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ssessing the relative quality of graduate programs is

of great interest to policy makers, academic admin

istrators, prospective students, employers of gradu-
ates, alumni, and the general public. Rankings by federal
advisory panels"’ and the popular press are widely quoted,
but despite the importance assigned to the rankings, there
has been little critical, detailed analysis of their relevance
and accuracy. In this paper we will present an analysis of the
most prominent of these reports,!! especially as it relates to
chemical engineering programs. Although our discussion is
confined to chemical engineering, we believe that the gen-
eral conclusions and methods are also relevant to the other
engineering disciplines.

The National Research Council (NRC) in 1995 released a
massive study'” of research doctorate programs in the U.S. It
was the product of a committee of eighteen academics from

various disciplines and is a follow-on study of a similar
report issued in 1982. The report contains reputational
rankings, based on a survey of graduate faculty, as well as an
impressive amount of factual data from several independent
sources. Unfortunately, most attention has been focused on
the survey results—in particular the reputational ranking
based on perceived faculty quality. This is apparently due, at
least in part, to the method by which the data were displayed
in the report and the normal tendency to simplify complex
data sets into a single, easily understood, quality index.

Several aspects of the NRC report have caused concern.
(See, for example, the summary article by Mervis."")) One
striking feature of the results, noted by the authors, was the
“remarkable stability among programs rated in the top and
bottom quarter” between the 1982 and 1995 reports. An-
other striking feature was the heavy reliance on the survey

Editorial Comment . . .

A strength of the engineering education system in the United States is its diver-
sity. It is evident in such characteristics as student demographics, college missions
and sources of funding, enrollment levels, research strengths, collaborations, and
curricula. A positive outcome of our system is the diverse pool of graduates pro-
duced to meet the varied and dynamic workforce needs of the world. Choices,
however, are being made that can significantly impact programs. Industry selects
schools for recruiting visits; students commit to pursue graduate or undergraduate
degrees at specific schools, and private and public foundations and agencies award
grants, contracts and gifts to selected institutions. The perceived quality of an
institution is often an important factor in these decisions, and rankings by
institution, college, or degree program contribute to defining perceptions.

In recent years, chemical engineering departments have been asked to assess the
quality of their programs to direct improvement strategies. This movement is being
driven internally as well as externally by regional and national accreditation entities
and by funding agencies (e.g., state governments). Ideally, rankings would directly
assess the quality of graduates and the improvement in students while they were
enrolled. Since no method to do this has been devised, ranking schemes typically
use a combination of numerical program data and peer ranksing to determine a score
instead of doing a direct assessment. Although the efficacy of this approach is still
being debated, it has increased the importance of peer comparison and the availabil-
ity of program data. This issue of CEE presents a paper by Angus, Edwards, and
Schultz that proposes alternative measures of graduate program quality. Not sur-
prisingly, an extensive review process revealed that the subject of rankings is a

contentious issue. The reviewers as well as the authors identified many of the
shortfalls in assessing the quality of something as complex, multidimensional, and
subjective as graduate programs. Identified issues included the establishment of false
goals, for example publishing papers in smaller segments or of lesser quality, or
hiring faculty in publication-intensive research areas simply to increase the publica-
tion count, all of which would increase ranking but could likely decrease program
quality. Another issue was that inaccurate or inappropriate data would undermine the
conclusions. Examples include the counting of non-competitive research funding
(e.g., state funding) and the use of a limited set of journals for citation searching or a
limited set of societies in award counting that would not recognize programs with an
emphasis on emerging research areas.

This paper presents a sound analysis of the recent NRC ranking, and many of the
conclusions as well as the analytical approach can be extended to other ranking
schemes. Although the proposed alternative measures of quality may be open to
criticism, the authors clearly show the sensitivity of rank order to the selected set of
measures and to weighting algorithms (e.g., intensive vs. extensive). We hope that
this paper will increase awareness of the shortfalls of any approach to ranking and
help one gauge what can and cannot be ascertained from a ranking. We do not
believe that a composite index can be developed to accurately measure the relative
quality of chemical engineering degree programs in our complex graduate education
system, nor is it desirable to drive programs to conformity. We recognize, however,
that ranking schemes have increased their presence in our profession and to ignore
their impact would be a mistake. We hope that this article will stimulate serious
discussion in the community. O
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results, which were used to generate reputational rankings
rather than “quantitative” measures of quality. Another
concern, quite apparent to engineers and scientists, was
the minimal distinction drawn between intensive (size
independent) and extensive (size dependent) measures of
quality. Although the report included a number of statisti-
cal tests of the data, no detailed analysis of sources of
error in the data sets was provided. Finally, there was no
assessment of program quality based on student outcomes
in their subsequent professional life. The committee was

TABLE 1
Survey Questions Used for the NRC Report!"

B1 Familiarity with work of Program Faculty
1. ___ Considerable familiarity
2. Some familiarity
3. ___Little or no familiarity

B2 Scholarly Quality of Program Faculty
1. ___ Distinguished
2.___ Strong
3. Good
4. Adequate
5.___ Marginal
6. ___ Not sufficient for doctoral education

9. ___ Don’t know well enough to evaluate

B3. Familarity with Graduates of this Program
1. ___ Considerable familiarity
2. ___ Some familiarity
3. ___ Little or no familiarity

B4 Effectiveness of Program in Educating Research Scholars/Scientists
1. ___ Extremely effective
2. __ Reasonable effective
3. ___ Minimally effective
4. __ Not effective

9. ___ Don’t know well enough to evaluate
B5 Change in Program Quality in Last Five Years
1. ___ Better than five years ago
2. ___ Little or no change in the last five years
3. ___ Poorer than five years ago

9. Don’t know well enough to evaluate
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aware of many of these concerns and, in fact, was unable to
address some of them for lack of time and resources. The commit-
tee was also aware that the report might be used in superficial ways
that were not intended.

The NRC report is being used by deans, legislators, and founda-
tions in the allocation of resources and in other critical decisions. It
is therefore useful to understand the report and to critically exam-
ine its conclusions. In this paper we will give an analysis of the
data for the chemical engineering programs covered in the report.
We will also give alternative rankings using data from the NRC
report and other sources. We emphasize that the rankings pre-
sented here are meant only to illustrate the methods employed and
to reach general conclusions. Because of limitations in the data
available to us, the position of a particular individual program in
the rankings should be treated with caution.

