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Abstract

In engineering practice, unfulfilled customer needs
must be addressed or else the company will lose busi-
ness. When a product malfunctions or does not meet the
design standards, the engineers who designed the prod-
uct need to fix the problem. Simply stated, the engineers
need to go back and figure out what went wrong and fix
it. Unfortunately, in engineering education, we do not
emphasize this important fact enough. As instructors we
correct students"homewaork, quizzes, reports, and exams,
and return them without asking students to go back to
determine on their own, what they did wrong. During the
past few decades, a lot of attention has been devoted to
root cause analysis and structured problem solving tech-
niques. One such technique is called the Five Whys, which
is used by many global corporations including Toyota and
IBM to solve problems. The Five s an arbitrary number that
is intended to promote deeper probing into the root cause
of a problem by asking many Whys. During 2012-2015
academic years, this technique was used in five upper-
level civil engineering classes at Northwestern University
to get the students to work out, on their own, what they
did wrong in homewaork assignments and fix them. The
instructor in the course acted as the customer or the dli-
entwho was unhappy with the performance of a product,
the homework. As shown in this article, the results of this
3-year study are promising. The results show that using
the Five Whys method students learn from their mistakes
more effectively and this method better prepares them, as
problem solvers, for the practice of engineering. The chal-
lenges of using the Five Whys technique to turn students
into problem solvers on their own are also presented in
this paper.

Introduction

Before we introduce a new learning structure such
as the Five Whys, we must first take time to understand
today’s students. Many of us (the faculty) belong to the
baby boom generation. We were taught using black-
boards, black and white textbooks with few illustrations,
and we studied by ourselves to understand new materi-
als. Today’s students, on the other hand, are accustomed
to smarthoards, multimedia presentations, multi-color

eBooks with videos, and belong to online social net-
works [1-2]. Over the years, online social spaces such as
Facebook have evolved as a communication platforms
through which students share information. Even though
a network such as Facebook was initially conceived purely
as a social space, it is now used to engage students in
classroom  activities. Many researchers have measured
the effectiveness of Facebook groups that were created for
their courses and reported that students who participated
in the Facebook groups enjoyed the courses more, felt a
stronger sense of belonging, and received better grades
than those who did not participate. The research supports
the argument for using a social media such as Facebook
for engaging students and increasing retention [3-5]. In
recent decades, researchers also have conducted numer-
ous studies dealing with how people learn [6-16]. One of
the key characteristics of learning as discussed by Branford
et al. [6] is that initial learning is necessary for transfer.
In other words, applying previous knowledge in acquiring
new knowledge is essential [6,14]. These studies show
the benefit of thorough understanding to transfer, and
confirm that learners are more motivated when they can
see the usefulness of what they are learning [14]. For ex-
ample, students enjoy courses that have hands-on design
activities. Courses with design projects give students the
opportunity to examine on their own if their design func-
tions properly; if not, students work intensely by them-
selves to find the source of a problem and modify their
design until it functions satisfactorily. Unfortunately, the
process of getting students to find their own mistakes and
correct them — a process which is fundamental to practice
of engineering — does not exist in most of the engineering
courses, particularly the analysis courses.

In this article we discuss the Five Whys method,
which is used by many global corporations to solve prob-
lems, and describe the approach that we took to adopt the
Five Whys method in different engineering courses to get
students to find their own mistakes and correct them.

The Five Whys Method in
Engineering Practice

As mentioned previously, in engineering practice,
unfulfilled customer needs must be addressed or else

the company will lose business. When a product fails or
when it does not meet design conditions or standards,
the engineers who designed the product need to fix the
problem. Simply stated, the engineers need to go back
and figure out what went wrong and fix it. In fact, many
global corporations, such as IBM, hold annual meetings
to bring their engineers together to share how problems
were solved and what steps will be taken to avoid similar
problems in the future. Again, in engineering education,
we do not emphasize this type of approach. As educators
we correct (grade) students'homework, quizzes, reports,
and exams, and return them without asking students to
go back to determine, on their own, what they did wrong.
In most instances, students would focus on their scores
and look at the instructor's comments briefly. Rarely
would they examine the comments carefully and probe
deeply to find the root cause of their mistakes. As the
result, students would repeat their mistakes and would
not develop the deep understanding of the fundamental
concepts necessary for transfer to other topics.

