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ABSTRACT

Inalongitudinal study at North Carolina State University, a co-
hort of students took five chemical engineering courses taught by
the same instructor in five consecutive semesters. The courses
made extensive use of active and cooperative learning and a variety
of other techniques designed to address a broad spectrum oflearn-
ing styles. Previous reports on the study summarized the instruc-
tional methods used in the experimental course sequence, de-
scribed the performance of the cohort in the introductory chemical
engineering course, and examined performance and attitude dif-
ferences between students from rural and urban backgrounds and
between male and female students. ' This paper compares out-
comes for the experimental cohort with outcomes for studentsina
traditionally-taught comparison group. The experimental group
outperformed the comparison group on a number of measures, in-
cluding retention and graduation in chemical engineering, and
many more of the graduates in this group chose to pursue advanced
study in the field. Since the experimental instructional model did
not require small classes (the smallest of the experimental classes
had 90 students) or specially equipped classrooms, it should be
adaptable to any engineering curriculum at any institution.

1. INTRODUCTION

Shrinking engineering enrollments pose a potentially serious
problem for American industry and society. The annual graduation
rate in engineering has decreased by roughly 20 percent in the last
decade, while a rise of 25-30% in engineering jobs by the end of the
century has been predicted.’ Both the increasing difficulty of at-
tracting high school graduates into engineering and high attrition
rates of enrolled engineering students have contributed to the de-
cline in the graduation rate. Most engineering schools have under-
taken major recruitment efforts to address the first problem, many
of them directed at women and minorities. These efforts have lim-
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ited potentials for success, however, since freshman enrollment is
heavily influenced by factors out of the university’s control, includ-
ing fluctuations in the job market and starting salary levels in engi-
neering relative to other fields.* Engineering schools seeking to im-
prove their graduation rates are therefore starting to see improving
retention as the most effective strategy.

Considering the strong academic records of most students who
choose to go into engineering, the observed rates of attrition are
dramatic. In his monumental study of nearly 25,000 students at
over 300 institutions, Astin’® found that only 43% of the first-year
engineering students in his population went on to graduate in engi-
neering. Moller-Wong and Eide" obtained similar results for a co-
hort of 1,151 engineering enrollees at lowa State University. They
found that after five years, 32% of their subjects graduated in engi-
neering and 13% were still enrolled, for a potential graduation rate
between 40% and 45%.

A common but incorrect explanation of the high attrition rates
is that most of those who leave engineering lack the academic abili-
ty to cope with the rigors of the discipline. In fact, studies have
shown little difference in academic credentials between students
staying in engineering and students leaving."* The true explana-
tion appears to involve a complex set of factors including students’
attitudes toward engineering, their self-confidence levels, and the
quality of their interactions with instructors and peers,”'**** along
with their aptitude for engineering.

In turn, students’ attitudes toward engineering and confidence
levels are strongly related to their classroom experience. Astin™
shows that compared to majors in other fields, engineering majors
are much more dissatisfied with the quality of instruction they re-
ceive in college and with their overall college experience, and he of-
fers convincing evidence that the prevalent model of instruction in
engineering — extensive reliance on lecturing and individual work
and norm-referenced grading (curving) — plays a major role in this
high dissatisfaction level and therefore in student attrition. Astin,
Cross, and many other educational scholars recommend establish-
ing an alternative instructional environment that includes using ac-
tive and cooperative learning and a variety of other pedagogical
methods designed to accommodate different learning styles. 2 Al-
though thousands of research studies attest to the educational bene-
fits of such an environment, most reported results are for tests in a
single experimental course. The longitudinal study described in this
paper was designed to use a number of proven instructional meth-
ods in a sequence of chemical engineering courses, and to deter-
mine how repeated exposure to the methods in a natural classroom
setting would affect the students’ performance and retention. Previ-
ous reports on the study summarized the instructional methods
used in the experimental course sequence, described the perfor-
mance of the cohort in the introductory chemical engineering
course, and examined differences in performance and attitudes be-
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tween students from rural and urban backgrounds and between
male and female students.* This paper compares outcomes for the
experimental cohort with outcomes for students in a traditionally-
taught comparison group. We first review the design of the study
and present demographic and academic profiles of the experimental
and control groups, following which we summarize the between-
group comparison data and discuss the implications of the out-
comes for engineering education.

II. EXPERIMENTAL DESIGN

The subjects of the longitudinal study, henceforth designated
the experimental group, are 123 students who enrolled in the intro-
ductory chemical engineering course in the Fall 1990 semester. The
students in this group who remained in sequence in the chemical
engineering curriculum were taught by one of us (RMF) in the fol-
lowing five courses:

* CHE 205 — Chemical Process Principles (Fall 1990 — 4

credits). Material and energy balances on chemical processes.

* CHE 225 — Chemical Process Systems (Spring 1991 — 3

credits). Process variable measurement methods, computer
simulation of processes, applied statistical analysis.

* CHE 311 — Transport Processes I (Fall 1991 — 3 credits).

Fluid dynamics and heat transfer.

* CHE 312 —Transport Processes II (Spring 1992 — 3 cred-

its). Mass transfer and separation processes.

* CHE 446 — Chemical Reactor Design and Analysis (Fall

1992 — 3 credits).

