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ABSTRACT

Model-based systems engineering (MBSE) is a relatively
new field that brings together the interdisciplinary study
of technological components of a project (systems engi-
neering) with a model-based ontology to express the hier-
archical and behavioral relationships between the com-
ponents (computational modeling). Despite the com-
pelling promises of the benefits of MBSE, such as im-
proved communication and productivity due to an un-
derlying language and data model, we observed hesita-
tion to its adoption at the NASA Jet Propulsion Labo-
ratory. To investigate, we conducted a six-month ethno-
graphic field investigation and needs validation with 19
systems engineers. This paper contributes our observa-
tions of a generational shift in one of JPL’s core tech-
nologies. We report on a cultural misunderstanding be-
tween communities of practice that bolsters the exist-
ing technology drag. Given the high cost of failure, we
springboard our observations into a design hypothesis —
an intervention that blends the social affordances of the
narrative-based workflow with the rich technological ad-
vantages of explicit data references and relationships of
the model-based approach. We provide a design ratio-
nale, and the results of our evaluation.

ACM Classification Keywords
H.5.0 Information interfaces and presentation: [General]

Author Keywords
CSCW,; ethnography; design; technology acceptance

INTRODUCTION

The discipline of systems engineering emerged in the
1950s as an interdisciplinary, holistic way to manage the
complexity of large aerospace projects [30]. With the
ability to operate within and integrate findings across
disciplines, the field has grown in size and scope, and
has become a major contributor to projects in industries
from software to agriculture [31].
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Like many other engineering disciplines, the systems
engineering workflow focuses around the memoran-
dum. Memos become the authoritative source for re-
quirements, constraints, architecture, designs, technical
trade-offs, and decisions, and a conduit for communi-
cation and consensus (for example, the Cassini Control
Analysis Book [1] shown in Figure 4). Critics of sys-
tems engineering point out that documents are by nature
static, whereas engineering requires dynamism. Changes
in one document do not propagate to others, and must be
synchronized manually. Documents often become out-
dated, disconnected and even contradictory [26].

To address these challenges, some systems engineers
(SEs) advocate a new perspective that relies not on
documents but on formal computational models [9].
With Model-Based Systems Engineering, or MBSE, doc-
uments perform the same function, but are generated
automatically from a model, instead of being directly
authored or edited. In theory, the move from documents
to models has several advantages. It can speed the shar-
ing and communication of data, more dynamically main-
tain a correctness in the face of changes, and automate
a chain of accountability [11].

Despite these promises, organizations have been slow to
adopt MBSE. In this work, we investigate its barriers
to technology acceptance. To do this, we conduct a six-
month ethnographic field study of 19 systems engineers
at the NASA Jet Propulsion Laboratory, during its expe-
rience of changeover to MBSE. We find substantial risk
of organizational inertia [24].

This work makes two principal contributions. First, we
characterize the cultural transition and find that JPL’s
systems engineers actually accept MBSE, but will not do
it. They create documents with a correct picture of the
state of the spacecraft, but lack the narrative explaining
design decisions. Second, given the high cost of failure,
we take an interventionist posture. We devise and con-
duct a preliminary evaluation of a socially-appropriate
technology [26], borrowing the social affordances [16] of
the paper memo [29] as a design metaphor. We create
a prototype digital memo that captures rationale and
decision-making, and still takes advantage of the clear
traceability and provenance that derive from digital ar-
tifacts. Preliminary results show that a digital memo
can bring the social affordances of paper memos into the
digital world, and spur greater MBSE adoption.



In this paper, we describe our efforts to understand an
emerging cultural phenomena, and to streamline its ac-
ceptance. We start by placing our work in a historical
context.

HISTORY AND RELATED WORK

This section elaborates the history and roles of systems
engineering, describes the emergence and capabilities of
a model-based approach to systems engineering and its
growth as a movement, and discusses the juxtaposition
of the two approaches. The section then situates the
contributions of this work in its historical context. We
begin with a brief history of systems engineering.

The origin of systems engineering

In the wake of the Second World War, the National Ad-
visory Committee for Aeronautics (NACA), predecessor
to NASA, was introducing experimental forms of au-
tomation to the cockpit. Systems engineering evolved
as a way to manage the complexity that accompanied
this high risk and poorly understood technology. Rather
than engineering any aircraft part individually, the sys-
tems engineers defined relationships within and between
parts of the aircraft [21]. They then left the design
and engineering of the individual component assem-
blies to newly-evolved domain specialties. These engi-
neers would own the development of subsystems, such
as power, propulsion, and communications.

