ence in terms of time efficiency. The DSM based discipline sequence resulted in 66%
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shorter design iterations than the ad-hoc discipline coordination. This result of a
single comparative design experiment does not allow for generalization. Repeated
experiments would allow to exclude factors, such as the differences in the team mem-
bers in terms of discipline knowledge and prior design experience. Nevertheless, this
result indicates that the application of our process guideline can increase the time
efficiency of design iterations in Concurrent Conceptual Design studies. To substan-
tiate this hypothesis, a larger number of repeated experiments would be required.

Unfortunately, such a prolonged effort would expand beyond the scope of this work.

8.7 Overall Analysis

The 9 case studies were carried out during 3.5 years, over which our understanding
of the methodology grew. The first 4 design studies served as pilots to refine the
definition of our methodology and to test the collaborative design tool CEDESK.
Then, we conducted 3 design studies, which applied the process guideline and the
tool’s process support in realistic design exercises. Finally, a comparative study was
performed to evaluate the impact of the process guideline on the duration of design
iterations.

All the Concurrent Conceptual Design studies had different missions and teams,
with only a few people participating in more than one. We analyze the design stud-
ies according to characteristics defined our methodology (see subsection 5.5.3), in
particular the study features: Duration of study, Number of Disciplines, Design Vari-
ants; and the process metrics: Interconnectedness, Degree of concurrency, Duration
of Tteration.

A summary of the characteristics is shown in Table 8.15, hiding those that are

the same for all design studies.

Interconnectedness The first two projects merged their models into one for eas-
ier management of the dependencies between them within CEDESK. The depen-
dencies between the two projects are relatively few (see Figure 8-1). Due to that,

the number of actual is much less than the potential dependencies, hence the inter-
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ID | Project Name Duration Disci- Design Intercon- Deg. of
(net hrs)  plines Variants  nectedness Conc.

Pilot Studies

1 Dumbo 18 11 1 0.07

2 BeeSat 18 8

3 DemoSAT 9 9 1 0.24

4 LaserNaut 24 9 1 0.29

Case Studies

) GLISS 18 7 1 0.31

6 RadMonConst 18 10 1 0.36 0.9
7 ComConstbG 18 8 1 0.5 0.98
Comparative Study

8 OgonSat-A 4.5 4 1 0.31 0.74
9 OgonSat-B 4.5 4 3 0.33 0.97

Table 8.15: Summary of the case studies

connectedness (density of the DSM) is very low in comparison to the other projects.

From our experiments it seems that there is no correlation of the interconnect-
edness and other metrics. So it remains an open question, if this measure plays any

decisive role in concurrent conceptual design.

Degree of Concurrency The degree of concurrency was measured only in the
case studies 6 to 9. The values close to 1 mean that the design steps, if done strictly
sequentially, they would have taken almost twice as long. To make this numbers
easier to interpret we can translate this into an average overlap. For that we assume
all task duration and taking into account the different number of disciplines.

The average overlap between all tasks would have been 53% for study 6, 57% for
study 7, 57% for study 8 and 66% for study 9. The high percentage of overlap for
all 4 studies indicates that the tool effectively enables the teams the parallelization
of work. The high degree of concurrency of study 9 with a team of only 4 people

provides evidence that they were most actively working in parallel.
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Duration of Iteration As each design iteration produces one design variant, the
duration of an iteration is the study duration divided by the number of performed
design iterations. All studies, with exception of the last two, targeted to produce a
single design variant, and consequently the duration of the study equals the duration
of the iteration. In the comparative study, the target was to produce as many design
variants as possible in a fixed amount of time. Design study 9 applied the process
from our methodology to direct the design iteration and produced 3 design variants.
The study 8 coordinated the design iteration spontaneously and produced 1 design
variant.

The difference in amount of work accomplished in the same time indicates a pos-
itive influence of following the process guideline on the time efficiency of the design
study. Besides that, the study 9 also managed to achieve a higher degree of concur-
rency, as mentioned above. While our experiments suggest a positive influence of
process guidance on the time efficiency, the identification of the detailed relationship

requires more extensive experiments.
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Chapter 9

Technology Roadmapping and
Conceptual Design

One of our research objectives is to extend the use of concurrent conceptual design
to new areas. A research collaboration with the department for strategic technology
management of a major aerospace company ,gave us the chance to design and test
the application of concurrent engineering approach to technology roadmapping.

Certainly, companies would benefit from technology roadmaps, which give clear
purpose and keep track of existing R&T projects and technological capabilities,
demonstrators, products, services, as well as emerging technology trends. The con-
crete needs of our industrial partner inspired our work, and directly influenced the
development of our methodology.

Such roadmaps would serve to determine R&T budgets, to decide whether to
make specific technology investments or not, and to define new demonstrator projects
[Knoll et al., 2018b]. For it to be a reliable source for decision making, technology
roadmaps should be regularly updated, and should clearly demonstrate the link-
age of proposed technology investments to the strategic drivers of the organization;
furthermore, they should demonstrate the feasibility and rationale of technology tar-
gets, through rigorous engineering analysis. To be effective technology management
tools, roadmaps need to incorporate inputs across the entire organization, including
R&T, engineering, product policy, corporate strategy, support functions and outside

partners - such as suppliers - while keeping track of developments of competitors
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and other relevant external entities.

Models provide the basis for rigorous management of future technology invest-
ments, and allow for identification of synergies across multiple technology areas. In
this chapter we describe how we applied the Model-based Co-located Conceptual
Design Methodology (MoCoDeM), to develop model-based technology roadmaps.

9.1 Model-based Roadmapping

Concurrent Roadmapping (CR) extends the concept of CE, where subsequent life
cycle phases overlap in time. The Figure 9-1 in an extended lifecycle model illustrates
the relation of technology roadmapping with the product development. Technology
roadmapping and R&T development are distinct activities, but they occur in parallel

and in certain ways precede product development.

Technology Roadmapping

R&T Development
Conceptual Design
Detailed Design

Manufacturing Engineering

Production

Operations

Figure 9-1: Product Lifecycle extended upstream

Concurrent Roadmapping is about the integration of technology roadmapping
and conceptual design. Conceptual design of future products takes into account the
planned outcomes of R&T. Vice versa, technology roadmapping obtains technology
demands from the conceptual design.

There are two levels of corporate roadmapping that can implement new model-
based methodology. That of a single roadmap, and the other of the entire portfolio
of roadmaps. Both of them happen in parallel, but they are inter-dependent.

Single Roadmap Similarly to conceptual design, the creation and maintenance of

a single roadmap is a collaborative process. It requires the inputs coming from
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multiple disciplines, to negotiate and build an integrated coherent model of the
roadmap. By doing so, the roadmap targets are set, verified and documented

with models. We described this approach partially in [Knoll et al., 2018b|.

Portfolio of Roadmaps Any organization that has a range of products is likely to
need separate roadmaps for each of them. The goal is to create and maintain a
set of roadmaps, define a coherent strategy and leverage on synergies between
various R&T efforts. This requires considering the roadmaps, not indepen-
dently, but as interrelated parts of a bigger system, the portfolio. Hence, a
collaborative approach allows for the consideration of the needs and targets of

different roadmaps concurrently.

In the following sections, we explain the methodology applied at both levels. As
CCD studies happen in dedicated facilities (CDFs), such environments can also serve
concurrent roadmapping, to bring experts together and integrate knowledge across
the organization. Moreover, in the case of an integrator, technology roadmapping

may very well also involve suppliers.

Applying the concurrent design approach in technology roadmapping aims to
achieve two goals: 1) provide engineering rationale for roadmap targets, 2) explicitly

account for inter-dependencies between all involved disciplines.

9.2 Concurrent Roadmapping - Single Roadmap

This section reports work we published in Knoll et al. [2018b]| and puts it in the
context of our Model-based Co-located Conceptual Design Methodology (MoCo-
DeM). Accordingly, we describe here the specialization of the methodology to the
case of creating a single technology roadmap. The ways to employ multi-disciplinary
teams and a concurrent facility are adopted without modifications. The role of the
customer is played by the person in charge of the roadmap, the so-called roadmap

owner.
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9.2.1 Model

The architecture of the roadmap is described in an OPM diagram capturing its
essential information. The generic form a roadmap architecture as is shown in

Figure 9-2.
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Figure 9-2: OPM diagram of a notional roadmap architecture model

The roadmap architecture model contains the following elements:

A list of existing products and services associated with the roadmap.

e The decomposition of the roadmap into subsystems (PBS), showing elements

of technological relevance to the roadmap.

e The primary operating functions of the elements relevant to the roadmap, eg.

systems, products, services, processes, components, materials.

e Figures of merit associated with the roadmap and their relation to the pri-
mary operating functions (e.g. which FOMs affect which primary operating

functions and vice versa).

External functions and elements affecting the elements of the roadmap.

Such an architecture model of a roadmap expresses its essence, in a condensed
graphical form. As usual for descriptive models, its purpose is communication and

documentation.
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Besides this graphical representation, model-based roadmaps consist of data, and

a parametric model.

e Definitions for all FOMs, consisting of name, unit of measure, and future trends

(e.g. average annual rate of improvement,) and related technical models.

List of current and proposed R&T projects and demonstrators.

A list of alternative/competitive technologies and their characteristics.

The Technology Readiness Level (TRL) for each technology.