The experimental course sequence included extensive active and
cooperative learning, open-ended questioning, multidisciplinary
problem formulation and solution exercises, criterion-referenced
grading, and other features designed to address a full spectrum of
student learning styles.” No unusual classroom facilities were pro-
vided. The class size varied from 90 to 123 students, the classroom
was a fixed-seat auditorium, the chalkboard was the only visual aid
except for the occasional use of an overhead projector, and no in-
class computing facilities were available. The approach should
therefore be accessible to any instructor in any educational setting.

Background information on the experimental group was collect-
ed in the first course, including demographic data, SAT scores,
first-year grade-point averages, grades in selected first-year courses,
and scores on both the Myers-Briggs Type Indicator™ (MBTI), a
personality inventory based on Jung’s theory of psychological types,
and the Learning and Study Strategies Inventory™ (LASSI), an in-
strument that assesses students’ test-taking skills and strategies,
motivation to learn, and anxiety levels. Subsequently collected data
included course grades, statistics on persistence in the chemical en-
gineering curriculum, and students’ self-evaluations and reactions
to their educational experiences.

The same data were collected for 189 students enrolled in CHE
205 in the Fall 1992 semester. This comparison group proceeded
through the curriculum taught only by instructors who used tradi-
tional methods. Our hypotheses were that the experimental group
would have a higher retention in chemical engineering, more posi-
tive attitudes toward their instruction, and greater confidence levels
in their problem-solving skills.

Tables 1-11 report data for the students in the experimental and
comparison groups. The responses shown for each item almost al-
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ways fall short of the total populations of the two groups, for several
reasons. Some students failed to respond to particular questionnaire
items; some dropped out of the five-semester course sequence after
failing a course, entering the co-op program, or transferring out of
chemical engineering; and some were in other curricula like Pulp
and Paper Technology that only required the first chemical engi-
neering course in their degree programs. All reported levels of sig-
nificance are derived from two-tailed Fisher’s exact tests unless oth-
erwise noted. “Statistically significant” denotes p<0.1; statistically
significant p values are marked in tables by asterisks.

II1. PROFILES OF THE EXPERIMENTAL AND
COMPARISON GROUPS

Table 1 shows demographic data for the two groups of students.
The ethnic distributions and the split between rural/small town
backgrounds and urban/suburban backgrounds were roughly the
same for both groups. The comparison group had a higher percent-
age of women enrolled, although the difference was not statistically
significant. The only significant difference was that a greater per-
centage of students in the experimental group had parents trained
in science.

Table 2 shows the precollege academic credentials of the two
groups. The experimental group had slightly higher SAT’s and es-
sentially identical Al's (Admissions Index, a predicted grade point
average based on SAT scores and high school performance data).
The comparison group had more advanced placement credits for
first-year core courses (the first and second calculus courses, the first
and second general chemistry courses, the introductory physics
course, and freshman English), with the difference being signifi-
cant in the introductory chemistry course (CH 101). Table 3 shows
average grades for the two groups in the first-year core courses. The
experimental group did much better in the second general chem-
istry course (CH 107), but the difference between the overall first-
year grade-point averages recorded by the two groups was negligi-
ble. In short, the experimental and comparison groups entered the
CHE curriculum with very similar academic credentials.

The two groups also had similar profiles on both the Myers-
Briggs Type Indicator and the Learning and Study Strategies In-
ventory. On the MBTT, experimental and comparison groups both
showed preferences for extraversion over introversion, sensing over
intuition, thinking over feeling, and judging over perceiving. None
of the between-group preference differences was statistically signif-
icant. The scores on all 10 dimensions of the LASSI were almost
identical for both groups.

IV. BETWEEN-GROUP COMPARISON DATA

Tables 4-11 summarize differences between the experimental
and comparison groups in course grades, attitudes, self-confidence
levels, and rates of graduation and attrition from chemical engi-
neering after five years of college. Also shown are the seniors’ career
goals, self-ratings of changes in selected abilities since they enrolled
in CHE 205, and ratings of their education. In this section we sim-
ply present the results, and in the Discussion section we draw infer-
ences from them.
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Expt. | Comp. | p
Home community (N=120) | (N=176)
Rural 14% 18%
Small town 32% 4% | .57
Suburban 3% 29%
Urban 18% 19%
Ethnic background (N=120) | (N=175)
African-American 6% 7%
Caucasian 2% 81% | .12
Asian-American 5% 10%
Other 7% 2%
Gender (N=123) | (N=189)
Male 71% 64% | .17
Female 29% 36%
Parents trained in science | (N=62) | (N=78)
Both 24% 12%
Mother 5% 4% | .01*
Father 40% 27%
Neither 31% 58%

Table 1. Demographic data.

A. Performance in Experimental Sequence Courses

Table 4 shows grades earned by students in both groups in the
five courses that constituted the experimental sequence.

The grade distribution in the experimental course offering of
CHE 205 was bimodal, with 56% of the students earning A’s and
B’s, 12% earning C’s, and 32% earning D’s and F’s or dropping the
course. (Receiving either D or F meant that the students had to re-
peat the course if they wished to continue in the chemical engineer-
ing curriculum.) The distribution in the comparison offering was
unimodal, with 35% A’s and B’s, 46% C’s, and 20% D’s, F’s, and
drops.

The latter distribution—many C’s, a smaller number of A’s and
B’s, and a moderate number of failures and dropouts—is somewhat
unusual for traditionally-taught offerings of this course, which are
characterized by much higher failure rates. The reason that only
20% “failed” (D or lower) was that a radical curving system was used
to assign grades. Arbitrary break points in the weighted average nu-
merical grade distribution were used as boundaries between letter
grades, and numerical grades ranging from the high 40’s to the low
70’s qualified for a letter grade of C.