The technological change also brought with it social
and organizational change. Systems engineers, with
new backgrounds, educations, and technical values found
themselves leading projects [18]. These engineers be-
lieved in and advocated cockpit automation [21]. The
same automation that enabled space flight also threat-
ened the autonomy, and even the existence, of the main
users of the technology: pilots. Although they saw them-
selves as primary users of aircraft technology, new fea-
tures made the highly skilled pilots feel replaceable [18].

Modern systems engineering has evolved to include the
architecting, implementation, and deployment of entire
space missions [29]. To accomplish this, systems engi-
neers are responsible for managing the information that
describes the mission and project assets. This informa-
tion covers specifications, requirements, trade studies,
and a host of analyses, and requires that SEs collaborate
with multiple sub-systems engineers, managing such ca-
pabilities as propulsion, power, and telecommunications
[20].

The dawn of model-based systems engineering

The majority of the information that SEs manage re-
sides in various documents. Changes in one document
would need to propagate across entire project teams, ne-
cessitating that downstream references and dependent
calculations be updated for consistency. As systems en-
gineering grew in scope, synchronization grew to become
a major issue confronting the discipline [29].

Model based systems engineering emerged as a response
to these foundational problems [20]. Modeling advocates
argue that by moving from decentralized documents into
a single authoritative source of truth, systems-based
truth could always be carefully monitored [29].

Even with many large aerospace organizations actively
investigating its potential (e.g., NASA [2, 10, 27], Lock-
heed Martin [9, 19, 23], and MITRE [29]), MBSE has
been slow to make a significant impact. To facilitate the
transition, proponents developed a set of international
standards [3, 2], created a governing body [9], and re-
ceived a boost with the introduction of a common mod-
eling language [12], SysML, an offshoot of UML. The
language allows for a model-based representation of hi-
erarchical architectural and behavioral data and poly-
morphic relations. Main tools such as MagicDraw were
extended to accommodate document and report genera-
tion [8] to support the current systems engineering work.

Contributions

Systems engineering is a field on the brink of a genera-
tional change. Given the potential impact of this transi-
tion, systems engineering might benefit from the shared
organizational experience of the CHI community. To
that end, we interview 19 SEs over a six-month period
at the NASA Jet Propulsion Laboratory, home of US
robotic space exploration [21]. Our work brings an an-
alytical eye to this significant and impactful community
of practice, and adds to a long tradition of field study of
sociotechnical practice and technology acceptance [26].
Our work brings to light candidate road blocks to MBSE
adoption.

Because our interests also include project success, we
take an interventionary approach while following in the
tradition of Design Research [6]. We translate our obser-
vations into a plan for the design of a software system.
We rely on the thick description generated from our field
work to develop insights into the underlying problems
facing the field. We conclude with a design hypothesis,
a strategic approach to address the situation.

METHODS

We studied SEs performing in-situ project work and
model development. The goal of our research was to
investigate the perceived hesitation of MBSE adoption.

To accomplish our goal, we focused on the current tools
and practices and their interaction with the social con-
text of systems engineering work. Our aim was to gen-
erate grounded observations informing hurdles to adop-
tion, and to evaluate an appropriate intervention.

Our field work included ethnomethodologically-inspired
ethnography [28] to understand systems engineering
work in the context of the observed culture [25], tech-
nology, and workflow. Then, to vet our own understand-
ing of the problem domain, we used a design research
method called needs validation [7]. Through this, we
evolved a broad picture of real user needs.



SuBj. FS NV RELATIONSHIP ROLE
P00 X X Systems Core
P01 X X Systems Core
P02 X Systems Core
P03 X Systems RW
P04 X X Systems RW
P05 X Systems RW
P06 X Systems Core
Po7 X Systems None
P08 X X Systems RW
P09 X Systems Core
P10 X Verification Consumer
P11 X X Systems RW
P12 X Systems Core
P13 X Management Support
P14 X Subsystem Consumer
P15 X Subsystem Consumer
P16 X Systems Support
P17 X Systems Consumer
P18 X Systems RW

Table 1. Subject breakdown by relationship and role in
the ethnographic field study (FS, Ngs = 17) and needs
validation (NV, Nnv = 7). P00 was primary stakeholder.

For the field study, fifteen subjects were selected for vari-
ability of job function (e.g., project management, sys-
tems engineering, subsystems engineering, verification
and validation, project concept, etc.), technical knowl-
edge, and modeling experience. One additional partici-
pant was recruited using purposeful snowball sampling.
The subjects formed a representative cross-section of
skilled systems engineering work on a specific mission
architecture. Three of the subjects were female; the rest
were male. This male-to-female ratio parallels industry
ratios for technical engineering fields [15]. The level of
experience with MBSE approaches varied widely from
no experience to daily model development.

