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Abstract. This work is part of ongoing research into the adoption of the SAP-
PhIRE Model of Causality as a framework for the management of conceptual
design data. Due to the prevalence of behavioural data and frequent iterations
found in conceptual design, PLM systems can struggle to maintain a coherent
product definition. Previous work has demonstrated the utility of the SAPPhIRE
Model for representing causality at multiple points in a system’s lifecycle, how-
ever its integration into a Model Based Systems Engineering (MBSE) environ-
ment has not been explored. This paper presents the development, testing and
study results of the novel software tool named OPAL. OPAL is a MBSE software
tool based on the SAPPhIRE Model for the capture, management, representation
and sharing of conceptual design data. Engineering student participants used
OPAL to carry out typical CubeSat conceptual design activities within a test en-
vironment. The results of the study show that the students were able to effectively
utilize OPAL’s functions with only a short introduction, with 85% reporting it
easy to use. In contrast to their traditional file management software and prac-
tices, the visual representation of the data via the SAPPhIRE Models made it
significantly easier to be able to track and find data using the causal links, regard-
less of the subsystem being studied. It was concluded that further development
of OPAL as a proof of concept should be undertaken, to both further investigate
the conceptual design phase, and to support other phases of the lifecycle.

Keywords: Conceptual Design, Model Based Systems Engineering, Product
Lifecycle Management, Behaviour, Causality

1 Introduction

Complex product development is a systematic and collaborative process that pro-
vides modern society with sophisticated products. The need for these complex products
has resulted in an accompanying demand for more advanced means of representing,
sharing, and integrating engineering product data. This is particularly relevant to the
current changes occurring within the aerospace industry, known as the New Space



paradigm, characterized by a reduced barrier to entry and a shift from one of systems
to the development of reusable platforms. This can be seen in the current work by Space
X, as well as in the rapid expansion of the use of CubeSats by academia, industry, and
governments for low-cost space science missions. This paper presents the development,
testing and study results of the novel software tool named OPAL. OPAL is a Model
Based Systems Engineering (MBSE) software tool for the capture, management, rep-
resentation and sharing of conceptual design data. The structure of the system models
is based on the SAPPhIRE model of causality. Initial testing based on the UPEI Spud-
Nik-1 CubeSat project shows promise for OPAL’s use in supporting concurrent con-
ceptual design. Section 2 will present the background to this work, situating it in the
current literature surrounding conceptual design, Systems Engineering, Product Lifecy-
cle Management and Digital Engineering. Section 3 presents the survey of conceptual
design data produced by the SpudNik-1 team. This data was used to construct the mod-
els and develop the OPAL software tool, as reported in Section 4. Sections 5 and 6
present and discuss the results of the software testing.

2 Literature Review

Several approaches are used in industry to support the development of complex
products and systems. Systems Engineering is an interdisciplinary and iterative “top-
down process, which is lifecycle-oriented, involving the integration of functions, activ-
ities, and organizations” for the development of successful systems [1]. This has been
extended by Model Based Systems Engineering (MBSE) which puts system models,
rather than documents, at the core of the system development process to ensure all
stakeholders share a consistent system definition using conceptual models as “compre-
hensive underlying blueprint” [2]. A related approach is Product Lifecycle Manage-
ment (PLM), also used for supporting the development of complex products. PLM dif-
fers in that the focus is primarily on data and information management, facilitating the
capture, structuring and reuse of data collected throughout a product’s lifecycle. As
such, PLM addresses the people, processes and products involved in developing and
sustaining a product in order to increase stakeholder satisfaction and product quality
while reducing lifecycle costs [3]. A relatively new field is that of Digital Engineering,
defined by the Department of Defense “as an integrated digital approach that uses au-
thoritative sources of system data and models as a continuum across disciplines to sup-
port lifecycle activities from concept through disposal.” [4]. This field has the potential
to encompass SE, MBSE and PLM by combining them with other recently developed
digital tools for supporting engineering processes, shifting the development process
from design-build-test to model-analyze-build.

