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ABSTRACT

Becfuse of dissatvisfaction with current methods of evaluating
researclf, in particular, peer evaluation, an attempt is made to find
quantitfitive methods that might provide a straightforward means of
comparfng research projects and research laboratories. The effort
was psrtly unsuccessful in that no quantitative measures were found
that gould reflect the principal objectives of the agency of interest.
Thesg objectives relate to a desire for knowledge applicable to current
or projected DoD problem areas and education of the defense RED com-
murfity with respect to developments in the basic research community.
However, quantitative measures were found that offered the potential
f§r measuring scientific excellence. Without an independent measure ‘
éf scientific excellence, however, it was impossible to decermine
whether these measures provided a valid tool for measuring project

or laboratory quality.
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I. INTRODUCTION

Organizations that support large-scale research programs have
trau.tionally relied upon the judgment of knowledgeable individuals
to determine whether a given reszarch effort has the potential for
success or, in retrospect, whether the effort has been successful.
This evaluation process, generally characterized by the term "peer
evaluation," involves the subjective judgment of human beings, and
is subject to personal prejudices, lack of total understanding, and
other comparable human failings--as well as being tremendously costly
and time-consuming. In recognition of these shortcomings, interest
has arisen in the utility of much more structured approaches t- re-
search evaluation=--approaches that would eliminate the human judgment
factor as much as possible. Attention has thus been directed to the
potential utility for research evaluation of those characteristics
(e.g., papers published, patents, budget, etc.) of a research program
that can be quantified in a purely objective fashion. This effort
has been characterized by the term "quantitative methods for eval-
uating research." As implied by the title, this Volume represents a
preliminary look at the feasibility of such methods, in particular,
for evaluating that research supported by ARPA, with due congideration
for ARPA's role as part of a mission-oriented agency and the time
urgency of the evaluations it must make.

The term "research evaluation' carries with it the implication
of evaluation against some perceived set of objectives. However, a
precise definition of objectives is not always readily available, as
was the case at the inception of this study. Furthermore, as objec-
tives were defined, it became clear that the objectives prevalent
within ARPA were not completely consistent with those existing in
parts of the research community which received ARPA support. This
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lack of uniformity of objectives gives rise to significant problems

in performing evaluations. The evaluation of a given piece of work
would probably be different if one were interested in advancing the
state of knowledge in a particular area of physics versus being in-
terested in the development of military technology. This dilemma is
common to efforts to evaluate research supported by a mission-oriented
agency, particularly when that research is performed at a university.

In pursuing this study, the search for meaningful quantitative
measures was not restricted to those that would reflect the particu-
lar objectives emphasized by ARPA, although it was recognized that
such measures would be of principal interest. In fact, as will be
discussed later, the effort to find quantitative measures that would

A AR S AR e WAL LA L W R NS BRI By £, ST i SR e 50T

reflect in a meaningful manner the principal objectives put forth by
ARPA was singularly unsuccessful. Instead, it has been found that
the only quantitative measures with potential utility are those that
may reflect scientific excellence (it should be pointed out that this
objective is generally given principal emphasis by the university re-
search community).

There is interest in evaluating research in both a prospective
and a retrospective sense. Clearly the latter is easier since one
has available the results of the research effort. This analysis will
focus on the retrospective evaluation, in part because of the logic
of attacking easier problems first and in part because it is felt that
only if quantitative methods can be shown to be feasible for retro-
spective studies is there any opportunity of their being used for pro-
spective evaluations. In addition, prospective quantitative methods
may never be shown to be feasible--in which case past performance as
measured by retrospective studies would weigh heavily in making fund-
ing decisions.

T et e, eCERlE
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II. EVALUATION BY PROJECT

A. MEASURES OF PROJECT QUALITY

A v 4 e R Ve

'
v
7
%
5

We seek a measure of the relative quality of individual research
: projects and hypothesize that there exists an appropriate combination
i . of those parameters available for individual projects which provides
2 such a measure, The logical procedure for testing this hypothesis

o would be to formulate “candidate" combinations of the available param-
eters and then to employ established principles of statistical in-
ference to detemmine how well these candidate combinations correlate
with an independent method of determining project "quality" whose
validity is well established. The principal difficulty encountered

in this procedure is the absence of a universally accepted, independ-
ent method of measuring project quality against which the candidate X
j measures can be correlated. The source of this difficulty is in part
¢ the lack of agreemeii: on what characterizes a high-quality project,
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where this lack of agreement derives principally from different per-
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ceptions of project objectives. This problem is particularly acute
vhen the traditional method of judging project quality, peer evalua-
tion, is employed. There is simply no guarantee that the peer group
embraces the same set of objectives as the suppceting agency. Still
further, even if objectives and, in turn, characteristics of "quality"
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0 could be agreed upon, not all objectives, e.g., "relevance to military
- tecinnclogy,™ can be interpreted in a sufficiently structured fashion 2
‘ﬁ% L to be of real utility in objectively evaluating hypotheses. This is §
; discussed in more detail in the mate:ial that follows.

Ar examination of research progrdm objectives revealed that ARPA's
principal interest in supporting basic research is the "development of
new scientific knowledge applicable to current or projected DoD problem

LTI AR e 2 St S L
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areas." However, in examining the quantitative data available for
individual research projects, it is difficult, if not imposcible, to
find data that would reflect this parcicular objective in any meaning-
ful manner. Project output is almost exclusively publications in
scientific journalg that have no identifiable connection with "DoD
problem areas." One might conceive of employing the Science Citation
Index and looking for instances where the project publications are
cited in journals with a defense orientation. However, even the cita-
tions of these papers (as found in the Science Citation Index) occur
almost exclusively in similar non-DoD-oriented publicatiuns. This is
not surprising in view of the nature of the work. As previous studies
such as TRACES (Ref, 1) have shown, there is generally a long time lag
before basic research developments are utilized in technological ap-
plications. Thus this study has been unable to find any purely quan-
titative measures that would be appropriate for judging whether a
particular research project has the potential for developing new sci-
entific knowledge with potential DoD application.