Each interview lasted at least one hour and occurred
in the subject’s office. To help subjects feel more at
ease, no recording devices were used. We chose semi-
structured interviews to allow the participants to lead
the discussion, and to form a partnership in the inves-
tigation. Interviews typically began with a high-level
introduction to the study and interviewer’s background,
followed by modeling and workflow to encourage emer-
gent topics. Table 1 lists the subjects, their relationship
to the project (whether the subject was a systems, sub-
system, or verification and validation engineer, or man-
ager), and their role of interaction with the data stored in
the model, with read-only being on one end of an imag-
inary interaction spectrum, and building fundamental
model elements such as library components on the other.

The beginning of the interview centered around models
and modeling. Modeling refers to the process of cre-
ating the model-based representations of the system de-
sign (models). We asked broadly about modeling and in-
quired about the artifacts that constitute a model. Next,
we discussed the process of modeling, nudging the con-

versation towards architectural models for system docu-
mentation. To assess the subject’s place in the process
of model-building, we asked the user about their level
of interaction with the model, and at which stage(s) of
completion their interaction takes place (with specula-
tive or concept-level on one end and complete and de-
ployed on the other end). We asked the subject how rele-
vant data are gathered and input into the model, and we
asked about where the model goes next to determine the
consumers of the model and model workflow. Interview
data were transcribed, and coded for emergent themes.
Specific representative experts from the interviews were
grouped separately.

Needs validation is a powerful asset when used prior to
design and development. We generated a list of perceived
technical hurdles with modeling using the data from the
field study. To vet our understanding with the com-
munity, we used a method of user research called needs
validation. This method is useful in using user-centered
techniques to iteratively prune researcher understanding
of the problem domain and to identify areas where more
research would be required.

We generated a list of 16 perceived user needs. For each
of the needs, we drew a two- or three-panel storyboard.
In the first panel, we identified the user need as we per-
ceive it, or the need under test. In the second panel,
we drew a technology-agnostic proposed solution to the
need (see Figure 1 and Figure 2). The storyboards were
used in follow-on interviews as a communication aid to
discuss the perceived needs and their proposed solutions.
We reused some subjects from the field study pool, and
continued interviews until repetition of data, which oc-
curred after 7 participants. Interviews lasted around 90
minutes and occurred in the subject’s office. No record-
ing devices were used.

For each of the 16 needs storyboards, subjects were in-
structed to place themselves in the situation of the char-
acter drawn in the storyboard. Next, subjects were asked
to give their overall impression of the need under test
(e.g., “Is this a need?”) along with the frequency and
severity of its impact (e.g., “How often does this hap-
pen? Is it a big deal?”). We asked subjects for specific
examples of the last time they felt themselves in the
situation of the need under test. At the end of all sto-
ryboards, we asked subjects to rank their five most im-
portant needs from the storyboards, in descending order
from most important to address. Finally, we asked par-
ticipants for any other needs that the storyboards failed
to address or any additional insights on user need.

FINDINGS
Our field investigations and needs validation revealed:

1. The emergence of two distinct user classes: We dis-
cuss the culture surrounding model-based systems en-
gineering, and the miscommunication between the two
communities.



Figure 1. Needs validation cartoon depicting spreadsheet
import need under test. Left: “I use spreadsheets, and
find them terrifically useful — but how do I get them into
the model?” Right: The spreadsheet data are in the
model; assume shared data layer
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Figure 2. Needs validation cartoons depicting ownership
need under test. Left: “Who is responsible for these
model elements?” Right: Each model element’s contrib-
utor, date, and authority is presented.

2. The acceptance of MBSE as an idea, but that some
engineers will not do it: We present the two commu-
nities’ thoughts on MBSE, and discuss the toolset sur-
rounding the MBSE practice.

3. The changing role of the memo: We describe the his-
torical significance of the memo, frame the memo as a
social affordance, and discuss the future of the memo
in a sociotechnological context.

Two Distinct Cultures Emerge

Across all participants in both the field study and the
needs validation, two distinct user populations emerged.
These groups were characterized not by their role in the
project, but by how often and in what ways users inter-
acted with or contributed to the system model. Interest-
ingly, we found that the boundary between the cultures
was not matched to job title because many of the partic-
ipants had multiple roles on the project (e.g., model de-
velopment, analysis, and design), and that most subjects
took on several roles or responsibilities within a particu-
lar project. There was a spectrum of interaction among
those not contributing directly to model development,
yet the overall distribution was bimodal: model develop-
ers occupied a much more prominent role in model con-
tribution (see Figure 3). The communities were divided
in their opinions of modeling. A cross-cutting character-
istic that separated the groups was who was doing the
model development.