In courses after CHE 205, the grades in the experimental offer-
ings were consistently better than those in the comparison offer-

Expt. | Comp. | p

Admissions criteria

(N=101) | (N=147)

SATM 629 613 | .15
SATV 522 510 | 241
Admissions Index (PREGPA) 2.87 2.86 | .891
Percentage receiving AP credits in courses | (N=116) | (N=172)
MA141 19% 20% | .88
MA241 3% 1% | .22
CH101 3% 9% | .09*
CH107 3% 6% | .42
PY205 2% 5% | .32
ENG111 47% 47% | .90
Tt-test

Table 2. Precollege academic credentials.

Expt. (N) | Comp. (N) p]L
First year course grades®

MA141 3.30 (103) | 3.55 (141) | .24
MA241 3.00 (106) 2.93 (147) | .89
CH101 3.46 (105) 3.44 (146) | .58
CH107 3.30 (105) 2.83 (147) | .002*
PY?205 274 (102) | 2.85 (152) | .70
ENG111 4.02 (99) 4.14 (135) | .49
Overall GPA 3.24 (100) 3.20 (139) | .39

*A=4.0, AP credit=5.0
J[VVilcoxon’s rank-sum test

Table 3. First-year academic performance.
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205 225 311
Exp | Cmp p Exp | Cmp P Exp | Cmp P
N 123 189 71 102 67 93
Letter grade
A 23% 12% 39% 22% 28% 25%
B 33% 23% | <.001* | 39% 36% | .02% 31% 25% | .66
C 12% | 46% 15% 33% 30% 41%
D 8% 5% 3% 7% 6% 6%
F/Drop 24% | 15% 3% 2% 4% 3%
Percentage receiving A’s | 23% | 12% | .01* | 39% | 22% | .02* | 28% | 25% | .72
Percentage passing® 68% | 80% | .02* 94% | 91% .56 90% | 90% | 1.00
Average grade (A=4.0) | 223 | 212 | a1t | 310| 269 |.002¢F | 273 | 261 | .37
312 446
Exp | Cmp P Exp | Cmp P
N 61 74 54 52
Letter grade
A 43% | 20% 31% 29%
B 38% | 34% .004* 46% 44% | .29
C 20% 36% 22% 17%
D 0% 5% 0% | 6%
F/Drop 0% 4% 0% 4%
Percentage receiving A’s | 43% | 20% | .008* 3% | 29% | .83
Percentage passing! 100% | 91% | .02* | 100% | 90% | .03*
Average grade (A=4.0) | 3.23| 261 | <.001*t | 309 | 288 .23

Jr"'Pas::in,g,’" denotes receiving a grade of C or better, which is required to advance in the curriculum.

iWilcoxon"s rank sum test

Table 4. Grades in experimental sequence courses.

315/316
Exp | Cmp )

N (Number of recorded grades) | 167 202
Letter grade

A 29% | 16%

B 40% 34% | .002*

C 26% 35%

D 3% 10%

F 3% 5%
Percentage receiving A’s 29% | 16% | .006*
Percentage pa\ssingJf 94% | 85% | .007*
Average grade (A=4.0) 2.88 | 246 | .0001}

T“Passing” denotes receiving a grade of C or better,
which is required to advance in the curriculum.

;tVVilcoxon’s rank sum test

Table 5. Grades in other chemical engineering courses.
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ings. In the fourth and fifth courses in the sequence, no students in
the experimental group and roughly 10% of those in the compari-
son group received D’s and F’s.

B. Performance in Other Chemical Engineering Courses

Besides the five courses that constituted the experimental se-
quence, the chemical engineering curriculum includes two thermo-
dynamics courses taken in the junior year, two laboratory courses,
lecture courses on process design and process control taken in the
senior year, and a project-based senior design course. None of these
courses was taught by Dr. Felder to either group of students.

The grades in the laboratory and senior lecture and design
courses tend to be high and provide little basis for comparison be-
tween the two student groups, but the junior thermodynamics
courses (CHE 315 and CHE 316) are considered by many to be
the hardest courses in the curriculum. Table 5 shows the distribu-
tions of grades received in these courses by both groups. The aver-
age experimental group grade was half a letter grade above the aver-
age comparison group grade, and relative to the comparison group,
the experimental group earned almost twice the percentage of A’s
and less than half the percentage of D’s and F’s. The between-
group performance differences were all highly significant.
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Expt. | Comp. P
How well prepared for 205 (N=118) | (N=174)
Unusually weak 1% 3%
Less than average 10% 9% .16
About average 50% 45%
More than average 36% 32%
Very strong 3% 10%
How well prepared for 311 by 205 and 225 | (N=63) | (N=78)
Poor 0% 9%
Fair 3% 15% | <.001*
Average 10% 40%
Good 43% 32%
Excellent 44% 4%
How well prepared for 312 by 311 (N=60) | (N=T75)
Poor 3% 7%
Fair 3% 21% | <.001*
Average 15% 43%
Good 42% 28%
Excellent 3% 1%
How well prepared for senior design (N=63) | (N=82)
Don't know 10% 7%
Poor 2% 1% | <.001*
Fair 11% 32%
Good 59% 51%
Excellent 19% 9%

Table 6. Rating of preparation provided by prerequisite courses.