A second major ARPA objective js the "education of the defense
RED community" with respect to developments in the basic research com-
munity. Again one is bankrupt for meaningful quantitative measures
that would reflect this objective. One could not simply count number
of days of consulting for DoD laboratories and contractors and assume
that such a number reflects the transfer of information from Category
6.1 research areas to Category 5.2 areas and above. Even though such
contact is a potential vehicle for such information transfer, it is
not unique (simply publishing also makes developments available) and
provides no assurance that information transfer does take place.

On the other hand, publications in the open literature do offer
promise of reflecting scientific excellence, an objective which is
given great emphasis in the university research community but is not
explicitly emphasized by ARPA, For example, publications in most sci-
entific journals have received critical reviews frnam peer groups whose
principal criterion is scientific excellence., Hencs one might hy-
pothesize that the number of such publications, weighed against project
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' manpower or budget, is a candidate measure of project quality, but

g orly from the standpoint of scientific excellence, The difficulties
q of confiming or denying such hypotﬁeses are discussed in detail in
: the material that follows.

3 In summary, the inability to find meaningful quantitative meas-
1 ures for ARPA's principal objectives restricts this analysis to the

; | utility of quantitative measures in evaluating scientific excellence,

B, UTILIZATION OF INFORMATION CONTAINED IN ANNUAL TECHNICAL REPORTS

- A In an attempt to determine the level of analysis that might be

oL AU o 0y 0 6 8 R B L
L TGERE adTEedt i

% ’ performed at the project level, a sample laboratory (the University of
% ; Illinois Materials Research Laboratory--U of I MRL) was first examined

.- using information available from the annual technical reports (ATRs).
4 y It was found that these ATRs contained the following relevant informa- 3
j tion at the project level: i
2 1. Number of participating faculty §
. g
; 2. Number of post doctoral fellows %
‘5 3. Number of graduate students (broken down into those on fel- §
ks lowship and those given salary support by the project) i
- 4, Number of M.S. and Ph.D. degrees awarded p
3 S. A listing of publications including books. 3
L 3
f The following relevant information was not available either in ;

‘.; the ATRs or in the administrative report . that are also prepared an- §
? nually: 3
% 1. Number of Full-Time Equivalent (FTE) faculty (neither by
9 project nor total for the laboratory).
3

. . 2. Project funding. The ATRs contained no cost “-“-mmation

3{ \ whatever, much less a breakdown by project of funds allo- ~

[ﬁﬁy cated to personnel, equipment procurement, etc.
] As might be expected the ATRs made no attempt to specifically identify

‘ those efforts that were principally theoretical as opposed to those
5
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3 E' that were principally experimental. Arguments for the advisability
of making this distinction rest principally on the fact that theoret-
ical efforts, because of their lower operating costs, are likely to
appear much more productive on a per dollar basis. Isolation of stu-
dents and post doctoral fellows on fellowship is also desirable since
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they are available at zero personnel cost to the project in ccntrast
to those individuals who receive salary support from the project. The
interest in personnel and equipment procurement cost are also obvious
; because in the absence of such a cost breakdown one sacrifices any op-
; portunity of fairly judging return on funds allocated to equipment.

é . There is also an interest in identifying thesis-related publications

Ll L TP T Pl AN A LB b A L L AT

3 which stems from the view that one measure of the merit of a thesis
s is the fact that it led to a publication in a good journal.

It was concluded that a comparison of individual projects using
the information contained in the ATRs could do little more than iso-
late some of those projects at the extremes of the spectrum, i.e.,
those which were very productive and those which were very unproduc-
tive based on the papers produced and the project manpcwer, Even this

ARG o e CRE S

judgment could only be viewed as a temporary one, subject to confirma-
tion by a more detailed scrutiny of the isolated projects using in-

e

formation from some other source.

o I g 2 SRR N LS M S L A AN

C. UTILIZATION OF DETAILED INFORMATION OBTAINED FROM A LABORATORY

In view of the shortcomings of the analysis (based purely on in-
formation contained in annual technical reports), more detailed in-
formation on individual projects was obtained from the University of
Illinois MRL. Table 1 is a sample of the infomation form which was
completed for each project. The instruction sheet for completing the
forms is found in the Appendix.
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As noted in a previous section, this analysis, by default, is

~3
vl
[
d

focusing on the possible use of auantitative methods for evaluating ;
- the scientific excellence of individual research projects. Because l
no independent method (such as peer evaluation) has been employed to %
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g , TABLE 1. PROJECT INFORMATION FORM ! \
4 : Project No, Project Supervisor . : .
g e Project Title ! .
3 1 1 ! '. "'J
¢ 1 'ﬂ
' ] Academic Year . . 53
3 . 65-66 | 66-67 | 67-681| 68-69 3
5 3 . 1 T 4 t;;
I}; ) I. Faculty I \ é
: A. Number of Full-Time Equivalent ' . . 5 3
Man-Years | : 7}
3 B, Total Number of Participatiry ‘ ) &
o Faculty ! o . :!
e R . * F)‘
4 II. Post Doctoral Fellows ' ' : _ X ' §
h A. Total Number . . ' ' ' .k
z B. Number Receiving Salary Support . ' ' G
9 : L b
: III. Graduate Students ‘ : ! %
o A. Total Number , - , 5
s B. Number Receiving Salary Support | ‘ﬁ
IV. Other Students Réceiving Salary Support Eé
3 from ARPA Contract - | i
3 . : ! 7
. V. Theses Completed A . A | ;
" A. M8 ) : ' ?
2 ' 4
3 1. Experimental . ' : b
Pl 2. Theoretical ) E
3 B. Fh.D. . : ' i ) 1§
q 1. Experimental ' v I ' _ ' ' §
2, Theoretical ' 3
: VI. Thesis-Related Publications im Reviewed $
Journals ' X
- . i
: 1. Expérimental , . ! ‘
i 2. Theoretical ‘ .
.. !
VII. Other Publications in Reviewed Journals - \ \ ;
i 1. Experimental ' ; , )
1 . 2. Theoretical . ‘ . v %
) ; &
_ VIII. Other Publications _ , ! ‘ i
i 1. Articles in Unreviewed Publications® - ) ' vy
E 2. BOORS . . A :;
3. Articles in Books ‘ ; ’ | :
g IX. Total Personnel Salary Support ($1000's) ;
X. Equipment Procurersnt ($1000's) ' :
. i : ' i : .
i XI. Total Project Funding ($1000's) : : . .
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judge the scientific excellence of the MRL projects, there will be no
way to confirm or deny the validity of the measures to be proposed.
However, it will be possible to judge their sensitivity to arbitrary
weightings, and to determine the correlation between different pro-
posed measures.