Where applicable, financial models shall be included to allow the estimate the
expected return on a technology development effort, using the Net Present

Value (NPV).

A technical model of a roadmap describes the technology embodiment as a

product concept.

The technical model is key to the reliability of the roadmap. It is used for the
conceptual design of the system of interest of a roadmap, and consists of a set of
statistical or mathematical models, allowing to evaluating the FOMs of interest for

different moments in the future, using the expected technology characteristics.

9.2.2 Process

Applying the Model-based Co-located Conceptual Design Methodology involves a
multidisciplinary team for conceptual design. We divide the roadmapping process
into three steps: Formulating, Modeling, and Landscaping. These steps are in
analogy to the process guideline of our methodology (see section 5.5.2): Preparation,

Build Integrated System Model, and Design Iteration.

Formulating

Creating the roadmap architecture model, and collecting the background informa-
tion is part of the Preparation step. Each involved discipline expert shall prepare

the parametric models to be used. Sometimes, FOMs may be computed by complex

193



9.2. Concurrent Roadmapping - Single Roadmap Chapter 9. Technology Roadmapping

numerical simulations (e.g. fluid dynamics simulations, finite elements analyses).
However, for a FOM to be used during the roadmapping exercise, it shall be possi-
ble to estimate it quickly (on the order of seconds or few minutes). If the original
model underlying the FOM requires substantial execution time, it is advisable to
create surrogate models. Using these models, a number of possible designs can be
evaluated according to the FOMs. The resulting designs can be compared using
tradespace exploration (see section 2.5). If the current products or technologies
are not on the current best-achievable Pareto front, it may be possible to improve
the product or technology by merely redesigning it, without investing in new or
improved technologies. If, however, the current product or technologies are on or
near the PF, then new technologies or improved technologies are needed to further
improve, i.e. “push” the pareto front closer to the Utopia point.

The characteristics of technologies in terms of FOMs, can be obtained in one of

the following methods:

e Rough order of magnitude estimates collected from expert surveys using the

Delphi method, as described by Bloem da Silveira Junior et al. [2018].

e Fitting a S-curve model on historical data of past FOM trends, as described

by Nieto et al. [1998].

e Expert point estimates. Since this method relying on a single data point has
the highest chance of error or bias, the estimates should be documented with

description and motivation.

Modeling

The purpose of modeling is to create a parametric model for the roadmap. The Prod-
uct Breakdown Structure (PBS), the identified design variables and FOM models,
are combined into an integrated roadmap model. Building the technical model cor-
responds to the building of an integrated system model in the process guideline of
our methodology (see section 5.5.2).

In some cases, where the entire system model is expressed in mathematical for-

mulas, the calculation of optimal values for the design parameters can be automated,
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using dedicated MDO tools. In the more general case, where engineering reasoning
is not encoded in analytical models, to store such models and propagate changes
between linked subsystem models, a collaboration tool, as the one described chap-
ter 6.

Using a collaboration tool, each domain expert defines the design variables of
their respective element. Then, the experts link the design variables and FOMs to
reflect the interdependencies among elements, as described in the roadmap model.
Finally, parametric models shall be inserted, that map the design variables as inputs
to FOMs as outputs, for example, in the form of spreadsheets. Models ideally are
taken from the model inventory during the formulation step or built ad-hoc for
the roadmapping exercise. Many times, companies already can leverage a heritage
of low fidelity models for product sizing. It is essential that the used models are
validated and benchmarked against either existing systems with empirical data, or
point designs at a higher level of fidelity, spanning the design space. The outcome of
modeling is an integrated system model that can be used to evaluate a technology

embodiment on a range of possible design parameters.

Landscaping

This step corresponds to design iteration step of the process guideline of our method-
ology (see subsection 5.5.2).

The purpose of landscaping is to map possible designs using state-of-the-art and
future technology characteristics. The state-of-the-art is given by the Pareto front of
today, which is the set of non-dominated designs among existing products. Using the
FOM trends identified during the Formulating step, the team projects the evolution
of the PF over time, for instance, over a fixed set of time increments (e.g. 5 year
increments). Designs resulting from the projected FOM values define the so-called
"Future PF".

The tradespace is populated by enumerating all design options, evaluating them
according to the FOMs. For conceptual designs where complete analytical models
exist, automation can be applied for enumeration and evaluation leveraging MDO

tools. In the general case, our methodology relies on the concurrent conceptual
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design method, where a multi-disciplinary team elaborates the design. The number
of design options that can be evaluated depends primarily on the time necessary for
the evaluation of a single design, and the time available for the landscaping.

Based on the Pareto analysis, the team identifies those preferred designs, in terms

of FOMs, that should be used as targets for the roadmap.

9.2.3 Tool Support

This process needs to be supported by tools for storing the conceptual design model,
their respective evaluations, and visualization of tradespace as FOM charts. The
tool presented in chapter 6, CEDESK, incorporates all the necessary features. It
allows the definition of a tradespace, with according FOMs, and these can be linked
to parameters of the integrated system model. Any version of the model can be
tagged with a label to specify a design variant, and visualized as a design point on

FOM charts in CEDESK Tradespace Explorer.

9.3 Concurrent Roadmapping - Portfolio

In this section, we describe the adaptation of MoCoDeM to updating the roadmap
portfolio and conceptual product design. A Concurrent Design Facility (CDF) is
used the same way it is described in the methodology. As for the team aspect
of our methodology, the customer is the person in charge of a roadmap (roadmap
owner). Each roadmap employs a multi-disciplinary team, to define its model, and

the negotiation between roadmaps is handled by the roadmap owners.

9.3.1 Model

A core concept for defining model-based roadmaps are capabilities, which are used
to describe the targets and requirements of roadmaps.

Capabilities are defined by key characteristics of a system, which could be a
product, a component or an industrial process. For example, the fuel consumption

of a car, the heat generated by a processor, or the time to overhaul a water turbine.
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Besides quantifiable characteristics, also called Figures of Merit (FOMs), there are
also qualitative characteristics (e.g. a motor uses fuel combustion or electricity).
In the context of technology planning, it is important to note that capabilities are
subject to time (e.g. fuel consumption of cars decrease over the years).

Roadmaps describe the capability they are targeting, and also the developments
they rely on. Hence, the roadmap for a product can state to provide a certain
performance, based on the availability of a capability provided by a component. This
arranges roadmaps in a hierarchical structure, in analogy to the Product Breakdown
Structure. The links between different roadmaps can be described as capabilities
offered or demanded at a certain time, using one or more FOMs.

Together with my colleague Ilya Yuskevich, we elaborated a graph representation
of these portfolios using a visual notation, based on elements from OPM [ISO Central
Secretary, 2015b]. Figure 9-3! illustrates the basic elements (items are named after

a NASA roadmap). Rounded rectangles with red border represent roadmaps, in

Mars Helicopter Drone . .
Risk: Medium - b acity: 500 Ah
TRL: 2 . Mass: 20 kg
annual funding: $50 mil Demand date:
2021

Risk: High | Offer date:
2020

Rechargeable Batteries

TRL: 3
annual funding: $120 mil

Figure 9-3: Example of graphical modeling of connected roadmaps’

this example, for a mars helicopter drone. A rounded rectangle with blue border
represents R&T projects, in this case a project for rechargeable batteries. Orange
ovals represent capabilities, in this example, with the FOMs battery capacity and
mass. Roadmaps and R&T projects specify the targeted TRL level, as well as

the allocated budget. The line with an arrow indicates that the roadmap plans

1Credits to Ilya Yuskevich
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to provide that capability. The line with the circle represents the need of another
roadmap by the year 2023 of that same capability.

Formalizing the entire roadmap portfolio in this way allows different kinds of
analysis. We proposed for example, the total budget of a roadmap including all
the contributing roadmaps and projects. Moreover, an automated check is possible
whether a roadmaps targets can be achieved based on the demanded capabilities, or

the accumulated risk for a roadmap meeting it’s targets.

9.3.2 Process

The overarching process of Concurrent Roadmapping also deals with the portfolio of
roadmaps by modeling and explicitly managing the connections between roadmaps.
We performed an analysis of this process adopting the basic structure from the
MBSE method ARCADIA [Roques, 2018]. To describe the functional analysis of
this process, we used IDEFO0 as a graphical notation, which has strong heritage
in modeling of information processing [Menzel and Mayer, 1998| . In essence, it
describes functional blocks connected by arrows(see Figure 2-2). Each block carries
the name of a function and the arrows represent either inputs, resources, controls,
or outputs.

The process of elaborating and refining a technology roadmap needs to take into
account the entire portfolio of roadmaps. While each roadmap can evolve indepen-
dently, it is important to incorporate updates of other, related roadmaps and to
communicate updates to other, related roadmaps. Within a roadmap the concep-
tual design of a single product /system /subsystem applies logical decomposition and
for (each) composing element, related roadmaps are identified and the relationships
characterized in detail. This information is exploited to make sure the roadmap
portfolio is consistent, synergies are exploited better, roadmaps are aligned with
corporate strategy, and to provide the best value for the money invested in R&T. In
summary, Technology Planning and Roadmapping, is concurrently doing conceptual
design of systems/products and technology roadmaps. The further description takes
the viewpoint of a moderator of the concurrent design facility, where most of the

related work takes place.
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The process of elaborating a roadmap includes the creation/update of the
conceptual design of a corresponding product/system and update of the

related roadmaps.

