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ABSTRACT This study seeks to compare the quantity of information that is automatically transferred
through the associations generated using a model-based systems engineering (MBSE) approach versus
a traditional systems engineering approach to measure the benefits of MBSE in architecting a robotic
space system. Both an MBSE approach and non-MBSE approach were applied to architecting an orbiting
sample Capture and Orient Module (COM) system concept for a Capture, Containment, and Return System
(CCRS) payload concept for Mars Sample Return (MSR). These approaches were applied in parallel
to provide a side-by-side comparison of the approaches. The approaches were analyzed using design
structure matrices (DSM) and evaluated based on the amount of information transferred between process
tasks manually (e.g., elements physically typed into text boxes in a presentation slide) vs automatically
(e.g., elements automatically filled out within a block in a model view due to explicitly defined element
associations). A total of 4,819 information element transfers were traced in DSMs and used to quantitatively
compare the two approaches. The non-MBSE approach required manual transfer for all 4,819 information
elements. The MBSE approach required manual transfer for 4,189 information elements and automatic
transfer for 630 information elements, providing a minor increase in the automation of information transfer
relative to the non-MBSE approach. By incorporating the use of additional MBSE artifacts into the trade
study and peer review tasks, manual transfer could potentially be reduced to 931 information elements, and
automatic transfer increased to 3,888 information elements.

INDEX TERMS Model-based systems engineering (MBSE), robotic space systems, systems architecture,
systems engineering processes.

I. INTRODUCTION
OnAugust 5, 2012, NASA’s 900 kgMars Science Laboratory
(MSL) Curiosity rover successfully landed on the surface of
Mars and set out to search for evidence of past habitable
environments [1], [2]. The Curiosity rover pushed the bound-
aries of technology and systems engineering, consisting of
approximately 50,000 parts, involving nearly 3,000 NASA
employees and 4,000 non-government workers, and was con-
sidered the most complex rover of its time ever sent to another
planet [1], [3], [4].

Despite the technical and scientific achievements of
the rover, the project experienced numerous development

The associate editor coordinating the review of this manuscript and
approving it for publication was Jin-Liang Wang.

challenges, and in the end, saw an increase in over $881 mil-
lion in costs from its original 2008 project baseline, as well
as a 26-month launch delay due to technical problems that
necessitated late design changes in hardware, avionics, and
software [5]. A metric for design changes used by NASA is
‘‘drawing growth’’ after the Critical Design Review (CDR),
where MSL saw a 147% growth [6]. Some of these late
design changes were attributed to the discovery of divergent
requirements uncovered late during the testing phase. These
divergent requirements were found to be a consequence of
not having a rigorously defined architecture to pull together
and cohesively manage the complex web of documentation of
system and subsystem functional requirements, environmen-
tal requirements, interface control documents, institutional
policy documents, and planetary protection requirements [7].
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The complexity of spacemissions is quickly growing faster
than NASA’s ability to manage them [8]. Two future space
missions under development by NASA and the European
Space Agency (ESA) are the Sample Retrieval Lander (SRL)
and Earth Return Orbiter (ERO)missions, which are planned
as follow-up missions to the Mars 2020 rover mission as
part of the MSR campaign (see Fig. 1) [9]–[13]. SRL would
land on Mars with a fetch rover to retrieve samples collected
by the Mars 2020 rover and place them into Mars orbit
within an Orbiting Sample (OS) container. The ERO would
autonomously capture the OS and return it to Earth within
an Earth Entry Vehicle (EEV). An independent review board
reviewed the Pre-Phase A MSR technical concept and found
the architecture extremely complex, requiring a long series
of critical events to be carried out with high precision and
reliability [14]. If NASA is to succeed in future complex
robotic space missions like those associated with MSR, new
systems engineering approaches to manage the growth in
complexity associated with these future missions could play
a critical role in controlling costs, maintaining schedule, and
ensuring mission success.

MBSE provides a systems engineering paradigm to man-
age complex systems by aiming to reduce design errors,
reduce cost through prevention of costly rework, and improve
system quality and project performance over traditional sys-
tems engineering techniques [15], [16]. MBSE helps to
achieve this during the architecting process by developing an
integrated system model that captures key system architec-
tural information and links that information through model
associations.

The purpose of this research is to explore the advan-
tages of an MBSE approach in architecting a robotic space
system relative to a non-MBSE approach, as assessed by
the quantity of information transfer that can be automated
for carrying out the architecting process. One of the major
drivers of project cost, schedule overruns, and project risk
is process iteration [17]. Several causes of process iterations
include poor communication of information (e.g., informa-
tion not clearly or appropriately transmitted) and errors (e.g.,
defective information created and propagated without correc-
tion). Automation of information transfer has the potential
to improve communication of information and reduce errors
that could later lead to costly process iterations, rework, and
design changes.

The MSR CCRS COM Pre-Phase A architectural develop-
ment activity was used as a case study to assess the benefits
of MBSE over traditional systems engineering in achieving
automatic information transfer.