Methods ® The most discussed part of the NRC report is the
faculty survey conducted in 1993. Questionnaires were sent to
randomly selected faculty and each participant was asked to rank
approximately fifty programs. Other than a list of faculty, the
participants were provided no other information about the pro-
grams. The survey questions are shown in Table 1.

Forty-one graduate fields of study were covered in the NRC
report, one of which was chemical engineering. For chemical
engineering programs, 206 usable responses were obtained from
361 questionnaires, a 57% response rate. Within chemical engi-
neering, 93 of the 121 engineering departments awarding PhD
degrees during the 1986-92 time period were included. These
93 departments produced 96% of the chemical engineering
PhDs awarded during that period.

The results of the survey were tabulated in the Appendices to the
NRC report. The programs were listed in order in the tables ac-
cording to the results of the first survey question (the average
ranking of faculty quality). This procedure was used in response to
complaints that data in the 1982 report were difficult to interpret
because programs were listed alphabetically. The result, however,
has been to focus on this one single measure of quality, despite the
fact that rankings in the other categories (e.g., program effective-
ness and visibility) are also provided in the report.

One of the purposes of the committee that compiled the 1995
NRC Report was to expand the “objective” measures developed
by prior committees. Some program statistics were provided: num-
ber of faculty, number of PhDs granted, number of PhDs awarded
to female and minority students and non-citizens, and the average
length of time to receive a PhD. Quantitative measures of quality
were also provided: 1) percentage of faculty with research support
(%SUPP), 2) percentage of faculty publishing during 1986-92
(%PUB), 3) total publications during 1986-92 (PUB), and 4) total
citations to published work during 1986-92 (TC). The latter two
were also reported on an intensive (normalized per faculty)
basis, i.e., PUB/TF and TC/TF (see Table 2 for a description of
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the terms in the NRC report).

Survey Results ® In Table 3 we give the acronyms used
in subsequent tables for identification of universities, and
in Table 4 we list the graduate programs in chemical
engineering as they were rank-ordered by perceived
faculty quality (93Q) in the NRC report. This is the
order in which the programs are listed in Appendix P
of the NRC report.

A striking, but not widely appreciated, feature of the
NRC report is shown in Figure 1,” which is a plot of the
survey results for faculty quality (93Q) versus program
effectiveness (93E). A very strong correlation is evident.
For example, R’=0.97 when the data are fit with the
equality (93Q)=(93E). This strong correlation can arise
simply because high-quality faculty will produce effec-
tive graduate programs. We believe it is far more likely
that the respondents did not discriminate between faculty
quality and program effectiveness and treated both ques-
tions the same. This strong correlation was noted in the
NRC report in Appendix O-8 where a Pearson product-
moment correlation coefficient of 0.98 between 93Q and
93E was given for chemical engineering. Similar strong
correlations between 93Q and 93E were observed for the

“In Figure 1 and subsequent figures we indicate the square of
the degree of correlation by R?, the coefficient of determina-
tion. The magnitude of R? is simply described as the fraction
of the raw variance in the data set accounted for by using the
fitted equation. The plots and values of R* were obtained
using an Excel spreadsheet.

NOTE: In the NRC report, the symbols for the variables referred to both the rank order,
and, where applicable, to the average score of the ratings on the scale of 1 to 5. We give
both definitions in the list below. The definitions are taken from Appendix P, page 469,
and Table 2-4, page 25, of the NRC report. Not all of the categories used in the NRC
report were used in this paper. The terms below the dashed line were not used in the NRC
report.

93Q

93E

VIS

e

C/F

PUB

HON  Number of honors received by faculty."** See text for details
SUPP Total research support from all sources. Source: National Science Foundation."

TABLE 2
Definition of Terms Used in this Paper

Rank order of “scholarly quality of program faculty.” (Average score on a scale
of 0 to 5, with 5 representing “Distinguished.”)

Rank order of “program effectiveness in educating research scholars and
scientists.” (Average score on a scale of 0 to 5, with 5 representing “Extremely
Effective.”)

Rank order of visibility of the doctoral program (Percentage of the question-
naires that reported some knowledge of the program by an answer other than
“Don’t know well enough to evaluate” or “Little or no familiarity” to one or
more of the five questions.)

Rank order of the total number of citations attributed to program faculty in the
period 1988-92. (Total number of citations attributed to program faculty.)
Source: Institute of Scientific Information.

Rank order of the citation density for the program faculty (Total number of
citations (TC) divided by the number of program faculty (TF)). Source:
Institute of Scientific Information.

Total number of publications attributed to program faculty for the period 1988-
92.

Number of program faculty in fall 1992. NRC Report for calculating PUB/TF
and TC/TF; AIChE" for calculating HON/TF and SUPP/TF.

TABLE 3
Acronyms Used to Identify Universities

ASU  Arizona State University NEU  Northeastern University
AUB  Auburn University NIT  New Jersey Inst. of Technology
BYU  Brigham Young University NWU  Northwestern University
CIT  California Inst. of Technology OHU  Ohio University
CLAR  Clarkson University OKSU  Oklahoma State University
CLMN  Clemson University ORSU  Oregon State University
CMU  Carnegie Mellon University OSU  Ohio State University
COL  Columbia University PITT  University of Pittsburgh
CORN  Cornell University PLYU  Polytechnic University
CSM  Colorado School of Mines PRU  Princeton University
CUNY CUNY-Grad Sch & Univ Center | PSU  Pennsylvania State University
CWRU  Case Western Reserve Univ. PUR  Purdue University
DUKE  Duke University RICE  Rice University
GIT  Georgia Institute of Technology |ROCH  University of Rochester
[T Tllinois Institute of Technology RPI  Rensselaer Polytechnic Institute
ISU  lowa State University RSU  Rutgers St. Univ-New Brunswick
JHU  Johns Hopkins University SIT  Stevens Institute of Technology
KSU  Kansas State University STAN  Stanford University
LEH  Lehigh University SUNY  State Univ of New York-Buffalo
LSU  Louisiana St. U & A&M College | SYR  Syracuse University
MIT  Massachusetts Inst. of Tech. TAM  Texas A&M University
MSU  Michigan State University TUL  Tulane University
NCSU  North Carolina State University |UAKR  University of Akron
ND  University of Notre Dame