Top View

From an outside view, the process of concurrent roadmapping is like a black box

(Figure 9-4).

Competitive Strategy
landscape
Conceptual (parametric) design
TRM portfolio of a specific future product/system
AL, . /
Carry-out concurrent conceptual
design of a system/product and TRM
portfolio
R A0
4]
Objectives, Operational needs Updated TRM
Design E t
CDF facility SEN BEs

CDF Moderator

Figure 9-4: Top-level diagram for the Concurrent Roadmapping process

This process takes two inputs (arrows from the left):

TRM portfolio - the set of technology roadmaps, each with figures of merits, and

their hierarchical organization.

Objectives and operational needs Mission requirements of stakeholder needs

for the product/system of interest.
Two controls are fed into that process (arrows from above):

Competitive landscape The information about existing and announced compet-

ing products, their performance and cost.

Corporate strategy The company’s goals in terms of market and intermediate

steps to them.
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The process uses three resources (arrows from below):
CDF - the workspace for co-located teamwork on conceptual design.
A moderator to facilitate the various steps of the concurrent design process.

Design experts for the product/system of interest, including disciplines of engi-

neering, manufacturing, marketing.
The process produces two outputs (arrows on the right):
Updated TRM The roadmap of interest with new refinements and updates.

Conceptual Design - the model-based representation of the future product/sys-

tem.

Detailed Steps

At a more detailed level, we identified that this process consists of several distinct

functions (see Figure 9-5).

Competitive landscape
Product/system

Objectives, requirements =
Operational /
needs l
1
Analyze operational f PBS
needs, competitive / 5 d
; / Define system ystem/product
landscape, available structzre/ technology scenarios
—* models L’ )
function/
Al interfaces \_,  Define
] A2 related TRMs
St;;T\iE'C including | System/product
capabilities Develop concepts
'\;« ’ h A3 [] L system/ /;/
\ product
TRM portfolio Interfaces concepts
L2 »
foM A4 Updated
_ ATRA
chains Demanded FoM Analyze and
5 d |1 ﬂ/
<5 update e
Visual TRMs global TRM
portfolio ] T
AS New
roadmap

Figure 9-5: Diagram for the process of concurrent conceptual design of a sys-
tem/product and TRM portfolio
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A1l Analyze operational needs, competitive landscape, available models
The creation or update of a technology roadmap needs a clear understanding of the
needs that the product/system is meant to address and an understanding of what
other solutions are already on the market. This process step is composed of smaller

sub-steps.

Refine and quantify objectives and needs of a potential customer to pro-

duce a list of top-level performance characteristics (strategic FOMs) and their values.

Define operational modes and states of the system.

Analyze competitors’ landscape using available data about competitive
products trough a tradespace. Calculating all product’s distance to the correspond-
ing efficient frontiers [Yuskevich et al., 2018|. After this, strategic FOMs might be

refined. This Pareto analysis requires specific tool support.

Perform game-theoretic strategy simulation using data about competi-
tive products, past and forecasted pareto fronts. For potential competitors’ choices
the respective best responses are calculated applying a game theoretic approach.
Depending on the chosen time horizon and estimated competitor’s choices, the tool
for game-theoretic strategy simulation produces a list of rationally optimal strategic
options [Smirnova et al., 2018]. This game-theoretic simulation requires specific tool

support.

Define the requirements for the system.

A2 Define system structure/function/interfaces To define the system, it is
necessary to identify the top-level functions, and decompose the logical structure
(PBS). Based on that, the interfaces with the outside and between the elements are

defined.

This process step is composed of smaller sub-steps.
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Analysis of needs of the market and requirements by taking into account the
strategy. The process involves an analysis of competitors, a study of the elements
represented within the system/product. This is to ensure marketability of the sys-
tem/product by understanding how the system/product would be directly used by

the end-user.

Design Logical Architecture of the system/product in such a way, that it
is not limited to any particular technology and/or capabilities while providing as
much detail as possible. In the later conceptual design, the logical architecture
serves to define the physical architecture. The design is described using any kind of

descriptive model, such as SysML, OPM, or similar.

Define subsystem concepts of each subsystem for coordination of work flows
and use of resources. Each subsystem concept should contain characteristics of its

capabilities.

Define interfaces for describing design flows between subsystems.

A3 Define related TRMs including capabilities Knowing the logical struc-
ture of the product/system to be designed, the functional elements can be mapped
to relevant technologies. For these technologies the associated technology roadmap
is identified. The relevant Figure of Merit (FOM)s are defined, which allow the
characterization and comparison of alternative technologies. Alternative technolo-
gies allow the definition of different scenarios. This process step is composed of

smaller sub-steps.

Establish related TRMs for dependent technologies and products through
capabilities required for the roadmap of interest. The exact values for the FOMs are
estimated later, during conceptual design, by means of parametric models, Delphi

surveys or Pareto-frontier forecasting tools.

Establish links between projects and capabilities by putting the links

between demanded and offered capabilities.
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Visualize TRM and related TRMs and connections This needs a tool
for graphical representation of the complex network of entire portfolio TRMs, and
facilitate eventual analyses (risk-schedule-cost assessment, consistency check, sce-
narios comparison, etc.). A more detailed illustration of this graphical modeling of

roadmaps can be found in subsection 9.3.1.

A4 Develop system/product concepts This step corresponds to the concur-

rent conceptual design of a single roadmap as described in section 9.2.

A5 Analyze and update global TRM portfolio With the estimated capabil-
ities of technologies and the portfolio of technology roadmaps at hand, the analysis
identifies inconsistencies and gaps, for which new roadmaps or changes to other

roadmaps are proposed. This process step is composed of smaller sub-steps.

Check consistency of demanded and offered capabilities by matching
demanded capabilities by the roadmap of interest to the offered capabilities by cor-

responded TRMs (and vice versa) and avoiding uncovered demands.

Define new roadmaps if during CD study, capabilities or new products/tech-

nologies/services have been identified that are not covered by any existing roadmap.

Propose demanded FOMs, FOM links, projects, milestones if during
CD study existing roadmaps have been reviewed, it is required to document the new

findings, in particular, FOM links, projects, and milestones.

Perform TRM maturity assessment based on the degree a roadmaps in-
formation can be used for budgeting decisions. We propose to have experts assess
roadmaps according to a defined set of criteria, and using the Delphi method to

reach an agreement. Appropriate Delphi surveys shall be supported by a tool.
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9.3.3 Tool Support

The process of Concurrent Roadmapping consists of activities that requires a specific
support. There are two types of activities happening in parallel: 1) roadmapping
and 2) conceptual design. Figure 9-6 depicts the concept of the integration of these

activities in a toolkit.

Roadmap portfolioc management

™ tool (model-based) 7
_ Parametric
Roadmapping level model
Estimates Conceptual design level
of future
capabilities | Conceptual design tool |

(model-based)

Delphi tool
(opinion-driven)

Pareto-frontier forecasting tool
(data-driven)

Figure 9-6: Toolkit for capabilities formalization and quantification

The goal of conceptual design level activities is to find values of FOMs, schedule,
risks and communicate them to the roadmapping level. To do so, the design team
performs conceptual design of new products or services. To facilitate a conceptual
design, our envisioned tool includes the use of the model-based, opinion- or data-
driven approaches. The goal of the roadmapping-level activities is to effectively
incorporate new data into the TRM portfolio, to ensure consistency and attainment

of strategic goals.

Conceptual Design

The tool CEDESK presented in chapter 6 incorporates the necessary features. It

enables the creation of an integrated system model in a collaborative manner. More-
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over, it allows defining a tradespace according to FOMs that can be linked to pa-
rameters of the integrated system model. The model can be tagged at any point in

time with a label to specify a design point, and this design point can be visualized

on the FOM chart.

Others

To support the activities described in the process that are specific to roadmapping,
a complete toolkit was realized. The author defined the functionality required to
support the industrial partner, and the implementation of this tool was done by two
professional software developers. The web-application (T-REED) shown in Figure 9-

7 contains a module for each need. The numbers in the figure above indicate the

o0® T-REED | Home x |+

c @ @ w

T-REED

A Roadmap portfolio (1)

Roadmap Architecture
Define structure of Technology roadmaps and Research and
Technology projects

f Technology forecasting (3)

Tradespace Exploration
Comparison of solutions based on figures of merit

Pareto Front Forecasting
Estimate future pareto fronts based on historical data

{3- Strategy (4)

Game-theoretic Strategy Simulation
Analyze possible actions in the presence of competition

FOM Chain Editor
Build and analyze roadmap dependencies

Delphi Surveys (2)

Collaborative Forecasting

Collect experts opinion to estimate future evolution of figures . . .
of mertt L2 Administration
Maturity Assessment Workspaces

Expert evaluation of the roadmaps maturity

Criteria Selection
Collaboratively select criteria for demonstrator assessment

Evaluation
Expert evaluation of demonstrator projects

Manage areas for projects and teams

Users
Manage access credentials for people

Roles

Assign permissions to users

Figure 9-7: T-REED web application for concurrent roadmapping

modules: 1) for the management of portfolios of roadmaps, 2) to conduct delphi-
surveys related to roadmapping, 3) to perform pareto-front forecasting, and 4) to

simulate strategic decision making.
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Roadmap portfolio

The graphical modeling language described in subsection 9.3.1 was implemented
similar to a diagram drawing tool. Figure 9-8 shows the graphical user interface.
The right side contains a pane showing the diagram, and on the left, the user can

choose elements to add on the diagram.