During the past few decades, a great deal of attention
have been devoted to root cause analysis and structured
problem solving techniques [17-20]. One such technique
is called the five Whys, which is used by many global cor-
porations to solve problems. The Five Whys method was
initially developed by the Toyota Motor Corporation. The
Five is an arbitrary number that is intended to promote
deeper probing into the root cause of a problem by ask-
ing many Whys. Moreover, the Five Whys technique works
best, when it is done in a team-setting by a group of
people with complementary expertise. The approach also
requires a team that can define the problem clearly. Once
the problem is identified, the first why question is asked
and the plausible answers are recorded, then four addi-
tional why questions are asked and answered. During this
process, all credible answers must be recorded for further
evaluation to arrive at the root cause. After the probable
root cause is identified, corrective actions must be taken,
50 that the problem will not occur again.

The Five Whys Method in Classroom

After an exhaustive literature search and to the best
of the authors'knowledge, no investigator has applied the
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Five Whys approach to engineering education. From this
perspective alone, this study will add to the existing body
of knowledge. The study is also creative and original in
that it makes use of a powerful technique used by global
corporations to solve problems and train better engineers.

To prepare students to become better problem solv-
ers, during 2012-2015 academic years, we used the Five
Whys method in five civil engineering classes and got
students to work out on their own what they did wrong
in their homework assignments and fix them. The classes
included introductory and intermediate level analysis and
design courses. The instructor in the course acted as the
customer or the client who was unhappy with the per-
formance of the product (the homewaork assignment).
The results of the studies pertaining to today’s students’
preferences and learning styles, discussed in the introduc-
tion section, were also considered when applying the Five
Whys method.

At the beginning of the academic term, students were
introduced to the Five Whys method by stating that: “/n
an attempt to better prepare you to join the engineering
profession, a new active learning concept is implemented
inthis course. This new concept requires you to take a more
active role in identifying your own mistakes, correcting
them, and stating how to prevent similar mistakes from
happing in the future.” The information shown in Figure 1
was also distributed to the students and discussed. After
the “Five Whys” method was introduced in the class, we
implemented it in the following manner:

* Fach group of two students formed a team and

submitted their homework assignments.

* |fthe submitted assignment had mistakes, the in
structor (the customer) informed the students
who acted as engineers that their assignment or
the product had faults and that they need to
figure out where the problems were.

Students were asked to follow the Five Whys
method to identify their mistakes and correct
them. Students also were asked to submit a record
of their Five Whys approach. They submitted the
Five Why questions they had asked and answered
along with their revised solution. The members of
the team had to reach an agreement as to what
the root cause of the problems was. Each student
in the group was to write down the solutions and
why the problems or the mistakes occurred.

After the problems were solved to the satisfaction
of the instructor, the team then had to discuss
how to prevent the problems from happening
again.

The Assessment of the Five Whys
Method in Classroom

The Five Whys approach and its effectiveness were
tested in five civil engineering classes (67 undergraduate

Figure 1. The Five Whys Method Information Sheet

and 6 graduate students, n = 73) during the 2012 — 2015
academic years. In each class, the Five Whys technique
was applied to weekly homework assignments. All home-
work assignments were done by teams of two students
and reviewed in two rounds. In round one, the assign-
ment was reviewed carefully but no grade was assigned;
however, general comments regarding the mistakes were
provided. Detailed comments and suggestions to fix the
mistakes were not offered in this round. The students were
given a second chance to determine where the mistakes
occurred and correct them. Fach team was required to
submit a brief summary describing how the mistakes
were identified — the Five Whys questions and answers
— and how similar mistakes were to be prevented from
recurring in the future. A grade was then assigned in this
round based on the group’s performance.

At the end of each term, the effectiveness of the Five

Whys method was assessed through written surveys
conducted by the faculty member teaching the class,
and by interview of students quided by a researcher from
the Northwestern University Searle Center for Advancing
Learning and Teaching.