1. Productivity as a Function of Manpower Input

Examination of the detailed information forms revealed one source
of potential difficulty: the unexpectedly low values for faculty FTEs.
As shown in Fig., 1, the average number of faculty FTEs per project per
year is about 0,22, This is surprisingly low since the average fac-
ulty member probably devotes about half his time to research. The
discrepanny results principally from the fact that not all of the time
a faculty member performs cn research is charged to the research con-
tract.* This results in part from univeisity policy with respect to
source of funds for faculty salaries. The magnitude of the discrepancy
between the actual contribution and the amount charged to the research
contract varies from school to school. For example, at Harvard all
of a tenured faculty member's academic year salary is paid by the
university. Such a practice is consistent witbk an effort to ensure
that support of faculty members is not heavily dependent on research
contracts., This situation obviously creates considerable difficulty
in properiy weighting faculty contribution to research projects.
Should one [a) use FTEs charged to the project, (b) assume all faculty
members spend roughly the same fraction of their time on their re-
search projects, or (c) ask faculty members to estimate their actual
contribution in FTEs? The latter would probably give the best esti-
mate although its use on a regular basis would create a tendency to
bias estimates in the direction most favorable to the individual per-
forming the estimate. In the analysis that follows, calculations will
be made for two separate cases; one using the given figures for FTEs

*
Although a faculty member might have other research contracts, this
was generally not of significance for the research projects that
were examined,
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charged to the project and one using an assumed average contribution
(half-time) for all faculty members. The half-time estimate is based
on an assumption of full-time participation on a research project

during the summer and about one-third time participation during the

school year,

O

IN THE GIVEN INTERVAL
»

N

NUMBER OF PROJECTS WITH FTE AVERAGES

— AVERAGE —— g

0.2

0.4 0.6 0.8 1.0
AVERAGE FTE FACULTY PER PROJECT PER YEAR

FIGURE 1. Faculty FTEs per Project (Four-Year Averages)

In order to properly weight manpower input, it is necessary to
make judgments on the relative productivity of faculty, post doctoral
students and graduate students, One index of the total effective man-

power input to a project from n different sources could be given by

the quantity

M = i: 8;F; (1)

i=1
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i where the weighting factors, B reflect the relative productivity of 5
) type i manpower and Fi is the number of FTE man-years of type i man- ;
L e- I
‘ §3 power. The relative productivity of faculty, post doctoral fellows, §
o and graduate students is difficult to determine but is probably roughly ‘
§ 3
= | 2f in the ratio 4:3:1. Explicit FTE information was not obtained for ;
3 i post doctoral students and graduate students since, for university re-

search projects, it is reasonable to expect that post doctoral fellows
: [, spend aimost all of their time on the project while graduate students

b

spend an average of about 75 percent of their time (ranging from full-
time for doctoral students working on their theses to about one-third
to one-half time for first- and second-year graduate students). Thus,

VU o s RIREER P e e E

the Fi's for post doctoral and graduate students become

s,

FPost: Doc. = NPost Doc.

3

Forad. stud. = 7 Ngrad. stud.

AL .

where N, simply represents the total number of participants of type i.
Thus for the case where the given FTE figures will be used, Eq. 1 be-

Eot A% et e
DRRECSE b2y 2 K2 2

comes

3

M Post Doc. ¥ 7 NGrad. Stud.

4 F 3N

FTE = * ‘Faculty *

e I¢ ERLY
Kiarir sl Hs e AN

while for the case where all faculty are assumed to spend half-time on

oYY

the project, Eq. 1 becomes

for antne e . ,,.
2 2240 A R A Sk L5 SIS A TN ST MR Bt 1 Rt O ENR R 2P nn BB L L e bt AR T L S SES ., N KN £ G 200 R R0 N e A L T

; _ 3
b M% =2 NPaculty *+ 3 Npost poc. * T Ngrad. stud.

o At

3 ;} To compare manpower input with output it is presumably necessary
FEE . . .

4 N to weight various types of publications. For example, an arcticle in
a reviewed journal should receive more credit than a publication in a

LR
o
[

conference proceedings. Similarly, an article in a publication such

eI AR 2T A e AT 1% e

'fl - as Physical Review is presumably worth more credit than an article in

o>
o

[N
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Physical Review Letters. (The merit of articles might also be judged
using the Citation Index. As discussed later in the analysis, there
é; is at least a two-year lag before such a measure is meaningful.) How-
ever, rather than attempt to weigh the merits of individual journals,
proceedings, etc., (an effort which would generate considerable con-

8 orvmaion 3

- troversy with dubious payoff) for the purposes of measuring publica-
| tion output against manpower input, publications will simply be grouped
Ly into articles in reviewed journals,* articles in unreviewed publica-

tions, books, and articles in books. It is recognized that weighting
! of these categories is extremely difficult., In this analysis these
four categories will be weighted in the ratios

N N N, :N

a.b. = 2:1:5:2

r.j.' u.p.’ b.*

where Nr 3 = number of articles in reviewed journals, etc. A measure

of the total publication output from a given project is given by

+ 2 Na.b.

Assuming productivity is reflected in the matio

!

Manpower input M

o = Publication output _

§f Table 2 presents average values of Oprp = Pl/MFTE and o = Pl/M% (and
the appropriate rank orderings) based on the four-year period from

1y 65-66 to 68-69. Only those projects with annual budgets in excess

: of $§15,000 were considered. (Table 2 also shows productivity as a

function of total funding which is discussed in the next section.)