T-REED

A Roadmap portfolio Roadmap Architecture FOM Chain Editor Dictionaries

Toggle toolbar

| Roadmap |

I Project I

Capability

Demand link

Offer link

Simple link

Figure 9-8: T-REED module for modeling interconnected roadmaps

Delphi Surveys

This module for conducting Delphi surveys is an online questionnaire tool similar
to Google Forms. But, beyond basic survey functionality, to support the Delphi
method, it can repeat questionnaires in rounds, while showing the respondents the
aggregated and anonymized results of previous rounds. This allows to elicit experts’
opinions in a well-structured manner and can help to produce consistent results. For
the purpose of technology planning an roadmapping the Delphi surveys can be used
to produce forecasts on the future performance of a technology, or an assessment of

roadmaps’ maturity.

206



Chapter 9. Technology Roadmapping 9.3. Concurrent Roadmapping - Portfolio

Product FOM 1 FOM N Year
Name

product X 4 e 7 2004
product Z D e 1 2007

Table 9.1: Example of tradespace data with time reference

T-REED =) Workspace: Default Workspace

Tradespace |aa GPUs |#a Tradespaces

Figure of Merit for X axis Figure of Merit for Y axis

ProcessingPower - ReleasePriceUSD

i
Fl
Ei
3
n n
3 8
£ 3

Figures of Merit
2500 &
2015 " . I
Mame Trend Optimality  Unit Logarithmic
ProcessingPower /b MAX ~ FLOPS
2,000 -] TDP 1 MIN ~ Watt

ReleasePriceUSD /v MIN ~ usb

2012

4,000 5,000 8,000 10,000 12,000 14,000

Figure 9-9: T-REED module for tradespace visualization

Technology Forecasting

Tool is also equipped with a module for forecasting of technological development
based on historical data. The historical data needs values for two or FOMs for
each product together with the year the product was announced or appeared on the

market. The data shall be structured as illustrated in Table 9.1.

The tool allows importing such tradespace data from spreadsheets, giving the
user the possibility to choose the meaning of the data contained in each column. The
data is visualized in a FOM chart with freely selectable axes, as shown in Figure 9-9.
Based on such data, the tool can compute the Pareto fronts for the past years and

produce forecasts using an algorithm described in [Yuskevich et al., 2018].
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Strategy Simulation

Another module allows the simulation of strategic behavior based on previous prod-
ucts of market competitors. The behavior of market players is extracted from his-
torical information in the form of tradespace data and it relies on forecasted pareto
fronts. The tool can simulate a number of steps ahead and propose strategic deci-

sions that are optimal in terms of game-theory.

9.4 Application

The methodology we described was implemented step-wise in the technology plan-
ning and roadmapping department of our industrial partner. The diversity of prod-
ucts and markets, on the one hand, and the vast range of components, technologies
and research projects, on the other hand, required a well-structured approach to

roadmapping.

Since the corporate technology strategy is critical for competition, we are
required to keep confidentiality and are not able to name the actual subjects

of concern.

For illustration purposes, we use the example roadmap of a Solar Electric Air-
plane (SEA), as published in [Knoll et al., 2018b]. The purpose of this roadmap
is to define the targets for a competitive future airplane using electric propulsion

capable of long endurance through the harvesting of solar energy.

Portfolio Definition

At the beginning, the entire set of R&T projects across different product divisions
was inventoried and categorized. This was done in a workshop involving project
leaders and R&T managers. Projects that had similar scope were grouped and
roadmaps were formed. Each roadmap was given a concise mission and it was

assigned to a roadmap owner.
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Roadmap Modeling

The roadmap owners were put in charge to collect the required data, such as existing
products and competitors, contributing R&T projects, define the key characteristics
in terms of FOMs. We defined a canvas for storing these data in a structured manner.
This allowed also to assess the information completeness as a proxy for a roadmap’s
maturity.

The technology roadmapping department also offered training in the Object-
Process-Method (OPM) to the roadmap owners, such that they could build archi-
tecture models of their roadmaps. The OPM diagrams served mainly for summa-
rizing the roadmaps structure and dependencies. A notional example of a roadmap

architecture model is shown in Figure 9-10. It shows the existing airplanes on the

Solar-Electric Aircraft é Figure
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Max Payload
i [kgl
ipi Altitude !
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Figure 9-10: OPM diagram of a notional example roadmap [Knoll et al., 2018b|

left, and next to it, the decomposition into primary subsystems Product Breakdown
Structure (PBS). At the right, there are the Figures of Merit (FOM) and, to the left
of them the operational functions of the plane.

By collecting the data and modeling the architecture, the roadmap owner have

accomplished the step "formulating" of our proposed process (see subsection 9.2.2).
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The next step on the CR process involves the parametric modeling.

Concurrent Sessions

Based on the relevant subsystems and FOMs, each roadmap owner formed a team
of experts. The teams gathered for co-located design sessions in the technology
roadmapping CDF. The CDF sessions’ primary result was that experts from across
the company exchanged on their related work, who otherwise would not have ex-
changed. This organizational and human factor was not contemplated in our method-
ology. Unlike expected, the teams spent a singnificant amount of time to discuss the
definition of the goals and the definition of the FOMs. The elaboration of the archi-
tecture model as well as the parametric models found little attention. An survey on
the information gathered for the roadmaps that around 10% of the roadmaps were
fully modeled according to our methodology. As a consequence, in the next step of
"landscaping", the teams did not use analytic models but estimates from the expert

to define the technology targets of the roadmaps.

Portfolio Modeling

The roadmaps were analyzed for their inter-dependencies and arranged in a DSM.
Clustering of the DSM informed the grouping of the roadmaps into layers. The
roadmaps were organized in a hierarchical structure of 4 layers. At the top there
were roadmaps for different systems-of-systems. Underneath there were roadmaps
of each of the company’s product. Then there were roadmaps for components and
and capabilities. At the bottom there were roadmaps for so called technology bricks.
All R&T projects were directly associated to the roadmaps. The connections among
roadmaps were subject to further elaboration throughout the course of the project.
Connections could be proposed unilaterally, by one roadmap owner, and later con-
firmed when the second involved roadmap owner agrees. In a next step, depen-
dencies were characterized in more detail by stating the Figure of Merit, that is
provided or demanded. Subsequently, the concurrent sessions were arranged to de-
fine the links between roadmaps as capabilities, as described in our approach (see

subsection 9.3.1). To make sure the people involved were able to grow into the new
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roadmapping approach, management decided to gradually increase the detail of the
portfolio model. As a consequence, the completed adoption of the model-based
portfolio was delayed.

To illustrate the resulting model of a portfolio we use a fictional car manufacturer.
The portfolio in Figure 9-11 shows three layers of roadmaps. The product "car"
at the top, its subsystems (e.g. engine) at the second level, and components (e.g.

batteries) at the third level. At the bottom in blue, the technology research projects.

9.5 Summary

The method presented in this chapter uses a novel approach to technology roadmap-
ping. Strictly relying on models for the assessment infusing technology into products
is significantly different from common practice in technology roadmapping. Usual
methods aim at finding consensus about the development targets, and strategies to
get there. The outcome of roadmapping exercises is most commonly summarized
in text or charts that do not contain the rationale behind, and make re-use almost
impossible.

The proposed method of Concurrent Roadmapping was appreciated by our con-
tact persons in the roadmapping department. Over the course of our research collab-
oration, we realized that they faced difficulties implementing it at full scale. Parts
of the methodology needed to be be introduced step-by-step. Around 60 CDF ses-
sions were held for the creation of roadmaps. It turned out that the roadmapping
teams had difficulties building the models. Only a small part of the roadmaps were

equipped with the architecture and parametric models foreseen in our approach.

Benefits

Our approach instead follows the model-based engineering paradigm. This requires
the involved experts to provide parametric models that underpin the achievability
of estimated targets. As in other MBSE efforts, the creation of the model-based
roadmaps requires a higher initial effort. The pay-off comes with easier re-use and

maintenance. The relevance of this is confirmed by Garcia and Bray [1997|, Phaal
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Figure 9-11: Extract from an example portfolio of interconnected TRMs
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et al. [2012] who describe "critique and validate" and "review and update" just as
important as the creation of the roadmap.

From purely methodological, technical point of view, the co-located design ses-
sions serve to build the conceptual design models. In reality, the human factor is
never to be underestimated. Bringing people from across a big organization to-
gether to collaborate on defining a technology roadmap creates new connections
and relationships. As known from behavioral psychology, people who have met each
other in person are more likely to show cooperative behavior [Berkman et al., 2015].
Hence, the overall outcome of the co-located roadmapping sessions goes beyond the

produced artifacts.

Challenges

Along with the advantages of using model-based co-located conceptual design for

building technology roadmaps, come also challenges.