The Survey Form — A survey form was prepared
by the authors of this article and distributed to students
in each class. In the survey, the students were reminded
to focus on the effectiveness of the Five Whys method —
particularly in comparison to conventional grading meth-
ods — and not on the course itself. The survey consisted of
three sections: (I) general information, (Il) the effective-
ness of a specific aspect of the Five Whys method, and (lll)
additional comments and suggestions for improvements.
Regarding comments and suggestions, the students were
directed to focus on providing feedback by listing the top
three valuable attributes and the three least valuable at-
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tributes of the Five Whys method.

The Interview — Sixty three students, who com-
pleted the Five Whys survey forms, also met with re-
searchers from the Searle Center for Advancing Learning
and Teaching and provided additional feedback. These
researchers are trained to conduct student leaming as-
sessment interviews and to analyze the results. The focus
of the interview was on student leaming, and the three
following questions were asked: (1) what aspects of this
course enhance your learning? (2) How can this course be
improved to enhance your leamning? (3) What could you
as a student do or continue to do to enhance leaming in
this course? It is important to note here that the students
were not prompted to discuss any pre-determined aspect
of the course that was assumed to enhance their learning.
After discussing a question — for example, students work-
ingin groups of two to do a homework assignment and to
resubmit the homework if incorrect — in small groups and
then collectively, all participants came to a consensus on
the aspects that they had agreed were most important.
Comments collected during the interview were summa-
rized by the researchers from the Searle Center.

Discussion of the Assessment Results

The first Five Whys effectiveness survey was conduct-
ed in a required reinforced concrete class with 18 civil en-
gineering students in winter 2012. The result of this survey
is shown in Table 1. The class performance may be sum-
marized by a maximum course score of 98.3/100 by one
student, a minimum course score of 42.3/100 by another
student, and the class average of 73.6 with a standard de-
viation of 16. The bulk of the survey result shown in Table
11s self-explanatory. However, the responses to questions
5and 6 need further discussion. The response to question
5 is significant — 4.00 for Five Whys vs. 3.56 Traditional
method — because the students see their test results as a
true measure of their understanding of new materials and
that the Five Whys method works for them. The response
to question 6 [i.e., 3.83 vs. 3.39] is also important be-
cause it is a measure of the students’ assessment of the
effectiveness of the method in reducing their recurring er-
rors. It suggests that using the Five Whys method students
learn from their mistakes more effectively.

Overall Student Survey Results — As mentioned
previously, during the 2012-2015 academic years, a total
of 73 students participated in the Five Whys study. The
overall survey result is shown in Table 2. As shown in
Table 2, during the study period, eighteen of the students
were exposed to the Five Whys method more than once.
Again, the bulk of the survey results is self-explanatory,
and the responses to questions 5 and 6 stand out. The
Five Whys method again scored higher than conventional
approach, for question 5 [4.071 vs. 3.58], and for question
6[3.93 vs. 3.29]. Once again, the results suggest that the
students learn from their mistakes more effectively using

Table 1. The survey results when the Five Whys method was used for the first time during winter 2012

Section I — general information (n = 73)

Questions Yes No
1. Is this your first experience with having homework problems 55 181
graded using the concept introduced in this class?
2. Did you spend more time on doing your homework problems
. . 54 19
because of this new grading scheme?
If a course adopts this new concept with homework problem
submission, would you prefer to have the problems done in 56 17
3. teams of two?
Or would you prefer to have it done individually? 18 49°
4. Should this new concept be used in all courses? If No, please
list the courses that you think this new grading scheme would 35 38
be beneficial (see Section III).
5. Did you find the new concept of doing your homework
problems efficient? 54 16¢
If No, please suggest ways to improve the efficiency (see
Section III).
Section II — assessment of specific attributes (max. score = 5, min. score = 1)
Traditional The Five Whys
. A - Grading Method Method
Effectiveness in your ability to
Average Stal}difrd Average Star'lda'rd
Deviation Deviation
1. Identify errors in design/analysis 339 0.97 388 112
concepts
2. Present.the assignment in 391 0.92 303 0.89
professional manner
3. Learn the concepts 3.80 0.70 3.95 0.84
4. Learn new concepts 3.73 0.82 3.80 0.94
5. Perform in the tests 3.58 0.85 4.01¢ 0.87
6. Reduce recurrent errors 3.29 0.93 3.93¢ 0.99

instructor.