This research is motivated by the observation that despite
the claims made in the literature that MBSE is beneficial
to the development of engineered systems, there is lack of
empirical evidence in the literature that supports this hypoth-
esis [18]. Additionally, there is a limited number of case stud-
ies with side-by-side comparison of MBSE and non-MBSE
approaches that provide quantitative evidence of the advan-
tages MBSE approaches over traditional, document-based

approaches [16]. This paper presents a unique methodology
that uses DSMs as a tool to perform a side-by-side compari-
son of an MBSE and non-MBSE architecting approach used
to architect the COM and quantitatively measures the benefits
in terms of automatic information transfer between activi-
ties within the DSMs. This research provides the following
unique contributions to the literature:

• A case study that compares an MBSE approach side-
by-side with a non-MBSE approach for architecting a
robotic space system

• An MBSE approach for architecting a robotic space
system that defines the structure, data, behavior, and
requirements of the system at each organization level
and incorporates trade studies and peer reviews between
levels

• A methodology that uses DSMs as a tool to quanti-
tatively measures the benefits of an MBSE approach
relative to a non-MBSE approach

• Quantitative evidence of the benefits of an MBSE
approach over a non-MBSE approach for architecting a
robotic space system in terms of automatic information
transfer

This paper is organized as follows. Section II provides
background on MBSE, architecture frameworks, design
structure matrices, and the COM case study. Section III
provides details on the methodology, consisting of devel-
oping a resource breakdown structure, synthesizing a sys-
tem architecting process, mapping out architecting process
tasks of the non-MBSE andMBSE approaches, recording the
quantities of information transfer between tasks, comparing
quantities of automatic information transfer between the two
approaches, and extending the MBSE architecting approach
to increase automatic information transfer. Section IV pro-
vides a summary of the results. Section V discusses the
benefits of MBSE based on an analysis of the results, as well
as recommendations for future work. Section VI finishes with
a conclusion.

II. BACKGROUND
The following section provides an overview of MBSE, archi-
tecture frameworks, DSMs and the COM robotic space sys-
tem used as a case study in this research.

A. MODEL-BASED SYSTEMS ENGINEERING
MBSE emphasizes the use of models to perform systems
engineering activities that are traditionally performed using
documents [19]. To carry out MBSE, a modeling language,
modeling method, and modeling tool are needed [20]. List-
ings of MBSE modeling languages, methods, and tools can
be found in publications by Rashid et al. [21], Estefan [22],
Madni and Sievers [23], and the Body of Knowledge and
Curriculum to Advance Systems Engineering (BKCASE)
editorial board [24]. MBSE aims to provide benefits over
traditional, document-based systems engineering in terms of
reduced effort to implement system development through
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FIGURE 1. Notional MSR architecture. Note that all elements beyond mars 2020 are conceptual [9].

increased productivity, reduced inefficiencies, and reduced
lag in information flow [16], [25]–[27].

MBSE methods have been used to aid in the development
of complex space systems. Examples of space system projects
that utilized MBSE include the ExoMars mission [28] and
e.Deorbit mission [29].

Mazzini et al. assessed the applicability of the Model-
Based Space System Engineering (MBSSE) methodology
on the ExoMars mission [28]. System requirements, system
context, data, control flows, mission use cases, scenarios,
functional architecture, and software architecture were mod-
eled. The MBSSE approach proved successful in defining a
preliminary space system and offered improved traceability
and separation of concerns between systems engineering and
software engineering.

Estable et al. applied a Federated and Executable Models
MBSE methodology during the architecture definition phase
of the ESA e.Deorbit robotic satellite mission study [29].
SysML models were developed to capture the mission Con-
cept of Operations, system capabilities, functional architec-
ture, safety diagram, fault tree, product tree, and requirements
using Cameo Systems Modeler. The methodology demon-
strated improved efficiency in the systems engineering work.

The above case studies asserted that there are benefits to
using MBSE when applied to space systems. However, none
of these studies provided quantitative evidence of MBSE’s
advantages over traditional, non-MBSE approaches. Addi-
tionally, there is an absence of case studies that perform

side-by-side comparisons of an MBSE approach with a
non-MBSE (traditional, document-based) approach [16].
This research aims to address these gaps in the literature
by providing a case study that performs side-by-side com-
parisons of MBSE and non-MBSE approaches, as well as
collect quantitative data that can be used to measure the costs
and benefits of the two approaches. This paper specifically
investigates how anMBSE approach can improve the systems
engineering process by automating the transfer of informa-
tion between tasks.

B. ARCHITECTURE FRAMEWORK
Architecture can be defined as the fundamental concepts or
properties of a system in its environment embodied in its
elements, relationships between those elements, and prin-
ciples of their design and evolution [30]. An architecture
framework collects and relates viewpoints to enable the sys-
tem architect to construct useful and consistent architecture
descriptions [31].

The framework used in this research to collect and relate
the architectural information content for the COM is shown
in Fig. 2. The framework was synthesized from frame-
works used in the Model-Based System Architecture Process
(MBSAP) [32] and MagicGrid [33] methodologies. A table
format, like that used by MagicGrid, was adopted due to
its ability to visually represent and organize architectural
artifacts. The structure, data, behavior, and requirements per-
spectives from the MBSAP perspectives were applied to
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FIGURE 2. Architecture framework used for developing the COM architecture with a listing of the system information content for all levels within each
perspective.

the columns of the table. The system levels were applied
to the rows of the table. Three levels were defined for the
COM framework: Module Level (Level 4), Subsystem Level
(Level 5), and Assembly Level (Level 6). These levels were
defined based on the CCRS project’s product breakdown
structure.

The architectural information content (e.g., system ele-
ments, element properties, and relationships to describe the
architecture) captured within the COM architecture frame-
work is also summarized in Fig. 2. This information con-
tent was selected by the COM engineering team at JPL and
informed by the NASA Systems Engineering Handbook [34],
Expanded Guidance for NASA Systems Engineering [35],
and MBSAP [32].

C. DESIGN STRUCTURE MATRIX
A DSM is a network modeling tool used to graphically
represent elements of a system and their interactions in the
form of a matrix [17]. Process Architecture DSMs model
process activities as the elements, and flows of information
between the activities as the interactions. The ‘‘inputs in
rows’’ (IR) convention was used, where inputs to activi-
ties are captured in the rows, and outputs from activities
are captured in the columns. The numerical DSM extended
form was used, where numerical values and colors repre-
sent the number and type of interactions. Cordero et al.
used numeric DSMs to sequence, analyze, and improve
model-based concurrent conceptual design processes in con-
ceptual design studies of space missions [36]. Similarly,
DSMs were used in this research to model and analyze
the MBSE and non-MBSE architecting approaches used to
develop the COM architecture.