Expt. | Comp. P

311 (N=63) | (N=78)
Much more 10% 3%
Somewhat more 46% 31% .06*
What I expected 35% 46%
Somewhat less 35% 46%
Much less 8% 15%

312 (N=60) | (N=75)
Muich more 5% 1%
Somewhat more 45% 16% | <.001*
What I expected 43% 53%
Somewhat less 5% 21%
Much less 2% 8%

446 (N=61) | (N=31)
Much more 23% 3%
Somewhat more 33% 32% | .03*
What I expected 39% 52%
Somewhat less 3% 13%
Much less 2% 0%

All CHE courses (seniors) | (N=66) | (N=82)
Much more 9% 9%
Somewhat more 55% 45% .79
What I expected 24% 29%
Somewhat less 11% 13%
Much less 2% 1%

Table 7. Interest level of courses relative to expectations.
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C. Ratings of the Chemical Engineering Courses

At several points in the study the students were asked to rate
their preparation for their current course by its prerequisite courses.
The results are shown in table 6. The comparison group rated its
preparation for CHE 205 slightly higher than the experimental
group did, although the difference was not significant. Thereafter,
however, the experimental group ratings were dramatically higher,
with the differences significant at the 0.001 level. The experimental
group students also consistently considered their courses more in-
teresting (table 7), with the differences being statistically significant
when the questions referred specifically to the courses in the experi-
mental sequence.

Table 8 shows the students’ perceptions of their workload and
their estimates of average time they spent outside class each week
on several of the experimental sequence courses and (as seniors) on
all of their chemical engineering courses. The two groups were di-
vided on the two junior courses. More in the comparison group
found the workload in CHE 311 unreasonable, although the two
groups spent comparable time outside class on this course. On the
other hand, the experimental group spent far more time on CHE
312 and many more of them found the workload in 312 unreason-
able relative to the comparison group. The seniors in both groups
gave identical ratings to the average workload for all chemical engi-
neering courses, and the reported time spent outside class was not
significantly different for the two groups.

Journal of Engineering Education 473



Expt. | Comp. p

Workload in 311 (N=63) | (N=78)

Reasonable 1% 40% | <.001*

Too heavy 17% 55%

Much too heavy 5% 5%
Workload in 312 (N=60) | (N=75)

Reasonable 43% 63% | .08%*

Too heavy 52% 33%

Much too heavy 5% 4%
Workload in CHE courses (N=66) | (N=81)

Reasonable 56% 56% | 1.00

Too heavy 44% 44%

Much too heavy 0% 0%
Average hr/wk spent outside class on 311 | (N=63) | (N=78)

<4 2% 0%

4-8 32% 31% .87

9-12 44%, 50%

13-16 17% 15%

>16 5% 4%
Average hr/wk spent outside class on 312 | (N=60) | (N=75)

<4 3% 8%

4-8 30% 63% | <.001*

9-12 42% 20%

13-16 20% 7%

>16 5% 3%
Average hr/wk spent outside
class on CHE courses (seniors) (N=66) | (N=82)

<4 3% 3%

4-8 21% 27% .65

9-12 45% 34%

13-16 17% 23%

>16 13% 14%

Table 8. Perception of course workloads.

D. Fifth Year Graduation and Attrition Rates

Chemical engineering is in principle a four-year curriculum at
N.C. State, but most students who graduate in this field do so after
41/2 or 5 years. Table 9 shows the status of students in both groups
four years after enrolling in CHE 205 (which for most of them
would be at the end of their fifth year of college). Data are shown
only for the students who enrolled in CHE 205 with the intention
of obtaining degrees in chemical engineering.

The five-year graduation rate in chemical engineering was 85%
for the experimental group and 65% for the comparison group, a
difference significant at the 0.01 level. Three percent of the com-
parison group students and none in the experimental group were
still enrolled in chemical engineering after five years of college. Stu-
dents in the comparison group were more than twice as likely to
transfer out of chemical engineering to a different curriculum (22%
vs. 10%) and eight times more likely to drop out of college in good
academic standing (8% vs. 1%). The same percentage in both
groups (3%) dropped out in bad standing.

E. Seniors’ Post-Graduation Plans, Concerns, and Self-Ratings of
Abilities
Seniors in the experimental group were more than twice as likely

as comparison group students to express an intention of pursuing
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graduate study in chemical engineering (18% vs. 7%) and almost
twice as likely to want to work at either at a university or a research
facility (15% vs. 8%). The percentage of the comparison group ex-
pressing very high anxiety about being a chemical engineer follow-
ing graduation was almost triple the percentage of the experimental
group doing so (17% vs. 6%).

The seniors were asked to rate the changes in certain of their
abilities since the beginning of CHE 205 (table 10). The experi-
mental group students gave themselves higher ratings for improve-
ments in both basic problem-solving ability and creative problem-
solving ability, with the latter difference being statistically
significant. The comparison group students gave themselves signif-
icantly higher ratings for improvements in ability to solve computer
problems and to work independently. There was almost no differ-
ence in the ratings of improvement in ability to work in a group.