6 students did not respond to this question

3 students were not sure (Y/N)

Perform in the tests — 10% increase with almost identical standard

oo

o

deviation

a.  These students have taken courses using the 5 whys concept previously from the same

. Reduce recurrent errors — 18% increase with very close standard deviation
Table 2. The overall survey result
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Table 3. Comparison of survey results (average/standard deviation) between the first group of students

(winter 2012) and the most recent group of students (fall 2015)

the Five Whys approach. Moreover, when the results of the
first Five Whys implementation are compared to average
results from 3 years, an improvement in students'response
to question 1 [3.88 vs. 3.29] is detected. This change
represents an increase of approximately 16% positive
response on the effectiveness of Five Whys in identifying
errors in design/analysis concepts. This result led the au-
thors to further examine the students'response between
the first time the Five Whys method was implemented in
2012 and the most recent implementation of the method
in fall 2015. Table 3 shows the comparison of results for
questions 1,5, and 6. It is also important to note that the
fall 2015 class was the first course in structural analysis,
and also the first time the students were introduced to the
Five Whys method. From the results shown in Table 3, itis
clear that the most recent group of students found the Five
Whys method to be more effective in identifying errors in
design/analysis concepts than did the students in the first
group. We attribute the better results to improvements
made to the Five Whys template that was shared with the
most recent class.

Figure 2. The one-tail acceptance range of &

for the hypotheses defined.

We also performed a ¢ statistical-test to examine the
effectiveness of the Five Whys method as it relates to the
attributes 1 to 6 listed in Section Il of Table 2. A simple
hypothesis test was used on the difference between the
effectiveness of using the Five Whys method and the
traditional grading approach. Since we believe that the
Five Whys method does improve the students’ ability to
achieve the attributes listed in Table 2, we defined the null

Table 4. Results of hypothesis tests for data collected from Winter 2012 to Fall 2015

hypothesis H as 2,0 and the alternate hypothesis H,
asm , <0 (i.e.the Five Whys method has noimpactin the
student’s ability to achieve the attributes). Note that 2,
represents the true A value, and A is the average differ-
ence of ratings reported by the students for each question
or attribute Q surveyed. Also note that the Student ¢-test
was used because we do not have an established standard
deviation for A. Figure 2 shows the acceptance range of A
fora given risk level a and a sample size 7.

For the data collected during 2012 — 2015, we cal-
culated the value of the standard deviation s, for each
attribute Q surveyed and the student response; the sta-
tistical average A and s, are shown in Table 4. We then
determined the lower limit of the acceptance range AR,
for each attribute. As shown in Figure 2, the acceptance
range s all the A values larger the lower limit defined by
the significance level o (1- o confidence level) according

to
(1)

The results of the t-fest for the entire population for all
classes (with n = 73) and for the first and most recent
classes in winter 2012 (rn = 18) and fall 2015 (n = 17)
are shown in Table 4. As an example, in winter quarter
2012, 18 students (n = 18) responded to question 1 (or
attribute Q1). Moreover, the survey results yielded A =
-0.056and s, =1.662; and from Excel, we obtained toosr
= 1.740. Then using Equation (1), for the significance
level of 5%, we get

Since A=AR (see Table 4, —0.056 >—0.681, we
accept the null hypothesis; that is the Five Whys method
does improve the student’s ability to identify errors in de-
sign/analysis concepts (Q1). It is clear from examining
the results shown in Table 4 that we can accept the null
hypothesis for all attributes for all data; from the earliest
to the most recent surveys.

We now turn our attention to the results given in Table
3. As we mentioned previously, the results shown in Table
3 suggest that the students in winter 2015 class found the
Five Whys method to be more effective in identifying er-
rors in design/analysis concepts than did the students in
the first group in fall 2012. We attributed the better re-
sults to improvements that we had made to the Five Whys
template. We now use the tfest to examine this observa-
tion in more detail by changing our null hypothesis H; to
m,>a, where a would reflect the level of improvement.
For this situation, then the lower limit of acceptance range
AR, Equation (1) will become

(2)
Now by noting that when A=AR, we accept H, we can
solve for the level of improvement a from Equation (2),
which yields:

3)
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Table 5. The comparison of the level of improvement a between the winter 2012 and fall 2015 classes

Using Equation (3), the a values for the attributes given
inTable 3 were then computed. The results of this analysis
are shown in Table 5. When examining Table 5 note that
the a values are higher for the winter 2015 class than the
avalues for the fall 2012 class, confirming our observation
that improvements were made in the Five Whys template.