D. CAPTURE AND ORIENT MODULE CASE STUDY
The COM Pre-Phase A architectural development was
used as a case study to assess the benefits of the MBSE

FIGURE 3. Notional CCRS concept [9].

approach over the traditional, non-MBSE systems engineer-
ing approach. The CCRS houses the COM. The COM cap-
tures, constrains, orients, inspects, and assembles the OS into
the Primary Containment Vessel (PCV) in preparation for
PCV sealing and installation into the EEV for future delivery
to Earth.

An early concept for CCRS with the COM is shown
in Fig. 3. The COM is organized into three architectural
levels of decomposition: Level 4 (Module Level), Level 5
(Subsystem Level), and Level 6 (Assembly Level). Level 4
represents the overall COM. Level 5 represents the seven
major COM subsystems: Capture Mechanism (CM), Sensor
System (SS), Capture Cone (CC), Orientation Mechanism
(OM), Transfer Mechanism (TM), COM Infrastructure (CI),
and Thermal Control System (TCS). These subsystems are
illustrated in Fig. 4. Level 6 represents the assemblies that
make up each of the subsystems, such as individual actuators,
mechanisms, structural elements, and sensors.
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FIGURE 4. Notional COM concept [9].

FIGURE 5. COM operational concept [9].

The COM would be designed to operate autonomously
in Mars orbit within a space environment. Fig. 5 shows an
operational concept of the COM, depicting OS capture, con-
straint, orientation, inspection, and assembly into the PCV.
Further details on the COM and its operations are described
by Younse et al. [9].

The COM architecture development took place during
Pre-Phase A, which is the first of seven phases of the NASA
Project Life-Cycle. During Pre-Phase A, the project explores
a range of ideas and develops an initial, feasible system
concept [37]. The architecture development was carried out
over the course of two years by the COM engineering team
at the Jet Propulsion Lab (JPL) in Pasadena, California. The
same team members carried out the architecting tasks using
both the MBSE and non-MBSE approaches in parallel over
the same course of time.

III. METHODOLOGY
The DSM Approach to Architectural Modeling and Analysis
described by Eppinger and Browning [17] was followed to
model and analyze the architecting process. The approach
involves decomposing the system process down to its con-
stituent elements, identifying the relationships amongst the
system’s elements, analyzing the elements and their relation-
ships and their implications for the system process, display-
ing the system process in the form of a DSM model, and
improving the system process based on the results of the
DSM analysis. This DSM approach was further elaborated
and specialized for architecting a robotic space system, and
carried out through a series of seven steps described in this
section.

1) DEVELOP A RESOURCE BREAKDOWN STRUCTURE FOR
ARCHITECTING A ROBOTIC SPACE SYSTEM
Resource breakdown structures (RBS) were developed for
both the MBSE and non-MBSE architecture approaches.
Resources were defined as any person or systems engineer-
ing artifact generated and utilized to capture and organize
architecture information, as well as carry out tasks associated
with the architecting process. For the COM, this included
specific JPL personnel and specialized systems engineering
artifacts capable of capturing and communicating robotics,
mechanical, electrical, thermal, flight software, contamina-
tion control, and planetary protection technical knowledge
associated with a robotic space system.

Microsoft PowerPoint, Word, and Excel were utilized to
implement the non-MBSE tasks due to their compatibility
with current document-based systems engineering artifacts
used at JPL, as well as common use within the engineering
team for capturing and communicating numerical, textual,
and graphical system information.

Cameo Systems Modeler using the SysML language pro-
file was utilized for the MBSE approach to allow model
integration into the top-level MSR campaign model that
was previously established by JPL and ESA to integrate
technical and programmatic information across all missions
and mission elements [38]. SysML and MagicDraw (the
prior release of Cameo Systems Modeler) was chosen by
the campaign as the implementing modelling language and
tool due to the extensive experience and resources of both
agencies [39].
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2) SYNTHESIZE A ROBOTIC SPACE SYSTEM ARCHITECTING
PROCESS
A system architecting process was developed to architect a
robotic space system and generate the artifacts developed
in Step 1 using the COM architecture framework shown
in Fig. 2.

The general architecting process flow was developed fol-
lowing the MBSAP methodology, where the top level of the
system is defined in an Operational Viewpoint, the lower
levels in the Logical/Functional Viewpoint, and final level
of the design in the Physical Viewpoint [32]. A layered
approach to define the architecture following the STRATA
methodology [40] and NASA Systems Engineering Engine
System Design Process [34] was taken, where each level of
the architecture is defined prior to drilling down to the next
lower, more specific levels.

An object-oriented design methodology was taken to
define each architectural level. In object-oriented design,
the first step is to identify objects comprising the system, their
associations and characteristics, and their interactions and
interfaces [32]. This information is captured in the Structural
and Data perspectives. Next, sequences of activities carried
out by the individual objects are defined, which are captured
in the Behavioral perspective. Requirements are developed
as the final step of each level, as performed in the SCARIT
Process Model [41].

3) MAP OUT THE ROBOTIC SPACE SYSTEM ARCHITECTING
PROCESS TASKS OF A NON-MBSE APPROACH
For the non-MBSE architecting approach, the tasks defined in
Step 2 were sequenced in a series of activity diagrams, with
the resources represented as swimlanes. Tasks were allocated
to personnel resources. Information generated and consumed
by each task were identified and traced to each document
resource (i.e. slides, manuscripts, spreadsheets, prototypes).
Fig. 6 provides an example of an activity diagram showing
two tasks allocated to the ‘‘COM Systems Engineer.’’ Infor-
mation generated from the tasks are depicted in the boxes
leading down into the document where the information is
captured. Information consumed by the tasks are depicted
in the boxes leading from the resource where the informa-
tion is retrieved. Information transferred from one task to
another task occurs when the same information is recorded
to and retrieved from the same resource. In this example,
the information type ‘‘Element Types’’ are transferred from
the Define CCRS Structural Elements task to the Define
CCRS Internal Structure task. The quantities of information
elements transferred from one task to another in this manner
are what were captured and quantified in the DSMs.