INCOSE has identified the deficiencies found between suppliers and purchasing or-
ganizations when sharing information. Digital Engineering is cited to produce a more
holistic approach by allowing alternate views for visualizing and transferring data. The
Digital Engineering Information Exchange (DEIX) initiative aims to provide a well-
defined set of Digital Artifacts that allow for seamless transition between complex sys-
tems-based organisations including aerospace and defence, transportation and medical



industries. Ideally DEIX solutions would eliminate the need for adopting different data
management tools, such as MBSE and PLM, and instead invest product system repre-
sentations into Digital Artifacts [12].

Central to these approaches is supporting the collaboration between the specialised
domains involved in the development and support of complex systems. To fully support
this collaboration, it is also necessary to support the specific requirements of each phase
of the product or system lifecycle.

Every lifecycle phase has a unique set of purposes and outcomes; consequently, there
is fluctuation in the types of data being produced and exchanged as a product advances
through the development process. Being the first phase of the product development
process, conceptual design is uniquely situated as the foundation for this evolution of
product data. As the product development process originates from conceptual design,
its study could prove crucial in the creation of a support tool for subsequent lifecycle
phases.

Chakrabarti and Bligh define conceptual design as “The activity of transforming the
functional requirements of a design problem into a solution concept or concepts for
fulfilling the requirements” [5]. During this stage the design is subject to rapid modifi-
cations, and consequently substantial changes to conceptual product data are expected
as the product becomes more defined [6]. Decisions during this period are unique in
that, instead of primarily optimizing design variables as seen in later design phases,
numeral choices must also be made between various design proposals [6]. There can be
an extensive number of design suggestions; studies have shown a positive correlation
between the amount of alternative solutions and the eventual design quality [7].

Conceptual design is a highly iterative process that can embody 70% of committed
costs, and it has the lowest costs associated with extracting defects for the entire product
lifecycle [10]. Any solution that optimizes work done during this stage will thus carry
a large impact on product lifecycle costs. Despite this impact, availability of conceptual
design support tools remains limited [6], [8], [9], [10].

Understanding the exact nature of conceptual design data is crucial for the eventual
creation of any support tool to address this gap. Recent conceptual design studies
showed that there is a relative lack of geometric data (physical dimensions of a system)
being exchanged between subsystem design teams [11]. Consequently, behaviour was
found to be much more prevalent, suggesting that it is paramount for developing design
proposals due to its role in preliminary analysis. Ulman considers a concept to be “An
idea that is sufficiently developed to evaluate the physical principles that govern its
behavior” [12]. Thus, concentrating on a tool that can effectively portray product be-
haviour should be a high priority. In addition to the lack of conceptual design support
tools, widely used data management tools such as PLM are still centred on the product
architecture and geometric models [13].

The potential for innovation is most feasible during conceptual design [14]. To bet-
ter stimulate innovation, Chakrabarti et al. developed the SAPPhIRE (change of State,
Action, Part, Phenomenon, Inputs, oRgans and physical Effects) model of causality.
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Figure 1. The original SAPPhIRE Model

The SAPPhIRE model (Figure 1) was initially applied to the biomimetic design
process by providing a generic model for which to perform analogical comparisons
between natural and artificial systems [15]. The model was designed to provide a rich
representation of a system at different levels of abstraction.. Of particular interest is
its use of three fundamental aspects for illustrating causality, function, structure and
behaviour, with the latter serving as the common link between the other two, viewing
“pbehavior as the link between function and structure defined at a given level. ” [15].

Previous work has confirmed that the SAPPhIRE model was capable, at least from
high level of abstraction, to provide a basic representation of the behaviour of Cu-
beSat subsystems [16]. This research also identified the prevalence and importance of
behavioural data via a case study reviewing CubeSat design data. Analyses of product
behaviour were among the primary inputs for conceptual design. In contrast, much of
the structural data developed at the conceptual design stage was comprised of ‘worst
case scenario’ projections and was expected to change significantly.

