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Every day engineers are confronted with complex grand challenges. Grand challenges related to
natural disasters represent a class of complex problems that require working across multiple
disciplines and involve not just solving the immediate problem but designing long-term sustainable
systems. In this paper, we present exploratory work to characterize students’ ability to formulate
cross-disciplinary problems for a complex, contextualized, and cross-disciplinary disaster relief
scenario. This includes a description of the study implemented in three global contexts, data
collection, analysis, and results including a discussion of the utility of the scenario tool to
distinguish group differences. The paper concludes with implications for research, instruction,

and assessment.
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1. INTRODUCTION

ENGINEERING IS inherently cross-disciplin-
ary—integrating broad knowledge towards some
purpose lies at the core of the engineering profes-
sion [1]. Here, ‘cross-disciplinary’ is used to present
a collection of practices (e.g., multidisciplinary,
interdisciplinary, and transdisciplinary) that
signify variations in the ways individuals create,
collaborate, and communicate across differences in
training or lived experiences [2-3]. Many studies
confirm how the nature of engineering work
involves thinking and working across technical
and non-technical considerations (e.g., human,
social, economic, political), negotiating among
different perspectives and territories of expertise
[4-5], transforming knowledge through reflective
practice [6], analogical reasoning across multiple
perspectives [7], and managing trade-offs where
solutions are judged by interdisciplinary criteria
[8]. Through cross-disciplinary practice people
come to understand new ways of innovating and
combine different perspectives in novel ways [9].
As we move into a global future, the ability for
engineers to work in cross-disciplinary environ-
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ments will be an essential competency to address
the issues of a ‘Flat World’ [10].

Every day engineers are confronted with
complex cross-disciplinary grand challenges
ranging from natural disasters to developing
novel solutions to improve the quality of every
day life. The National Academy of Engineering
published a list of ‘grand challenges’ that speak to
the every day needs of people and the planet
regarding access to clean water, health systems,
shelter within an urban infrastructure, and sustain-
able energy [11]. From a systems perspective, a key
issue to consider in these cross-disciplinary
problems is a goal of sustainability.

Sustainable design focuses on seeing the whole
system—goals and potential effects, immediate
and wide-ranging, with respect to time and place.
Harding [12] notes that sustainability should be the
framework through which all engineering activity
must take place because scientific and technical
aspects of engineering operate within a broader
social, environmental, political, and global
context. To be effective in the future, sustainability
practices must not only span all the traditional
disciplines, but also transcend traditional bound-
aries by working together alongside other fields
including architecture, science, social science,
philosophy, business and political science [13].
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Identifying and formulating complex, contex-
tualized, and cross-disciplinary problems plays an
important role in how we prepare engineers for
professional life [6, 14-15]. It is also important for
how we prepare future engineers to address global
needs and collaborate across diverse perspectives
and cultures [11, 16]. Reports on the future of
engineering education emphasize the importance
of preparing engineers to become professionals
who can deal with complexity, innovate, flexibly
adapt to new situations, and bridge disciplines to
produce deeper insights [17-19]. This focus on
problem formulation aligns with current views on
sustainability. Cradle-to-cradle approaches are
inherently problem-focused in that they focus on
working on the ‘right things’ rather than trying to
make the ‘wrong things’ less bad [20].

Many efforts in improving engineering educa-
tion seek to provide rich opportunities for engin-
eering learners to develop skills in formulating and
solving complex, contextualized, and cross-disci-
plinary problems that address sustainability issues.
This is evident in the growth of cross-disciplinary
(1) programs (e.g., ranging from service learning
programs and Engineering without Borders [21] to
new cross-disciplinary undergraduate degrees such
as ecological engineering), (2) curricula (e.g., semi-
nars and short courses, and senior capstone experi-
ences), and (3) research and design collaborations.
These efforts span undergraduate and graduate
education. For example, the Institute without
Boundaries [22] is a center for graduate research
and learning focused on effecting positive change
for humanity. One of their projects, World House,
seeks to confront the evolution of shelters for
coming generations for incorporating principles
of sustainability, accessibility, technological
responsiveness, and ecological balance.

There is considerable need to understand the
ways such programs prepare engineers to become
future global design professionals. As part of an
effort to design and implement a cross-disciplinary
engineering undergraduate degree, we developed a
tool to investigate the impact of this program on
students’ abilities to formulate complex, contex-
tualized, and cross-disciplinary problems. Students
were given a ‘disaster response system’ scenario
and asked to identify the issues they consider
important and the expertise they would want on
their team and why. As an exploratory study, our
broad research questions include: (1) how can we
effectively characterize problem formulation abil-
ities for this scenario type? and (2) what is the utility
of this approach in revealing relevant group differ-
ences?

The scenario task was implemented in three
global settings: two in the United Stated and the
third in China. Settings differed in the extent to
which (1) a natural disaster had recently been
experienced in that area and (2) students had
received guided instruction on cross-disciplinary
engineering or sustainability perspectives. For ex-
ample, the tool was implemented in a multidisci-

plinary professional seminar in an academic setting
where tornadoes are a likely natural disaster yet
one had not occurred in the specific area for more
than five years (N=12), at a site in New Orleans
where students involved in a service-learning
project were working as part of a project related
to Hurricane Katrina (N=12) [23], and an
academic setting in Beijing less than one month
after a significant earthquake (8.0 on the Richter
scale) was experienced in Sichuan (N=24). These
differences created opportunities to explore how
the scenario tool may distinguish group differ-
ences.

2. BACKGROUND

This section summarizes empirical research on
problem formulation in design and describes the
three lenses that guided the study—cross-discipli-
narity, systems thinking, and sustainability.

2.1 Problem formulation in design

Empirical research consistently illustrates the
importance of problem formulation abilities in
engineering design. Studies have shown significant
correlations between problem formulation activ-
ities and design success and expertise [15], reflec-
tive practice [6], adaptive expertise [24-25], and
more holistic approaches to sustainable design
[26]. For example, in a study comparing engineer-
ing freshmen and seniors designing a fictitious
playground, seniors gathered more information
about the problem across more categories such as
budget, safety, maintenance, materials, and labor
[27-28]; a similar trend emerged from a study on
the information gathering activities of practicing
engineering experts [29]. For both studies, infor-
mation gathering behaviors significantly and posi-
tively correlated with final solution quality.