4) MAP OUT THE ROBOTIC SPACE SYSTEM ARCHITECTING
PROCESS TASKS OF AN MBSE APPROACH
The tasks defined in Step 2 were also sequenced in a series of
activity diagrams for the MBSE approach. Information ele-
ments generated and consumed by each task were identified

FIGURE 6. Example activity diagram for the non-MBSE approach for task
1 and task 2 from table 1 showing resources, interactions between
resources, and information generation and consumption for each task.
The information type ‘‘element types’’ is bolded to show an example of
information transfer between the two tasks.

and traced to each document or model resource (i.e. slides,
spreadsheets, prototypes, block definition diagrams, internal
block diagrams, blocks, activity diagrams, requirements dia-
grams, profiles, glossary tables). Fig. 7 shows an example of
an activity diagram for the first two architecting process tasks
for the MBSE approach.

5) RECORD THE QUANTITIES OF INFORMATION TRANSFER
BETWEEN THE ROBOTIC SPACE SYSTEM ARCHITECTING
TASKS OF THE NON-MBSE AND MBSE APPROACHES
DSMs were developed for both the non-MBSE and MBSE
approaches to describe the information transferred between
tasks (as mapped out in Steps 3 and 4), classify the infor-
mation transfer based on whether it is manual or automatic,
and quantify the amount of information manually or automat-
ically transferred.

Fig. 8 shows an example DSM for 16 of the 76 COM
architecting process tasks that cover the COM Architecture
Definition, COM Trade Study, and COM Architecture Peer
Review. The task IDs are represented on both the vertical
and horizontal axes of the matrix. Information fed forward
between tasks is captured in the lower left portion of the
matrix. Information fed back between tasks is captured in
the upper right portion of the matrix. Information trans-
ferred manually between resources (information that must
be manually transcribed or recreated between resources due
to the lack of explicit links and associations of information
elements between model views or documents) is indicated
by the red-shaded cells. Information transferred automati-
cally (information that is automatically filled in or updated
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FIGURE 7. Example activity diagram for the MBSE approach for task
1 and task 2 from table 1 showing resources, interactions between
resources, and information generation and consumption for each task.
The information type ‘‘element types’’ is bolded to show an example of
information transfer between the two tasks.

FIGURE 8. Example design structure matrix for the MBSE approach for
the L4 architecture definition, COM trade study, and COM architecture
peer review tasks.

between resources due to explicit links and associations of
information elements between model views) is indicated by
the green-shaded cells. The quantities of information trans-
ferred between tasks are represented as numbers within the
cells. Cells that are shaded and show a zero can have infor-
mation transferred, but did not have any in those instances.

6) COMPARE THE QUANTITIES OF AUTOMATIC
INFORMATION TRANSFERS BETWEEN THE NON-MBSE AND
MBSE ROBOTIC SPACE SYSTEM ARCHITECTING
APPROACHES
The number of manual and automatic information trans-
fer between tasks were compared in a table for both the
non-MBSE and MBSE approaches. These values were taken
from each of the DSMs, and presented both in terms of
individual quantities and percentages of the total quantities
of information transfer.

7) EXTEND THE MBSE ROBOTIC SPACE SYSTEM
ARCHITECTING APPROACH
Based on the results of the DSM analysis performed in
Step 6, an extensive MBSE approach was defined that further
takes advantage of MBSE resources for the trade study and
peer review tasks to further increase automatic information
transfer. This involved looking at what tasks were manual,
determining which MBSE resources could be further utilized
for these tasks, developing a DSM of the approach, and
quantifying the amount of information that could bemanually
and automatically transferred.

IV. RESULTS
This section presents the system architecting process devel-
oped for both the non-MBSE and MBSE approaches,
describes the RBSs and DSMs generated for each approach,
and compares the quantities of information manually and
automatically transferred between tasks in the DSMs of
each approach. Following the comparison, a proposed exten-
sive MBSE approach is described, along with its potential
improvements to the original MBSE approach.

A. ROBOTIC SPACE SYSTEM ARCHITECTING PROCESS
The high-level, general architecting process developed is
shown in Fig. 9. The process starts at the Module Level (L4),
and proceeds to define the COM module of CCRS and its
external interfaces within the Structure Perspective, the data
generated and used by the COM within the Data Perspective,
the activities the COM performs in the Behavior Perspective,
and the functional and non-functional requirements the COM
must meet. After the COM level of the architecture is defined,
the process repeats to define the COM at the Subsystem and
Assembly levels (L5 and L6).

As the architecting process progressed downward through
each level, trade studies were carried out to synthesize the

FIGURE 9. General architecting process numbered by order of operation.
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FIGURE 10. Overview of trade study process used to progress downward through each system level [42].

next level of system elements. The trade study process used
to define the COM architecture is shown in Fig. 10. The
process starts by first defining the system functions and
evaluation criteria to formulate the problem that the trades
study addresses in Trade Study Steps 1-2. Next, system
knowledge is generated, recorded, evaluated, and assessed for
cross-compatibility through a series of brainstorming activ-
ities, research into previous system concepts and available
technologies, and a combining of ideas in Trade Study Steps
3-6. Finally, any new concepts are generated, a prioritized list
of concepts are recommended, and a prototypes are developed
in Trade Study Steps 7-9.