F. Seniors’ Ratings of Their Education

Table 11 shows the seniors’ ratings of the quality of their course
instruction, the student-friendliness of the instructional environ-
ment in the chemical engineering department, the support they got
from their peers (classmates), and the value of their investment in
their chemical engineering education. In all cases, the ratings from
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Expt. | Comp. p

Status’ (N=95) | (N=139)

G 85% 65% | < .01x7

S 0% 3%

TG 4% 8%

TB 6% 14%

DG 1% 8%

DB 3% 3%
Retention” (N=94) | (N=139)

Retained 85% 68% | < .01x%

Not retained 15% 32%

® Data only for intended CHE majors
» G = Graduated with CHE degree
S = Still enrolled in CHE
TG = Left CHE in good standing (GPA>2.00)
TB = Left CHE in bad standing (GPA <2.00)
DG = Left NCSU in good standing (GPA>2.00)
DB = Left NCSU in bad standing (GPA<2.00)
“ Retained = Status of G or S
Not retained = Status of TG, TB, DG, DB

@ chi-square test

Table 9. Status after five years of college’

the experimental group students were significantly higher than
those for the comparison group students, with the levels of signifi-
cance for the first three categories being less than 0.001. The per-
centage of the experimental group giving their instruction the top
rating was an order of magnitude greater than the percentage for
the comparison group.

V. DiscussIoN

One goal of engineering education is to equip students with
knowledge of basic engineering content and ability to solve engi-
neering problems. Another is to help the students develop and im-
prove interpersonal skills generally considered essential for success
in the workplace, including communication and teamwork skills.

To evaluate the longitudinal study, we must attempt to answer
two questions:

* Did the experimental group learn more and achieve higher
problem-solving and interpersonal skill levels than the com-
parison group?

* To what extent can observed between-group differences be
attributed to specific features of the experimental course in-
struction?

The first question is difficult to answer definitively, for several
reasons. No standardized chemical engineering tests exist that
could have provided a basis for comparison of content learning.
Moreover, since the experimental and comparison course offerings
were offset in time by two years and taught by different instructors,
there was no practical way to administer identical examinations to
both cohorts (if for no other reason than the existence of exhaustive
student archives of past examinations). Even if the latter measure
had been possible it would not have been fair, since many of the
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skills taught and assessed in the experimental courses (e.g., inter-
preting familiar physical phenomena in terms of course principles,
brainstorming, system troubleshooting, and problem formulation)
were not part of the routine instruction in the comparison courses.
We may, however, draw inferences about quality and extent of
learning by examining patterns in between-course differences and
comparing them with patterns observed in related published studies.

The question about attribution of performance and attitude dif-
ferences to specific instructional features of the courses is even more
difficult to answer, since the instructional approaches in the experi-
mental and comparison course sequences differed in almost every
aspect of presentation, testing, and grading. Moreover, the experi-
mental group knew by their second semester in the study that they
were being subjected to nontraditional instruction, so that the
Hawthorne effect (wherein doing anything different from the
norm may lead to positive responses) may very well have influenced
the outcomes. Deciding how much each of these factors accounted
for the observed performance and attitude differences between the
two groups would be a hopeless task.

Fortunately, linking specific instructional methods to specific
outcomes is not essential for the purposes of this study. Our goal
was not to evaluate any of the individual components of the experi-
mental instructional method, all of which have been validated in in-
numerable empirical studies and have solid foundations in educa-
tional and cognitive psychology.”?* Rather, the goal was to
determine what would happen if the methods were used in combi-
nation over an extended period of time in an engineering curricu-
lum, and this we are in a position to do.

In the remainder of this section we will suggest several infer-
ences that may be drawn from the results summarized in the previ-
ous section and from the instructor’s observations.

A. Retention in the Chemical Engineering Curriculum was Higher for
the Experimental Group than for the Comparison Group.

This conclusion follows directly from table 9. Relative to stu-
dents in the experimental group, students in the comparison group
were more likely to transfer out of chemical engineering, drop out
of college, or still be enrolled in chemical engineering four years
after enrolling in CHE 205. A much higher percentage of the com-
parison group switched or dropped out in good academic standing
(16% of the comparison group vs. 5% of the experimental group), a
result consistent with the relatively low ratings given by the com-
parison group students to their chemical engineering education
(table 11).

B. The experimental offering of the introductory course served as a bet-
ter gateway to the chemical engineering curriculum than did the com-
parison offering of the course.

The experimental course was a greater obstacle to students who
lacked the motivation or aptitude to succeed in the field and provid-
ed a better preparation for the rest of the curriculum to those who
passed.

Table 4 shows that 56% of the experimental group and 35% of
the comparison group earned A’s and B’s in CHE 205, 12% of the
experimental group and 46% of the comparison group earned C’s,
and 32% of the experimental group and 20% of the comparison
group “failed.” (Failure in CHE 205 is defined for the purposes of
this study as earning a D or F or dropping the course, any of which
would require repeating the course in order to remain in chemical
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Expt. | Comp. P
Change in ability to solve basic engineering problems - (N=66) | (N=81)
Much higher 50% 38%
Higher 36% 53% .16
About the same 8% 7%
Lower 5% 1%
Much lower 2% 0%
Change in ability to solve creative engineering problems - | (N=66) | (N=81)
Much higher 21% 12%
Higher 64% 58% | .06*
About the same 9% 25%
Lower 6% 4%
Much lower 0% 1%
Change in ability to work in a group (N=66) | (N=80)
Much higher 27% 24%
Higher 50% 51% | .60
About the same 20% 25%
Lower 2% 0%
Much lower 2% 0%
Change in ability to solve computer problems - (N=66) | (N=81)
Much higher 35% 46%
Higher 44% 46% | .06*
About the same 21% 7%
Lower 0% 1%
Much lower 0% 0%
Change in ability to work independently (N=66) | (N=80)
Much higher 5% 11%
Higher 32% 52% | .009%*
About the same 52% 29%
Lower 9% 8%
Much lower 3% 0%
Table 10. Seniors’rating of changes in abilities since start of CHE 205.

engineering.)