Broader communities of practice

Core | MBSE practitioners:
Systems engineers with modeling ---------j=s=-t--1-
experience (7)

Core

Model development ‘

RW | Incorporate analyses into
model and use model datain -

Model read/write,
external tools (5)

data import/export

Support | Some model input (2) -
Support

Broader

Consumers | Understand
synthesized model data (4)

Read-only synthesized model
None | Non-modelers: No

modeling experience (1)

Figure 3. Model data proximity and subject breakdown
for all parts of study (N = 19)

The main community that emerged in our findings con-
sisted of some traditional and model-based SEs, subsys-
tem engineers, managers, and program officers. SEs were
experts in breadth across these numerous disciplines;
subsystems engineers were depth experts in their spe-
cific domain. We called this group the broader commu-
nity because it accounted for most of the user popula-
tion. The members in this group had read-write, sup-
port, and consumer roles with the model data and typi-
cally had tools that they use in their own domain (e.g.,
simulation, mathematical analysis, computer-aided de-
sign). For example, P04 is a SE who needed read-access
to many aspects of the data model in order to simulate
the entirety of the project. Like many SEs in the broader
group, P04 needed a separate domain-specific tool and
access to model data to do his work.

We found that the broader group was made up of smaller
subgroups, characterized by the ways in which they in-
teracted with the model data. We call the first sub-
group the read-write (RW) users, who needed to con-
tribute to project data, including modifying parameters
and adding and deleting elements as the system design
changed. Most of the read-write group were traditional
SEs and subsystems engineers with some or little formal
training in a model-based approach, yet they had to in-
teract with the model data directly. Next was a group
of model support, for whom it was necessary to con-
tribute to the model and understand modeling challenges
to manage expectations. For example, the project man-
ager needed to understand what goes into modeling so
he could assign tasks and architect the documentation.
The next group we call the consumer group. Members
of the consumer group were read-only users that needed
to understand the displayed, human-readable model and
associated information; for example, in review meetings.

Core group

A smaller emergent group group we call the core group.
This group’s members possessed two qualities that
shaped their interpretation of the model-based approach
to systems engineering both inside their own community
and outside of it. First, all individuals had training and
extensive education both in each of their domains and in
modeling. Second, the core community showed the prop-
erties of dedicated early adopters as they joined together



to form a support group for modeling SEs (modelers) to
meet, interface, and learn from each other’s work. Mem-
bers ran MagicDraw classes to teach aspiring modelers
how to create system diagrams. An international com-
munity of SEs spanning several companies formed an
MBSE usability group! in order to meet and discuss is-
sues related to best practices, use cases, MBSE process,
and the evolution of modeling tools.

The core group consisted mainly MBSE practitioners
who were SEs with modeling education and experi-
ence and expert modelers with daily model development
tasks. These individuals mainly used the main model-
ing tool While modeling undoubtedly affected all partic-
ipants’ jobs, only the core group were model developers.

Engineers believe in MBSE, but don’t do it
The two distinct cultures that emerged each had a belief
about the other, which led to a misunderstanding.

P00 and several other core group members expressed the
overall goal being to “encourage people to think of the
model(s) as the first choice in capturing and presenting
information.” P00 said the community currently thinks
about modeling “as an imposed afterthought.”

Yet we found that the broader group was not reject-
ing the model-based approach, but the software. In fact,
broader group users implicitly accepted the concept of an
underlying data model. Our experience with two needs
validation storyboards (spreadsheet import and owner-
ship) illustrates the broader community’s position.

Spreadsheet import was described as the need to get the
spreadsheet data into a model (Figure 1). The story-
board showed a spreadsheet and a model with no link
between them. The researcher described the scenario as
one in which the model does not have any communica-
tion to the spreadsheet: “I have this great spreadsheet.
How do I get it into the model?” P01 and P04 described
the current process of importing model data as “extract-
ing” the data from e-mails, spreadsheets, and slide decks
by hand, and manually entering it into the model using
the modeling tools. The solution frame showed an edit
to the spreadsheet data corresponding to a simultane-
ous edit in the model, with either the spreadsheet or the
model being the primary recipient of the change. Addi-
tionally, the researcher would add: “The spreadsheet is
a stand-in for exposing some kind of interface that lets
you edit the model data in your own tool.” In this way,
we wished to imply the need for SEs to continue using
their tools, methods, and practices, rather than forcing
them to adopt the new methods and tools. All partici-
pants expressed agreement with the implicit and explicit
needs under test; the primary goal was to get the data
into the model, not to convert all users to the modeling
toolset. P00 called the spreadsheet import need a “core
issue of systems engineering.”