3 Survey of Conceptual Design Files

In their work, Chakrabarti et al. present a concise and rich representation of a natural
and artificial system [15], but the models are idealized and are not explicitly connected
to the design artifacts or files that define said systems. While further work has proposed
the connection of multiple SAPPhIRE Models with their physical interfaces to illustrate
causality, these are also abstract and idealized [17]. Furthermore, previous research has
focused on fully realised systems, whilst conceptual design involves the process of cre-
ating these systems. To allow for a rigorous and well-defined study of SAPPhIRE’s
ability to support conceptual design, a more empirical framework is needed to form the
basis for future software to support the conceptual design of complex systems. A survey
of the conceptual design data created by a student design team at the University of
Prince Edward Island was completed, the results of which are described in this section.



3.1  Extracting and Mapping Data

In order to develop the requirements for a design support tool, a detailed understand-
ing of the information to be captured and represented was developed via a survey of
conceptual design data. All work for this survey took place at the University of Prince
Edward Island (UPEI) using the CubeSat ‘SpudNik-1"as a case study. The first major
design review, the Mission Concept Review, was taken as a reference point marking
the end of the conceptual design phase. Due to one of the author’s extensive experience
in the project, and the use of online database systems, there was minimal challenges
retrieving the necessary data.

The survey commenced with the capturing of all digital CubeSat data, via a shared
drive. Once the data was cloned onto a local hard-drive, every file was systematically
investigated and evaluated on whether it fit the description of the SAPPhIRE model
elements. All other data, such as monetary budgets and schedules, was ignored for this
study. The relevant information was then collected and rearranged based on its relation
to model elements, an example of which is shown in Table 1. Table 2 shows the primary
behaviour associated with each subsystem, and the file(s) associated with it.

Table 1. Files used to create the EPS model

SAPPhIRE Element EPS Representative File
Action SpudNik-1 Requirements (.xlsx)
Input Parametric Orbital Power Generation (.xIsx)
Organ Solar Panel Data Sheet (.pdf)
Subset of Parts Power Subsystem Assembly (.sldasm)
Physical Phenomena No appropriate file
Physical Effect Parametric Orbital Power Generation (.xlsx)
(Change of) State Parametric Orbital Power Generation (.xlsx)

Table 2. Behaviour and analysis files

Sub System Behaviour Primary Analysis File(s) File Type(s)
Snell’s Law, OSLO (Optics Software for
Optical Payload Fresnel Layout and Optimization) CAD (.stl)
Equations Lens Mirror Configuration

™
Rail Analysis, Structure Excel™ (xlsx)

Structure Buckling Simulation SolidWorks, CAD
Simulation (CWR)
Communications Data SpudNik-1 Link Budget Excel™ (.xIsx)

Transceiving
Radiation and

Hand calculations, Thermal

Thermal Conductive Study Excel™ (.xIsx)
Heat Transfer
Power Genera-
Electrical Power tion and Distri- Power Budget Excel™ (xIsx)
bution
Attitude Determi- | Torque via reac- .
nation and tior?wheels and Reaction wheel & Magne- MATLAB® (.mat)

tometer simulations

Control (ADCS) magnetometer
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Figure 2. Survey Results for behaviour model elements

3.2 Discussion of Survey Results

Figure 2 shows that the Physical Phenomena had no appropriate file to map it to, whilst
the SAPPhIRE model dedicates an entire element to describing system behaviour tex-
tually [15]. This was attributed to the nature of how design work was carried out almost
solely by the subsystem experts. Thus, the need for explicitly sharing qualitative de-
scription of behaviour was most likely not considered necessary. This is one of the
limitations with conducting a survey using engineering students. In an industry setting,
where the database may need to be accessed and understood by external personnel, the
Physical Phenomena may prove to be more relevant.

Another limiting factor of the survey was, while thorough, it could not capture file
versions or represent the evolution of the design files. The SAPPhIRE models created
are the end state of the conceptual design phase. Whilst the files and information needed
to create them are present, there may be data lost that may have been captured if the
survey was done concurrently e.g. analysis files that were deleted due to being deemed
redundant.

The file extension data shown in Figure 2 shows an abundance of Excel™ spread-
sheet, CAD, and unique third-party software data. Clearly a collaborative tool must be
able to easily access and represent this data to be effective as a design support software.
The spreadsheets are mostly composed of parametric data, akin to behaviour. Although
seemingly highly prevalent, geometric data was often approximated to conduct prelim-
inary analysis and significant changes were expected. For instance, the optical payload
was projected to encapsulate 40% of the CubeSat BUS, but during the preliminary de-
sign stage SpudNik-1 would be granted a Request for Deviation to obtain additional
space for the payload, substantially altering the geometry.