Many studies of problem formulation abilities
illustrate the utility of providing a design scenario,
asking individuals to list the issues they consider
important, and then analyzing the types of issues
listed. In a series of studies investigating the
breadth and depth of issues considered important
for designing a flood retaining wall for an area in
the Midwest, statistical differences were observed
across gender [30] and within groups over a four-
year engineering curriculum [14]. The coding
scheme supported analysis across types of know-
ledge considered (technical, logistic, social, en-
vironment) in relation to the physical frame of
reference (the wall, the water that interacts with
the wall, the shoreline, and the community) [see
31]. This coding scheme was also translated for a
discipline-specific scenario for industrial engineer-
ing students [32].

2.2 Cross-disciplinary systems thinking
For this paper, the term cross-disciplinary repre-
sents a collection of practices associated with
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thinking and working across different perspectives:
multidisciplinary, interdisciplinary, and transdisci-
plinary. Where disciplinary practice may be signif-
ied as a deepening along a vertical axis, cross-
disciplinary practice is often signified as a hori-
zontal axis of breadth, comprehensiveness, and
synthesis [33]. This is often represented as a ‘T,
and those who work cross-disciplinarily are often
referred to as ‘T people’ or complex systems
thinkers. Systems thinking approaches, including
communication, collaboration, and attuning to the
human aspect of engineering problems have been
shown to be important features of cross-disciplin-
ary practice in engineering contexts [3].

Nelson and Stolterman [34] define systems
thinking as seeing and seeking interrelationships,
encouraging emergent phenomenon, and thinking
in terms of wholes rather than parts. They describe
systems thinking as the logic of design—assemblies
of interrelated functional relationships between the
design context and design intentions. Design inten-
tions represent the process of giving direction to
‘that which is desired’, provide a framework for
framing and judging design decisions, and emphas-
ize the importance of problem formulation in
design. The design context embodies aspects of
interacting systems (e.g., technical, social, political
and economic perspectives) and their related func-
tions. Nelson and Stolterman illustrate the rela-
tionship between design context and intentions
through ‘system palette’ representations [34].
These can be two-dimensional representations
that parallel other coding frameworks [14, 31] yet
differ in their ability to characterize how an inten-
tion or goal may be achieved through a mix of
cross-disciplinary inquiry within a contextualized
system frame.

2.3 Sustainable design

McLennan [20] defines sustainable design as a
philosophy that seeks to maximize the quality of
the built environment by regenerating environmen-
tal and social systems while minimizing or
eliminating negative impact to the natural environ-
ment. This emphasizes a philosophy of doing more
with less, generating less waste and pollution, using
renewable rather than non-renewable resources,
minimizing the harmful affects on human health
and the environment, and working on the ‘right’
things rather than trying to make the ‘wrong’ ones
less ‘bad’ [20, 35]. This expands the scope under
consideration from the primary purpose of a
product or system to consider the whole—what
its goals and potential effects are, both immediate
and wide-ranging, with respect to both time and
place [26]. This view of sustainable design emphas-
izes the need for cross-disciplinary teams and
systems thinking that links resources, infrastruc-
tures, people, and society.

A recent empirical investigation provides further
support for the relationship between problem
formulation and sustainable design [26]. Twenty-
two practitioners (practicing engineers and other

professionals many of whom worked across multi-
ple disciplines) were interviewed about their
experiences with sustainable design and the result-
ing transcripts were analysed using a phenomeno-
graphical approach. The results show that more
comprehensive experiences of sustainable design
emphasize the importance of problem formulation
and systems thinking with a particular emphasis
on a life cycle of complex impacts to social,
environmental, and socio-technical systems. The
outcome of the study is a framework of five
categories each representing a qualitatively differ-
ent way of experiencing sustainable design: solu-
tion finding, reductionist problem solving, holistic
problem solving, social network problem, and a
way of life. These categories go from least compre-
hensive to more comprehensive in their inclusion
of aspects related to time available, scope of work,
and flexibility.

3. METHODS

The focus of this study was to design and
implement a tool to investigate students’ abilities
to formulate complex, contextualized, and cross-
disciplinary problems involving sustainability
issues. The following sections describe the design
task, the study participants, and the process of
collecting, coding, and analyzing the data.

3.1 Design task

The frameworks presented in the Background
section guided choices regarding the nature of the
task scenario and ways to elicit problem formula-
tion knowledge. As shown in Fig. 1, the partici-
pants were given a scenario and asked to identify:
the issues they would consider important and the
expertise they would need (team members). Char-
acteristics of the scenario exhibit features of
authentic design tasks [36-37] including: ambigu-
ity, the existence of multiple possible solutions,
complexity and interrelated functions, authentic
stakeholders, and cross-disciplinary needs that
link technical, environmental, social, economic,
and political perspectives. Sustainability was inte-
grated into the scenario by focusing on regenerat-
ing environmental and social systems [20],
interrelationships between time and scope of
work [26], and the ways potential effects may be
immediate and far reaching across societal, eco-
nomic, technological, and environmental dimen-
sions [12].

As noted earlier, elicitation methods were
selected based on existing research on problem
formulation that illustrates the utility of asking
participants to list the issues they consider impor-
tant for a particular situation. The question on
what kinds of expertise would be needed was
added to specifically elicit cross-disciplinary
perspectives. This fits with a complex system
design framework that encourages a mix of disci-
plinary inquiry within a system frame [34] and a



Exploring Student Differences in Formulating Cross-Disciplinary Sustainability Problems 327

DISASTER RELIEF SCENARIO TASK

to these questions.

Directions: Consider the following scenario -~ and respond to the questions below. This activity will take
30 minutes. Please be honest in your response. This is not a “test” - there are no right or wrong answers

Recent Natural disasters (e.g., tsunamis, earthquakes, hurricanes, tornadoes, fires, and floods) were a hot topic at the
International Conference on Predicting and Responding to Natural Disasters last month. The conference brought

tornadoes in Tippecanoe County.

more space.

in people with diverse backgrounds from around the world, particularly those who live or work in “disaster-
plagued” areas such as Florida and Singapore. At the end of the conference, you (as an Multidisciplinary Engineer)
were asked to bring together a team that would focus on developing new ideas for a “disaster response system” for

e What issues do you think are important to consider? Please use the back of this page if you need

e  Who would you want on your team? For each team member identify the expertise they would
bring and how (or when) they would contribute to the project.