The trade study process was defined by JPL using a toolkit
derived from systems engineering tools and developed based
on principles from creativity research, educational psychol-
ogy, and cognitive psychology [42]. The trade study process
defines the structural elements of the next level, as well
as captures the information associated with design deci-
sions made in the trade study. Following each trade study,
peer reviews were held to review the trades and recom-
mended design concepts, gather technical feedback, and seek
approval to proceed down to the next level of architecture
definition.

The overall system architecting process was further spe-
cialized for the COM and expanded into a set of 26 activities,

as shown in the flowchart in Fig. 11. The overall process
started with definition of the Level 4 structure, data, behavior,
and requirements at the COM level, then proceeded with a
COM trade study and peer review. Next, the Level 5 structure,
data, behavior, and requirements were defined. Trade studies
and peer reviewswere carried out for the CaptureMechanism,
Orientation Mechanism, and Transfer Mechanism. Finally,
the Level 6 structure, data, behavior, and requirements were
defined for each of the COM subsystems.

The 26 activities in Fig. 11 were further decomposed into
a unique set of 76 tasks, which are listed in Table 1. The color
coding in Table 1 indicates which tasks were associated with
the structure, data, behavior, and requirements definition,
as well as trade study and peer review activities. The task
IDs of the 76 tasks in Table 1 were numbered based on the
general order they were performed. These IDs were used as
task references in the DSMs.

B. NON-MBSE APPROACH
Table 2 lists the different types of resources identified for
the non-MBSE approach, the tools implemented for each
resource category, and the total quantity of resources used.
The non-MBSE approach captured system architecture infor-
mation using documents consisting of slides, manuscripts,
and spreadsheets. Below is a more detailed description of the
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TABLE 1. List of COM architecting process task names and IDs.

TABLE 2. Resources used with the non-MBSE architecture approach.

key systems engineering artifacts generated in the non-MBSE
approach, along with the tools used to generate them:

• Glossary: Excel spreadsheet listing key terms.

FIGURE 11. Flowchart of the COM architecting process implemented
down to level 6 following the general architecting process in fig. 9.

• Product Breakdown: PowerPoint slide showing the
decomposition of the COMmodule down to the subsys-
tems and assemblies.

• System Block Diagrams: PowerPoint slides for each
module, subsystem and assembly showing the individual
elements, along with heater power, temperature sensor,
separation device, servomotor control, workhorsemotor
control, optical, data, sensor power, and mechanical
interfaces.

• Product Specifications: Word documents for each mod-
ule, subsystem, and assembly containing a textual
description of the system element, its key attributes,
the functions it performs, the requirements it must meet,
and other relevant characteristics.

• Data Model: PowerPoint slide showing the specializa-
tion of data products used by the COM module, subsys-
tems, and assemblies.

• Scenario: Excel spreadsheet capturing the individual
steps that lay out the main operational scenario.

• Requirements: Excel spreadsheet containing the system
requirements at the module, subsystem, and assembly
levels.

• Function Trees: PowerPoint slides capturing the sys-
tem operations, objectives, functions, and potential
techniques.

• Evaluation Criteria Tables: Excel spreadsheets listing
and defining the criteria for the trade studies.

• Evaluation Matrices: Excel spreadsheets used to doc-
ument, decompose, and evaluate potential system con-
cepts and technologies.

• Visual-Verbal Documents: PowerPoint slides capturing
images and descriptions for potential system concepts,
technologies, and system elements.
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TABLE 3. Resources used with the MBSE architecture approach.

• Compatibility Matrices: Excel spreadsheets evaluation
the compatibility of system elements amongst one
another.

• Recommended Concept Tables: PowerPoint slides pre-
senting a set of selected concepts for further recommen-
dation and evaluation.

• Peer Review Packages: PowerPoint slides at the module
and subsystem levels providing an overview of the sys-
tem architecture and relevant trade studies.

• Peer Review Advisories: Excel spreadsheets containing
technical and programmatic advisories captured during
the peer reviews.

Fig. 12 shows the DSM generated for the non-MBSE
approach with the full set of 76 tasks. The groups of tasks
corresponding to the activities depicted in Fig. 11 are called
out along the diagonal of the matrix for reference. A total
of 4,858 information element transfers between tasks were
recorded. Since all resources exist as independent documents
in the non-MBSE approach, all 4,858 information elements
needed to be manually transferred.

C. MBSE APPROACH
Table 3 lists the different types of resources identified for
theMBSE approach, the tools implemented for each resource
category, and the total quantity of resources used. The MBSE
approach captured system architecture information using
SysML diagrams tied to a single system model generated in
Cameo Systems Modeler. The SysML diagrams used in the
MBSE approach include Block Definition Diagrams (BDD),
Internal BlockDiagrams (IBD), Activity Diagrams (AD), and
Requirements Diagrams (RD). The Glossary Table available
in Cameo Systems Modeler was also used. Below is a more
detailed description of the key systems engineering artifacts
generated in the MBSE approach, along with the SysML
diagrams used in Cameo Systems Modeler to generate them:

• Glossary: Glossary Table listing key terms.
• Product Breakdown: BDD showing the decomposition
of the COMmodule down to the subsystems and assem-
blies. Block specifications captured products specifica-
tions for each module, subsystem, and assembly.

• System Block Diagrams: IBDs for each module, sub-
system and assembly showing the individual elements,
along with heater power, temperature sensor, separation
device, servo motor control, workhorse motor control,
optical, data, sensor power, and mechanical interfaces.

• Data Model: BDD showing the specialization of data
products used by the COM module, subsystems, and
assemblies.

• Scenario: ADs capturing the individual actions and con-
trol flows that lay out the main operational scenario.

• Requirements: RD containing the system requirements
at the module, subsystem, and assembly levels.