UAZ  University of Arizona UMOC  University of Missouri-Columbia
UCB  University of California-Berkeley | UMOR ~ University of Missouri-Rolla
UCD  University of California-Davis UMS  University of Mississippi
UCIN  University of Cincinnati UOK  University of Oklahoma
UCLA  Univ. of California-Los Angeles UPA  University of Pennsylvania
UCO  University of Colorado URI  University of Rhode Island
UCSB  Univ of California-Santa Barbara USC  Univ. of Southern California
UCT  University of Connecticut UTA  University of Texas-Austin
UDE  University of Delaware UTN  Univ. of Tennessee-Knoxville
UFL  University of Florida UTUL  University of Tulsa

UH  University of Houston UUT  University of Utah

UIA  University of lowa UVA  University of Virginia

UIC  University of Illinois-Chicago UWA  University of Washington

UID  University of Idaho UWI  Univ. of Wisconsin-Madison

UIL  Univ of Illinois,Urbana-Champaign | UWY  University of Wyoming

UKS  University of Kansas VAND  Vanderbilt University

UKY  University of Kentucky VPI  Virginia Polytech Inst & State Univ
ULV University of Louisville WASU  Washington State University
UMA  Univ. of Massachusetts-Amherst WPI Worcester Polytechnic Institute
UMD  Univ. of Maryland-College Park WSU  Wayne State University

UME  University of Maine WU  Washington University

UMI  University of Michigan WVU  West Virginia University
UMN  University of Minnesota YALE  Yale University
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other engineering programs. This level of
correlation strongly suggests that these two
of the five survey questions gave indistin-
guishable results.

In Figure 2a, we show a plot of perceived

TABLE 4
Rank Order of ChE Faculty
Quality Survey Results (93Q) Given
in the NRC Report
Rank
Order University
1 University of Minnesota
Massachusetts Institute of Technology
University of California-Berkeley
University of Wisconsin-Madison
Univ of Illinois, Urbana-Champaign
California Institute of Technology
Stanford University
University of Delaware
9 Princeton University
10 University of Texas at Austin
11 University of Pennsylvania
12 Carnegie Mellon University
13 Cornell University
14 Univ of California-Santa Barbara
15 Northwestern University
16 Purdue University
78 University of Houston
18 University of Michigan
19 CUNY-Grad Sch & Univ Center

00 O\ W AW

20 University of Washington

21.5  Univ of Massachusetts-Amherst
21.5  Rice University

23 Pennsylvania State University

24 University of Notre Dame

25 North Carolina State University

26 University of Colorado

27 Lehigh University

28 University of California-Davis

29 State University of New York-Buffalo
30.5  University of Virginia

30.5 . Georgia Institute of Technology
32.5  Yale University

32.5 Iowa State University

34 University of Florida

35.5 Rensselaer Polytechnic Institute
35.5  Johns Hopkins University

37 Texas A&M University

38 Washington University

39 University of California-Los Angeles
40 University of Rochester

41 Ohio State University

42 Virginia Polytech Inst & State Univ
43 Rutgers State Univ.-New Brunswick
44 University of Pittsburgh

45 Michigan State University

46 Case Western Reserve University
475  Syracuse University

47.5  lllinois Institute of Technology

49 Clarkson University

50 Brigham Young University
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faculty quality (93Q) versus faculty size (TF). The value of R?is 0.40, suggest-
ing that the survey results for faculty quality are influenced to some extent by
program size, but that other factors are also important.

The program visibility (VIS) was defined as the percentage of respondents
who reported some knowledge of the program. In Figure 2b we plot the faculty
quality (93Q) versus the visibility (VIS). A strong correlation, R*=0.84, is
observed. One cannot prove cause-and-effect relationships through correlation
alone; however, these results suggest that the perceived faculty quality (93Q)
scores arise, at least in part, because respondents rate highly those faculty with

5.00 -

4.00 4

g

Faculty Quality (93Q)

i
=3
=]

0.00

2.00

Program Effectiveness (93E)

3.00 5.00

Figure 1. Survey results of program effectiveness (93E) versus faculty
quality score (93Q). R*=0.97 when fit with (93E)=(93Q).

Figure 2.

(a) Survey
results of faculty
quality (93Q)
versus total
faculty (TF).
R*=0.40 for
linear fit,
y=mx+b.

(b) Survey
results of faculty
quality (93Q)
versus visibility
(VIS). R*=0.84
for linear fit,
y=mx+b.
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whom they are familiar. If this familiarity arises solely
because of the true quality of the faculty, this result is
benign; otherwise it is not.

A relatively strong correlation is observed between rank or-
der of visibility and rank order of total citations (R?>=0.67), and
a weaker correlation between rank order of visibility and total
number of faculty (R?=0.39). These results are encouraging
because they show that smaller departments can have an
impact by virtue of their research output. Significant corre-
lations are also found between perceived faculty quality
(93Q) and the number of publications (R?=0.73), number of
publications per faculty (R?=0.64), to-

TABLE 5
Programs not Considered in Final Rankings
Because of Lack of Data on Research Support

tal citations (R?=0.71), and citations
per faculty (R?=0.56).