Fig. 1. Disaster relief scenario task.

sustainable design framework that emphasizes a
network of expertise [26]. Triangulating responses
between the expertise and issue questions provides
opportunities to analyze relationships between
issues considered important and the kinds of
expertise necessary to address these issues.

3.2 Participants

The task was implemented in three global
settings to examine the ways in which the task
may reveal relevant group differences as shown in
Table 1. Two settings were in the United States
(Midwest and the Southeast) and the third was in a
metropolitan area in China. All participants were
enrolled in a post-secondary institution and pursu-
ing at least a baccalaureate degree. Characteristics
across study cohorts are summarized in Table 1.

Each cohort differed to the extent that they lived
or worked in an area that recently experienced a
natural disaster such as a tornado, hurricane, or
earthquake. This allowed exploring how proximity
(time and space) and experience (personal and
educational) may influence the ways students
formulate complex, contextualized, and cross-
disciplinary problems. For example, the China
participants, who resided in Beijing, were closest
in time to a major natural disaster (the Sichuan
Earthquake of 2008 that measured 8.0 on the
Richter scale). Three elements made the disaster
relevant for the Chinese students: people in Beijing
high-rise buildings reported feeling their building

sway at the time of the earthquake, reports on the
ground response came almost immediately and
was extensively covered with live media footage,
and a number of the China participants commen-
ted to the task administrator that they had friends
of family that were directly impacted by the earth-
quake.

In contrast, the US (Katrina) group was closest
in space to a major natural disaster (Hurricane
Katrina of 2005). This group of students worked
for three months, on a daily basis, rebuilding
homes at ‘Ground Zero’ for Hurricane Katrina:
the cities of Bay St. Louis and Waveland, Missis-
sippi [23]. These students had daily exposure to
hurricane victims, ongoing recovery efforts, and
the complex (economic, social, cultural, emotional)
impacts of Katrina on individual residents and
larger groups (local governments, faith-based
organizations, community relief groups, etc.).
Finally, the US (MDE) group was most removed
in time and space from a natural disaster (the last
tornado in the county occurred before their enroll-
ment at the school) but may have had the closest
personal relationship to the natural disaster type
due to the frequency of tornado warnings during a
typical school year.

Cohorts also differed in their academic training
and whether they were recruited from an environ-
ment that included instruction on issues pertinent
to the task (e.g., complex systems, cross-discipli-
narity, sustainability). The US students were

Table 1 Group characteristics of study participants.

US (MDE)

US (Katrina)

China (Engineers)

China (Non-Engineers)

TorAL
Proximity—Time
Proximity—Location

Natural disaster type
Guided instruction

Engineering majors

12

Historical > 5 years
On-site, no recent
impact

Tornado

MDE Professional
Seminar

Yes

12 (4 teams of 3)
Recent (1 year)
On-site, after impact

Hurricane
Service-learning
immersion

Mix with social science,
law, etc.

11
Recent (1 month)
During impact

Earthquake
n/a

Yes

14
Recent (1 month)
During impact

Earthquake
n/a

No
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recruited from specific educational programs while
the Chinese students were recruited from univer-
sity dining and study halls used by engineering and
non-engineering majors. More specifically, the US
(MDE) students were enrolled in a Multidisciplin-
ary Engineering (MDE) major at a major Midwest
university. The program included an integrated
science class, engineering content courses using
cross-disciplinary pedagogies such as collaborative
teaching, and multiple cross-disciplinary design
experiences such as service learning experiences
and a capstone design course. Study participants
were recruited during a sophomore/junior profes-
sional seminar designed to complement their other
courses. The goals of this one-credit seminar were
to help students identify contemporary issues that
drive a need for cross-disciplinary approaches,
develop a professional identity as a cross-disciplin-
ary engineer, and understand the kinds of know-
ledge and skills necessary to be a successful cross-
disciplinary engineer. Students discussed readings
[e.g., 9], engaged in a variety of activities such as
finding contemporary cross-disciplinary problem
and defining the kinds of issues or knowledge they
involve, and produced a cross-disciplinary elevator
speech and plan of study for their remaining
coursework.

In comparison, the US (Katrina) students were
in an undergraduate program at a major North-
western university and were pursuing a variety of
majors ranging from engineering to law and social
justice [23]. The students were recruited during an
innovative integrated and immersion service-learn-
ing experience in a domestic study abroad experi-
ence that drew heavily on active, collaborative, and
experiential learning components of the Commu-
nity of Learners model by Brown and Campione
[38]. The curriculum integrated formal academic
coursework (a 5 credit course ‘The Impact of
Katrina on Technology and Infrastructure’ and a
1 credit service-learning seminar) simultaneously
with immersion in service and an intensive applica-
tion of technology and engineering concepts in a
timely situation of national relevance. All of this
occurred on site during the second year of a 15-20
year recovery effort in city of Bay St. Louis where
Hurricane Katrina had the most devastating
impact. The service-learning component involved
3.5 days per week over a 10-week term, rebuild
assignments (e.g., from gutting to sheet rock
installation and plumbing), and local outreach to
a displaced elementary school (e.g., supporting
Katrina-related science fair projects such as hurri-
cane proof home construction and wetlands storm
surge protection). Immersion allowed delving into
unanticipated issues such as the impact of a former
hurricane (Hurricane Betsy) on the toxicity of a
landfill site occupied primarily by disenfranchised
people in New Orleans as well as forming longer-
term relationships with those affected in the
community. The academic component addressed
critical analyses of natural disaster leadership,
response, and recovery through weekly reflections

on readings, a term paper, and an electronic
portfolio.

3.3 Data collection

All participants were given the same amount of
time to complete the task. Data was collected over
a two-year period starting first with the US
(MDE), then the US (Katrina) group, and then
the China groups. The US (MDE) participants
completed the task on the last day of the MDE
Professional Seminar, the US (Katrina) partici-
pants during the last week of their guided
service-learning experience, and the China partici-
pants within a month of the Sichuan earthquake.
For the Chinese participants, study materials were
translated into Chinese and the task was modified
from a tornado scenario to an earthquake sce-
nario. All Chinese participants had the opportu-
nity to write responses to the task in their language
of choice, which was then translated into English
for data analysis.