The trade study tools, peer reviews packages, and peer review
advisories used the same documents and tools as the non-
MBSE approach.

Fig. 13 shows the DSM generated for the MBSE approach
with the full set of 76 tasks. The same 4,858 elements
that were transferred between tasks in the non-MBSE
approach were also transferred between tasks in the MBSE
approach. The only difference between the non-MBSE and
MBSE approaches are the resources that the information is
stored in and retrieved from (the MBSE approach utilizes
model views and profiles in place of some of the docu-
ments used in the non-MBSE approach). Using the MBSE
resources, 630 of the information transfers were able to
be automated, since the MBSE model allows for explicit
links and associations between information elements.Manual
information transfer was, therefore, reduced to 4,228 ele-
ments. Note that even though an MBSE model was used
to capture the COM architecture information, most of the
information transfer between tasks were still manual. This is
because documents were still used by the personnel to carry
out many of the tasks associated with the trade studies and
peer reviews.

D. COMPARISION OF THE NON-MBSE AND MBSE
APPROACHES
Table 4 compares the number of manual and automatic infor-
mation transfers between tasks for both the non-MBSE and
MBSE approaches. The MBSE approach had a smaller num-
ber of manual information transfers, and a greater number
of automatic information transfers, between tasks than the
non-MBSE approach. With the MBSE approach, 13% of the
information was able to be associated through SysML rela-
tionships in the COMsystemmodel, allowing the information
to be automatically transferred between tasks.

E. EXTENSIVE MBSE APPROACH
As reported in Table 4, the MBSE approach used to architect
the COM still utilized documents for its trade studies and
peer reviews, resulting in 87% of the information transfer still
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FIGURE 12. Design structure matrix for the non-MBSE approach with the groups of tasks corresponding to the activities depicted in Fig. 11 called out
along the diagonal for reference.

TABLE 4. Number of manual and automatic information transfers between tasks for the non-MBSE, MBSE, and extensive MBSE approaches.

being manually executed. To increase automatic information
transfer, opportunities to apply MBSE resources to the trade
study and peer review tasks were explored. This included
replacing the remaining document-based resources, such as
spreadsheets and PowerPoints, with MBSE-based resources,
such as Instance Tables, Dependency Matrices, Profiles, and
BDDs. Below is a more detailed description of the new sys-
tems engineering artifacts proposed for the extensive MBSE

approach, along with the SysML diagrams used in Cameo
Systems Modeler to generate them:

• Function Trees: BDDs would capture the system oper-
ations, objectives, functions, and potential techniques
using activity blocks. The BDDs would replace the
equivalent PowerPoint slides.

• Concept and Element Visuals: BDDs would capture
images and descriptions for potential system concepts,
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FIGURE 13. Design structure matrix for the MBSE approach with feedback loops labeled for reference.

technologies, and system elements using blocks dis-
playing image properties. The BDDs would replace the
Visual-Verbal Document PowerPoint slides.

• Concept Compositions: Dependency matrices would be
used to decompose system concept. This would replace
the system decompositions in the Evaluation Matrix
Excel spreadsheets.

• Evaluation Criteria Tables: Instance Tables would list
the criteria for the trade studies, using Blocks and
Value Types to capture and define trade study evalua-
tion criteria. This would replace the equivalent Excel
spreadsheets.

• Evaluation Matrices: Instance Tables would be used to
document and evaluate potential system concepts and
technologies. This would replace the equivalent Excel
spreadsheets.

• Recommended Concepts Tables: Instance Tables would
present a set of selected concepts for further recommen-
dation and evaluation. This would replace the equivalent
Excel spreadsheets.

Additionally, the SysML diagrams associated with the archi-
tecture description and trade studies would be utilized for

the peer reviews, reducing the amount of the informa-
tion that would need to be manually transferred from their
native resources to PowerPoint slides within the Peer Review
Packages.

Table 5 shows a table of resources for the extensive MBSE
approach that utilizes more MBSE resources than the prior
MBSE approach. Fig. 14 shows the resulting DSM for the
extensive MBSE approach, where the yellow cells represent
opportunities for manual information transfer to be auto-
mated through converting the non-MBSE resources used in
those tasks to MBSE resources. When comparing Table 3 to
Table 5, the number and types of resources increase with the
use of additional, more specialized MBSE diagrams in the
extensiveMBSE approach. Through utilizing these additional
MBSE resources, the percent of automatically transferred
information elements is estimated to increase from 13% to
81%, as shown in Table 4.

Implementing the above changes proposed for the exten-
sive MBSE approach would require an internal effort to
develop new MBSE templates, patterns, and procedures,
as well as education to familiarize additional team mem-
bers and peers on SysML, which is the primary reason the
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FIGURE 14. Design structure matrix for the extensive MBSE approach.

extensive MBSE approach was not utilized for the initial
MBSE approach in this research. However, this effort appears
feasible to implement in the future given proper investments
in time and resources.

V. DISCUSSION
To date, many of the comparisons of MBSE to default
systems engineering processes have been performed qual-
itatively. The value proposition for MBSE is asserted to
include improvements in quality, velocity/agility, user expe-
rience, and knowledge transfer. These categories are based
on a framework developed by McDermott et al. for defining
and categorizing MBSE benefits and metrics [43]. Because
this study performed a direct, comparative analysis of an
MBSE and non-MBSE approach, the results lead to a unique
elucidation of the quantitative MBSE benefit categories
aroundMBSE-implementation in practice. A summary of the
improvements of the MBSE approach over the Non-MBSE
approach for each of the four MBSE benefit categories is
shown in Table 6. Additionally, limitations identified with the

MBSE approach provide recommendations for future work to
improve the approach.