4 Development of OPAL

The survey concluded that the SAPPhIRE model could represent essential product data
whilst maintaining its description of causality, but its ability to provide effective sup-
port within a conceptual design scenario was still unknown. A software tool was there-
fore created to support and facilitate conceptual design activities and collaboration,
based on the behavioural models of the CubeSat subsystems and the results of the data
survey. Table 3 shows the list of requirements that were created, with careful consider-
ation of what features and functions would be needed to conduct an empirical study.
Due to its specific nature of representing SAPPhIRE in conceptual design, the tool was
given the name OPAL (cOnceptual suPport cAusality tooL).

Table 3. OPAL Requirements

Requirement Description
Index

OPAL -1 Each subsystem representation shall incorporate the original SAPPhIRE
Model with all its elements accounted for.

OPAL -2 The tool shall incorporate a GUI representing the SAPPhIRE Model.

OPAL -3 The tool shall act as a central data repository, incorporating files from all
6 subsystems of SpudNik-1 within the same program.

OPAL -4 The tool shall allow for integration of previously identified file types such
as code, analysis, and spreadsheet data.

OPAL -5 The tool shall make use of figures and visuals to aid the user in understand-
ing subsystem layouts.
OPAL - 6 The tool shall allow for an interactive system model GUI showing the sub-

systems with their interdependencies.

Any support tool should attempt to minimize its interface complexity to effectively
support designers. The primary effort was thus tailored towards front end software de-
velopment to facilitate user testing of a proof-of-concept tool. The first major chal-
lenge in its design was the representation of multiple interlinked SAPPhIRE models.
Whilst subsystem models had been previously created [16], there was no concrete vi-
sion regarding their arrangement or connections with each other. The work of Sid-
dharth et al in representing complex systems with multiple SAPPhIRE models pro-
vided the inspiration for the initial tool development [17]. There are two JavaFX™
scenes that define the OPAL GUI, these being the system and subsystem models. The
system model is a high-level view of the system architecture and allows a user to nav-
igate and view the interfaces between the subsystems. Once the major interfaces were
modelled, a simplified system view was created, shown in Figure 3. The use of
graphics to show higher level system data was intended to allow the user to visualize
traceability. Each subsystem model can be directly accessed from this system view.
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4.1  Subsystem Model Development:

As seen in [17], SAPPhIRE models are linked via their Inputs and States. A change of
state can transform the input of a connected subsystem, and vice versa. This is a cru-
cial feature for illustrating causal relationships between subsystems. The initial effort
was thus directed towards creating these inter-subsystem connections.

CEDESK [18] was used as a reference for the creation of OPAL’s subsystem views,
including both the Java libraries and how data was defined and linked between subsys-
tems. Traceability and the causal relationships between subsystems are present in
CEDESK, but the connections between the subsystems are not always obvious, espe-
cially for non-experts. OPAL is much more explicit with presenting this information
using the GUI, as can be seen in Figure 4. In this way, users can rely on their under-
standing of the systems behaviour to efficiently navigate OPAL.

Each element block in each system model is connected to the relevant conceptual
design data, as summarized in table 2. For example, in Figure 4, the user has selected
the “Power Inputs” in the input block, which retrieved the relevant section of the Cu-
beSat Power Budget spreadsheet, shown as text in the bottom part of the screen. If the
user were to select “Flywheel CAD” in the subset of parts block, the CAD assembly
containing the CAD model would be launched. This is a key feature, allowing the user
to connect the conceptual system model with the design data relevant to the system
element. While these connections were made manually for the proof-of-concept tool,
future iterations will allow for user created links and a simplified update process to
manage iterations. At the moment, these connections are made with the live files, so
iterations are not tracked within OPAL.
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5  Testing of OPAL

This section discusses the rationale and methodology regarding the testing of OPAL.
The objective of the trials was to evaluate the effectiveness of OPAL as a conceptual
design support tool, and to propose recommendations for its improvement. The expec-
tation was that the student participants would find OPAL to be a preferable alternative
for managing data, especially when operating outside of the subsystem for which they
were responsible. A series of tasks were created for participants to carry out using
OPAL, each corresponding to a specific process relevant to conceptual design.