§ *Ir is recognized that counting numbers of publications also ignores
the fact that some research efforts lend themselves to many short

P publications while others are constrained to fewer, more detailed

i publications.
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1B TABLE 2. PRODUCTIVITY COMPARISONS

r
o
o
-
o

me -

Banrtia §

4 Project S e 2 ——— =
| J YprE T H % M, * = 3P
- Identification

¥ IR

% : Zi Number . Yprp Rank di Rank a§ Rank

2 18 3.65 1 2.76 1 0.295 2 :
Ep o 15 3.02 2 1.28 2 C.195 5
: : 13 1.81 3 1,27 3 0.269 4 3
. 3 1.50 5 0.84 13 0.285 3 3
10 1.33 8 0.57 16 0,118 11 3
& 6 1.22 7 0.99 8 0.085 15 z
AN 19 1.17 8 1.06 6 0,103 12 £
Ay 33 1.17 9 1.00 7 0.175 6 g
3 16 1.16 10 0.95 9 0,138 7 3
E | 5 1.16 11 1.19 5 0.125 10 4
B 1 1.13 12 0.84 12 0.075 16 !
E Lt 29 1.06 13 0.94 10 0.135 8
E 14 1.03 14 0.87 11 0.130 9
£ 34 0.99 15 0.53 18 0.068 17 E
E L. 32 0.93 16 .71 15 0.065 18
: 20 0.64 17 0.50 19 0.043 20
3 8 0.62 18 0.40 20 0.089 14 3
o 24 0.57 19 0.54 17 0.094 13 :
30 0.53 20 0.33 21 0.027 21 ;
3 . 26 0.38 21 0.75 14 0,048 19 p
e 1 25 0.31 22 0.23 22 0,021 29 4
E L 31 0.00 23 0.00 23 0.000 23 ]
28 Correlation Coefficients (rank ordering): 4
“ . f CIP ) t % *
20 Quantities Being Correlatlog Coefficient, >
R Compared 1 ;3
1. *F1E" % 083
A R . £
3 i QFTE'Q$ 0.84
EE . 0.79
1Bl %% ;
AL

, -

P E }i For 23 samples, r, = 0.496 is significant at 0.0l level.
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As can readily be seen from Table 2, despite some individual dif-
ferences, there is close overall correlation (Spearman rank-ordering
correlation coefficient = ry = 0.83) between the values of Oppp and
o Since b and o differ only in the calculation of a faculty
contribution to manpower input, one might conclude that the inability
to accurately fix faculty FTE contribution may not be as serious a
shortcoming as had been feared. Nevertheless, the arguments still
hold regarding the weakness of faculty contribution based on FTEs
charged to the project and constant contribution (half-time) for all
participating faculty. The best available method would be to solicit
from each faculty member an estimate of his actual FTE contribution;
this could then be compared with his known teaching load, consulting,

and other activities to eliminate "cheating" as much as possible.

To determine the sensitivity of the results tc the assumed fac-
ulty:post doctoral student:graduate student productivity ratios, b
and o were recalculated assuming & 6:3:1 ratio rather than 4:3:1.
There was very close correlation between the o's obtained using the
two different ratios (e.g., correlation coefficient r) = 0.97 for
values of OerE calculated from the two ratios)., Thus the correlation
between O and o was again very close (r1 = 0,81). One can con-
clude that calculations of relative productivity are relatively in-
sensitive (within reason, of course) to choice of productivity ratios
between faculty, post doctoral students, and graduate students.

The raw data show that the dominant output (in terms of publica-
tions) is papers published in reviewed journals. As a consequence,
the results (i.e., rank orderings of Table 2) are almost completely
insensitive to the relative weighting of articles in reviewed journals,
books, etc.

2. Productivity as a Function of Funding Level

Productivity measured on the basis of manpower input, as was done
in the previous section, sacrifices any opportunity of judging how the
dollavs allocated to a project are actually spent, This section will

13
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attempt to compare productivity of the various projects where produc-
tivity will be determined by comparing ontput and funding level for
each project.

As noted previously, the major difficulties in using funding level
as the project input is taking proper account of experimental versus
theoretical efforts., Figure 2 shows the distribution of the ratio of
Personnel Salary Support to Total Project Funding (Table 1) for the
projects being considered. The projects are broken into those that
are principally theoretical and those that are principally experimental
on the basis of the project supervisor's classification of the project
publications into those categories (Table 1). In the projects con-
sidered the choice was easily made. The difference in experimental
and theoretical projects is clearly shown in Fig. 2. It would appear
advisable to consider experimental and theoretical proje~ts separately
when comparing projects. There are only two theoretical projects for
the laboratory under consideration, and this analysis will focus on
those projects that are principally experimental.

s £ X PERIMENTAL
- o e em o THEORETICAL

6_ : | I--J

NUMBER OF PROJECTS WITH RATIOS
IN THE INDICATED INTERVAL
o

P i B R L AR A R

J

I

0.10

0.0

0.30

0.40

0.50

0.60

0.70

PERSONNEL SALARY SUPPORT
TOTAL PROJECT FUNDING

FIGURE 2. Distribution of Salary Support/Project Funding Ratios

14

SRy AR AKEISS, PralRs i B L

ARy

L

3
s
~
»
By
A
2
gi
3
by
o3
¥
%
]
pe?
b
o
%
2
f
§
A

LS S

o Ve

Sl lid



e LAY et 2l

i; One method of defining productivity on a per dollar basis is ob-
tained by dividing output measured in termms of publications (Pl, as f

D previously defined) by total project funding (TPF). The results, o = :
Pl/TPF, were shown in Table 2. The correlation between productivity

! measured on a manpower input basis and productivity measured on a per

3 dollar basis is quite good (correlation coefficient ry = 0.83 for

4 , OpE ¢ % and 0,79 for a%:o%).

i ’ One might also consider the production of skilled researchers as

a valid output of a project. Such output is, in part, reflected in

counting publications for those instances where a Ph,D. or M,S. thesis

results in a publication., As noted previously, whether a thesis gets

published is a measure of the quality of the work. Thus one could

et
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RET R AN

el
———

(R

compute output on the basis of adding publications and degrees granted
(with proper weighting) with the understanding that the overlap re- B
wards those theses that produced publications. Assuming a Ph.D. is

e T B i e £ A

v Y
gots Er A TR S P
S0 yanud

: ' ~ worth 2 M.S.'s, the output in terms of trained researchers can be

3 written ]
i
Pp = 2 Npp,p, * Ny.s, ;
g where NPh.D. and NM.S. are the number of degrees granted (see Table 1). %
: It is extremely difficult to weight trained researchers versus publi- §
% - cations. The judgment is certain to be based on a perception of ob- é
: . jectives. Two weightings will be used in this analysis. A weighting g
% , i: of P2:P1 in the ratio 1l:1 assumes that the value of each Ph,D. pro- %
A duced is equal to that of each paper in a reviewed journal and thus ;
ﬁ ii is weighted toward publications as the principal program objective.