A. IMPLICATIONS FOR QUANTIFYING THE QUALITY
BENEFITS OF MODEL-BASED SYSTEMS ENGINEERING
Automatic information transfer improves the quality of the
system and its associated systems engineering artifacts by
reducing the risk of defects incurred by miscommunication
from manual information transfer. As quantified in this study
of a practical MBSE process, MBSE only automated 13%
of the total information transfer during architecting. This
study measured that even in MBSE-intensive architecture
processes, many of the steps of architecting, review, tradeoff,
and information transfer are still performed manually. This
type of result suggests that the quality benefits of MBSE may
be relatively small until an architecture process can realize
a high-level of MBSE-enabled automation, implying only
minimal improvement in system quality due to automatic
information transfer in MBSE efforts that are isolated or
incomplete.
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TABLE 5. Resources for the extensive MBSE architecture approach.

B. IMPLICATIONS FOR QUANTIFYING THE
VELOCITY/AGILITY BENEFITS OF MODEL-BASED SYSTEMS
ENGINEERING
Work required to otherwise manually transfer information
between tasks and check for consistency was slightly reduced
through automatic information transfer. The MBSE approach
enabled automation of 13% of the total information transfer,
affecting 35 of the 76 architecting tasks (46% of the tasks).
This implies only minimal improvement in velocity due to
only minimal potential reduction in work time from auto-
matic information transfer.

Iteration and rework due to feedback are also major drivers
in velocity, particularly since these feedbacks are often
unplanned and destabilizing [17]. Most of the information
feedback in JPL’s documented MBSE architecting process
were throughmanual feedbacks from trade study, peer review,
and element specification activities, as labeled (A), (B), (C),
and (D) in Fig. 13. Feedback that occurs the furthest distance
above the diagonal in the DSM indicate a greater number of
activities that may need to be repeated in an iteration, which
can have the largest impact on hindering velocity. Manual
feedback from peer review and element specification activi-
ties fell into this category, and the rearchitecting that occurred
from this feedback were primary drivers in the length of
time required to define the COM architecture. These discus-
sion points illustrate again that as long as MBSE enabled
automatic information transfer is excluded from impactful
design activities, such as peer review and element speci-
fications, MBSE’s impact on architecting velocity will be
limited.

TABLE 6. Improvements of the MBSE approach over the non-MBSE
approach for each of the four MBSE benefit categories.

Another limitation with the MBSE approach was that
a greater investment in time was required to set up and
develop the models with the MBSE approach, relative to
composing the documents in the non-MBSE approach. This
observation is in line with Madni et al., who also recognize
that systems engineering initiatives that employ an MBSE
approach require greater upfront investing in the earlier stages
of the systems life cycle than needed with traditional systems
engineering [44]. Therefore, velocity benefits of the MBSE
approach were not directly apparent, as the minor velocity
benefits from the automatic information transfer during the
architecting process were also offset by the additional time
required to set up the MBSE model. This initial time invest-
ment associated with model setup should be considered when
assessing the overall velocity benefits of an MBSE approach
during system architecting.

C. IMPLICATIONS FOR QUANTIFYING THE USER
EXPERIENCE BENEFITS OF MODEL-BASED SYSTEMS
ENGINEERING
User experience was improved through reduced burden of
systems engineering tasks and support for automation. The
MBSE approach showed reduced burden of manual informa-
tion transfer through automation for the Level 4, Level 5,
and Level 6 architecture definition tasks, but not for tasks
associated with the trade studies and peer reviews. The archi-
tecture definition tasks consisted of 36 of the 76 tasks (47%
of the tasks), and the trade study and peer reviews consisted
of 40 of the 76 tasks (53% of the tasks). The MBSE approach
automated information transfer only in the architecture defi-
nition tasks, in which 35 of the 36 architecture definition tasks
were automated (or 46% of the total number of architecting
tasks). This can be attributed to the fact that the MBSE tool
and language utilized in the MBSE approach did not have
well-defined information constructs, diagrams, and templates
for the trade study and peer review tasks. Therefore, the
engineering team found it a challenge to implement ideation,
design tradeoff studies, and reviewswithMBSE using Cameo
Systems Modeler and SysML. This is in line with a survey
performed by Huldt and Stenius, which indicated greater
value with MBSE in architecting and design tasks, over deci-
sion support tasks and technical reviews [27].
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D. IMPLICATIONS FOR QUANTIFYING THE KNOWLEDGE
TRANSFER BENEFITS OF MODEL-BASED SYSTEMS
ENGINEERING
For the architecting processes studied here, automatic infor-
mation transfer with the MBSE approach only occurred
within the architecture definition tasks, and only accounted
for 13% of the total information transfer during archi-
tecting. These automations aided with transfer of system
knowledge between the Cognizant Engineers and Systems
Engineers, as well as collaborative efforts between engi-
neering team members associated with these tasks. Since
automatic information transfer was not executed in the peer
reviews, theMBSE approach did not offer knowledge transfer
benefits between the engineering team and the external peer
reviewers. Peer reviews contributed to 4 of the 76 tasks (5% of
the tasks) and 1,361 of the 4,858 knowledge element transfers
(28% of the knowledge element transfers). MBSE was not
implemented for peer reviews due to the current limitations of
NASA’sMBSE tool, process, and language to generate all the
desired views for the peer review presentations, the current
lack of a method to collect reviewer feedback and integrate
them with the system model, and unfamiliarity of the review-
ers with the SysML language. Carlson andVaneman similarly
found in a survey that only a small percent of Preliminary
Design Review (PDR) questions could be addressed with cur-
rentMBSEmethods, and highlighted the need to develop new
visualizations for technical reviews to adequately address
these needs [45].