Let us now turn our attention to the results of the
interviews. As mentioned previously, 63 students who
completed the Five Whys survey forms, also met with a
researcher from the Northwestern University Searle Cen-
ter for Advancing Learning and Teaching and provided
additional feedback. After discussing a question in small
groups and then collectively, all students came to a con-
sensus on the aspects that they had agreed were most
important. Each participant (student) then indicated on
ascle of 1109 (1= strongly disagree, 9 = strongly
agree) to the extent that he or she agreed that this aspect
of the Five Whys enhanced his or her own learning. This
approach gave every student a chance to voice his or her
own opinion. During this process, students collectively
identified two aspects of course that they felt enhance
their learning. These aspects are shown in Table 6. As
shown in Table 6, a majority of students found working
with partners and using the Five Whys helped them learn
more efficiently.

Students’ Comments — Comments made by the
students in the survey forms and during the interviews
can be grouped into different broad categories including
(1) Five Whys effectiveness, (2) partner participation, (3)

time commitment, and (4) the tendency to stop at symp-
toms.

1. Many students found the Five Whys method to be
effective, particularly when it comes to averting re-
curring mistakes.

2. Many students also cited the importance of having a
good partner for this approach to be effective. Some
felt that their partners did not contribute as much by
asking proper questions, because of the lack of effort
and interest in the course;

3. There was also concern about the time commitment
required for this method to be effective.

4. The tendency of students to stop at symptoms and
not to proceed to the root cause was also evident
from analyzing the students'comments.

Examples of students’comments are shown below to give
the reader an idea of what the students said in their own
words about the Five Whys method.

* "I really like this method [Five Whys] but | feel like it
highly depends on whether your partner and you are
both at the same level. I've seen few other teams
where only one team member would be doing the as-
signment because the other team member just doesn't
try to do them or where the team members couldn't
find a time that works out for the two to meet. | don't
know how it would be possible to choose a compatible
team all the time, but | do believe that that is the driv-
ing force to make this method work.”

Table 6. The result of interview (1 = strongly disagree, 9 = strongly agree)

* "I quess the only problem of the self-learning method
[Five Whys] has to do with who you are working with.
If the members of the team do not put the same ef-
fort/interest in the course, the work load can be very
painful. However, if this is not the case, then then self-
learning method can be much more efficient.”

* “Ithink if the homework is to be done on groups, there
should be a group evaluation at the end of the quarter
in order to ensure that each member is contributing to
the homewaork, It isn't fair to have one person do all of
the work while the other still gets credit for it. While it
becomes obvious if this is happening during test time,
it still would be nice to have that extra assurance that
someone cannot take credit for someone else’s work.”

* “Doing homework in two rounds had us to focus
on learning the concepts and really trying to do the
homewaork of our own effort and not seek quick advice
on how to get the right answer. Because | knew that
there was no pressure of getting a grade the first time,
| attempted the homework as a leaming tool where
it is okay to learn from our mistakes. The traditional
homework system does not allow for this -- it penal-
izes mistakes that then affect your overall grade. That
does not encourage leaming -- that encourages trying
to get the right answer (which does not always result
in understanding and learning). Also, working with a
partner was really helpful because it let us discuss the
homework while doing it. | personally learn and figure
things out much better when | talk to someone about
it, even if I am doing all the talking -- it helps organize
my thoughts. This sort of constant necessary discussion
about each homewaork assignment was therefore very
helpful to learning.”

* “Ireally liked the new homework system [Five Whys].
My only issue with it is that sometimes the comments
were very unclear as to what was wrong and why it
was wrong. Perhaps slightly more in depth comments
on the first draft would help fix this and make it more
clear”

* “Partners are very important for this type of HW sub-
mission. It helps a lot to have someone to discuss the
errors with. In some cases, more dlarity from the in-
structor with comments could be beneficial”

* “more feedback needed in order for this method [Five
Whys] to be better than the traditional method. As
mentioned above, more feedback would help as well
as solutions for the homework after they are due.”