B PyiPy ratio of 3:1 is also used, which favors the production of
trained researchers. Productivity is thus defined by

.- _P1+P2 Pl+ 3P

: . — 2
s ” % T TTPF 3 %1 T T TPF

PRSI
*maroans §
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The results are shown in Table 3 along with the results for

good between oy and o3, (vl = 0.82), Table 3 shows there ace strong

oy The
correlation between oy and o ,, is very good (r; = 0.93) and still

individual differences for only a few projects (e.g., projects 10

and 8),.

TABLE 3. PRODUCTIVITY AS A FUNCTION OF FUNDING LEVEL

Pl P1+P2
Project = o .4 = 575

Identification %3P 1:1 TP
Number ay Rank .1 Rank
4 0.352 1l 0.418 1

18 0.295 2 0.416 2

3% 0.285 5 0.302 5

13 0.269 4 0.319 3

15 0.195 5 0.317 4

33 0.175 6 0.227 7

16 0.138 7 0.i81 9

29 0,135 8 0.182 8

14 0.130 9 0.166 11

5 0.125 10 0.169 10

10 0.118 11 0.118 13

19 0.103 12 0.145 12
24% 0.094 13 0,094 17

8 0,089 14 0.267 6

6 0.085 15 0,108 14

1 0.075 16 0,081 19

34 0.068 17 0.102 15

32 0.065 18 0.101 16

26 0.048 19 0.048 20

20 0.043 20 0.086 18

29 0,027 21 0.027 21

25 0,021 22 0.027 22

31 0.000 23 0.011 23

Correlation Coefficients (rank ordering):

Quantities Being
Compared

%%
agiag,y

*Theoretical Project.

Correlation Coefficient,
r
1l

3.1

C3.1

P.+3P
Fy

= -

Rank

2

0,93
0.82

0.549
0.659
0.336
0.420
0.561
0.330
0.266
0.278
0.237
0.256
0.118
0.230
0.094
0.622
0.154
0.094
G.169
0,173
0.048
0.172
0.027
0.037
0.032

=
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3, Utilization of the Science Citation Index

The Science Citation Index, an annual listing of the citations of
journal articles, was considered as a potential aid in judging the
merit of individual publications. To explore this question, a sampling
of publications of the University of Illinois Materials Research Labo-
ratory has been checked in the Citation Index. The sampling includes
those publications supported wholly or in part by ARPA for 20 differ-
ent projects (as listed in the 1965-66, 1966-67, 1967-68 and 1968-69
ATRs). Only articles in reviewed journals have been included. In ad-
dition, in those instances where a paper is cited by one of the origi~
nal authors or (where identifiable) another member of the same research
project, the citation has been excluded. Table 4 summarizes the data
obtained from the 1965-1969 volumes of the Science Citation Index.

S NG SR RS S RITT LIN AR BY L U8 NPT e NN L) W TR
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Assuming the number of citations is a valid measure of the quality
of a publication, one is led to attempt to weight individual publica-
tions consistent with such a measure, The relative weightings, W,
shown in Table 5 have been assumed in this analysis. (There is ob-
viously some arbitrariness in the choice of weighting factors and no
attempt will bo made to defend the precise values chosen.) Since
there has not been sufficient time for a significant number of cita-
tions to appear for those publications listed in the 1968-69 ATRs, two
different weightings will be applied to those publications. The first
assumes that all publicavions receive a weighting of three (which is
the average weighting for the previous years). The second assumes
that performance is approximately constant and assigns a weighting to
1968-69 publications consistent with the average weighting obtained
by other publications from that project in the previous three years.
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Since the average weighting is almost exactly three, the equation
used previously for output can be rewritten as

_ 2
=3 W . + N + 5 Nb. + 2 Na,

P T.J. U.Pe.

U,

’
1l

where wr j represents the sum of weightings ower all the project's

publications.
17
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1 i : TABLE 4. NUMBER OF CITATIONS FOR INDIVIDUAL PUBLICATIONS “*?
d 1 "
Project

Identification »%

l : Number 1965-66" 1966-67 1967-68 1968-69 '}§

1 17 - 2,6,3 (2)** %

! 4

: 3 0,1,17,0,3 6,1,3,48,11,11 0,5,7,1 (%) R
11,52,24 9,158,25,14 0,0,4 ;

a 7 12,5 7,2 (9) ‘;2

5 0,1 1 2,2 (5) ’;'

6 12,29 1,8 5 (2) g

13 18,18,0,13 10 - (11) ;

‘ 14 1,0 5,2,3,6 - (1) A

' 15 23,1 0 1,0 (1) E:

16 0,0,48 8,17,38,2 3,10,16 (2)

18 4,1,10,6, 1,5,4,0 4,1,1,2,1 (7) :

2,11,13,11 ;

19 24,13,8,29 1,15 4,6,3 (5) i

20 26 17 5 (2) ;ﬁ

3 24 - 9 3,7,1 (6) §
1 y:
' 25 - - - (2) 5
26 - - 2,5 (1) :
' 29 2,23,7,4 ¢,20,6,0 0,0,2,0 (8) Jf‘
2,2,2 -

?F

- - 1

| 30 0 (1) %

i 31 - - - (0) 5

B 32 29,9,7 1 0 (4) %

i3 33 - 7 3,0,1,6, (8) 5
12,0,0 4

b abe * ‘ g

i *Year of ATR. .