Conceptual Modeling

The creation of OPM diagrams to represent the roadmap architecture pushed the
roadmap owners to frame their work in a specific way and helped to document
in a more consistent way, over the wide range of roadmaps. Besides that, it was
perceived by various experts involved, as bringing relatively little benefit. That’s
mainly due to the fact that the OPM diagrams were a mere graphical representation
of the roadmap. They are like a specific view on the roadmap data and parametric
models. But if the models are disconnected and need to be built and maintained
separately, they become a burden.

The method of conceptual modeling using parametric models is well known in
some engineering disciplines, and less in others. At product or system level, coarse
parametric system models are available for families of products with large design
heritage, such as cars, ships, airplanes. For relatively new systems, such as auto-
mated vehicles, or technologies, such as augmented reality, such parametric sizing

models hardly exist.
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This limits the building of parametric models to be used in conceptual design.
Analytical models are then to be replaced by informed estimates of experts. The
systematic elicitation of qualified opinions may also require experts beyond the
roadmapping team. Doing that as part of the concurrent design process is an open

challenge.

Organizational Inertia

The introduction of model-based roadmaps aims to provide facts for decision making.
Managers of corporate technology development, like other decision makers, need to
have trust into the people and process preparing the data for their decisions. We
observed that a newly introduced method, and moreover proposed by people from
outside the organizations, has a hard time to gain the trust of the decision makers.

To implement changes in an organization, it is not enough to have top-level
management make the decision. People stick to acquired routines, because it is safe
and less demanding than searching for new answers to a problem. Changing an

organization requires to motivate people to leave the known path.
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Chapter 10

Conclusion

In the previous chapters, we described a design methodology for Concurrent Con-
ceptual Design and verified it through expert interviews. Further on, we illustrated
a set of case studies where we put the methodology to test. In this last chapter, we
discuss the results, the limitations of our work, and provide an outlook on future

work.

10.1 Discussion

With this work, we want to contribute to the fields of model-based systems engi-
neering and conceptual design. The goals were to improve the understanding of the
Concurrent Conceptual Design approach, propose supporting tools for it, and to

extend its use. Therefore, we revisit the research question set out in the beginning.

Design Methodology

RQ1 "Is there a generic design methodology for the concurrent design of

complex space systems in an MBSE environment?"

In response to this question, we investigated the practice of different organi-
zations, documented in literature, and through an expert survey and interviews.

This allowed us to extract a generic methodology we called Model-based Co-located
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Conceptual Design Methodology (MoCoDeM). This comprehensive description of a
methodology for concurrent conceptual design represents a novelty in the field for
the following reasons. Firstly, it is generic and not tied to a specific organizational
setting, while approaches described in literature are usually originating from a single
space agency. Secondly, it uses a formal language to model several aspects, using
SysML, the language of choice in Systems Engineering. Thirdly, we have verified
and validated the methodology.

Previous related work, as Ferreira [2012] for example, provides a methodology,
but its description is not based on models and it lacks of a verification of the method-
ology. Recently, Infeld et al. [2018]| from NASA has shown a full MBSE template for
concurrent design studies. It includes the definition of modeling elements, a basic
structure for the complete study model, as well as a high-level diagram for the design
process. Instead, our description of the design process provides more detail on the
construction of the integrated system model and the design iteration. As a result,
our process guideline can serve as a baseline for new implementations of Concurrent

Conceptual Design of space systems.

Interviews Our methodology and the process guideline at its core has been sub-
ject to discussion with subject matter experts (chapter 7). The practitioners con-
firmed that our process model corresponds in most aspects with the reality they
encounter, when setting up and conducting concurrent design studies. The textual
description of the process is kept at a very high level, without going into much detail.
Experts commented, that in practice, the preparation step, for example, consists of

sub-activities, which are not covered well in our description.

Design Studies We conducted concurrent design studies applying our methodol-
ogy and following the process guideline (chapter 8). To conduct realistic Concurrent
Conceptual Design studies for space missions for purely academic purposes is diffi-
cult, because qualified experts are hard to attract. Likewise, it is hard to find an
organization, which allows to test a design methodology in their environment, if it
is not already proven. Hence, we settled with students and researchers from our

institute.
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One of the goals was to verify if the methodology enables people new to the
approach to perform a Concurrent Conceptual Design study. The teams recruited for
the case studies were students and researchers, who had little or previous experience
in concurrent design. We observed that all teams followed the methodology and
managed to produce conceptual designs. Anyway, this does not allow us to conclude
that our methodology was the sole factor to success. Our case studies do not allow
us to distinguish how individual capabilities, communication skills and personal
motivation contributed to the successful design studies. To do so, more comparative
studies would be required, using different team compositions.

Since the participants in the design studies did not have deep disciplinary knowl-
edge, the engineering models remained at the level of what they learned from the
SMAD textbook [Wertz et al., 2011]. This meant that the resulting conceptual de-
signs are not comparable with those made in space agencies or companies. Space
mission design is solving open problems, which means, that multiple correct or opti-
mal solutions exist. Hence, it is hard to objectively measure the quality or optimality
of a conceptual design. Good heuristic assessment could only be provided by profes-
sional space mission designers, who were not available for our research. Nevertheless,
the results of all design studies underwent design reviews by more experienced space

engineers, checking the soundness of the solution concepts.

Coordination Support

RQ2 "How can a tool guide the team collaboration through the design

process and coordinate the work?"

The collaborative tool we developed, CEDESK, reflects the proposed design
methodology MoCoDeM. The pilot studies validated its basic functionality to sup-
port multiple users in building and refining a parametric system model. A unique
feature of the tool is the integrated process guide (see section 6.9). Similar tools do
not feature any process related help. The tools used in concurrent design facilities,

at least those openly available, are focused on managing the data. This allows the
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tool to be used by different organizations without dealing with their specific way
of working. Consequently, the teams need to communicate and manage the process
independently from the model data.

We found conferences dedicated to modeling and management of engineering
processes Heisig et al. [2010], Schabacker et al. [2015]. Researchers from this com-
munity argue that the process and the design are strongly interconnected and explicit
integration improves the design outcomes.

According to our process, the sequence in which the discipline should update
the system model, is determined based on the parametric dependencies, using the
DSM clustering and sequencing. In current practice, this order is determined by
the study coordinators, based on their experience. For the experts we interviewed,
our approach could be beneficial but needs to be proven in practice. Due to the
limited amount of case studies we could perform, we lack the evidence of regarding
improved process efficiency, when using sequence based on dependencies instead of
heuristics.

Complementary to the automatic sequencing, the tool also provides a live view
of the dependencies and the propagation of changes, using the N2-Diagrams. The
effect of this support could not be quantified, but participants found it helpful to
see the disciplines affected by the latest change, and thereby direct the team’s focus.

Since the public release of CEDESK as open source software in June 2017, we saw
active interest from a number of organizations. In response, we conducted demon-
strations, helped with the setup and gave tutorials on getting started with CEDESK.
Moreover, we received feedback of the tool being used during space mission design

courses at other universities.

Extension

RQ3 "How can the methodology be adapted to the creation and mainte-

nance of model-based technology roadmaps?"

Roadmaps based on models similar to model-based engineering artifacts have

the advantage of easier maintenance and allow for automation [Knoll et al., 2018b].
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Traditional roadmaps are limited in their use as they are based on static information
(e.g. PowerPoint charts) that is not explicitly linked to the underlying engineering
analysis [Moehrle et al., 2013].

In chapter 9 we described a way to apply our design methodology to roadmap-
ping. The Concurrent Roadmapping (CR) method allows to formulate and update
model-based technology roadmaps, using the Concurrent Design approach. The
multi-disciplinary approach includes all involved disciplines — encompassing tech-
nical, product policy, strategy, and other relevant inputs. Our work contains an
industrial use case where we implemented CR in a Concurrent Design environment
and expert teams build integrated models. Integrated system models enable re-
peatability and reliability of the roadmapping process. The modeling of a single
technology roadmap for the technology infusion evaluation uses the processes and
tools covered by CEDESK for Concurrent Conceptual Design. We proposed a new
visual representation and created an appropriate toolkit for modeling and manag-
ing portfolios of interrelated roadmaps. This new representation can be considered
complimentary to the conventional representation of roadmaps focusing on the tech-
nology evolution over time.

Our industrial partner appreciated the methodology and tools for Concurrent
Roadmapping we defined. In the CDF of our partner around 60 concurrent roadmap-
ping sessions were held. The implementation faced two challenges: 1) limited ex-
perience in the roadmapping team with conceptual modeling, 2) the organization’s
inertia to significantly change the way strategic decisions are prepared. These factors
of knowledge management and organizational change need to be properly accounted

for.

10.2 Limitations

The discussion already mentioned a few limitations related to the validation. In
our prescriptive study, we described a generic design methodology for Concurrent
Conceptual Design, including a process guideline, as well as a tool incorporating

the methodology and the process. The process guideline was verified in a number
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of expert interviews. The tool and the process guideline were tested in a number
of design studies, conducted over several years. Initial pilot studies were used to
inform the definition of the design methodology and test the collaborative design
tool. Further, case studies verified the model of the overall design process. A final
comparative study tested the reduction of design iteration duration by the use of
dependency-based scheduling of design disciplines.

The most influential factor, limiting the number of case studies we could perform,

is the availability of people.

e A case study demands a significant amount of time from the participants.
That is particularly true when the design task is realistic space mission design.
Simpler design tasks could be constructed, but they remain artificial and do

not reflect reality.

e The participants should have the necessary disciplinary knowledge for the
design of a subsystem of a spacecraft. Without this knowledge the design

decisions can be arbitrary and the resulting design of low quality.

e The participants should be motivated to produce a meaningful design as a
result. If the participants do not have such a goal, their behavior does not

reflect reality.