3.4 Coding the data—sustainability intentions and
cross-disciplinary functions

All identifiers were removed and the data was
placed in an excel database. While existing
research suggests frameworks for characterizing
problem formulation abilities, they are limited in
their ability to address cross-disciplinary systems
thinking or sustainability perspectives. Therefore,
we developed alternative coding schemes following
a grounded theory approach [39]. The coding
process began with segmenting the data from
each question into distinct units or ideas, printing
these onto separate pieces of paper that included a
student identifier, and sorting the papers into piles.
This was an iterative and collaborative process
that continued until a consistent and reliable set
of interrelated categories emerged.

The first coding scheme, the Intention codes,
characterize a sustainable systems perspective as a
time-sensitive, goal-directed cyclic process of mini-
mizing impact on the system, maximizing speed of
recovery, and enhancing the environment by
designing for sustainability. Individual categories
and their relationships are summarized in Fig. 2.
As shown here, the codes characterize phases (in
time, scope of work, and flexibility of resources) of
a disaster relief plan: prevention, first response,
treatment, up and running, recovery, and design
for future improvements. Prevention characterizes
efforts to minimize the level of damage once a
disaster occurs (e.g., meteorology efforts, early
warning systems, safety standards, resource
reserves, understanding how tornadoes work);
First Response refers to efforts to minimize the
speed of response once a disaster occurs such as
practice drills and training sessions. Treatment
characterizes efforts to treat and manage the
impact of the disaster to people, places, structures,
and infrastructures. One goal of a disaster relief
plan would be to minimize the duration of the
treatment phase so that the system could quickly
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FIRST RESPONSE
(Minimize response
time)

PREVENTION
(Minimize impact)

TREATMENT

DESIGN FOR FUTURE
(Enhance system, minimize
future impact)

RESTORE

o
impact)

Impact

T

Disaster
Impact

(Enhance
sustainability)

\ UP & RUNNING

(Facilitate recovery)

Pre
}‘
I"‘

Minimize recovery time

Fig. 2. Intention coding scheme for disaster relief scenario.

get Up and Running for long-term recovery (e.g.,
ways to get the community back on track including
business and financial planning). Restore charac-
terizes efforts to move the system towards sustain-
ability across social, economic, political, and
environmental needs; in other words reconstruct-
ing the system to where it could maintain itself
without considerable external resources. Finally,
Designing for Future Improvements is a phase that
re-enters the prevention phase by focusing on
sustainable design through new and safer struc-
tures, infrastructures, standards, or processes that
would minimize the impact of a future disaster or
maximize enhancement of the disaster zone. We
also coded for process activities including creating
the actual disaster relief plan, making choices
about who would be on the team, and evaluating
the final plan. These were categories of a Planning
coding scheme that focus on the social and
management dynamics within a cross-disciplinary
team.

To characterize cross-disciplinary systems
perspectives we added a second layer to the
coding scheme, Function codes. These characterize
the cross-disciplinary functional aspects of the

system: Resources, Infrastructure, Humanist,
Communication, Management of plan develop-
ment, and Management of the plan in action.
These are typical categories for describing complex
techno-social systems [34]. A description of these
categories is provided in Table 2. Investigating
interactions between the Intention and Function
coding schemes allowed analyzing how a particular
goal such as Treatment related to particular func-
tions such as humanist or communication func-
tions. It also allowed analyzing how a person with
a particular expertise (from the ‘expertise’ ques-
tion) might be needed for various system goals as
characterized by the Intention codes (from the
‘issues’ question).

4. RESULTS

Research questions guiding this exploratory
study include: (1) how can we effectively character-
ize problem formulation abilities for this scenario
type? and (2) what is the utility of this approach in
revealing relevant group differences? A statistical
average was calculated to facilitate across group

Table 2. Function coding scheme.

Functional categories

Descriptions

Resources

Financial: Provide finances to aid response to a disaster.

Physical: Meet basic physical needs.
People: Labor (skilled, unskilled, professional) to do whatever is needed.

Infrastructure

Humanist

Communication

Management (create plan)

Management (plan in action)

Clean-up: Help clean area.

Rebuild: Help rebuild/restore area.

Improve: Improve the structure to decrease future damage.
Inspect: In order to ensure safety of users.

Medical: Heal the injured.
Emergency Services (non-medical): Search and rescue, population control and management.
Counseling: Manage distress and displacement, focus on quality of life.

Historical wisdom: Provide information on past experiences.
Ease: Facilitate understanding between people, get social system back on track.
Warning: Provide a clear and reliable warning to people.

Evaluate: Assess likelihood of plan working.
Team choice: Determine expertise needed to create response plan.
Plan: Creating a plan for future disasters.

Evaluating: Monitor how the plan worked or if changes are needed.

Team choosing: Determine expertise in current response effort.
Planning: Response is made as planned.
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comparisons. The unit of analysis was based on
individual participant responses except for the US
(Katrina) group, which completed the task as
groups of three. A full statistical analysis was not
conducted due to the limitations of the study;
rather, the focus is on illustrating and exploring
trends in responses to the scenario that may guide
future work. Findings are summarized in the
following sections through three lenses (1) sustain-
ability as an intentional goal, (2) planning goals,
(3) cross-disciplinary functional requirements, and
(4) system interactions between intentions and
functional requirements.

4.1 Sustainability as an intentional goal

As stated earlier, the Intention codes provide a
way to characterize abilities to formulate complex
design problems through a sustainability lens. This
coding scheme emphasizes issues of time, scope,
and flexibility regarding full recovery of a social,
human, technical, economic, and political system
(Fig. 2). As shown in Fig. 3, intentions emphasized
Treatment significantly above all other issues.
Issues coded as Treatment, similar to those coded
as First Response, involved addressing short-term
needs of specific scope and limited flexibility in
time-sensitive response actions. Treatment issues
spanned a variety of human, infrastructure, and
system needs: search and rescue, food and shelter,
clean water, medical and counseling, utilities,
transportation routes, communication networks,
security, and government declarations of emer-
gency. One explanation for the emphasis on Treat-
ment may be the typical level of media coverage on
disasters, the visceral quality of watching the
impact of disasters on human life, or the imme-
diacy of life and death human needs. As one
student in the China group notes, ‘the lives of the
people are most important.” The kinds of expertise
participants associated with Treatment issues
included leadership roles such as a town mayor
as well as specific training such as emergency
workers, medical personnel, psychiatrists, police
and firemen, and a variety of engineers (e.g.,
chemical, civil, construction).