Most of the experimental group students who failed CHE 205
gave up early in the course and most who completed the course re-
quirements earned A’s and B’s. The large number of high grades
cannot be explained on the basis of low standards; the concurrently
high failure rate negates this hypothesis, and most students in the
experimental group characterized the course as one of the most de-
manding they had ever taken.

Relative to their counterparts in the comparison group, experi-
mental group students who passed CHE 205 earned higher grades
in subsequent chemical engineering courses (tables 4 and 5) and
were significantly more likely to go on to graduate in chemical engi-
neering (table 9). The experimental group students also gave much
higher ratings to the preparation for junior courses they received in
CHE 205 and the course that followed it (table 6). In short, most
students in the experimental offering of CHE 205 either gave up
early and failed or persisted and achieved a higher level of mastery
of course material than most comparison group students did.

The superior academic performance of the experimental group
is consistent with many other research studies of cooperative learn-
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ing. In one study, significantly higher grades were earned in coop-
eratively-taught offerings of the introductory chemical engineering
course than in a traditionally-taught offering with the same exami-
nations.” Johnson et al.” report many other instances of students in
cooperatively-taught classes outperforming students in traditional-
ly-taught control groups. Given the immense body of research in-
dicating that active and cooperative instructional methods improve
learning, it would have been surprising if performance differences
of the types observed in the present study had not appeared.

C. The experimental group developed higher critical skill levels.
Successful engineers must solve open-ended multidisciplinary
problems, diagnose discrepancies between design predictions and
actual process performance, and exercise the range of leadership,
communication, conflict resolution, and other interpersonal skills
required to work effectively on a team. Many published studies
have demonstrated that cooperative learning facilitates develop-
ment of most cognitive and interpersonal skills, as long as the skills
are required to perform well in assignments and on tests." We
would therefore expect greater improvements in the skill levels of
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Expt. | Comp. P

Quality of course instruction (N=66) | (N=82)

A 23% 2%

B 56% 40% | <.001*

C 18% 40%

D 3% 10%

F 0% 7%
Student-friendliness of environment | (N=66) | (N=82)

A 24% 2%

B 48% 39% | <.001*

C 18% 32%

D 9% 16%

F 0% 11%
Peer support (N=66) | (N=82)

A 67% 28%

B 27% 52% | <.001*

C 5% 10%

D 2% 9%

F 0% 1%
Investment in CHE education (N=66) | (N=82)

Very worthwhile 55% 34%

Worthwhile 42% 57% .06*

Not very worthwhile 2% 5%

Wasted 2% 4%

Table 11. Seniors’ratings of CHE education.

the experimental group than in those of the comparison group.

Although we have no quantitative assessment data to confirm
this expectation, we have several reasons to believe that it was real-
ized. Skills inevitably improve through training, practice, and feed-
back. The experimental course instruction provided some explicit
training and a great deal of practice and feedback in the cognitive
and interpersonal skills in question and the comparison course in-
struction did not. The experimental course instructor observed dra-
matic improvements in open-ended problem solving, problem for-
mulation, and teamwork over the course of the study, and the
experimental group students gave their improvement in creative
problem-solving ability significantly higher ratings than the com-
parison group gave theirs (table 10). The superior performance of
the experimental group in courses not taught by Dr. Felder (table 5)
suggests that once acquired, the improved problem-solving skills
were transferable to a traditional learning environment.

It is interesting and initially surprising that the two groups gave
themselves almost identical ratings on ability to work in groups, de-
spite the extensive use of cooperative learning in the experimental
course sequence. A possible explanation is that structured team-
work requires adapting to widely different ability levels, time sched-
ules, and senses of responsibility among team members and con-
stantly confronting and resolving differences of opinion. Learning
how to do all that effectively is no less challenging than learning
how to write and solve material balance equations, and the learning
process is often difficult and frustrating. The experimental group
knew all about the difficulties and many knew that they still had a
great deal to learn about overcoming them. On the other hand, to
many or most of the comparison group, “group work” simply meant
ad hoc study sessions with friends. Since the students working in
this manner never really understood how much was involved in ef-
fective team functioning, there was no reason for them to downrate
their teamwork skills relative to the experimental group.

It was not until after graduation that many of the experimental
group students understood how much they had learned about
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teamwork. In post-graduation surveys, most of them cite group
work as the most valuable feature of their undergraduate education.
Several have remarked they had to confront the same interpersonal
problems on their jobs that they had confronted in the experimental
classes, but unlike their counterparts from other institutions, they
came armed with strategies for overcoming the difficulties.

D. The comparison group may have improved more in their abilities to
solve computer problems and to work independently.

Although the students in the experimental courses were con-
stantly urged to outline all problem solutions individually before
completing the detailed solutions in their teams, many did not reg-
ularly do so. Similarly, the tendency of many teams working on
computer problems was to let the team members most comfortable
with computers do most of the work. The comparison group’s
higher ratings of improvements in ability to work independently
and to solve computer problems (table 10) may therefore be justi-
fied. We believe that group homework might have been overem-
phasized in the experimental courses, and that a better balance be-
tween individual and group assignments might have made these
courses more effective.