In summary, it appears that the respon-
dents made no distinction between the
survey questions on faculty quality (93Q) Publications

; University ~ Score  Rank
and program effectiveness (93E). To

some extent, sheer size influenced the LI{/II\;[”IIS 1(7)8(2) ;
quality rankings and respondents gave UTA 766 3
high ranks to programs with which they UCB 503 4
were familiar. Strong positive correla- UDE 42 6
tions exist between the survey results of UWI 341 7
faculty quality and the publication and g’gg ;gg %‘7‘
citation rates. UCLA £B4 5

UCSB 276 13

PRU 210 27

NCSU 226 25
NWU 247 20

PUR 340 8

STAN 276 13

Alternative Measures of Quality ® Four UMI 284 11
extensive measures of program quality CIT 240 21
are used: 1) Number of publications, 2) UIL 257 17

number of citations to publications, 3) RN 02 9

. LEH 302 9

research funding, and 4) faculty honors. - sl o
In add%tlon, each. of these extensive mea- oMU 189 30
sures is normalized by the number of GIT 282 12
faculty to provide four intensive mea- | SUNY 238 22
sures of quality. We use these data to | CWRU 120 50
develop alternative rankings of programs | UMA 19.1 29
based on both the extensive and inten- Eglé %‘6"2 ;g
sive. criteria. We also provide a final com- UTN 37 87
posite ranking based on the extensive UWA 276 13
and intensive rankings. We are quite ucD 235 23
aware that these so-called “objective” JHU 151 36
measures are imperfect, and we will at- | UUT 225 26
tempt to point out potential problems with | (o 118 2}
1? ;)flo out potential proble UH 122 48
each of the measures we use. i s Lo
Quantitative measures of quality are RPI 173 32
not new. Some were used in the NRC %TJ igg Zi
Report as mentioned above. Also, the UVA 143 38

often-maligned U.S. News and World

Brigham Young University University of Louisville

City University of New York University of Maine

Duke University University of Mississippi

Illinois Institute of Technology University of Notre Dame

Northeastern University University of Rhode Island

Rice University University of Tulsa

University of Akron University of Wyoming

University of Idaho Washington University

University of Kansas Worcester Polytechnic University
TABLE 6

Rank Order and Scaled Scores of ChE Graduate Programs

Using Extensive Criteria

Citations Support Honors Extensive Composite
Score  Rank Score  Rank Score  Rank Score  Rank
100.0 1 76.6 3 719 2 3545 1
65.0 3 100.0 1 100.0 1 3442 2
76.6 2 55.6 5 72.6 3 281.4 3
452 4 134 41 56.1 6 165.0 4
233 8 30 112 68.3 4 156.6 5
162 19 41.6 7 58.6 5 150.6 6
64 45 77.8 2 21.8 27 128.7 7
13.0 24 230 19 54.0 7 115.7 8
39.6 5 122 44 187 35 114.0 9
249 7 282. 13 325 16 1132 10
175 16 257 16 469 10 111 11
168 17 35.9 9 350 .12 1104 12
137, 23 130 £42 52.8 8 1043 13
214 9 260 15 203 32 1016 14
21.7 6 254 17 203 31 1040 15
188 13 212 24 320° 17 1004 16
179 15 2000 23 208 . 20 934 17
183 14 154 34 340 15 934 18
190 12 219 22 21.8 27 929 19
203 10 239 18 172: 37 915 20
193 11 84 56 350 42 88.7 21
96 38 10.7 48 47.6 9 868 22
103 35 267 14 208 29 86.0 23
148 22 10.0 50 34.1 14 826 24
158 21 322 11 24 25 823 25
1210 =26 11.9 45 35311 83 - 26
T+ 31 2217 21 165 . 39 748 27
94 39 169 31 1.9 18 7147 28
05 91 61.6 4 85 3 743 29
165 18 144 37 13.8 43 723 30
158 20 38 5 240 24 21 31
111 32 344 10 11.1 48 6 32
g 32 2121225 165 39 7.3 33
79 44 51.6 6 00 83 713 34
33 .52 230 20 212 21 677 35
92 40 112 ' 47 267 22 65:6: 36
99 37 153 35 202 34 627 37
58 48 189 29 181 36 592 - 38
122 25 87 55 24 25 559 39
10.0 36 104 49 203 32 55.0 40

Average of Extensive Composite Scores for All Universities - 71.85

Report® used a lumped score in which
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40% was based on a reputational survey of deans and mem-
bers of the National Academy of Engineering. The remain-
ing 60% was derived from quantitative measures of research
support, faculty honors, and student selectivity. The U.S.
News and World report also included both extensive and
intensive measures of quality.

We have included only the top forty programs in the
extensive, intensive, and composite rankings. Our purpose
is to focus on alternative methods of ranking rather than
the rank order itself. We have no wish to identify any
program as being of low quality.

Publications and Citations ® We use both the total number
of faculty publications (PUB) and citations to published
papers (TC) from the NRC report as extensive measures of
research quality. The same variables normalized by the total
number of faculty (TF) are used as intensive measures of
research quality. We recognize these are imperfect mea-
sures. For example, research with the longest range and most
profound impact may go unnoticed for decades. Also, it is
difficult to agree on what constitutes a publication, and there
is a proliferation and duplication of research papers of mar-
ginal merit. The number of times a research paper has been
cited is a summary judgment, albeit imperfect, of its relevance
and importance. But papers with classic errors (for example,
cold fusion) may attract numerous citations. More signifi-
cantly, a single review paper or a paper describing a widely
used test or procedure can generate an inordinate number of
citations not closely related to research quality. Finally, certain
sub-fields within chemical engineering may more easily pro-
duce publishable results than others.

Research Support ® The NRC report contained data on the
percentage of faculty that received research support (%SUPP)
and the percentage of faculty that published (%PUB). We
found these variables provided little discrimination, especially
between high-ranked programs, and we did not use them in our
analysis. Instead, we elected to use total research support from
all sources (SUPP) collected by the National Science Founda-
tion'"! as an extensive quality measure. These figures were used
without modification.” We emphasize that the compilation
reported by the NSF is meant to be complete; it includes
state support and support from other federal agencies, indus-
try, and foundations. We also note that total research support
is one of the primary measures used in recent scholarly
studies of the relative quality of research universities."!

The data in the NSF report are reported by the individual
institutions and may not be reported on a similar basis;
research support from ancillary research institutes or unrelated
programs may be included in some cases. Also, the amount of

* We made one exception to this generalization. For our own uni-
versity, we removed the expenditures of the Macromolecular Sci-
ence Department from the NSF figures. This lowered the CWRU
extensive ranking and left the intensive ranking unchanged. We
were unable to make a similar correction for other programs.

Winter 1999

state support for research may not be uniformly reported.