There were unique responses across groups

Design for Future
Restore

Up and running
Treatment

First Response

Prevention

0.00 2.00 4.00

regarding Treatment. Only the China participants
identified issues of microorganism and disease
control, media coverage, and after shocks (an
issue perhaps unique to earthquakes). Disinfection
was one of the highest priorities mentioned by
China’s President and spraying disinfectant was a
constant image in the media coverage of treatment
efforts. For example, one Chinese participant was
concerned about the likelihood of ‘potential
secondary disasters, earthquakes for instance
have aftershocks that bring a lot of people trou-
bles, and predicting probable future disasters is
important.” China participants were also unique in
identifying traffic management and control issues,
which may be indicative of life in urban ‘mega-
cities’.

The US (Katrina) participants were unique in
identifying a need to declare a federal or state
emergency as necessary for releasing funds for
large scale relief and recovery efforts. One expla-
nation may be that these students were heavily
exposed to residents who were still talking about
the impact of Katrina, in particular their experi-
ences with the shock of a massive loss of infra-
structure and their anxieties in continuing to meet
daily human needs. The US (Katrina) participants
were also unique in their ability to identify local
expertise to meet Treatment issues such as equip-
ping local Wal-Mart managers with quick access to
resources and people who ‘control shelter areas’.
This may be a form of insider knowledge unique to
their on-site experience.

Students were far less likely to cite Prevention
issues for the disaster relief scenario, particularly
the US (Katrina) participants. Prevention issues
included warning systems, effective means for
predicting and communicating impending peril,
evacuation plan development, and safety educa-
tion. Prevention considerations, similar to Design
for Future issues, focused on long-term needs of
broad scope and time span, enabling greater flex-
ibility in future response actions. Expertise asso-
ciated with  Prevention issues included
meteorologist and geologists, people with histor-
ical wisdom in the area (e.g., police, firemen,
emergency workers), communication specialists,

® China (Non-Engineers)
China (Engineers)
US (Katrina)

®=Us (MDE)

6.00 8.00

Issues considered important (average)

Fig. 3. Intention coding scheme analysis across groups for issues considered important.
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and architects and engineers who can retrofit or
rebuild physical structures.

The US (Katrina) participants may have been
less likely to identify Prevention issues or expertise
because they were immersed in ongoing commu-
nity-based restoration efforts and dealing with a
substantial lack of crucial infrastructure to move
beyond treatment efforts. When they did identify
Prevention issues they were unique in identifying
‘fund reserves to aid people at all levels of govern-
ment’ and lawyers who could manage or accelerate
insurance claims. Their deep immersion in recov-
ery efforts may have focused their awareness on
the long-term impacts of inadequate treatment
efforts and hence their greater focus on Treatment
issues [23]. For example, some of the US (Katrina)
participants were involved on a toxic landfill
project that was the result of a prior hurricane
(Hurricane Betsy). Proximity to a disaster also
appeared to influence the China participants’
responses. Prevention issues emphasized a need
for better warning systems and safety education:
‘(t)he earthquake that happened in Sichuan caused
much more damage because it was unprecedented’,
‘make knowledge of self-protection principles
universal’, and ‘organize information into
brochures, putting them into things such as strip
cartoons, for adults, to spread more easily.” They
also emphasized a need to improve pre-existing
conditions to reduce the spread of disease should a
disaster occur.

As a group the US participants, as compared to
the China participants, were less likely to identify
post-disaster Up and Running issues such as clear-
ing up roadways and traffic, establishing consis-
tent water and food supplies, power and
communication grids, and resettling victims. A
consistent unique feature of the China responses
was a focus on controlling the spread of disease
which one student relates ‘to the national status of
being a developing country’ and a related need for
‘help from other countries’. Further, the China
(Non-Engineers) participants were more likely to
focus on social and medical issues, rather than
physical infrastructure issues, as part of getting
the system back on track: ‘a person who can
provide us medical treatment. His work starts
before we arrive at the area. He must keep us
healthy and energetic for work.” This trend may
be indicative of differences in academic training as
well as cultural differences [40]. In comparison, the
US (Katrina) participants were more likely to
focus on engaging and drawing upon resources in
the local community such as calling ‘a town meet-
ing and find out what people can do’ and finding
‘local contractors.’” Again, just as their on-site
immersion may have influenced the kinds of
expertise they identified as necessary for treating
disaster response issues, their localized experience
may have prompted a belief that Up and Running
issues were the responsibility of government offi-
cials and as such outside their sphere of influence.

Restore and Design for Future issues were also

less evident in participants’ responses; however,
Restore issues were particularly salient for the
China and US (Katrina) participants. For ex-
ample, one US (Katrina) participant listed
‘homes and businesses will be gone and it is
important to get them back to normal quickly’
and a China (Engineer) participant listed ‘the most
important issue is to help the affected people to
escape the disaster’s shadow as soon as possible,
including recovering local economy.” There were
also differences across the kinds of expertise iden-
tified. US (Katrina) participants identified local
expertise such as ‘DIY (do-it-yourself) folks’ while
US (MDE) and China (Engineers) participants
identified broad expertise such as different kinds
of engineers, construction workers, architects,
legislators and politicians, environmental and
ecological scientists, and even entrepreneurs who
‘understand the financial aspects of a large-scale
project’ and are ‘willing to try new ideas’. Again,
the US (Katrina) participants had on-site experi-
ence with the complete collapse of the urban
infrastructure which may have prompted a reliance
on local over external expertise. Consistent with a
focus on more human and social issues, the China
(Non-Engineers) participants identified a need for
various kinds of social science specialists. Finally,
few participants identified Design for Future issues
and those who did focused on disaster resistant
housing. As an interesting note, some US (MDE)
students identified a need for mathematicians who
could do extensive analysis on the probability of
structural damage in the future.

4.2 Planning

Table 3 summarizes average response patterns
across the two task questions for each coding
scheme (expertise responses are in parentheses).
In most situations, results across task questions
were complementary—participants who identified
particular kinds of issues were also likely to
identify related expertise needs. For example, a
participant who identified a need for meteorologi-
cal data often identified a need for meteorologists
on the design team; participants who identified a
need for search and rescue expertise often identi-
fied a need for finding and treating trapped disas-
ter victims. There were few instances where a
particular kind of expertise such as a medical
nurse was associated with multiple Intention
goals. For example, one China participant identi-
fied general medical knowledge as being broadly
applicable across many sustainability goals such as
planning the plan, emergency response during
treatment, disease management to get a system
up and running, and restoring infrastructure for
clean water and sanitation.