¥ * R

4 Number in parentheses is number of publications. ¢ 3

™ NOTE: Numbers given represent number of citations found in the 1966-69 3

¥ volumes of the Science Citation Index for publications listed in [

i the ATRs indicated. Citations by the author(s) or other members q;

of the research project are excluded, ¥

I 33
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b TABLE 5. WEIGHTINGS OF INDIVIDUAL PUBLICATIONS

Range of Citations which Receive
the Given Weighting

Pl ot v Ly e M R L ER T
e

| Weighting, W 1965-66 1966-67 1967-68
1 0 0 0
;o 2 1-4 1-3 1-2
;o 3 5-10 4-8 3-5
A 4 11-20 9-15 6-10
e | 5 20- 15-= 10-»

2 AL I e W S AR T AL T L B S A AR N SO ML

Values of °5§E = PJ:/MPTB have been calculated for the two dif-
ferent treatments of 1968-69 publications. In Table 6 the resulting
; rank ordering of projects is compared with previous results for Oppp =
' ' Pl/MFTE where no attempt was made to weight individual publications.
i Clearly there is very close correlation between the results (rl = 0,97
for g and qﬁ&E when W = 3 and ry = 0.93 when W = the project aver-
age for the previous three years)., Since 20 projects and 223 individ~
ual articles were included in the calculation, considerable reliability
can be attributed to the results. It thus appears that within the re-
strictions of the weighting method (i.e., the results could not be ex-
: . pected to correlate as well if a broader range of weightings were
! used) applying citation index weightings does not produce a marked
difference in the quantitative evaluation of projects as compared to
simply counting number of publications.
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There are some weaknesses in the use of the Citation Index. Most
importantly, checking the submission dates for articles shows that
about two years separate submission and the appearance of significant
citations. Thus the Citation Index would only appear to be a poten-
tial tool for judging performance up to about two years prior to the
evaluation, However, if performance is assumed to he relatively con-
stant (at least on a two-year time scale), the effect of this time lag
might not be nearly as important as it appears.
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TABLE 6, PRODUCTIVITY RANK ORDERINGS WITH CITATION INDEX WEIGHTINGS

@ vevrwes &

PN R ey T T T TR

3 BT Project :
: { Idegﬁ;iigation L %7E |3 °PTE\w=Z;Z§§;e ;
E‘ { 18 1 1 1 é
_ 15 2 2 2 5
{3 13 3 3 3 ;
1 S 4 4 4 4 3
1 I 3 5 5 5 4
6 6 7 7 3
1 19 7 6 6 “
Bt 33 8 10 1
1 16 9 9 9
5 10 1 15

) 1 1 8 8

] 2¢ 12 15 14

: 14 13 14 13

| |
'

w N WD N W
;-{gmo-horo
H P
SR R SR N PN
d

I I S T S
i el =l = ue
8'&;\100050!0

Correlation Coefficients (rank ordering):

Correlation Coefficient,*
Quantities Being Compared ry

P
[Ty ]

0.97
0.93

M :
B o §

Spos i OpTE|W=3

| . %pre*®pTE|W=3-yr average.

| I
B %pre|w=3*FTE|W=3-yr average 0.97

v ii *Por 20 samples, ry = 0.534 is significant at the 0,01 level.
20
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RAnother weakness of the Citation Index is the incestupusness.of
some scientific endeavors and the terdency to show favoritism to the :
work of laboratory co-workers, It would. be:extremely difficult to |

=T

7,

5% e
!

filter out such effect's in any systematic fashion.,

P

. ! ' t
There is also a problem with publications that have several spon- ' )

sors where one wishes to isolate the work attriputable to a single X
sponsor--as was desired in this analysis., In some instances, project

supervisors indicate that all project publications are co-sponsored : .
by all project sponsors while in other Egses an ‘attempt is made to
distinguish between projéctssponsors for individual 'publi‘cations.
Projects that follow the first practice will appear much more produc-
tive under an analysis, such as that pursued in this paper, wﬁerelARPA 5 N

AT

G n

e ek, S LT

sponsorship alone is considered. E
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III. EVALUATION BY INSTITUTE

A limited amount of quantitative information has been compiled
for the Inter-Disciplinary Laboratories that are funded by the ARPA
Materials Sciences Office., Annual figures (for about a ten-~year pe-
riod up to the present) are available for each of the laboratories for

the following parameters:

1. Number of Ph.D. degrees
2. Number of papers published
3.

4, Number of faculty (number of

Number of graduate students
full-time equivalent faculty in
some cases)

Level and source of support:
and non=DoD government (AEC,

5. University, ARPA, non-ARPA DoD,

NASA, etc.).

Because the number of Ph.D.'s, number of papers, etc., is not broken
down into those supported by ARPA, those supported by University funds,
etc., the discussion will center on the overall institute performance
rather than attempt to isolate the performance on projects supported
wholly or in part by ARPA., The discussion that follows is an attempt
to ‘determine what level of analysis can be performed with information
‘at this level of sophistication. A summary of the information avail-
able for the last four years is given in Table 7. FPart of the annual
support at eight of the institutes is building use charges.
iparing institutes, the building use charges will be subtracted from

the: total support figures.

In com-

! A performance analysis based on information of the type given in
Table 7 suffers from several particular weaknesses. These include:

:
:
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: 1. The listing of number of papers published gives no indication

PN N A

: whether this is simply a count of papers published in re-
viewed journals or includes proceedings and other unreviewed

Ty Q\‘,' HY. S

publications. Unless the criterion for inclusion was the

same at all institutes (doubtful), comparisons based on these
s numbers will be inconclusive.

2. The number of Ph.D.'s granted is not broken down into those
which are principally theoretical as compared to those which

L Eprredigyica

LIS
.- .

CETEVED

are principally experimental., It appears that one Ph.D. is

produced for every $100,000 to $200,000 of annual laboratory

support, thus the importance of counting the production of

i theoretical Ph.D.'s (probably each requires only about $10,000
of annual support) is obvious, Otherwise an effort that is

o3 s s
[
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strongly theoretical will appear much more productive than an
effort that is primarily experimental. A similar argument
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holds for judgments based on the number of papers published
i where it is unclear what fraction of the papers published re-
sults from theoretical studies.
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3. The number of graduate students listed gives no indication of
whether it is the total number of students who have worked on

P TTNT y TT AT To

T

laboratory projects during the preceding year, the average
numnber who were working at any one time, or the number of
v full-time equivalent (FTE) graduate students. Neither is it
indicated if those students on fellowship are included or
ouly those receiving salary support. It will be assumed that
the nunber given is the total number of students who par-
o ticipated regardless of their source of support.