For this reasons, we used several teams of students doing a conceptual design study
as part of a course. They have a realistic design task and are motivated to deliver
a feasible conceptual design to get their grade.

Given the small number of case studies, our results do not allow for general-
ization. To proof effectiveness of our methodology and the improvement provided
through the use of our process guideline and tool a wider range of case studies would

be required.

10.3 Future lines of work

The results of this work open new perspectives for possible future research.
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Standardization

The generic process model and its initial validation form a good baseline for im-
plementing it with new teams or in new organizations. Improving the process
model, through more validation and confrontation with practitioners, would allow
to develop an industry standard out of it. As standardized data formats support
tool-interoperability; likewise, a standardized process could support collaboration

between organizations.

Guide for process tailoring

Future work may enrich the process model, covering in more detail the actors and
resources associated with each activity. Based on that, a method for tailoring the
generic process for a specific project can be defined. Furthermore, a richer process
model allows to run simulations, which can be used to estimate the duration upfront.
Such a tailoring method and estimation tool would be useful for the definition of

the required resources for a study.

Process-centric tools

In our vision, future tools for collaborative design shall explicitly support design
processes. A special interest group of the Design Society called "modeling and
management of engineering processes" also works on the integration of design model
and process model |Heisig et al., 2010, Schabacker et al., 2015]. Although Concurrent
Conceptual Design is considered a very creative and agile method, different stages
with different needs for information can be identified [Ferreira, 2012]. The different
needs can be supported by specialized user interfaces. Further research shall be done
to ensure best usability and efficient design workflow.

Given the need to tailor established design processes for specific projects, a col-
laborative design tool should provide also support for that. Specific research is
needed to define the basic design process elements and a graphical notation describ-
ing design work-flow. For each of the design steps, specialized user interfaces shall

be defined, which allow the designers to interact with a conceptual design model. A

221



10.3. Future lines of work Chapter 10. Conclusion

tool built on this ground would enable design process customization and execution.

This is how we envision the future of MBSE, and we would like to contribute to

the realization of this vision.
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PI Principal Investigator. 253, 254
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Appendix A

Facilities

These are the concurrent design facilities that we are aware of, 22 within and 22

outside of Europe.

Table A.1: Concurrent Design Facilities in Europe

Centre national d’études Centre d’Ingénierie Con- France Toulouse Agency

spatiales (CNES) courante (CIC)

Thales Alenia Space - Concurrent Engineering France Cannes Industry

France Facility (CDF)

International Space Uni- Concurrent Design Facil- France Strasbourg University

versity (ISU) ity (CDF)

Airbus Defence and Space Space Code France Toulouse Industry

- France

Airbus Defence and Space Space Code Germany Friedrichs- Industry

- Germany hafen

Deutsches Zentrum fiir Concurrent Engineering Germany Bremen Agency

Luft- und Raumfahrt Facility (CDF)

OHB Systems Concurrent  Engineering Germany Bremen Industry
Facility @ OHB (CEFO)

Technischen  Universitdt Space Mission Concept Germany Munich University

Miinchen (TUM)

Center (S2C2)
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Appendix A. Facilities

Table A.1: Concurrent Design Facilities in Europe

Affiliation Concurrent Engineer- Country City Type
ing Centre
Agenzia Spaziale Italiana Concurrent Engineering Italy Roma Agency
(ASI) Facility (CDF)
Centro Italiano di Concurrent Engineering Italy Capua Agency
Ricerche Aerospaziali  Facility (CEF)
(CIRA)
Thales Alenia Space - Collaborative Systems Italy Turin Industry
Ttaly Engineering Centre
(COSE)
Thales Alenia Space - Integrated System Design Italy Rome Industry
Italy Center (ISDEC)
La Sapienza Universita Concurrent Design Facil- Italy Rome University
ity (CDF)
European Space Agency - Concurrent Design Facil- Netherlands  Noordwijk Agency
ESTEC ity (CDF)
European Space Agency - Academy  Training & Belgium Redu Agency
ESEC Learning Center
Universidade Técnica de Concurrent Design Facil- Portugal Lisbon University
Lisboa ity (CDF)
Universidad  Politécnica Concurrent Design Facil- Spain Madrid University
de Madrid ity (CDF)
Ecole polytechnique Concurrent Design Facil- Switzerland Lausanne University
fédérale de Lausanne ity (CDF)
(EPFL)
University of Strathclyde  Intelligent Computational United King- Glasgow University
Engineering Laboratory dom
(ICE)
Airbus Defence and Space Space Code United King- Stevenage Industry

- UK

dom
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Appendix A. Facilities

Table A.1: Concurrent Design Facilities in Europe

Affiliation Concurrent Engineer- Country City Type
ing Centre

University of Southamp- Concurrent Design Facil- United King- South- University
ton ity (CDF) dom ampton
Harwell Institute / Concurrent Design Facil- United King- Oxford Industry
Rutherford Appleton ity (CDF) dom
Laboratory (RAL) Space

Table A.2: Concurrent Design Facilities outside of Europe
Japan Aerospace Explo- Emergence Studio Japan Tsukuba Agency
ration Agency (JAXA)
Skolkovo  Institute of Concurrent Engineering Russia Moscow University
Science and Technology Design Laboratory
(Skoltech)
Victorian  Space  Sci- Concurrent Design Facil- Australia Melbourne University
ence Education Centre ity (CDF)
(VSSEC)
University of New South- Australian National Con- Australia Camberra University
Wales Camberra - ADFA  current Design Facility
(UNSW Camberra) (ANCDF)
The Aerospace Corpora- Concept Design Center U.S. El Segundo, Industry
tion (CDCQC) California
NASA Jet Propulsion Product Design Center U.S. Pasadena, Agency
Laboratory (JPL) (PDC) California
NASA Goddard Space Integrated Design Center U.S. Greenbelt, Agency
Flight Center (GSFC) (IDC) Maryland
NASA Glenn Research COMPASS U.S. Brook Park, Agency
Center (GRC) Ohio
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Appendix A. Facilities

Table A.2: Concurrent Design Facilities outside of Europe
Affiliation Concurrent Engineer- Country City Type
ing Centre
NASA Langley Research Engineering Design Stu- U.S. Hampton, Agency
Center (LaRC) dio (EDS) Virginia
Aerospace Systems Design  Collaborative Design En- U.S. Atlanta, University
Laboratory (ASDL) vironment (CoDE) Georgia
Naval Postgraduate Spacecraft Research and U.S. Monterey, University
School Design Center - Space- California
craft Design Laboratory
Thompson-Ramo- Integrated Concept Devel- U.S. Redondo Industry
Wooldridge (TRW) opment Facility (ICDF) Beach, Cali-
fornia
California  Institute of Laboratory for Space- U.S. Pasadena, University
Technology (Caltech) craft and Mission Design California
(LSMD)
Utah State University Space Systems Analysis U.S. Logan, Utah  University
Laboratory (SSAL)
Ball Aerospace Space System Rapid De- U.S. Boulder, Industry
sign Center (RDC) Colorado
Massachusetts Institute of Design Environment for U.S. Cambridge, University
Technology (MIT) Integrated Concurrent Mas-
Engineering (DE-ICE) sachusetts
NASA Johnson Space Human Exploration and U.S. Houston, Agency
Center (JSC) Development of Space In- Texas
tegrated Design Environ-
ment (HEDS-DIE)
National Reconnaissance NRO  Analysis Center U.S. Chantilly, Intelligence
Office (NRO) (NAC) Virginia agency
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Table A.2: Concurrent Design Facilities outside of Europe

Affiliation Concurrent Engineer- Country City Type
ing Centre

APL Concurrent Engi- Johns Hopkins University U.S. Baltimore, University

neering Laboratory (ACE  Applied Physics Labora- Maryland

Lab)

tory (JHU/APL)
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Appendix B

survey

To obtain a picture of the actual practice of concurrent design in the space sec-
tor, we performed a survey among subject matter experts from space agencies and

companies. We used an online questionnaire composed of 50 questions.

B.1 Terminology Clarification

The survey contained an introductory page to make sure respondents get acquainted

with the terminology we use.

By Concurrent Design we mean an integrated multi-disciplinary system
development approach. Each design study is carried out for a specific
purpose. Many organizations have established facilities (building and
hardware) and equipped them with appropriate tools (software) for peo-
ple to work closely together. The process structures the work in individ-

ual and collaborative design sessions.

B.2 Survey Participants

We did ask for the respondents names, but we keep them anonymous.

Organizations

e Aerospace System Engineering Shanghai Institute
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e ArianeGroup

e CNES

e DLR Institute of Space Systems

e ESA, ESTEC & ESA, GSP

e Instituto Tecnologico de Aeronautica, Brazil

e NASA Jet Propulsion Laboratory, Goddard Space Flight Center, Langley Re-
search Center

e OHB System AG
e RHEA Group

e Skoltech

e STFC-RAL Space

e Thales Alenia Space Italia S.p.A.

Role What is (are) your role(s) with respect to concurrent design in your organi-
zation?