The participants involved in the study were recruited from the UPEI student engi-
neering body. Ethics approval was obtained from the UPEI Research Ethics Board.
Participants ranged from third year engineering students to graduate level researchers
and tested independently. Based upon a power analysis, and similar studies from liter-
ature [19], the total number of participants was set at 15. The testing procedure involved
a ~15-minute introduction to the SAPPhIRE model and OPAL, and then immediately
proceeded to the evaluation, which took an average of 45 minutes. Students were then
asked to complete the survey on their own time to maximum feedback quality.

5.1  Segment Descriptions

The testing activities were divided into three segments with specific objectives. The
first segment required participants to navigate OPAL’s user interface and locate a file.
This segment was designed to be the simplest and required a relatively basic under-
standing of OPAL’s structure to be successful. Simply finding information has been
shown to make up a significant portion of work for designers due to poorly managed or
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designed databases [20], [21]. Reducing the time needed to find information will allow
personnel to divert focus onto other pressing tasks.

The second segment explored the elements and interfaces of OPAL. Participants are
asked to trace the data flow, using interfaces both within and between the subsystem
models. It is imperative that designers understand where their input data originates
from, and consequently how their design analysis could affect adjacent subsystems.
The relationship between physical effects and inputs is a crucial feature of the SAP-
PhIRE model, and how it conveys causality.

The last segment made participants explain the potential change propagation stem-
ming from a defined change to the system. Conceptual design is a highly iterative pro-
cess where proposals are generated, modified, and evaluated faster than other phases.
Upon the incorporation of a new component, the subsequent changes to adjacent com-
ponents and systems needs to be identified and updated.

5.2 Results

Participants were asked to evaluate OPAL based on six characteristics shown in Fig-
ure 5. Every question evaluated the effectiveness of OPAL in a certain category, with
‘7’ signifying a strong agreeance with its effectiveness in said category, and ‘1’ indi-
cating strong disagreement. Table 4 and Figure 5 show demonstrate the effectiveness
of OPAL.

Table 4. Statistical Results

Question Average | Range | Standard Deviation
How user friendly do you 6.13 3 0.78
find OPAL?
Do you find the layout to be 6.40 2 0.69
logical?

Ave the relationships be- 5.67 3 0.91
tween subsystems clear?

Avre the relationships within 5.80 4 1.13

subsystems clear?

Does OPAL clearly show 6.00 3 0.94
how changes propagate?

Is it easier to manage design 5.80 3 1.18

changes with OPAL?
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Figure 5. Quantitative Results

The high scores seen for each question is especially encouraging when considering
that each participant only had an average of 15 minutes to become familiar with SAP-
PhIRE and OPAL. Additionally, although 5/15 participants had no previous experience
working on the CubeSat, their quantitative results were not found to differentiate sig-
nificantly upon the evaluation of the product moment correlation coefficient for both
CubeSat familiarity and education level factors.

The qualitative feedback provided suggestions for improving OPAL that will sup-
port the development of more sophisticated tools in the future, which will be discussed
in section 6. The standardized, visual layout of OPAL made it easier to navigate and
locate data, even when operating outside of the subsystem of expertise. Some of the
elements, such as the Physical Phenomena, were suggested to be modified to a more
standardized format.

6 Discussion

6.1 Individual Segments

Testing the user’s ability to locate information was the simplest segment of the ques-
tionnaire. Based on the results from Table 4, the GUI represented the SAPPhIRE Model
clearly, and its overall layout was well understood by the user. The consistency of the
SAPPhIRE Model was taken advantage of by the users; overall there was little sense of
increased difficulties between subsystems. This in turn allowed for more dynamic ap-
proaches to the scenario. For instance, to source the power allocated to the image sen-
sor, participants used both the EPS output and the Payload Subsystem’s input elements.