While most responses to the two task questions
were complementary there was one exception. The
results in Fig. 4 illustrate across group differences
for the Planning code for both disaster relief ques-
tions. China participants were more likely to iden-
tify planning issues in response to the question
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Table 3. Group averages for all coding scheme categories for both task questions (expertise and issues)

US (MDE) US (Katrina) China (Engineers) China (Non-Engineers)

UNIT OF ANALYSIS Individual Teams of 3 Individual Individual
INTENTION: ISSUES (EXPERTISE)

TOTAL 11.5 (9.25) 4.88 (3.25) 8.00 (7.38) 6.25 (8.12)
Prevent 1.00 (1.75) 0.25 (0.75) 0.91 (0.45) 1.07 (1.00)
First Response 0.42 (0.50) 0(0) 0.09 (0) 0 (0.07)
Treatment 2.83 (2.67) 6.75 (4.00) 2.45 (2.54) 1.00 (0.71)
Up and Running 0.50 (0.33) 0.25 (1.25) 1.09 (0.45) 0.57 (0.36)
Restore 0.75 (0.58) 0.75 (0.50) 0.27 (0.55) 0.28 (1.07)
Design for Future 0.17 (0.17) 0.25 (0) 0.18 (0) 0 (0)
PLANNING: IsSUES (EXPERTISE) 2.00 (0.17) 1.50 (0) 0.82 (1.36) 0.64 (1.78)
FUNCTION: ISSUES (EXPERTISE)

Resources 1.17 (0.92) 3.00 (2.25) 1.00 (0.45) 0.71 (0.86)
Infrastructure 1.67 (1.92) 0.50 (1.00) 1.36 (1.00) 0.36 (0.79)
Humanist 0.83 (1.25) 2.00 (1.25) 1.00 (1.55) 0.50 (0.64)
Communication 1.50 (1.33) 2.50 (1.00) 1.00 (1.09) 1.14 (1.71)
Management (create plan) 1.42 (0.08) 0.50 (0) 0.55 (0.55) 0.14 (0.50)
Management (plan in action) 1.00 (0.67) 1.25 (1.00) 0.91 (0.73) 0.57 (0.14)

about what expertise was necessary for the team,
whereas the US groups were more likely to identify
these in response to the question about what issues
are important. This result may reflect the emphasis
on content (issues) over explicit teamwork based
instruction that is prevalent in US engineering
instruction. It also suggests that responses to both
questions may be necessary to fully characterize
participants’ understanding of the task. Finally,
while it is valuable that participants identified plan-
ning issues, the low averages for this code across all
groups illustrate how challenging it may be for
students to identify these kinds of broad impacts
given their under-representation or superficial role
in typical engineering curricula [41].

4.3 Cross-disciplinary functional requirements

The Function codes represent systems know-
ledge across diverse socio-technical system compo-
nents that acknowledge management and planning
needs. As shown in Fig. 5, the US (Katrina) and
China (Non-Engineers) groups have similar
patterns that emphasize resource, communication,
and humanist issues. They may be similar due to
their shared experiences around significant disas-
ters or to their group composition as predomi-
nantly non-engineering majors. Examples of
communication issues include having information
systems with open communication channels, help-
ing people get connected, local historians or guides
who have knowledge of past disasters, and weather
people who can provide information for media

1
China (Non-
Engineers)

i

China (Engineers)
Extemporal Planning
(Team)

®Extemporal Planning

US (Katrina)
[ (Issues)

US (MDE)

0.00 0.50 1.00 1.50 2.00 2.50

Fig. 4. Planning code average across groups.

networks. Humanist issues focused on addressing
people’s needs and maintaining the peace; the
associated expertise needed to meet these needs
include rescue workers, medical and psychiatric
specialists, local law officials, and pastors.
Resource issues ranged from skilled or volunteer
labor to insurance or fund reserves to survival
supplies and shelter to agreements between utility
companies and the local or national government.

The US (MDE) and China (Engineers) groups
have similar patterns that emphasize infrastructure
and management issues, which may be due to their
shared engineering training. Examples of infra-
structure issues include building and repairing
structures, restoring ecosystems and cleaning up
hazardous waste, transportation and commun-
ication systems, and disease control. Associated
expertise included structural and civil engineers,
construction workers, environmentalists, ecolo-
gists, and traffic engineers. Issues regarding the
creation of the disaster relief plan include organ-
ization and leadership, ways to mobilize groups,
maintenance and flexibility of the plan, and trans-
parency of information. Issues regarding mana-
ging the plan in action included mediating team
dynamics and evaluating progress to plan.
Comparing results across the Intention and Func-
tion coding schemes it becomes evident that
although the two China groups appear similar
for the Intention analysis, they differ significantly
for the Function analysis. This suggests that each
coding scheme brings a unique contribution to
understanding how participants formulated this
design problem.

4.4 A systems view—relating sustainability
intentions to functional requirements

Combining the Intention and Function coding
schemes into a ‘system palette’ [34] provides an
integrated analysis across all problem formulation
lenses. These are provided in Figs 6a—d as a group
average. These system palettes illustrate the
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Management (plan
in action)

Management (create
plan)

Infrastructure

Humanist

US (MDE)

Communication — _____ US (Katrina)

China (Engineers)

China (Non-Engineers)

Fig. 5. Function analysis across all groups for issues considered important.

breadth and depth of issues considered as well as
opportunities for improvement. In these diagrams,
breadth is represented as the number and location
of squares across multiple Intention-Function
intersections (e.g., the intersection of Treatment
goals and humanist functions). Multiple squares
across the grid illustrate the extent to which the
system palette is broadly defined. Depth is repre-
sented as the extent to which the squares are
‘filled’. For example, ‘| |’ represents a group
average of less than 0.25 responses, ‘"1’ a group
average between 0.5 and 0.75 responses, and ‘Ill” a
group average between 1.5 and 2.0 responses. As
such, the type of square is indicative of the depth
of understanding associated with a particular
intersection in the diagram.