Concurrent Design Facility Manager, Facility Lead, Team Leader, Systems En-
gineer, Lecturer for Concurrent Design of Space Systems, Software Developer, Busi-
ness Unit Manager, Discipline Experts: Cost, Payloads, Programmatics, Process &

Methods Improvement.

Experience How many years do you fill this (these) roles(s)?

65% of the respondents have more than 5 years of experience.

(5, 10] (10, 15] (15, 20] (20, 25] >2

Figure B-1: Distribution of Years of Experience
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B.3 General

Study Initiation Concurrent design studies are initiated by . ..

100% PI from other organizational units

Outside client Do you conduct concurrent design studies for third-party organi-

zations?

35% never, 35% rarely, 30% yes
Study Types What are the types of studies performed in a concurrent setting?

Mostly: Feasibility studies, conceptual design studies, trade studies; Phase 0
/ A/ Bl design studies.

Also: Proposal, reviews; trade-off during phase C/D phases; strategic plan-
ning, technology development planning; concept of operations, initial architecture

and system development; mission, payload, science case.

Benefits What makes the concurrent design approach valuable for your organiza-
tion?

Quality of results: 4.3 (72%), Time efficiency: 4.3 (71%), Connecting People: 4.2
(69%), Building Consensus: 3,7 (62%), Repeatable results: 3.1 (52%), other: 3.4
(57%).

Figure B-2 show the distribution in a boxplot.

M Time efficiency

- M Repeatable results
- B Quality of results
o

B Connecting People

[ ]
M Building Consensus

M other

Importance
o B N W R uUd

Figure B-2: Benefits of CD Studies
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Challenges What’s the most challenging part of concurrent design studies?
Expert availability: 5.3 (76%), Integrated toolchain: 4.9 (70%) Capturing engi-
neering knowledge in models: 4.7 (66%), Interpersonal communication: 4.3 (61%),
Model consistency: 4.2 (60%), Consensus building: 3.9 (55%), Model reuse: 3.8
(54%), other: 3.5 (50%).
Figure B-3 show the distribution in a boxplot.

7 —
B Expert availability

6

M Interpersonal communication

5 M Consensus building
u
e a % Capturing engineering
Lf knowledge in models
g 5 _
£ B Model consistency

2 H Model reuse

1 | M Integrated toolchain

0 - M other

Figure B-3: Challenges of CD Studies
B.4 Team

Team Formation Who is responsible to form the team for a CD study?

70% CDF staff, 30% Principal Investigator

Moderator Training How is a moderator trained for their job?

Experience by participating in multiple CDF studies; on the job, gradual partic-
ipation, some dedicated courses (e.g. SE/PM), experience of project management
more than 10 years; Training Courses, Experience, Personal Talent; eLearning; Op-
erating Manual with the process and roles, and then experience in many studies as

a SE;

Team Size What’s the minimal/typical/mazimal size of teams?
Minimum team size is 6.2 people on average, (0 = 1.85). Typical size is 13
people on average, (o = 4). Maximum team size is 20 people on average, (o = 5.9).

The distribution is shown in Figure B-4.
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60%
50%
40%

30%

20%

10% I I
0% .

4-7 8-10 11-13 14-16 17-19 20-22 23-25 26-28 29-31

E minimal M typical MW maximal

Figure B-4: Distribution of Team Sizes

Staff Roles Which roles are filled by CDF staff?

Facility support, System Admin; Moderator, Coordinator, Facilitator; Team
Leader, Study Lead, Assistant Study Lead, Systems Engineer, Systems Engineer
Assistant, Cost and Mission; Engineering Disciplines + Systems Engineer + Lead

Engineer

Outside Participants Are people from other organizations involved?

65% Regularly, 35% Exceptionally; 0% Never

Participation People are participating in concurrent sessions . . .

15% exclusively on-site, 55% sometimes, 30% regularly from remote

Publications Are there publications about your way of managing the team in con-

current design?

SECESA publications

e DLR Bremen CEF papers from e.g. Romberg, Martelo, Quantius, Maiwald,
Braukhane (and others)

A. Braukhane et al. (2015) Be aware of the squad: Lessons learnt from 50
Concurrent Engineering Studies for Space Systems. 66th International Astro-
nautical Congress (IAC), 11.-16. Okt. 2015, Jerusalem, Israel.

R. Biesbroek, Team Work and Team Behaviour : Findings of a CDF Team
Leader, SECESA 2012
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e C. Iwata et al., “Model-Based Systems Engineering in Concurrent Engineering
Centers,” in ATAA SPACE 2015 Conference and Exposition, 2015, pp. 1-13.
Challenges
e Availability of experts, turn over management, people mindset
e To ensure proper and balanced communication, as well as motivating engineers
to iterate from rough to detailed technical parameters (and not only when the

precise number is available)

e How to balance the requirements in the team through negotiation or by com-
promise.

e Keeping everyone engaged and focused on the topic, as team members usually
have many other (competing) tasks

e Ensuring that everyone is familiar with the concurrent engineering methodol-
ogy.

e Continuous participation in all moderated sessions

e Team members that are new to concurrent engineering (or very infrequent)
that are not ready to plug into our collaborative tools and platform

e Making team members feel necessary for the success of the Study
e Focused discussion, convergence of ideas, getting to a single decision

e Preparation is exceptionally important: setting objectives, agenda, staffing,
etc.

e dealing with evolving technologies and implementation approaches

e Getting a study really going, to the point where everybody can start to par-
ticipate.

e Achieving the correct balance of input from everyone. Moderation is critical to

allow everyone to communicate, and to reduce wasted time (i.e. going around
in circles).

Trends What are the trends foreseeably influencing your team(s)?
40% lack of experts
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Others:

e Innovation, interest of the projects

e Customer expectations not in line with technical feasibility or resources allo-
cations; lack of trust from the team

e CE experience (often the same people are attending), tool use and technology
increase/change, lack of data bases

e Full multi-disciplinary digital engineering, need for more training on sophisti-
cated MBSE to handle complexity and reduce cost/schedule

e Lack of funding specifically for concurrent engineering labor, and through this
a teams commitment to regular participation

B.5 Tools, Common Model, Shared Data

Name What’s the name of the tool is used for maintaining a shared model?
OCDT, CDP, IDM-CIC, CEDESK, Virtual Satellite, Excel, Capella, Foundry
Furnace, Nexus, OneNote, MagicDraw, Pan Galactic Engineering Framework, PERA

Origin The tool is?
45% proprietary /built in-house, 15% open source, 30% free, 10% commercial

Heritage For how long has that tool been used?

Average: 5.25 years; Standard deviation: 3.11 years.

Training What is the training effort for new users on this tool?

65% one day or less. The distribution is shown in Figure B-5.

Connectivity Is the tool for the shared model . ..

50% standalone; 50% connected to domain specific tools

Requirements Management Are you using any tool for managing requirements?

50% yes; 50% no

Descriptive Models What descriptive modeling languages are you using?

40% SysML, 10% OPM
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Figure B-5: Distribution of Duration of Training on the Tool

Model reuse Are models reused in different studies?

55% reference designs; 45% well curated library

Publication Are there publications about your tools used in concurrent design?

e SECESA papers, posters
e OCDT publications

e Fischer, Philipp M. und Deshmukh, Meenakshi und Maiwald, Volker und
Quantius, Dominik und Martelo Gomez, Antonio und Gerndt, Andreas (2016)
Conceptual Data Model - A Foundation For Successful Concurrent Engineer-
ing. In: International Systems & Concurrent Engineering for Space Applica-
tions Conference. Madrid, Spain

Challenge What do you find most challenging about the tools aspect of concurrent

design?

e Stability, performance, data protection, on- and off-site collaboration, concur-
rent model access

e Concurrent and dynamic calculation with multiple solvers in a unified model;
integration of user defined tools, interactive incorporation into the system
model; Trades and Optimization

e Tools integration, interoperability, digital continuity between phases and with
PLM

e Balance ease of use and modeling rigor
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e Teaching consistent and disciplined use, input reliability and consistency

e Ergonomics, ensuring the participants are comfortable using the tools, require
minimal training (1-2 hours), and assistance for less technically flexible par-
ticipants

Trends What trends are foreseeably influencing your tools?

See Figure B-6.

60% 55%
50% 50%

50% 45%
40%

30%

20%

10%

0%

Realtime PLM integration Augmented Reality Telepresence
collaboration a la
Google Docs/Sheets
Figure B-6: Trends Influencing CD Tools
Other:

e Parametric Approach

e Deep Learning

MBSE Plug and Play Tools

Collaborative Engineering

B.6 Process

Study Process Does your organization have a clearly defined process for manag-
ing CD studies (setup, execute, report)?
65% Yes; 25% more or less, 10% no

Design Session Process Do you have a clear procedure for conducting concurrent
design sessions?

60% Yes; 35% more or less, 5% no
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Variants Are studies aiming to produce a single or several feasible design?

35% one; 50% two/three; 15% many

Duration How many days (effective working time) is the typical duration of stud-
es?

Average: 9.61 days. The distribution is shown in Figure B-7.

35%
30%
25%
20%
15%
10%
m -
0%
14 548 9-12 13-16 17-20

Duration of design studies (days)

Figure B-7: Distribution of Design Studies Duration

Study session The concurrent design sessions are . ..