The second segment was focused on evaluating the user’s comprehension of OPAL’s
interfaces and semantics. It was significantly more difficult for the participants, and
there was a larger range and standard deviation as shown in Table 4. The task was more
complex; the approach to solving it was not well defined, and the concept of causality
was generally not familiar to the participants. Additionally, the subjects had limited
experience with this concept being applied via a MBSE or PLM tool.
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Consequently, many struggled during this segment as can be seen in the relatively
low quantitative scores. However, the second task of the segment was generally well
understood by the users, after the explanation of the desired solution for the first part
was explained. Particularly, how to effectively utilize OPAL’s interfaces, as well as
how the Physical Phenomena supported the user’s tasks.

The last portion of the study was to assess the ability of the user to manage design
iterations. As discussed in Section 2, conceptual design is highly iterative. Streamlining
this process can allow for both a more efficient expenditure of resources and a more
effective design. Overall, participants were more successful in carrying out the given
tasks than in segment two. This was expected, as it builds off the causality implications
of the previous segment. OPAL’s GUI seemed to be significant for supporting segment
three, as implied in the following quotation from one of the participants:

“The visualization of all the subsystems made it easier to understand the relationship
and its interactions between each subsystem. Therefore tracking how a change to one
component could affect the subsystem and components was easy.”

Whilst idealized to an extent, integrating new components into a design database is
common in the conceptual design of CubeSats. Correctly sourcing the appropriate part
and properly updating all design entities to reflect the changes is essential. Outdated
design data being mistakenly used by other engineers can be detrimental to the product.

6.2  Implications

The SAPPhIRE model element titles were found to be a source of confusion for users.
The Organ in particular could be renamed to better reflect its purpose, such as ‘Physical
Parameters’. The ‘Physical Phenomena’ also created initial confusion, and could be
renamed ‘Subsystem Behaviour’, or something similar. A more efficient method of in-
troducing and explaining the SAPPhIRE model and the concept of causal models would
significantly aid in the effectiveness of both OPAL and any future software.

Future tool iterations may have to take more MBSE principles into consideration.
OPAL has very limited representation of the extensive requirements found in the Cu-
beSat project. It cannot be used as an effective requirements verification tool in this
state. As a result, a parallel tool built upon alternate ontology and semantics would be
needed for requirements management, possibly creating an integration issue between
OPAL and other data tools. A possible solution may be to introduce new ontology to
OPAL to give it the ability to represent these features. Developments with DEIX may
allow for sufficient expression of the data in various forms.

7 Conclusion

The need for increasingly complex electro-mechanical products and systems has
raised interest in developing new systems for supporting data collaboration and man-
agement. Conceptual design is critical stage of the product development process, but
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its frequent iteration, potential for innovation, and behaviour-rich data are often not
adequately addressed by modern PLM or MBSE tools. This line of research seeks to
adopt the SAPPhIRE model causality as a framework for a design support tool. This
paper presented the reasoning, development, and evaluation of the novel software tool
OPAL, which allows designers to connect conceptual causal models directly to the rel-
evant design data, using their understanding of the system behaviour, rather than the
product structure, to organize and navigate product information. Examples of specific
functions supported by OPAL are tracing product data, an improved ability to access
information, and the realisation of system and subsystem models.

The quantitative results show strong comprehension and effective use of OPAL’s
SAPPHIRE based framework as a data support structure. The results indicate that OPAL
can integrate the data files to create a sufficiently detailed system model. Considering
that the students had an average of fifteen minutes to learn the intricacies of SAPPhIRE,
the results are encouraging for further research. This indicates how future SAPPhIRE
based tools may not require substantial resources to train users. Future work could ex-
plore how SAPPhIRE can represent digital information flow in later stages of the lifecy-
cle, as well as integrating a SQL server to allow for concurrent use and collaboration.

At the very least, the concept of a simplified representation of an entire system has
been shown to be feasible using SAPPhIRE. Whilst SysML or similar languages are
powerful for creating complex systems using a variety of diagrams, each diagram is
only intended for use in a single domain e.g. behavioural, requirements/functions, and
structure. SAPPhIRE incorporates all three in a unified representation of the system,
which could be harnessed as an easier method for navigating between the SysML do-
mains.
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