'MBSE Usability community page: http://www.omgwiki.org/
MBSE/doku.php?id=mbse:usability

Ownership was described as the need to assign respon-
sibility to model elements (Figure 2). The storyboard
showed an MBSE practitioner working on the model
and confused about who was responsible for each of the
model elements. The solution frame showed the same
engineer with each of the model elements’ responsible
parties explicitly identified. The problem of ownership
was seen as “hugely important” (P18). P17 said that in
addition to showing who is responsible, SEs need to know
(and the model needs to capture) authority, responsi-
bility, rationale, and “we are missing the way to show
provenance of that data.” P18 said, “It’s not enough
to see that the model changed, you also need the ra-
tionale of why the model changed. It is important to
record the history now, or else you come back to it 8
years later and you have no idea what happened.” Ev-
ery participant expressed enthusiasm about spreadsheet
import and ownership; acceptance of these needs shows
an implicit acceptance of the model-based approach.

Evolution of the tools

The main modeling tool was MagicDraw?, a tool that
uses boxes and arrows to express architectural and be-
havioral characteristics of a system. It uses SysML as
the underlying language to build the model.

The software was excellent for capturing and represent-
ing the model in a very specific format and presenta-
tion. Additionally, the core group had built a set of
plug-ins for the modeling environment to facilitate docu-
ment generation directly from the model data. The doc-
ument generation affordance was wildly popular. How-
ever, we learned that there were two main problems
with the tools: hiding the data, and not capturing the
metadata. Data were hard to retrieve from the model,
as evidenced by P04’s complicated workflow involving
transformations in several programming languages. The
metadata, including ownership, permissions, rationale,
review, and data provenance, were either not captured,
or not visible to the user.

Yet for P04, getting the data out of the system model and
into his tool was a cumbersome task that involved several
scripts written in three domain-specific languages. “I
thought it was a thing I would only have to do once,”
P04 said. “I’'ve had to do it about a half-dozen times
so far.” On the other hand, P15, a subsystem engineer,
frequently needed to update the data in the model with
new parameters, especially when considering variations
on designs. His current work process involved keeping
spreadsheets that he “borrowed from [previous projects],
or copied someone else’s, with my own color-coding.” At
certain milestones, he would e-mail his spreadsheets to a
SE whose job, according to P01, was to hand-transcribe
the data into the model.

The broader community members took classes in model-
based systems engineering approaches, participated in

2MagicDraw by No Magic, Inc.
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the core group’s tutorials and workshops on the method-
ology and the tools under development. But members
from the broader group expressed mistrust in the data
emerging from the tool, because the tools left the data
invisible, without rationale, and difficult to verify. The
mistrust manifested itself when participants said, “You
cannot trust the diagrams” (P09) and “Are the data a
fiction?” (P07). Relationships between SEs were not al-
ways smooth, partially because of data opaqueness. P03,
a core group member, said other engineers and especially
non-modelers often say, “I’'m not entirely sure I trust
what you're doing.” P13 said, “I don’t care if it’s in the
model. That’s not enough,” adding that he would need
to see verification and rationale associated with the data.

Because they understood MBSE, the core group were
asked to build extensions to support their own, and the
broader community’s, work. One core group member
called the practice of using the tool itself to build the nec-
essary extensions “Eat[ing] your own dog food” (P00) or
“Develop|ing] with what you fly with” [4]. This created
a discontinuity because core group members were mainly
domain experts, not software engineers, interaction de-
signers, or programmers. The extensions they created
were cumbersome and weighty. “How do you give some-
one else this capability ... without needing eight years of
programming experience?” asked P03.

We found that the broader group rejected the tools, in-
cluding the main tool and the extensions that the core
group was building, but not MBSE as a practice. For
example, P14 said, “We would do all our reports in this
thing” if the tools met his needs. Evidence for the re-
jection came as the threat of falling back on traditional
systems engineering practices. Prior to models, spread-
sheets were the way for SEs to store their information
and findings, but they lacked central storage and good
versioning and collaboration options among and between
systems. “We need to pry spreadsheets out of their
hands,” P00 said.

Furthermore, the main tool was seen as “too compli-
cated for non-modelers” (P12) and would “overwhelm
[subsystems engineers]” (P08). The core group created
an extension to the main tool for subsystems engineers
to be able to contribute to the model, but one subsys-
tems engineer (P14) exclaimed, “[The core group] built
this for us, but we can’t use them!” This left broader
group users with limited ability to contribute.