Eighteen chemical engineering programs in the NRC re-
port were not listed in the National Science Foundation
report. There is no indication whether this is because no data
were submitted by these programs or whether they had too
little research income to appear on the table (only the top
100 engineering programs were included in the table). Rather
than estimate the research support from other sources, we
excluded these programs from our rankings. The programs
that were excluded are listed in Table 5.

Faculty Honors * Inexplicably, faculty honors were not
used as a quality index for engineering and science programs
in the NRC report; they were used, however, in the NRC
rankings of programs in the arts and humanities. There are
certain categories of honors and awards for chemical engi-
neering faculty that can easily be tabulated. For junior fac-
ulty we used the number of recipients of NSF Career Devel-
opment Awards, NSF Young Investigator awards, and Presi-
dential Investigator awards over the period 1988 to 1996
for mid-career faculty we used winners of the principal
AIChE awards from 1987 to 1996;"" and for senior faculty
we use the sum of the current number of National Academy
of Engineering members™® plus one-half of the number of
Fellows of the AIChE." This arbitrary choice is based on the
observation that there are approximately twice as many
AIChE fellows as NAE members in the departments sur-
veyed. Retired and emeritus faculty were excluded. The
three categories (junior, mid-career, senior) were scaled to
give each equal weight. We believe that including only
AIChE honors and awards over-emphasizes the traditional
areas of chemical engineering. In future rankings we suggest
including honors and awards from other professional organi-
zations (e.g., the American Chemical Society, the Electro-
chemical Society, and the Materials Research Society).

Alternative Rankings ® The numerical data in each exten-
sive category (Publications, Citations, Support, and Honors)
were scaled so the maximum value in each category was
100. The total extensive score for each program was ob-
tained by summing the four scores for each extensive cat-
egory. The overall extensive rank order was determined
from these summed scores (see Table 6). The programs are
listed in Table 6 in the order of their total extensive score.

The intensive scores in each category for each program
were obtained by dividing the extensive scores by the appro-
priate number of program faculty. For calculation of PUB/
TF and TC/TF, all data were taken from the NRC report. For
calculation of HON/TF and SUPP/TF, the data were taken
from references 4,6,7,8, and 9. The intensive scores were
also scaled so that the maximum value in each category was
100. A total intensive score was obtained for each program
by summing the scaled intensive scores of the four catego-
ries. The programs are listed in Table 7 in the order of their
total intensive score.
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It is tempting to use the intensive rankings in Table 7 as a
measure of the average, individual quality of the program
faculty. But one should be cautious in doing so, especially
for the smaller programs. In some cases the average inten-
sive score is heavily influenced by the activities of one or
two particularly strong individuals. This effect was mea-
sured in the NRC report by the Gini coefficient, which is a
measure of the non-uniformity of the distribution of scores
among the individuals. Since we did not have access to the
raw data, we could not make this estimate.

value of A In (TC) is the fractional change in number of total
citations required to change one place in the rank order. In
the middle range, the average fractional change required to
move one place in the rank order of citations is approxi-
mately 0.03; however, greater fractional changes (over 0.30)
are required to move one place in the rank ordering at either
extreme. Similar behavior is observed for the other exten-
sive variables, also shown in Figure 3. These results show
that while it is relatively easy to move in the middle range of
rank orders, it will be more difficult for programs to move

A composite extensive plus intensive rank-

ing was also calculated. A simple summation TABLE 7

of the total extensive plus intensive scores Rank Order and Scaled Scores of ChE Graduate Programs

gave undue weight to the intensive scores. Using Intensive Criteria

We rescaled the intensive total scores to give e i bt " . o

. ublications/Faculty Citations/Faculty upport/Faculty onors/Faculty Intensive Composite
the San;e averagte SC:)re .as/'lhte e?(ten81ve University ~ Score Rank Score  Rank Score Rank Score Rank Score  Rank
scores. A composite extensive/intensive score

e g ey L D T O e e 1 s

was cepiculated for cach. program-usmig the | yma. 17 4 g7 93 583 9 9L8 4 - B85, 2

total extensive score and the rescaled inten- MIT BINT 67215 741 6 892 6 312.1 3

sive total score. For example, for MIT the STAN 83 2 887 2 639 8 6L:5 - 19 302.4 4

composite extensive/intensive score was ob- B e L B i = ) G

tained fom ar . 0. 6 513 6 547 12 02 5 2L .6

UWI 574 10 274 27 82 10 98.8 2 241.8 7

71.85 JHU 60.4 8 443 10 96.2 4 374 - 32 238.3 8
4.2+ (312.1) = 5158 CWRU 383 33 504 8 85 616 18 2240 9
UIL 548 11 39:0 12 323 24 86.0 10 212.0 10

This procedure gave the same overall weight- | pry 448 25 373 14 405 15 TR S 0

ing to the extensive and intensive scores. UDE 548 11 373 14 309 26 829 12 2059 12

The composite extensive/intensive scores and SUNY 543 13 338 19 229 40 939 3 2050 13

. . . UCLA 60.4 8 5571 il 308 27 507 22 203.1 14

rankings are given in Table 8.

i UESH - 491 20 A2 ol AT 18 580 21 1930 15
Itis most appropriate to compare programs | yuwy; 465 24 259 31 183 53 80 7 1796 16

using the separate extensive and intensive TAM 65 37 102 62 979 3 330 38 1777 17

measures in Tables 6 and 7. Nevertheless, SYR I3 366 16 392 16 40.6 31 1776 18

the composite extensive/intensive ranking in UP& 222 14 386 13 132 6l L L SR

Table 8 has value. For example, when mak- o kel P i foiCe 3 b e

ing a choice of a graduate program, a pro- PSU 304 48 154 45 30:5. 29 862 9 1625 21

spective student will make an integrated as- . L e a1 L a1 i

P fhoth > di g. UOK 343 43 229 3§ 100.0 1 0.0 83 157.2 23

SesEment cLbohexiensive angINERSINC IRER- | . neqy 426 27 T B 3T 18 442 28 1563 4

sures. Small programs that are rated very UMI 504 19 335 20 254 34 46.1 27 1556 25

highly on a per-faculty basis may have a | 'y, p 53 80 9 196 49 361 34 1551 26

limited range of course work and research uco 352 41 200 40 305 28 692 14 1548 27

options; large programs with high extensive CMU 357 40 180 41 159 56 848 11 1544 28

scores may not have the desired level of indi- (]353 22-2 ;; ;‘H ;3 334 21 23'2 42 137-3 29

vidual faculty quality. A composite score also o B e = s

permits comparisons with other lumped OKSU 209 170 LT L0 98.0 2 195" 53 146.0 31

3837 133 267 30 23.7" 38 559 23 144.6 32
scores—for example, the U.S. News and UVA &