A number of system patterns can be discerned
by using the US (Katrina) group as a reference
point. On average the US (Katrina) group had
depth and breadth of Treatment goals across
multiple  functional requirements—resources,
humanist, communication, and management (Fig.
6a). Here, breadth is evident in the diversity of
functions considered important for disaster treat-
ment and depth is evident in the number of issues
identified for each functional requirement (i.e., the
extent to which the square is a solid fill). Humanist
functions were the most common issues; however
these were identified only in relation to Treatment
goals. The US (Katrina) participants also tended
to identify resource needs across multiple goals
(e.g., Treatment, Up and Running, Restore, and
Planning) as compared to infrastructure needs.
The pattern in Fig. 6a also illustrates a clear
emphasis on post-disaster issues such as Treat-
ment, Restore, and Design for Future issues. The
US (Katrina) students were immersed in day to
day issues and may have found it difficult to switch
gears into a broader vision across time scales;
however the term papers they submitted at the
end of the immersion experience reflect an aware-
ness of pre-disaster Prevention issues [23].

While the US (MDE) group had a similar

pattern regarding breadth or coverage of post-
disaster treatment issues across multiple functional
requirements (Fig. 6b), there were some notable
differences that may be associated with their en-
gineering training or experience with disaster
warning systems. First, on average there was
more breadth of responses for Prevention (e.g.,
infrastructure and communication) and First
Response goals (e.g., infrastructure, humanist,
communication, and management in action).
Second, where the US (Katrina) group emphasized
resource needs across multiple goals the US
(MDE) group emphasized infrastructure needs
across goals of Prevention, Up and Running, and
Restore. This may be an influence of their engin-
eering training. The engineering students were a
minority in the US (Katrina) group—only three of
the twelve were in an engineering major. Finally,
while the US (Katrina) group had greater depth of
responses, the US (MDE) group had greater
breadth. This may be an influence of course
activities in the MDE program that focused on
helping students think broadly. What the US
(MDE) students may have lacked is depth of
understanding around these broad issues that
may be developed through an extensive immersion
experience.

As shown in Figs 6¢ and 6d, there continue to be
similarities in breadth across all groups; however,
there are differences in depth of responses across
the system palettes. While it should not be assumed
that all the Chinese participants had the same
experience regarding the earthquake in Sichuan,
they did differ in their undergraduate major. As
such, it is remarkable that there is a discernible
difference in their diagrams that is comparable to a
difference between the US (Katrina) and US
(MDE) experiences (e.g., engineering major).
Where the average for the China (Non-Engineers)
had the greatest depth at the intersections of
Prevention-Communication and  Treatment-
Humanist, the China (Engineers) had the greatest
depth at the Treatment-Humanist, Treatment-
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Fig. 6a. System palette diagram for average US (Katrina) team.
Key: [ (average less than 0.25 responses), [-] (between 0.25 and
0.50), [= (between 0.50 and 0.75), & (between 0.75 and 1.0),

(between 1.0 and 1.5), W (between 1.5 and 2.0).
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Humanist
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Fig. 6¢c. System palette diagram for average China (Non-
Engineers) participant. Key: [ (average less than 0.25
responses), [ (between 0.25 and 0.50), = (between 0.50 and
0.75), & (between 0.75 and 1.0), m (between 1.0 and 1.5),
M (between 1.5 and 2.0).

Responses, and various planning intersections. In
addition, where the US (Katrina) diagram em-
phasizes the interrelationship between commun-
ication needs with Treatment goals, the China
(Non-Engineers) diagram emphasizes commun-
ication needs with Prevention goals. This may be
an influence of their proximity to an actual disaster
since participants in this group identified a number
of communication challenges about safety educa-
tion that could minimize the impact of a disaster.
Similarly, the Chinese participants identified both
pre-disaster and post-disaster issues that may be an
influence of their disaster experience. For exam-
ples, they expressed concerns about the quality of
warning and disaster education systems and a
desire to quickly get out of ‘the shadow’ of the
recent disaster.

5. DISCUSSION

Overall, the analyses presented in Figures 4-6
illustrate the utility of the design scenario task and
associated coding frameworks in (1) characterizing
problem formulation abilities through a cross-
disciplinary sustainable system perspective and
(2) revealing relevant group differences associated
with proximity to a disaster, undergraduate major,
and educational experiences that address issues of
cross-disciplinarity and sustainability.

Management -
(Plan in action) =

Management
(Create plan)

Communication

Humanist

Infrastructure O

‘CROSS-DISCIPLINARY FUNCTION

Resources

Prevent
First
Response

Treatment
Up & Run
Restore

Planning

SUSTAINABILITY INTENTIONS

Fig. 6b. System palette diagram for average US (MSE) parti-

cipant. Key: (] (average less than 0.25 responses), [-] (between

0.25 and 0.50), [= (between 0.50 and 0.75), & (between 0.75 and
1.0), m (between 1.0 and 1.5), m (between 1.5 and 2.0).

Management
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(Create plan)

Communication

Humanist

Infrastructure

CROSS-DISCIPLINARY FUNCTION
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Restore
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SUSTAINABILITY INTENTIONS

Fig. 6d. System palette diagram for average China (Engineers)
participant. Key: [ (average less than 0.25 responses),
(between 0.25 and 0.50), [ (between 0.50 and 0.75),
(between 0.75 and 1.0), m (between 1.0 and 1.5), m (between
1.5 and 2.0).

Collectively, the Intention, Planning, and Func-
tion coding schemes for the issues and expertise
task questions paint a picture of an ability to
formulate complex, contextualized, and cross-
disciplinary sustainable design problems. These
coding schemes also highlight opportunities for
improving problem formulation abilities. The
Intention codes emphasize differences in time,
scope, and flexibility regarding goals for designing
a disaster relief plan. These codes map to a philo-
sophy of sustainable design that speaks to short
and long term needs [20] as well as an empirically
derived framework that characterizes increasingly
comprehensive understandings of sustainable
design [26]. For example, issues coded as Preven-
tion, Restore, or Design for Future may represent
a very comprehensive ‘social network problem
solving sustainable design approach’ due to the
extremely long time periods involved, the large
scope, and the considerable level of flexibility.
This may help explain the limited coverage of
these kinds of issues across the average partici-
pants’ responses since participants had limited
professional experience. Similarly, issues coded as
Treatment may represent a less comprehensive
‘reductionist problem solving sustainable design
approach’ due to the shorter term planning,
targeted scope, and limited flexibility. Again, this
may help explain the considerable emphasis on
Treatment issues for participants with limited
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experience designing disaster relief systems. This
suggests that students may need guidance in devel-
oping a broader perspective of the impact of
natural disasters and the associated goals for
designing an effective disaster relief system [41].
The results suggest similar opportunities for
improvement regarding the Planning code analy-
sis.