E. The experimental instructional approach led to better peer interactions.

In What Matters in College,” Alexander Astin offers a wealth of
evidence to support his assertion that ...the student’s peer group is
the single most potent source of influence on growth and develop-
ment during the undergraduate years.” He shows that frequency of
education-related student-student interactions (including dis-
cussing course content with other students, working on group pro-
jects, and tutoring other students) correlates with improvement in
GPA, graduating with honors, analytical and problem-solving
skills, leadership ability, public speaking skills, interpersonal skills,
preparation for graduate and professional school, and general
knowledge.

The sense of community that developed within the experimen-
tal group was unlike anything the instructor had ever observed. Be-
ginning in the first course, the students studied together, partied to-
gether, and when they were unhappy about something (like having
to solve challenge problems to earn an A in a course), complained
with remarkable unanimity. When asked about this unusual level of
class coherence, many cited the group work that was a constant fea-
ture of the experimental courses and some remarked that they did-
n't know how they would have survived without the help of their
teammates. In retrospectively evaluating their chemical engineering
education, 67% of the experimental group and only 28% of the
comparison group gave peer support the top rating of the alterna-
tives provided (table 11).

F. The testing and grading policies and procedures in the experimental
course sequence contributed to the improved performance and attitudes
of the students in the experimental group.

In the experimental courses, great care was exerted (not always
successfully) to make sure that examinations were both rigorous
and fair and that speed was minimized as a factor in test perfor-
mance. The tests routinely included questions that required con-
ceptual understanding and not just formula substitution, but stu-
dents had extensive prior practice in such problems in class exercises
and homework assignments. The instructor always made sure that
he could complete the test in less than one-third of a normal class
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period, and when possible found a longer time period in which to
give the test.

Although the tests in the experimental course offerings had (in
the instructor’s opinion) more high level content than traditional
tests in the same courses, there were very few complaints about
them. When asked midway through the third course of the se-
quence to cite the most likely reason if their performance failed to
meet their expectations of themselves, 29% of the comparison
group students cited unfair tests and only 2% of the experimental
group did so. In response to the same question in the fifth course,
the percentages citing unfair tests as the most probable cause of
poor performance were 16% (comparison group) and again 2% (ex-
perimental group). As one of the seniors in the comparison group
said in an evaluation, “I have yet to figure out why in every class
since 205 and 225 professors give tests where the class average is 50.
It doesn’t make sense to me to fail 2/3 of the class on the tests only
to curve the final grades, and it certainly did nothing for my self-
confidence.”

An absolute (criterion-referenced) system was used to assign let-
ter grades in the experimental courses, so that in principle every stu-
dent could have earned an A if they met the criteria for this grade.
This outcome would be impossible if grades were assigned on a
curve, as would the bimodal distribution observed in the experi-
mental offering of CHE 205 (table 4). Astin™ believes that the
prevalence of curving in engineering relative to other fields helps
explain why so many traditionally-taught students leave engineer-
ing for other fields. He notes that most engineering students were
top scholars in high school and so are bound to be disappointed
when evaluated by a system that requires most of them to get less
than top grades. Their frustration in this situation could account for
much of their dissatisfaction with their instruction and for the incli-
nation many of them have to leave engineering, even if their acade-
mic performance has been adequate or more than adequate.

G. The experimental group and the instructor of the experimental
courses each had superior educational experiences: A personal observa-
tion (RME).

The individual strategies that constituted the experimental in-
structional approach — systematic use of instructional objectives,
active and cooperative learning, criterion-referenced grading, and
other methods described elsewhere* — were selected based on their
proven effectiveness. References on educational psychology,** suc-
cess in college,” and teaching effectiveness'**%2+%%" offer an abun-
dance of evidence that the methods enhance motivation to learn,
curricular retention, breadth and depth of learning, development of
cognitive and interpersonal skills, self-confidence, and attitudes to-
ward the subjects being taught.

As the instructor of the experimental courses, I infer from the
quantitative results summarized above that the experimental group
indeed received most of these advertised benefits, and it is those re-
sults that my colleagues and I offer as proof of the effectiveness of
the experimental approach. My purpose in this section is to present
qualitative observations that would not by themselves qualify as
proof but are consistent with and therefore supportive of the quan-
titative results.

o The students’ performance on high-level open-ended problems
steadily improved with time. In brainstorming and trouble-
shooting problems most of the students would routinely
come up with the maximum number of responses I request-
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ed. In problem formulation exercises, the quality of their
problems varied tremendously but more and more of them
began to make up and solve problems that called for creative
and multidisciplinary thinking.

Their attitude toward cooperative learning and their teamwork
skills also improved. 1 base this inference on the minimal vocal
opposition to group work after the first six weeks of the first
course (there was considerable initial opposition), the over-
whelmingly positive evaluations of group work in all midse-
mester and final surveys, and the near absence of serious
group dysfunctionality after the first semester. It is not that
interpersonal problems stopped occurring as new groups
formed in successive courses; they invariably arose in many
groups. It is rather that the students almost always found
ways to overcome the problems, sometimes with my inter-
vention and usually on their own.

The intellectual level of course-related discussion improved . 1
rarely got individual students coming in during my office
hours to ask for help with a specific problem; someone in
each group could usually figure out what to do. Instead, I
got whole teams coming in, locked in mortal combat over a
difficult procedural or conceptual point. The ensuing dis-
cussions were more educational for the students (and far
more fun for me) than the repetitive one-on-one tutoring
sessions that had been the norm for office hours when I
taught more traditionally.