World nkip RPI 396 30 225 36 27:5" 30 438 30 133.4 33
Orid report rankings. UWA 491 20 294 25 26 43 261 44 1272 34
Sensitivity and Error Analysis ® The sen- UH 217 68 94 67 3G 17 550 24 1247 35

sitivity of the rank ordering to changes in the g [(j)E ;‘?; 4212 2;; 27 262 32 246 47 1216 26

. s dte AR 31 ; 65 431 13 36,3 "33 120.9 37

extensive data sets (Publications, Citations, Uch 70 517 23 %5 g9 208" 39 1182 38

Support, and Honors) can be calculated by UTN 78 9 L1 92 862 5 445 60 1095 39

calculating A In X( = AX/X) for each of the LSU 296 52 1302 52 32.8: 123 295 41 105.1 40

rank ordered data.. sets. We show plots of Average of Intensive Composite Scores for all Universities 130.66

these results in Figure 3. For example, the
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Universiy

University of Minnesota

University of Texas at Austin

University of Delaware
Stanford University

Princeton University
Texas A&M University

Univ. of California-Los Angeles

Case Western Reserve University
Pennsylvania State University

Northwestrn University

Johns Hopkins University

North Carolina State University
State Univ. of New York-Buffalo
University of Michigan

Cornell University
University of Pennsylvania
Lehigh University
Carnegie Mellon University

Massachusetts Inst. of Technology

University of California-Berkeley
University of Wisconsin-Madison

California Institute of Technology

Univ. of California-Santa Barbara
Univ. of Illinois, Urbana-Champaign

Composite Score
Rescaled® Normalized Deviation™Rank

5339
515.8
453.8
3194
283.5

269.8
267.3
246.9
2274
226.4

225.6
219.3
210.0
205.5
205.1

203.1
202.7
196.4
195.3
185.9

183.0
182.4
172.5
177

100.0
96.6
85.0
59.8
53.1

50.5
50.1
46.2
42.6
424

423
41.1
39.3
38.5
38.4

38.0
38.0
36.8
36.6
348

343
342
323
322

49
2:1
2:2,
18.8
8.2

6.7
9.9
73
6.6
20.4

15:2
4.6
8.1

14.5

15:2

15.8
16.4
7.0
15.2
7.5

6.8
20.9
11:9
16.7

TABLE 8

1
2
3
4
5
6
7
8

©)

9
louh

11
12

13

14
15

16
17
18
19
20

21

22 ©
23
24

University
Purdue University

Univ. of Massachusetts, Amherst
University of Colorado
University of Oklahoma
Syracuse University

Ohio State University

University of Washington
University of California-Davis
University of Houston

Rensselaer Polytechnic Institute
University of Tennessee-Knoxville
University of Virginia

Georgia Institute of Technology
Louisiana State University
Oklahoma State University

Yale University

measures as described in text.

Support category.

Support category.

Composite Score
Rescaled® Normalized Deviation”Rank

168.5

167.6
159.9
157.7
151.4
146.6

142.2
137.1
136.2
136.0
134.6

134.5
134.1
132.5
131.0
125.8

31.6

31.4
299
29.5
28.4
275

26.6
25:7
25.5
25.5
25.2
25.2
25.1
248
245
23.6

Example of Rank Order of ChE Graduate Programs using a Single, Composite Extensive/Intensive Criterion

13.3

13.8
10.1
30.4
14.2
10.9

12.8
18.1
21.6

2.9
37.7

7:5
16.4
13:3
31.0
18.1

25

26
27
28 (d)
29
30

31
32
33
34
35 (d)

36
37
38
39 (d)
40

WExtensive score plus rescaled intensive score as described in text.
"'Standard deviation of the rank order numbers of the eight quality

'“Ranking may be low because of different basis or error in Research

“Ranking may be high because of different basis or error in Research

Figure 3. (a) @ 1
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programs are

on left. (d) Fractional change in honors, A(HON)/(HON), versus rank order; top-ranked progams are on left.

Winter 1999

79




into the first decile or out of the tenth decile.

Without knowing details of the data collection, it is not
possible to make a rigorous assessment of the uncertainty in
the rank ordering. However, a heuristic assessment can be
made. We assume, based on experience and for purposes of
argument, that there are independent errors of 10% in each
of the four extensive numerical data sets: Publications, Cita-
tions, Support, and Honors. In the middle range of each of
the extensive data sets, the fractional change, AX/X, re-
quired to move one place in the rank order is approximately
0.03 (see Figure 3). A fractional error of 0.10 therefore
corresponds to approximately 0.10/0.03 = 3 places in the
rank ordering. Also, if the errors are independent, one would
expect an error in the composite rank ordering of extensive
criteria to be approximately /4 (3) = 6 places. If similar argu-
ments are used for the four intensive data sets, we also find
an approximate error of six places. This error is not indepen-
dent of the error in the extensive rank ordering. We conclude
that, in the middle range, programs within 5 to 10 places on
the composite extensive/intensive rank ordering are essen-
tially indistinguishable from each other. This estimate is
consistent with our common-sense interpretation of the rank
ordering, e.g., programs in the second decile are probably
superior to programs in the third decile, and so on.