Resistance to the toolset

Resistance to the main modeling tool was universal.
Both the core community and the broader group were
hesitant to accept it fully. “The way tools are used now
is 99% a complete waste,” one subject said (P11). P14
said, “The concept [of MBSE] is great. It’s the tool, or
how we use the tool.”

Subjects remarked that the tools were not flexible
enough to allow creative engineering design and expres-
sion, yet not rigid enough to allow structuring of data

Figure 4. Cassini-era memoranda for Control Analysis
compiled into a three-volume set

for analysis. For example, P01 said, “SysML is based on
a bad standard. I think it’s too rigid... [Traditional SEs]
look at SysML and give up — partly because of the tool-
ing, partly because of the language.” The tool “has the
potential to be a schematic capture program,” a need
integral to P14’s daily task, yet it did not. In the inter-
view, P14 opened his go-to schematic capture program?
and explained about the structure of the data; for con-
trast, he opened a diagramming tool* and discussed the
flexibility that it affords.

Later P01 added that it’s not just that the tool is too
flexible — “it’s so flexible there’s no one way to do some-
thing. You can find many bad ways to do something...
[The tool] doesn’t allow me to have creativity in the way
I need.” P14 also said the tool was “... too flexible. We
need to be more disciplined or more rigorous in how we
use it.” P14 explained that flexibility in a modeling tool
is a negative, requiring little initial investment yet “slow-
ing you down” as the model becomes more complicated
and requires increased precision.

The changing role of the memo

We learned that the memorandum contained the locus
of the rationale about system design, and that some-
how its writing, review, and cross-reference vanished as
a practice.

Historically, formal documentation was always “a big
deal. People put a lot of priority on documenting what
[they] did,” (P16) and the document was a source of
pride for the engineer. Hundred-page interface specifica-
tions were a common sight. P11 said, “I miss that stuff.”
According to P16, the memorandum was one of two nec-
essary artifacts needed to close an action item. The sec-
ond was the handoff, in which the artifact was presented
as an exchange product or deliverable when transferring
responsibility to the next phase in the workflow. Figure
4 shows one such memo compilation.

According to Sellen and Harper [26], there are five main
affordances of the paper memo, which are both physical
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and social, promoting effective workflow and collabora-
tion: a) the paper memo supports document authoring,
as authors are more likely to refer to paper than to elec-
tronic documents; b) document review is much easier
on paper, especially where annotation and comment is
necessary; ¢) planning and organizing was preferred to
be done on paper; d) paper supports collaboration, es-
pecially in meetings and review sessions; e) paper was
preferred to electronic means for knowledge sharing.

From conversations with P16, we learned that two major
things happened to change the role of the memo. The
first was the advent of computing. Whereas before com-
puting, typing up and distributing a memo took weeks,
e-mail systems made transferring information that much
faster. However, the archival format and the rigor-
ous process was lost. Accompanying the technological
change was a culture shift that took engineers away from
their desks and relocated them into meeting rooms. The
need to communicate design and its decisions did not
vanish, but instead of sending inter-office memos, SEs
started meeting and presenting their work to one an-
other. For example, P16 explained, “We spend all our
time in meetings because we have to communicate. It’s
inefficient... 90% of meetings is for people to go and
listen to see if they can understand what’s going on.”
P16 said that the writing process was crucial to under-
standing for the writer, and reading the memo was faster
for the recipient to absorb the information. “If you ask
them to write and to write about what they’re thinking,
that’s a completely different thing... It’s the thinking
we're trying to capture,” said P16. Moreover, partici-
pants said that the terseness of the written communica-
tion that comes with presentations (i.e., slide decks) was
a detriment to the process. For example, “The other
bad thing that happened was Power Point,” P16 said;
“[Now,] things get reduced to bullets,” said P07.

SEs noted that role of the written documentation de-
scribing the system changed from primarily a written
narrative punctuated by figures and tables to a set of
figures and tables with occasional descriptions. Some
SEs criticized the process: “We’ve replaced a well de-
fined process that works with one that’s broken and is
a complete waste... The information is of much lower
quality. [Now,] there is no structure of understanding
where you are compared to your goal” (P11).