AL SN e ter 2 P

E: o 4, There is no mention of post doctoral students who are gener-
' ally full-time researchers and very productive compared to a
graduate student who has not yet completed his doctoral re-
- search,

[oper——
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2 S. Except in two instances there was no indication if the number
;T of faculty listed was the total number of participating faculty

vy
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A : : or the number of FTE faculty. For several laboratories, the d
e f A . . P
. number appeared to be consistent with total number of par- %
3 % ; ticipating faculty as obtained from annual reports. There- 3
é § s fore it was assumed that, unless otherwise stated, the number

given is total number of participating faculty. Where the

.. . number of FTE faculty was given it was converted to approxi-

. mate total number of participating faculty using information
from annual reports.

There did not appear to be marked annual variations in the pro-

portionality between parameters for individual labcratories except in

D A AT R A, AN

number of Ph.D.'s. This is presumably a result of the relatively
sma’l number of Ph.D.'s produced annually. To improve the statistics

- ————r B A

the individual laboratories were compared on the basis of laboratory
il performance over a four-year period ending with the 1968-69 academic

4 g

yvear, The results of this comparison are presented in Tables 8, 9,
and 10,

ed T
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For each laboratory, Table 8 gives the percentage variation of

——
G

the four-year per dollar averages of the parameters of interest from

: the overall average of all the laboratories, Note in Table 8 that the
: five institutes receiving the lowest annual support had above average
! outputs (Ph.D.'s and papers) on a per dollar basis, In a parallel

y : manner, of the five institutes receiving the highest annual support,

E ; all but number one (MIT) had below average outputs on a per dollar

3 basis. The negative correlation coefficients (computed using the de-

LT -
AL R WL S b B R a2

£

) viation score method) given in Table 7 confirmm the implications of the
raw data. One might conclude from this that smaller laboratories are 3
B ] inherently more efficient than larger ones. However, such conclusions :
could hardly be supported in the absence of other information. For

example, the differences might be rooted in the fact that large labo-

P LTINE A 1Y
~

1 E, ratories can support larger, more expensive equipment with the result
that a greater fraction of the support at these laboratcries goes to
IRE equipment, Hence the smaller laboratories would tend to undertake

o
TR e A

e TP TR SN NP Y SR

f 2 more limited experiments or perhaps be more theoretically oriented.
é 1 ;7 An argument has already been made that theoretical efforts will appear
f 3 25
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o TABLE 8, DEVIATIONS FROM OVERALL AVERAGES~--FOUR-YEAR PERIOD %
; N ] Ph.D.'s Papers Grad. Student Faculty g
4 B
U Institute $8 $$ $$ $$ 3
:;1’
: 1. MIT* +19% +17% +19% - 5% :
s E:
; 2. Cornell - 8% - 8% -22% -18% g
E - i
i 3. Tllinois -39% -34% -43%, -22% ;
4, Chicago ~-40% -16% -29% -43% %
1 f
5. Pennsylvania -21% -37% -30% -32% i
;‘
l 6. Stanford +25% -11% +23% -12% 3
i
' 7. Brown -21% +39% +22% +63% f
Es ¥ M .
- | }5 8. Northwestern +29% +38% +15% + 7% ;
2L E
2 9. Purdue +60% +11% +43% +85% ;
e 3
208 10. Maryland +16% +19% +32% +67% 2
11. Harvard + 9% + 3% + 4% +15% 3
12, No. Carolina +70% +84% +91% +75% %
\‘ig
P Overall Averages 941% ﬂl&% ﬂ:l% Eiég i
$10 $10 $10 $10 ;
' g
é
o Correlation Coefficients g
i Deviatien Score Rank Ordering :
B B
$$ and Ph.D.'s/$$: - 0.50 - 0.42 ;%
i{ $$ and Papers/$$: - 0.52 - 0.55 !
; $$ and Grad. Students/$$: - 0.57 - 0.62 j

}-; 8¢ and Faculty/$$: - 0.70 - 0.75

i

-
1 - Institutes are listed in order of level of support from highest to
8 §§ lowest. Thus MIT receives the largest amount of money.

o o e
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i more productive on a per dollar basis. Support for the argument that
the larger laboratories have more extensive experimental facilities
}, can be found in the faculty per dollar column in Table 8, If the

level of effort at a laboratory is roughly proportional to faculty

, participation, then one would expect faculty FTEs per dollars to be

: lower at those laboratories (here hypothesized to be the larger labo-
2 ratories) which have more extensive experimental programs., As shown
: in Table 8, this is, in fact, the case., The top six laboratories in
level of support are all below average in faculty/$$ while the bottom
b six are all above average. The high negative correlation coefficient
‘ for $§$ and faculty/$$ confirms these conclusions.

T2 tes

TABLE 9. INSTITUTE PRODUCTIVITY: DEVIATIONS FROM OVERALL AVERAGE
(No. of Papers)/(No. of Grad. Students + 2 x No, of Faculty)

o e RS
WP 9T PR s T
———

N 1. MIT + 7%

e 2. Cornell +15%
; 3. Illinois +25% %
] 4, Chicago +28% g
% S. Pennsylvania -10% g
i 6. Stanford -18% E
% 7. Brown + 2% i
é 8. Northwestern +23% 5
z 9. Purcdue -17% \%
g 10. Maryland -18% %
g 11. Harvard - 5% Z%
E : . 12, North Carolina 0% E?
3’ | }%
? ; Since figures are not available for the fraction of support going 'é
g ] to equipment procurement, one might consider judging output merely on ;g
I the basis of manpower input, recognizing that in sc doing one abandons ]
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any attempt to evaluate che efficiency with which one uses dollars
spent for equipment. Manpower input is generally made up of graduate
students, faculty, and post doctoral students. However, as mentioned
previously, the latter are not included in the data available, Ideally,
one would be able to weight the different types of manpower with re-
spect to their productivity. In the absence of other information one
might, for example, assume that productivity is roughly proportional

to annual salary. This would give a faculty/graduate student produc-
tivity ratio of about 4:1 (on a full-time basis) which is probably not
unreasonable, If a graduate student spends roughly twice as much ﬁ&@e
as a faculty member on the project, the resultant productivity ratio

is 2:1 based on number of participants. A comparison of laboratory
productivity on this basis is shown in Table 9. The correlation co-
efficient between the level of laboratory support and laboratory pro-
ductivity, as defined in this manner, is 0.38 which implies that less
than 15% (0.382 = 0,145) of the variation in productivity as defined

above can be accounted for by the level of support.