The eight separate (though not completely independent)
measures of quality give the rankings a certain degree of
robustness that a single criterion would not have. The inter-
nal consistency of the eight measures of quality is estimated
by computing the standard deviation of the rank order number
of the eight separate quality categories for each program (see
Table 8). For example, for MIT the average of the eight rank
orders is 3.5 and the standard deviation of rank orders is just

% iz
{(2~3.5)2 2(_31—3-5) +} ¢ =2.07

Large values of the deviations indicate programs where indi-

TABLE 9
Summary of R? Values for Linear
Fits Between Rank Order of Faculty
Quality (93Q) and Rank Order in the
Individual Rankings
Ranking
Category Fit R?
PUB y=mx+b 0.7469
PUB/FAC y=mx+b 0.6005
CIT y=mx+b 0.7482
CIT/FAC y=mx+b 0.6028
SUPP y=mx+b 0.2484
SUPP/FAC y=mx+b 0.1351
HON y=mx+b 0.6993
HON/FAC y=mx+b 0.6370
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Rank Order of Faculty Quality (93Q)

10 20 30 40 50 60 70
Rank Order of Extensive Measure

w (=)
=1 =]

Rank Order of Faculty Quality (93Q)
S

0 10 20 30 40 50 60 70
Rank Order of Intensive Measure

Rank Order of Faculty Quality (93Q)

0 10 20 30 40 50 60 70
Rank Order of Composite Measure

Figure 4. (a) Composite extensive rank order versus rank
order of faculty quality (93Q); top-ranked programs are
near origin. R?=0.72 for linear fit, y=mx+b. (b) Composite
intensive rank order versus rank order of faculty quality
(93Q); top-ranked programs are near origin. R’=0.65 for
linear fit, y=mx+b. (c) Composite intensive/extensive rank
order versus rank order of faculty quality (93Q); top-ranked
programs are near origin. R*>=0.72 for linear fit, y=mx+b
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Figure 5. (a) Histogram showing number of programs ver-
sus scaled total extensive score; top-ranked programs are at
the right. (b) Histogram showing number of programs ver-
sus scaled total intensive score; top-ranked programs are at
the right. (c) Histogram showing number of programs ver-
sus scaled total composite extensive/intensive score; top-
ranked programs are at the right.
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vidual quality rankings are the least internally consistent. In
many cases, large deviations are associated with small pro-
grams that rank higher in intensive than in extensive catego-
ries. However, in some cases, large deviations may indicate
problems in the data. For example, four programs have much
higher rankings in research support than in the other quality
categories: Texas A&M, Oklahoma State University, the
University of Oklahoma, and the University of Tennessee.
On the other hand, the University of California at Berkeley
and the University of Pennsylvania have much lower rankings
in research support than they have in the other categories.
We believe that these disparities likely arise from different
reporting bases and may not reflect true differences in re-
search support. Three programs have a much higher ranking
in Honors than in the other quality categories: Pennsylvania
State University, Carnegie Mellon University, and North-
western University.

The rank order of perceived faculty quality (93Q) was
correlated with the rank order of each of the separate quality
categories (see Table 9). The weakest correlations were found
with the two support categories, SUPP and SUPP/TF, con-
sistent with our belief that some of these data are not re-
ported on a consistent basis. Nevertheless, we are reluctant
to exclude research support from the quality measures. Re-
search support is probably a better current and leading indi-
cator of quality than the other categories. Also, total research
support is a primary criterion used for assessing quality of
research universities.”’ Rather than re-ranking the programs
excluding SUPP and SUPP/TF, we believe it is more reason-
able to identify programs where different bases for reporting
support may have strongly influenced the rankings.

Plots of the rank order from the faculty quality survey
(93Q) from the NRC report versus the overall extensive,
overall intensive, and composite rankings are given in Fig-
ure 4. In the figure, the high-quality programs are near the
origin. The figure clearly shows how the quality survey
and our methods identify the same several programs as
the highest quality.

Interpretation of Rankings ® There is no calibration stan-
dard for quality against which any methodology can be
tested. Nevertheless, we find it very suggestive that our
composite extensive/intensive ranking and the NRC
reputational survey identify the same few top programs. For
example, comparison of Tables 4 and 8 shows that the same
top two programs, MIT and Minnesota, and nine out of the
ten top-ranked programs are the same in both the NRC
reputational ranking and our numerical ranking. But only
three out of ten programs in the second decile and two of ten
in the third decile are the same. The NRC reputational

81



rankings, which rely heavily on anecdotal, word-of-mouth
information, will be most accurate for the few, high-profile,
extremely good programs, and will be less accurate for
smaller, lower-profile, and second-tier institutions. But the
numerical measures of quality should remain useful in as-
sessing the relative quality of all institutions. We conclude,
subject to the caveats given about the accuracy of the data
itself, that our simple numerical measures do correlate with
program quality as it is normally understood.

Further comparison of Tables 4 and 8 leads to additional
insights. One may divide programs into three broad catego-
ries. First are the programs that are highly rated on both the
NRC reputational survey and the numerical ranking. Prime
examples are the University of Minnesota, Massachusetts
Institute of Technology, the University of Wisconsin, the
University of California at Berkeley, and Stanford Univer-
sity. Second are programs that rank significantly higher in
the numerical ranking than in the survey. These programs
are often (but not always) associated with smaller, research-
intensive programs. Examples are the University of Califor-
nia at Los Angeles, Case Western Reserve University, and
Johns Hopkins University. Finally, there are well-known
programs, which do well in the reputational ranking, that do
not do as well in the numerical measures. These programs
may be relying on past, rather than current, performance.

Further insight can be obtained from histograms of the
final scores, shown in Figure 5. For ease of interpretation, in
the figure the scores from Tables 6, 7, and 8 were scaled to
give maximum values of 100. Figure 5a and Table 6 clearly
show that three programs (MIT, Minnesota, and Texas) have
extensive scores well above all other departments. This dis-
parity is lessened somewhat when the intensive scores are
compared (Figure 5b and Table 7). This same uneven distri-
bution of scores is found in Figure 5c, which shows the
distribution of composite extensive/intensive scores. The top
half of the composite score range contains only seven pro-
grams; the remaining programs fall in the lower half. The
summary shown in Table 8 and Figure 5 indicates that the
highest quality chemical engineering programs are relatively
few in number and significantly higher in quality than the
rest. Below the top five or six programs there is a wide range
of programs with relatively similar quality.