65% packed in a short period, 35% spread over a longer period

Out of session time How much time study participants spend on average for
preparation and post-processing of concurrent design sessions? (relative to the time
in concurrent sessions)

See Figure B-8.

Figures of Merit What are the figures of merit of the designed system most
studies need to report?
See Figure B-9.

Other: Accomodation, Configuration, dV Budget, Scientific performance

Outcome How are the results of the study documented?

90% models; 85% reports; 85% presentations
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Figure B-8: Additional Time Spent Outside CD Sessions
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Figure B-9: FOMs used for System Evaluation

Publication Are there publications about your way to conduct concurrent design?

SECESA publications

Martelo Gomez, Antonio und Jahnke, Stephan Siegfried und Braukhane, Andy
und Quantius, Dominik und Maiwald, Volker und Romberg, Oliver (2017)
Statistics and Evaluation of 60+ Concurrent Engineering Studies at DLR. In:
Proceedings of the 68th International Astronautical Congress (IAC), 25.-29.
Sep. 2017, Adelaide, Australien.

https://esamultimedia.esa.int/docs/cdf/CDF_infopack_2017.pdf

C. Iwata et al., “Model-Based Systems Engineering in Concurrent Engineering
Centers,” in ATAA SPACE 2015 Conference and Exposition, 2015, pp. 1-13.
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Challenge What do you find most challenging about the process aspect of concur-

rent design?

e To assess what can be achieved in which period of time and what not (consid-
ering the prototype design and diverse team of people).

e Keeping the right level of detail for the stage and available information, and
getting good consistent documentation of assumptions, constraints, and risks.

e Adjusting to particular study needs for each new project.

e Work-load distribution; motivating the team and getting quality inputs on
time.

e Defining clear tasks for team members, especially for the first couple of ses-
sions.

e Global optimization vs. local optimization of single discipline; Trade-off man-
agement and technology maturity evaluation.

e Transition to real knowledge management; Continuous improvement.
e Helping people to understand that there needs to be a structured process.

e Process non-linearity; It is difficult to express as a workflow diagram.

Trends What trends are foreseeably influencing your process(es)?

See Figure B-10.

80%
70%

70%
60%
50%
40%
30% 26% 26%
20%
10%

0%

Agile Lean Set-Based Design

Figure B-10: Trends influencing CD process
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B.7 Infrastructure, Facility

Establishment What year the facility was established?
See Figure B-11.

20

15
a m Adapted once
ﬁ 10
- m Adapted several

. times
m Never adapted
" 1 . 1059 Q‘\'D' 'Lgﬁﬂ
G *ﬁq 1°° 108

Year

Figure B-11: Evolution of number of facilities established and adapted

Average year: 2005,4; Average age 13 years.

The bars in Figure B-11 show the cumulative number of facilities.

Refurbishment Since then, was it refurnished/modernized?
74% yes; 11% several times; 16% no.

The evolution of the facilities is shown in Figure B-11.

Designer seats How many seats are available for active study participants?

Average: 22. The distribution is shown in Figure B-12.

Observer seats How many observers can be hosted (on top of active study par-
ticipants)?

See Figure B-12.

Average: 11. The distribution is shown in Figure B-12.

Computers The computers used during studies are . ..

60% dedicated machines; 40% brought by the participants
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Figure B-12: Distribution of number of seats in facility

Key Features

Rank the features of your facility according to their importance

See Figure B-13.

6

Importance
w

Structured data
sharing

N Unstructured
[ B , )
information sharing
u [Dig_ital]
Whiteboards
F B Visualisation
* M Video Conferencing

M Other

Figure B-13: Importance of facility features

Structured data sharing: 4.5 (74%), Visualization: 4.1 (68%), Unstructured data
sharing: 3.7 (61%), Video Conferencing: 2.9 (48%), (Digital) Whiteboards: 2.6
(43%), Other: 2.2 (36%)

Flexibility The facility is adopted to the needs of a study . ..

5% a little; 45% furniture arrangement; 30% only the seat allocation (20% no

opinion)

Replacement Can concurrent design facilities be replaced by well-equipped meet-

ng rooms?

264



Appendix B. Survey B.7. Infrastructure, Facility

10% no; 65% partially; 25% completely

Challenge What do you find most challenging about the facility aspect of concur-

rent design?

e Visualization of complex data; Screen sharing; Touchscreen

e The information sharing and communicating among different disciplines, ac-
cumulation of discipline knowledge.

e Maintenance and renovation; up-to-date I'T hardware and connectivity

e Availability of room in company / need to construct a new facility

e Resist to other solicitation to use the facility for other purposes

e External participation; Linking with remote participants; Trips reduction

e Ventilation; Noise

Trends What trends are foreseeably influencing your facility?
See Figure B-14.

80%
70%
60%
50%
40%
30%
20%
10%

0%

3D-printing Obsolescence of Participants bring their
equipment own portable computer

Figure B-14: Trends influencing CDF's

Other:
e Use of Virtual Reality and Augmented Reality

e Visualization and more external participants

e Concurrent Engineering is not facility dependent
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Appendix C

Tool Comparison

We analyzed and compared the tools in use CDF's for conceptual design of space
missions. The tools can be split in two categories: those focused on conceptual
parametric modeling (see Table C.1), and others (see Table C.2). This comparison
is not meant to be exhaustive, but it covers the tools reported in the survey (see

Appendix B) and that are not proprietary to the facility.

267



Appendix C. Tool Comparison

Table C.1: Comparison of Tools, I

Group CONCURRENT CONCEPTUAL DESIGN TOOLS
Tool IDM VirSat 4! OCDT CDP 42 Valispace®?  CEDESK*
References | Bousquet Schaus ESA [2014], Fijneman Valispace Knoll  and
et al. [2005] et al. Braukhane  and [2017] Golkar
[2010], [2015] Matthyssen [2018]
DLR [2016] [2010],
RHEA-
Group
[2019]
Aspect
Multi-User | Yes Yes Yes Yes Yes Yes
Support
Lifecycle conceptual  conceptual conceptual conceptual conceptual  conceptual
Phase design design design design design design
Focus
Parametric | behavior behavior behavior behavior behavior behavior
modeling and geome-
Focus try
Version Limited Yes Yes Yes No Limited
Control
Primary Excel™ Own client  Excel™ Own client, Own Web  Own client
User Inter- Excel™
face
Integration | No No Yes Yes Yes Limited
With  3rd
Party
Tools
Availability | ESA com- Open ESA  com- Open Source Commercial Open Source
munity Source munity
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Table C.2: Comparison of Tools, II

Group PLM MDO TOOLS SYSTEMS ENGI-
TOOL NEERING TOOLS

Tool ENOVIA® Model Cen- OpenMDAQO? Magic Open

ter® Draw® MBEE?
11.2 2.6

References | Dassault Phoenix Gray et al. NoMagic Kulkarni
Systems Integration ~ [2019] [2015] et al. [2016],
[2016] [2015] NASA JPL

[2016]

Aspect

Multi-User | Yes Yes Yes Yes

Support

Lifecycle design, man- design design conceptual design

Phase ufacturing design

Focus

Parametric | geometry analysis and analysis and description description

modeling and geome- optimization optimization

Focus try

Version Yes No No Limited Yes

Control

Primary Own client Own client Python Own client MagicDraw

User Inter- Code

face

Integration | Yes Yes No Yes Yes

With  3rd

Party

Tools

Availability | Commercial Commercial Open Source Commercial ~ Open Source
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Appendix D

Software Resources

D.1 CEDESK

Concurrent Engineering Data Exchange Skoltech (CEDESK) was conceived, de-
signed and implemented by the author and his colleague Nikolay Groshkov.

Use

Installation packages of the tool are available for Windows, MacOS and Linux on the
website https://cedesk.github.io. This website also provides an introductory

users guide, as well as a guide for developers.

Contribution

It was released in July 2017 as open source under the Apache License!. The source

code is published on GitHub https://github.com/cedesk/data-exchange.

Compatibility
The software is compatible and was last used with:
e Java Development Kit, version 1.8.0 202

e Maven, version 3.3.9

e MySQL Community Server, version 5.7.25 (also tested with version 8.0.16)

lyww.apache.org/licenses/LICENSE-2.0

271


https://cedesk.github.io
https://github.com/cedesk/data-exchange
www.apache.org/licenses/LICENSE-2.0

D.2. jDSM Appendix D. Software Resources

D.2 jDSM

jDSM is a Java library for representing and analyzing Design Structure Matrix. It
was originally made to analyze any Java software with regards to modularity.

This library was found as open source project on Sourceforge http://jdsm.
sourceforge.net/index.html. It was developed and published in 2008 by Roberto
Milev, as part of his master’s thesis at the Technology Innovation Management pro-
gram at Carleton University, Ottawa, Canada. Since then, no further development
happened.

For the inclusion of DSM algorithms into CEDESK, this library was adapted by
the author of this thesis and is available on GitHub https://github.com/cedesk/
jdsm/.

This code was last used with Java Development Kit, version 8.

D.3 Matlab DSM

The MATLAB® macro for analyzing DSMs was found at http://www.dsmweb. org/
en/dsm-tools/research-tools/matlab.html.

We adapted the original code for our research and made it available on GitHub
https://github.com/djknoll/dsm_matlab/.

This code was last used with MATLAB® version 2018b.
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