The manpower weighting question pursued above could be bypassed
if the input ratio of the different types of manpower for any effort
or laboratory is roughly constant, This might be expected in the case
of graduate students and faculty since one faculty member can effi-
ciently guide the research of only a limited number of students. How-
ever, for the data given (shown in the third column of Table 10), the
manpower ratio varies between laboratories. As stated previously this
may be a result of different methods of calculating number of graduate
students and number of faculty., The other columns of Table 10 show the
comparison of outputs when the two types of manpower are not combined.
The last column is inverted compared to the others and provides a
rough: identification of the relative length of time necessary to ob-~

tain a Ph.D. at the various universities,
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IV, SUMMARY AND CONCLUSIONS

A. EVALUATION BY PROJECT

No quantitative measures were found that would reflect the prin-
cipal ARPA objectivés in supporting basic research, i.e., "development
of new scientific knowledge applicable to current or projected DoD
problem areas" or "education of the defense RED community" with re-
spect to developments in the basic research community. However, simple
quantitative measures were developed that offer the potential of re-
flecting scientific excellence by ranking individual projects on a
productivity basig. It was shown that the resulting rank orderings
are, on the whole, relatively insensitive to weightings applied to
the various types of manpower inputs and product outputs. Because
of the absence of an independent method of judging project quality
(nc peer evaluation of individual projects was available), it was not
possible to confirm or deny that the measures developed provide valid
reflections of project quality. Although they do provide a quantita-
tive description of project productivity, it is particularly difficult
to obtain an accurate appraisal of the quality of individual publi-
cations. The Science Citation Index offers a potential vehicle for
such a judgment (by counting the number of times a paper is cited)
but suffers from at least a two=- to three-year lag time--which is pre-
sumably too long to be of utility to a decision-maker who is inter-
ested in a researcher's current or very recent productivity. Another
inherent weakness in counting number of publications is the pressure
to publish in the academic community, particularly among individuals
whose reputation is not so well established and who are seeking tenure

or advancement in academic standing.
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It is difficult to make judgments as to the utility of the rank
orderings obtained. At the very least, they allow the isolation of
those projects at the extremes of the productivity spectrum. However,
the assumptions and simplifications which attend the analysis argue
strongly against a rigid interpretation of the rank orderings as being
absolutely representative of the relative merit of the individual
projects.

No quantitative methods were found that offered any potential of
judging projects in a prospective sense, i.e., in judying the relative
merit of individual research proposals and their potential for success.
Since this is what the decision-maker really wants to know, it is a
significant shortcoming of quantitative methods.

B. EVALUATION BY LABORATORY

The laboratory comparison performed in this paper suffered from
the crudeness of the available data. Attempts to correlate level of
funding with laboratory productivity were essentially unsuccessful.
Although there was a spectrum of productivities, the crudeness of the
available data does not allow conclusions as to the relative merit of
the laboratories.

C. FURTHER STUDIES

Further studies of quantitative methods of evaluating research
might attempt a correlation between peer evaluations of completed re-
search projects and the quantitative measures proposed in this paper
to see if the latter do reflect scientific excellence as_assessed by
the peer group (with its inherent weaknesses). As noted previously,
the data available from individual research projects could be improved
if a better assessment of actual FTE manpower contributions were avail-
able.
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APPENDIX

INSTRUCTIONS FOR USE OF PROJECT INFORMATION FORM

A S R b gy o A0 T 32N

It is recognized that all of the information requested on the

P [Ehclosegz forms may not be immediately availabl. for all projects. i
S However, if the information can be obtained with a reasonable effort, £
S it weculd be appreciated if that effort could be made.

! Note that each form is for a specific project, using descrip-
- tions consistent with those given in the annual Technical Reports.
T All efforts active in 1968-69 have been included. .

The specific instructions which follow are numbered according to
the corresponding blanks on the informatinn forms.

¢ I. One full-time equivalent (FTE) man year corresponds to

o nine months during the regular academic year and two months
o during the summer. If ng is the number of FTE's during the
academic year and n, the number of FTE's during the s. .xer,
the effective number of FTE's for the entire year is

9n2 + 2n9

11

ns=

,: . This is the number which should appear under IA.

Include visiting faculty as well as regular faculty in this
category.

IT. Distinguish between the total number of post doctoral

X fellows and those receiving salary support from the project.
Presumably the difference represents the number of individ- i
uals on fellowship.

G LA T et g

III. Include students pursuing both M.S. and Ph.D. degrees.

2 & gy S B ) LN D Y S

e A e
Wy fomn gt a2 r

IV. Include nonacademic professional staff members in this
category.

£ e

V. Count theses completed during the appropriate fiscal year
(July 1 to June 30).
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VI.
and
VII.

VIII.

X.

XI.

3

Distinguish between those publications in reviewed journals
which were a direct result of theses and those which were
not:. Presumably the individual to whom the thesis was
awarded would appear as major author for those publications
in VI.

List articles in categories shown.

Indicate the amount of salary support given to the faculty,
post doctoral fellows, students, and other research staff
members. Include saiary support only. Do not count accom-
panying overhead. ~ Thus one PTE faculty member would presum-
ably receive salary support of about $15,000-$20,000 while
graduate students would receive $2500-$3500.

Indicate the dollar expenditure for equipment procurement.

Indicate total project funding.
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