We found that as a result of these technological, cultural,
and process changes, presentation slide decks, e-mails,
spreadsheets, and other non-archival files were among
the only written remnants of system design. Each mem-
ber of the core group described the fragmented process
of gathering project information from various sources.
With MBSE, the individual sources have to be re-entered
into the model, which is expensive: P01 said, “it takes
a week across 3 people working half time” to make and
verify changes to the model given a specific document.
It became more difficult to determine the responsible
party for a specific question. For example, P07 won-

dered, “Has someone else thought about this?” and P10
said, “Everybody thinks they’re Leonardo Da Vinci, but
really everyone is reinventing the wheel when they do
this work.” P00 recounted a story in which he spent two
weeks gathering information about the system in order
to run verification on it, but then discovered someone
else had performed the same analyses months prior.

Model-based systems engineering (MBSE) was created
as a way to address the problem of non-rigorous, non-
centralized system representation. While model-based
approaches have centralized the information surround-
ing the system design, they have yet to pay tribute to
the profound importance of narrative as a primary fo-
cus of system documentation. Capturing the story of
system evolution, along with the design decisions, cri-
tiques, analyses, and context was seen as “a big need”
(P17); indeed, P16 said that for 20 years MBSE had
been making slow headway: “It was a slow slog... the
basic underpinnings [of MBSE had] to be created from
whole cloth.”

Software digitized the current practice, but the current
practice maintained the fractured narrative. As the sys-
tem design changed more and more rapidly, secondary
data such as parameters became primary. Model-based
approaches digitized the changed technique, and though
the data were centralized, the narrative was still largely
unaccounted for. “Long, thoughtful narrative is ex-
tremely important,” P16 said. Yet the narrative was of-
ten overlooked: P01 said the description fields for model
elements were often insufficiently documented, or blank.

The memo as a social affordance

The term “social affordance” draws on the definition of
a physical affordance [13, 22]. An object affords a spe-
cific action by its shape, texture, presentation, and other
features. For example, a door typically affords pushing
or pulling to open it. The social aspect of affordance is
an important field of study, as certain systems cannot
exist without their social context [16, 17]. Social affor-
dance was first described in the computing environment
as “the relationships between the properties of an ob-
ject and the social characteristics of a group that enable
particular kinds of interaction among members of that
group” [5]. We continue to use social affordance, but
apply it to the paper memo: the relationships between
the paper memo and the culture of engineers who come
together to collaboratively author and review it.

DISCUSSION

We observe a cultural standoff within systems engineer-
ing, yet this is far from a new phenomenon: What is
happening today reflects the same tension as historically
evidenced. The two communities which we saw emerge in
the cultural standoff — the core and the broader groups —
reflects the same sociological structure as when systems
engineering first entered aerospace in the 1960s. But this
time, instead of SEs in opposition to pilots, it is the SE
community engaged in a cultural clash with itself. A
new generation of SEs with a new education and a new



kind of thinking about the system (i.e., the core group)
is injecting a new approach (i.e., MBSE) into the work-
flow of the traditional and broader community. These
new SEs are disrupting the broader community’s way of
working, and furthermore, the broader community sees
their injection as undermining their autonomy and ex-
pertise. Thus, MBSE adoption is slow, and accompanied
by mistrust. The three main reasons for the mistrust are
as follows.

First, members of the broader community recognize the
importance of telling the story of how the system design
evolved. Some remember the days of the paper memo,
when a long, thoughtful narrative was the primary focus
of the document, and figures and tables accompanied the
narrative. Moreover, memos were very good at providing
cross-references, and encouraging engineers to examine,
cross-reference, and think critically about the system de-
sign. The current tools and practices are not capturing
the story and are not enabling the kinds of work that
engineers see as essential to their job.

Second, the tool and its extensions are weighty, cumber-
some, and unsupportive of the current work practices.
The broader community cannot use the tools to con-
tribute to the model, and have difficulty using them to
perform their own analyses. The core group is also frus-
trated by the simultaneous lack of flexibility and struc-
ture the tools offer, yet they work around their frustra-
tion by building additional extensions as needed.

Third, In a pattern identified by Grudin [14], the group
that is doing the work is different from the group that
is deriving the benefits. MBSE injects a new workflow
and a new kind of process of systems engineering for
all SEs. The core group is asking the broader commu-
nity to adopt and use MBSE practices, either in addi-
tion to or instead of their current ones, thereby changing
their workflow. In fact, nobody is seeing the benefits of
the professional-looking documents with complete, ref-
erenced, and reviewed descriptions that traditional SEs
and especially those in the broader community associate
with prideful good work. The lack of benefit put undue
burden on the broader group, and sets MBSE adoption
up for unintended failure.

Thus, there is a miscommunication. The core group be-
lieves that the broader community is rejecting MBSE,
when in fact, the broader community is ready to embrace
MBSE but is distrustful. Considering the criticality of
MBSE acceptance, we will use this our findings and re-
sults to create a technosocial intervention. We believe if
we can remove the barriers to acceptance, we can spur
forward cultural change. We now present the design hy-
pothesis and artifact we developed to achieve that end.