The students’ developing problem-solving and study skills trans-
ferred to courses taught by other instructors. This result is clearly
suggested by the thermodynamics course grade distributions
shown in table 5. A colleague who taught one of those cours-
es to the experimental group and who has a reputation of
being one of the toughest graders in the department suggest-
ed that this was the best group of chemical engineering stu-
dents he had ever taught. The students themselves attributed
much of their academic success to strategies they had learned
in the experimental course sequence, like getting together in
their groups before tests, figuring out what the instructor was
likely to ask, and working out how they would answer. They
had begun to wean themselves away from the instructor as
the sole purveyor of knowledge and wisdom and instead
began to rely on themselves and one another as learning re-
sources. This behavior pattern suggests that the experimental
instructional approach serves well to prepare students to
function as professionals and lifelong learners. When they
enter the working world they will no longer have instructors
to rely on, but they will continue to have themselves and their
colleagues.

The instructor formed a unique and long-lasting bond with the
students. 1 taught them during a 3-year period and have had
more interactions with them before and after graduation
than I have had with students in the much larger group I
taught in the other 26 years of my career. While they were in
school they frequently came to my office with both academic
and personal problems. I attended their end-of-semester
parties and spoke at their graduation. I routinely get news
about them by email, requests for reference letters, wedding
invitations, birth announcements, and visits from them
when they are in town. I send out a survey to them each year
asking for news and retrospective reflections on their college
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experience, get a very high rate of return, and put out a yearly
bulletin with their current addresses, positions, and com-
ments that they sent me to pass along to their former class-
mates.

Astin has noted that the quality of student-faculty interactions
was one of the two most important factors he found for motivating
students to learn and maximizing their chances for success (the
other being the quality of peer interactions). If he is correct, the suc-
cessful performance and positive attitudes of the experimental
group can probably be attributed in no small measure to the emo-
tional bond that developed between them and me. In any event, my
relationship with them has been a major highlight of my profes-
sional career.

VI. CONCLUSIONS

The experimental instructional approach that constituted the
basis of this study touched on almost every aspect of pedagogy. To
summarize its features one final time, it involved

* preparation and communication of multilevel instructional

objectives

* inductive presentation of course material with a heavy em-

phasis on real-world applications as opposed to abstract
mathematical formulations

* extensive active learning supplementing traditional lecturing

in class

* formal cooperative learning in out-of-class assignments,

with multiple measures taken to assure both positive interde-
pendence and individual accountability

* routine assignment of a wide variety of closed-ended and

open-ended problems and problem formulation exercises

* challenging tests designed to be consistent with instructional

objectives, in-class exercises, and homework assignments,
with comprehension maximized and problem-solving speed
minimized as factors in test performance

* criterion-referenced course grading (no curving). Solution of a

specified number of “challenge problems” required for an A.
By design, the approach did not incorporate features that are costly
or require unusual classroom resources like computers or tables de-
signed for work groups. Any instructor at any institution should
therefore be able to implement the approach.

The methods that constituted the experimental instructional
approach have been shown in study after study to have positive ef-
fects on students’ academic performance, motivation to learn, and
attitudes toward their education and toward themselves. There was
thus every reason to expect the experimental group to compare fa-
vorably with the comparison group, and indeed they did. Experi-
mental group students generally earned higher course grades than
comparison group students. Comparison group students were
roughly twice as likely to leave chemical engineering for any reason
prior to graduation and almost three times as likely to drop out of
college altogether. Strong anecdotal evidence suggests that the ex-
perimental group outperformed the comparison group in develop-
ing skills in higher-level thinking, communication, and teamwork.

The attitudes of the two groups of students toward their educa-
tion were dramatically different in many respects. Students in the
experimental group gave significantly higher ratings to the quality
of their course instruction, the student-friendliness of their acade-

October 1998

mic environment, the level of peer support they enjoyed, and the
quality of their investment in their chemical engineering education,
and they were more than twice as likely to express an intention of
pursuing graduate study in chemical engineering. The experimental
group seniors felt that they had experienced much greater improve-
ments in their basic and creative problem-solving abilities, while
the comparison group seniors reported feeling greater improve-
ment in their ability to solve computer problems and to work inde-
pendently. (The latter two measures were the only ones on which
the outcomes favored the comparison group.)

We set out in this study to demonstrate the positive effects on
learning that might result from the repeated systematic use of well-
established but nontraditional teaching methods with a cohort of
engineering students, and we believe we have done so. There are
limits, however, on the extent to which our results can be interpret-
ed and generalized. All of the features of the experimental instruc-
tional approach undoubtedly contributed to the observed student
outcomes, but there is no way to determine the individual contribu-
tion of each feature to each outcome or the synergy that may have
existed among the features. Moreover, no educational environment
can ever be precisely replicated; the same techniques used by a dif-
ferent instructor or by the same instructor with different students
will inevitably produce different results.

We are therefore not in a position to predict that instructors
who adopt the experimental instructional approach will see the
same or even quantitatively similar results to those observed in this
study. We can state with considerable confidence, however, that in-
structors who implement the defining features of the approach
(preferably making the changes gradually rather than trying them all
at once) will eventually see improvements in their students’ perfor-
mance. The more features they adopt, the greater the improvements
they can expect. As they gain practice and learn more about the new
methods, the skill levels of their students will continue to increase.
The process is limited only by the ultimate potential of instructors
and students to learn and grow — which is to say, it is limitless.
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