* “While the two submissions method allowed self-
improvement and better understanding, it resulted in
working on the homewaork almost every night of the
week which was, at times, too much. Also, providing
clearer comments on where we errored would have
been useful. | benefitted greatly from the collabora-
tion between me and my partner.”
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* “The new scheme [Five Whys] is great, helped work-
ing with another student so we can fix each other’ mis-
takes”

* “Having the homework submitted in two rounds
significantly reduced the pressure of the class and al-
lowed a more relaxed learning environment. This does
not mean that less time was spent on the homewaork
or thatit was taken less seriously- it is simple changed
the psychology behind it. It allowed us to focus on
learning the concepts and honestly attempting the
assignments rather than simply asking someone for
help while not really understanding itin order to meet
a due date and get the right grade. Moreover, we
were able to discuss the homework since it pushed
us to collaborate with one another, which was good
because | feel that conversation and explaining your
thought process to someone significantly improves
learning. Overall, | think this is a very good way of
turning the homework into a learning tool that gets
rewarded with a grade rather than a one-shot assign-
ment that can be stressful to tackle”

* "l understand that the point of the self-learning [Five
Whys] method is to have us identify the mistakes we
made. However a little more feedback would be very
helpful. All we got were“x"s indicating the final num-
ber/answer is incorrect at the end of a section.”

* “Ireally like having this new method [Five Whys] of
doing homewaork. | feel like I got more out of each as-
signment because this method forces you to go back
and figure out what you did wrong and think about
how you can prevent it in the future, instead of turn-
ing itin and just forgetting about it."

* “The current method is very time consuming and al-
lows for people to rely greatly on their partners if they
were to not have a good group. This course would
make it very hard on an individual to do every week
for all classes.”

* "It definitely does take more time to do it this way so
the professor should keep that in mind and perhaps
assign less. It did make us recognize our errors which
helped a lot. Often students just glance over home-
work that is returned so this method helped and pre-
vents that. In terms of doing it in partners | think it
really depends on your partner so it hard to say.”

* "It sometimes becomes very difficult to keep that
pace that the quarter system demands with this
new approach [Five Whys] due to time constraints.
However, | do believe this new method is much more
beneficial for the student’s broader understanding of
the general concepts, which is key in a class such as
concrete design.”

e "I think this method works well with courses that
have a lot of mathematical and methodical assign-
ments. I'm not sure that this same method would

work quite as well if this was a seminar-based course
or it required other peer-lead structures.”

e "I think it is one of the best homework-concepts
around, as it allows you to learn from your mistakes
rather than just getting things wrong. | would love to
have it in other courses.”

Conclusion — The benefits and
challenges of using the Five Whys

The survey and the interview results suggest that
overall students found the Five Whys method to be effec-
tive in identifying errors in design/analysis concepts and
in averting recurring mistakes; present the assignment in
professional manner; leamn new concepts; and perform
better in tests. Many students believed that they got more
out of each assignment, in terms of understanding new
concepts, because the Five Whys approach forced them
t0 go back and figure out what they did wrong and think
carefully about how to avoid the mistake from recurring. As
is the case with any new educational tool, challenges have
been identified that must be addressed in the future. Many
students cited the importance of having a good partner
with interest in the course subject matter who would
contribute to the Five Whys process by asking proper ques-
tions. The Five Whys method also compelled students to
spend more time on the assignment, as the result, there
was concern about the time commitment required for this
method to be effective. The tendency of students to stop
at symptoms and not to proceed to the root cause is also
a concern. This tendency could be attributed to the lack of
a facilitator beyond the instructor to help students to ask
the right questions. This deficiency could result in different
students with similar problems come up with a different
root cause. The authors are planning to collaborate with
the Northwestern University Searle Center for Advancing
Learning and Teaching to apply the lessons learned from
this study to refine the Five Whys method to create a uni-
versal template that could be used by instructors in all en-
gineering courses across the U.S. and abroad. In addition,
we are preparing to create a Facebook community for the
Five Whys population to interact. We also intend to moni-
tor and analyze the Facebook traffic and the interactions to
improve the effectiveness of this unique approach. These
plans are contingent upon availability of funds through a
currently pending NSF proposal.
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