The Function codes illuminated the breadth and
depth of participants’ responses across cross-disci-
plinary system level issues of communication,
humanist, resource, infrastructure, and manage-
ment needs. Integrating these with Intention
codes to create system palette representations
provided opportunities to understand and critique
how participants relate goals (Intention code) to
system requirements (Function code). For ex-
ample, the diagrams in Fig. 6a through 6d suggest
that there are opportunities for participants to
develop a more comprehensive perspective and
set of usable skills. Finally, including both the
issues and expertise task questions provided
opportunities to triangulate findings and examine
how participants associated expertise across multi-
ple system goals or functions.

The coding frameworks also revealed relevant
group differences that might be anticipated due to
differences in experiences or proximity with a
natural disaster, undergraduate engineering
major, and guided instruction around cross-disci-
plinary thinking. For example, while the China
groups had similar response patterns for the Inten-
tion analyses they had noticeably different
responses regarding the Function analyses that
may be associated with their undergraduate
major. The depth of responses of the US (Katrina)
participants as evidenced in the system palette
diagrams may be associated with their immersive
educational experiences on-site in the Hurricane
Katrina disaster zone and triangulates with the
content of term papers submitted for this course
[23]. Their depth of responses may be indicative of
deeper learning, as compared to surface learning.
Proximity to a disaster or disaster site also
appeared to play a role—China participants’
recent disaster experience may have influenced
how their responses addressed both pre and post
disaster needs while the US (Katrina) participants’
responses suggest they were influenced both by
their community interactions on site as well as
their shared educational experience. Finally, there
was a strong difference across undergraduate
majors. Participants who were in engineering
majors, regardless of being in the US or China,
identified similar functional requirements. In parti-
cular, the US (MDE) and China (Engineers)
participants were more likely to identify infrastruc-
ture and management needs while the US
(Katrina) and China (Non-Engineers) were more
likely to identify communication, humanist, and
resource needs.

We conclude the discussion by articulating
limitations of this exploratory study. First, back-

ground data was not available and as such group
comparisons cannot address the influence of indi-
vidual differences. Similarly, it was not possible to
administer the tool as a pre and post-test scenario.
Second, the unit of analysis was not consistent
across groups because the US (Katrina) partici-
pants completed the task as a team and not
individuals. Finally, while inter-rater reliability in
coding was closely monitored it was not quant-
itatively assessed. While questions of reliability
and generalizability cannot be addressed in this
exploratory study, the ability to meaningfully
transfer the scenario tool across contexts suggests
the tool holds considerable promise and warrants
further development.

6. CONCLUSIONS

We conclude with summarizing ways the sce-
nario instrument may be used as a research tool, an
assessment tool, and an instructional tool. This
goal fits within a research-to-practice framework
[42-43].

As a research tool, the disaster scenario task and
coding frameworks provide a way to empirically
analyze problem formulation abilities with a parti-
cular focus on cross-disciplinary systems and
sustainability perspectives. An added benefit is
that the disaster scenario fully embraces a ‘grand
engineering challenge’ and as such might be broadly
useful for a variety of settings and instructional
goals. The analysis across the four groups suggests
the coding scheme is sensitive to relevant group
characteristics such as experience with a disaster,
guided instruction, and engineering training. At the
same time, the analysis suggests the existence of
cultural effects and a need to consider whether or
not the disaster in the scenario should address a
familiar natural disaster that would be relevant for
a particular group. Similarly, responses across
cultures may provide an opportunity to understand
socio-economic, political and cultural perspectives.
For example, how might responses compare if the
disaster was set in an urban or rural setting, a high
income or low-income setting, or a national or
international setting? While the process of develop-
ing the coding scheme and establishing a reliable
coding process is time intensive, the long term
benefit is a framework that can integrate cross-
disciplinary, systems, and sustainability perspec-
tives. In addition, the integration of task questions
that speak to the issues that need to be considered
and the kinds of expertise needed on a cross-
disciplinary team provide an additional point for
triangulating findings.

As an assessment tool, the disaster scenario task
and coding frameworks may fulfill a need for
formative or summative assessment. As a formative
assessment tool it may provide an opportunity for
class discussion and feedback, as a summative
assessment tool it may provide class or program
level data on instructional impact. For example, the
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original goal of this project was an assessment task,
however circumstances did not allow an opportu-
nity to collect pre- and post-instruction data. We
are currently exploring adapting this tool for a
cross-disciplinary cancer prevent program and
anticipate the Intention code will transfer but that
the Function categories will evolve.

As an instructional tool, the disaster scenario
task and coding schemes may provide ways to
engage students in cross-disciplinary thinking
around issues of sustainability. This may comple-
ment pedagogies that focus on experiential,
inquiry-based, and collaborative learning pedago-
gies [44—45] by providing students opportunities to
confront their own conceptions of design and
examining how other students approach formulat-
ing cross-disciplinary problems. In a Research-to-
Practice Workshop on engineering design, engin-
eering faculty identified a variety of strategies for
using research in engineering classrooms: showing
research data to students to explain or validate a
particular effective engineering practice, using
research findings to define course or learning
objectives, and having students complete the task
and critique their responses in class [42].

The unique value of this set of tools is that cross-
disciplinary sustainable systems concepts may be
very abstract. Both instructors and students may
benefit from seeing an example of characterizing a
complex cross-disciplinary sustainability perspec-
tive and discussing how this example does (or

R. S. Adams et al.

doesn’t) adequately represent important issues.
Some ways to translate the instrument into an
instructional activity include having students
analyze the results and discuss (1) why were Treat-
ment issues so prevalent and what might be the
long-term implications of not considering Restore
or Prevention issues? (2) how do communication
functions in a disaster relief plan relate to being an
effective engineer? (3) what would happen if groups
could be combined and how might this represent a
more cross-disciplinary system approach? and (4)
what would be the consequences of identifying
people with particular expertise as contributors to
multiple aspects of the system (versus just one)?

As a ‘grand engineering challenge’, the disaster
relief scenario represents a situation in which
learners are likely to have some prior experience.
A final opportunity is to explore ways to connect
prior experience to formulating cross-disciplinary
problems. In particular, the scenario and asso-
ciated coding frameworks provide opportunities
for students to reflect and internalize broader
impact processing skills that are crucial for meet-
ing present and future needs.
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