E. FUTURE WORK
For future work, these findings suggest a series of follow-
ups and advancements, including testing the methodology on
additional systems, testing the methodology with different
MBSE languages and tools, testing themethodologywith two
independent development teams, expanding the approach to
include parametrics, and developing and testing the exten-
sive MBSE approach with increased automatic information
transfer:

• Testing the methodology on additional systems: Apply-
ing the MBSE and non-MBSE approaches on additional
systems can help validate the methodology across addi-
tional engineering domains, as well as gather additional
data on howmuch information transfer can be automated
through applying MBSE methods.

• Testing the methodology with different MBSE lan-
guages and tools: Different languages possess unique
information construct and diagrams. Different tools pos-
sess unique abilities to utilize the language, interact
with the system model, and generate templates. These
unique capabilities could be applied to the trade study
and peer review tasks, and potentially improve the
MBSE approach’s ability to automate information trans-
fer within these tasks.

• Testing the methodology with two independent devel-
opment teams: This research was carried out by a sin-
gle development team, which applied the MBSE and

non-MBSE approaches in parallel. With this approach,
there is a potential that decisions made for one of
the implementation approaches could have influenced
the other. Testing the methodology with two inde-
pendent development teams could help insure that
the decision-making in the MBSE and non-MBSE
approaches remain independent and decoupled.

• Expanding the MBSE approach to include parametrics:
Mathematical relationships between value properties
can be captured within a system architecture description.
The MBSE architecture approach used in this research
captured block value properties, but did not explicitly
model mathematical relationships. Integrating paramet-
ric diagrams into the architecture framework and archi-
tecting process can provide another means to leverage
additional capabilities of MBSE and provide further
opportunities for automatic information transfer.

• Developing and testing the extensive MBSE approach
with increased automatic information transfer: The cur-
rent MBSE approach used to architect the COM only
utilized MBSE during the architecture definition tasks.
The trade study and peer review tasks did not utilize
MBSE and were still document-based. To address this
issue, potential opportunities to apply MBSE methods
to the trade study and peer review tasks were explored.
This extensive MBSE approach should be implemented
on future system architecting activities to validate the
approach and measure its ability to increase automatic
information transfer for the trade study and peer review
tasks.

In developing this study and these recommendations,
the authors acknowledge that MBSE as a discipline is under
continuous development. With advancements in the lan-
guage, tool, and processes of MBSE will come improve-
ments in the as-measured performance of MBSE architecting
projects.

VI. CONCLUSION
MBSE and traditional, document-based systems engineering
(non-MBSE) approaches were applied in parallel to architect
an orbiting sample COM system concept for a CCRS payload
concept for the potential MSR campaign. The approaches
were applied at three architecture levels of the COM: the
module level (Level 4), the subsystem level (Level 5), and the
assembly level (Level 6). The approaches also covered trades
study and peer review tasks between each architecture level.

To explore the advantages of theMBSE approach, resource
breakdown structures for the architecting approaches were
generated, a system architecting process was synthesized,
architecting process task interactions between resources were
mapped out in activity diagrams, quantities of manual and
automatic information transfer between tasks were recorded
in DSMs, and quantities of manual and automatic information
transfer were compared for both the non-MBSE and MBSE
architecting approaches. A total of 132 resources were used
in the non-MBSE approach, and 159 resources in the MBSE
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approach. The architecting process was broken down into
76 steps. A total of 4,858 information element transfers were
recorded between the various process steps. All 100% of
these information elements were transferred manually in the
non-MBSE approach. The MBSE approach, on the other
hand, was able to automate 13% of these information trans-
fers. Additionally, an extensive MBSE approach that further
utilizes MBSE resources for the trade study and peer review
tasks was predicted to further increase automation to 81%.

Through performing a side-by-side comparison of the
MBSE approach with the non-MBSE approach to architect
the COM, several findings from this case study were made:

• The MBSE approach developed for architecting the
COM proved effective in establishing the architecture of
a robotic space system, which included definition of the
structure, data, behavior, and requirements of the system
at the module, subsystem, and assembly levels.

• The methodology using the DSMs proved a useful tool
to identify the information transferred between tasks
during the architecting process and facilitate in quantita-
tively measuring the benefits of the MBSE approach rel-
ative to the non-MBSE approach in terms of automatic
information transfer.

• The MBSE approach used to architect the COM
provided only minor benefits, with an increased automa-
tion of information transfer of only 13% of total infor-
mation element transfer relative to the non-MBSE
approach. Increased automatic information transfer pro-
vided potential improvements in system quality, user
experience in the architecting approach, and knowledge
transfer within the engineering team. Velocity benefits
of theMBSE approach were not directly apparent, as the
minor velocity benefits from the automated knowledge
transfer during the architecting process were also offset
by the additional time required to set up the MBSE
model.

• A large part of the architecting process, particularly tasks
related to trade studies and peer reviews, did not utilize
MBSE and still relied on manual information transfer.
If MBSE resources were applied to trade study and peer
review tasks, the value of MBSE during system archi-
tecting could be much higher, potentially up to 81%.

The conclusions drawn from this study were limited to
a single system within the robotic space systems domain,
using SysML and Cameo Systems Modeler as the modeling
language and tool. Additionally, the MBSE approach did
not utilize MBSE resources for all system architecting tasks,
which limited the ability to assess the full potential of MBSE
during the architecting process. Directions for future work
should include testing themethodology on additional systems
to validate the methodology across additional engineering
domains, testing the methodology with different MBSE lan-
guages and tools to potentially improve theMBSE approach’s
ability to automate information transfer, testing the method-
ology with two independent MBSE and non-MBSE devel-
opment teams to insure that the decision-making in the

two approaches remain independent, expanding the MBSE
approach to include parametrics to leverage additional capa-
bilities of MBSE and provide further opportunities for auto-
matic information transfer, and developing and testing the
extensive MBSE approach to validate the approach and mea-
sures its ability to increase automatic information transfer.
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