Finally, while we believe that for most programs the
rankings given here are an accurate reflection of quality, we
emphasize once again that one should be cautious in draw-
ing conclusions from the absolute position in the rankings of
a single program.

Limitations of Ranking Systems ® Respondents to the
NRC questionnaire were asked to rate fifty separate pro-
grams. An individual respondent will only have personal,
detailed knowledge about a small fraction of these. The
resulting reputational rankings will inevitably be influenced
by the network of informal contacts and acquaintances of the

82

respondents. This will lead to a bias against smaller pro-
grams and will also make the reputational rankings a lagging
indicator of program quality.

Another major problem with the NRC report, recognized
by the committee, was the lack of data on the performance of
graduates from the programs. We were unable to find any
direct quantitative measure for assessing the performance of
graduates of chemical engineering graduate programs. Since
one of the principal goals of a graduate program is the
education of the next generation of researchers, this is a
serious omission indeed. Personnel departments of major
corporate employers of PhD chemical engineers often main-
tain internal ratings of programs based on the performance
of their employees. Perhaps this information can be pro-
vided in some suitable blind format to future NRC com-
mittees. This is a project that could be addressed by the
AIChE and the other engineering societies. Another pos-
sible measure of performance is the number of graduates
that obtain tenure-track appointments at research univer-
sities other than their own.

We suggest that future ranking systems also include some
measures of the effectiveness of technology transfer. To
partially accomplish this, the Publication category could be
expanded to include patents issued to faculty and graduate
students. Similarly, Citations could include papers or patents
cited within patents. More difficult to count, but very useful,
would be the number of new businesses formed as a result of
activities within the program.

The quality measures used in the NRC report and in this
paper are appropriate for doctoral-level, research-based gradu-
ate programs. However, master’s-level programs, especially
practice-oriented programs, are of growing importance. Fu-
ture ranking systems should attempt to separately measure
the quality of these programs.

The difficulty in accounting for the rapidly changing, in-
terdisciplinary nature of modern engineering is another prob-
lem encountered when developing ranking systems. Tradi-
tional academic boundaries do not always reflect the reali-
ties of engineering practice. The NRC report addressed this
problem by ranking “programs” rather than “departments.”
For chemical engineering, these two categories are usually
commensurate, but this may not be the case for chemical
engineering programs with strong efforts in biotechnology
or advanced materials. Ranking programs with major com-
mitments in these fields can be difficult when the academic
administrative units do not correspond to the categories used
in the ranking scheme. Very strong, interdisciplinary efforts
may not appear in the data set, or conversely, remote extra-
neous efforts can be included. Obtaining a reliable data set,
based on uniform criteria, is a formidable task. The NRC
committee had great difficulty in defining program bound-
aries in modern biology and molecular biology, where the
pace of change is particularly great.
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Neither the NRC report nor this paper uses any mea-
sures of the quality of graduate teaching. The lack of
quantitative measures of teaching performance is a con-
tinuing, long-term problem.

The very long time between the NRC reports (1982 to
1995) is yet another problem. Waiting more than a decade
for an assessment is slow, even by the standards of academia.
Some form of continuing assessment, for example on a
triennial basis, would be more useful. This would give more
timely results and would also permit running averages of
several years to average out fluctuations in the data.

Concluding Remarks ® With all of these difficulties, one
can legitimately ask why bother with rankings at all? We
believe that universities will be under ever-increasing pres-
sure to justify tuition rates and the cost of performing re-
search. Whether we like it or not, ranking of academic pro-
grams will continue and will likely increase. It is in the
profession’s interest to see that the rankings are based on
rational, measurable criteria. But there is little reason to
continue relying on surveys. Reputational rankings only con-
firm the obvious about the top few programs, permit declin-
ing programs to remain complacent, and fail to recognize
increasing quality where it occurs.

[ ‘Conclusions and Recommendations ]

© Alternative, measurable quality indices exist that correlate
well with graduate program quality as it is normally under-
stood.

© The professional societies, the National Academy of Engi-
neering, and the National Science Foundation should take
the lead in developing these quantitative measures of pro-
gram quality and appropriate data bases to support these
measures.

© Special attention should be paid to developing methods for
assessing the performance of students after they receive their
graduate degrees; this should include using information from
employers of graduates.

© Methods of assessing the effectiveness of technology trans-
fer and impact on industry should be developed.

© Assessments should be made on a more frequent schedule,
perhaps triennially.
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BOOK REVIEW: Alternative Fuels
Continued from page 39.

The use of geothermal energy is presented in Chapter 9.
This topical discussion notes that at depths of about six miles
from the earth’s surface, the temperature is greater than
100°C. This equates to more energy storage than the total
thermal energy in all the nuclear and fossil fuel resources—
only solar energy is comparable. Along with scientific and
technological updates, the advantages and disadvantages of
geothermal energy utilization are outlined; this alternative
source of energy will potentially become a larger part of the
world’s energy consumption in the near future because geo-
thermal energy is both available and economical. In the
United States, approximately 3 GW of electric power is
produced in 20 power plants from geothermal reservoirs.
Geothermal energy also has great potential as a practical
provider of heat to local areas.

The overall conversion routes of biomass are described in
Chapter 10. They include thermal (combustion, gasification,
liquefaction, and pyrolysis), anaerobic digestion, and fer-
mentation to liquid ethanol fuel. The descriptions in-
clude 15 process diagrams and several tables of data. A
selected amount of cost data is provided for ethanol pro-
duction from lignocellulose.

Chapter 11 presents a comprehensive overview of rela-
tively recent developments in the generation of energy from
municipal solid wastes, including spent tires and polymeric
materials. Processes include incineration, anaerobic diges-
tion and landfill gas recovery, pyrolysis, thermal cracking,
and partial oxidation via supercritical fluids.

In summary, Alternative Fuels superbly achieves its pur-
pose by bringing together a wealth of practical information
required for a thorough understanding of those chemical
process technologies urgently needed for the development
of fuels for future use. Dr. Lee is to be commended for his
extraordinary efforts in synthesizing all these facts and sys-
tems in a clear and consistent manner. Possibly his next
book could focus more on the use of biomass, geothermal,
and solid waste resources—three areas that are undergoing
rapid development. (1
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