A Design Intervention

By focusing on modeling as diagram authoring punctu-
ated by occasional descriptions, the movement to MBSE
is capturing the digital artifacts, but not capturing the
decisions, rationale, trade-offs, and story underlying the

Figure 5. Pilot participant interacting with the low-
fidelity prototype, a narrative-first design inspired by the
paper memo, with rich object data

design. Thus, the broader community is hesitant to in-
vest time in a practice that fails to recognize their efforts.

We believe the tools would not have the same adoption
challenges if they focused on narrative first, and used
an underlying data model to allow rich diagram author-
ing, tying the elements of the narrative and diagrams
into the model. We look to the original capabilities of
the memo as a design metaphor for a new kind of tool
that we believe will be accepted by the broader com-
munity. However, rather than adhering to the linearity,
unsearchability, and brittle nature of paper documents,
the capabilities of today’s technology can provide the
tools needed to create a new way to communicate with
the process of systems engineering.

More than simply a tool, the broader community re-
quires a practice, incorporating the technology with pro-
cess and cultural change. We recognize the technosocial
implications of a paradigm shift, especially in light of the
field’s rocky history, and the cultural stand-off which has
been in place for the duration of the rise of MBSE.

We believe following the cultural place of the traditional
memo and add current technological abilities such as re-
lational object management for explicit data references,
allowing explicit links to solid data rather than implicit
references through narrative; document control, branch-
ing, and explicit document versioning, with the top of the
document a living, dynamic, editable, and collaborative
endeavor and the underlying versions as static artifacts;
and provenance at the data level, exposing where the
document and all of its elements came from, including
history, ownership, permissions, authority, and rationale
to create a new software artifact that we believe will re-
sult in acceptance by the broader community.

Our vision for the future of MBSE and model-based de-
sign is a system of communication-driven design
using a new kind of memo that is a tracked living
document, providing data continuity and seam-
lessly capturing and exposing explicit relation-
ships, provenance, and review.
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We created a low-fidelity prototype (Figure 5, Figure
6) reminiscent of a collaborative authoring environment
yet showcasing a rich data layer, and making explicit re-
lationships between text and source data and cross-wise
between data. In order to simplify the low-fidelity proto-
typing process, we made assumptions about versioning,
revision history, and notifications of changes. We tested
the low-fidelity prototype with a subset of the partici-
pants for qualitative feedback, and proceeded with de-
signing and building the system when we saw that our
understanding of the domain was thorough. Initial reac-
tions to the solution from both the core group and the
broader community have been positive, yet as the proto-
type is in its early stages, we cannot provide a controlled
study at this time.

CONCLUSION

In this paper, we investigated obstacles to the adoption
of Model Based Systems Engineering at the NASA Jet
Propulsion Laboratory. Over six months, we conducted
an ethnographic field study with 19 SEs, 18 of whom
were actively working on the early stages of a mission
using model-based techniques for system specification.

Our investigation points towards a cultural misunder-
standing. Because of their concern that the broader
community was rejecting modeling on principle, the core
community of modeling early adopters were providing
tools that focused on making models. The broader com-
munity was rejecting not modeling, but the tools that
were provided: the tools generated models but none of
the critical details on rationale and tradeoff that accom-
pany the documentation.

Given the significant consequences of organizational fail-
ure, we were compelled to present this information to the
broader community. We chose to create a design inter-

(b)
Figure 6. Low-fidelity prototype, with authoring pane on the left and model view on the right. (a) The image is a model

element; model view pane shows its element reference. (b) Text in narrative (authoring pane) is a reference to a model
reference, which is seen in the object browser.

vention, and asserted that a tool that could rejuvenate
MBSE tooling with a rich design rationale and accompa-
nying narrative might be able to provide the necessary
catalyst to spur organizational adoption.

Our investigation pointed to the memo as the artifact
that historically captured the design rationale. The his-
torical use of the memo primed the workplace culture
to be available to a software tool that looked, acted and
felt like the memos of old. By harnessing these social
affordances of the old paper memo, we offered the JPL
community a tool that brings the narrative to the fore-
ground and provides explicit references to the underlying
data, exposing the model and encouraging model-based
practices.

While preliminary results are positive, much study re-
mains. Though deep, our investigation reports only a
small window onto a significant transition underway in
the engineering workforce worldwide. We expect a rich
comparison between effects found at multiple work sites
will provide even more insight into the causes of this
cultural standoff.
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