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Abstract

The objective of this paper is to examine the visibility of software engineers who are highly cited in the literature and to present an
analysis of the predictors of this visibility. We selected 59 leading software engineering researchers (the subjects) from a much larger
group of well-respected software engineers using three criteria: (1) frequency of co-citation for the period 1991-1997, (2) extent to
which the research is representative within the field, and (3) adequate coverage of the software engineering subject field. The visibility
of the subjects was determined by asking other software engineers to classify each of the subjects by research area. The percentage of
respondents who were able to identify the subject by his/her research area was taken as a measure of that subject’s visibility. A
number of variables were used to explain visibility including the area of expertise, the breadth of the research, and the vintage and

form of publication of the subjects’ most cited work. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Software engineering is rapidly maturing as a disci-
pline and is gradually evolving into many specialty ar-
eas. More and more research papers are being published
as the number of software engineering researchers in-
creases worldwide. While researchers and practitioners
may be well aware of advances in their own areas of
expertise, some also follow important contributions in
other relevant software engineering specialties. But it is
becoming increasingly difficult for software engineers to
maintain familiarity with the burgeoning spectrum of
emerging specialties.

For the past five years, Glass (1998) has compiled a
list of the most published software engineering re-
searchers in the Journal of Systems and Software.
However, this list, while interesting, says nothing about
the extent to which these researchers and their work are
known and used in the research of others. With the in-
creasing maturity of software engineering as a discipline,
a core set of authors is becoming generally known in the
software engineering community. This broad acceptance
is reflected in the software engineering literature through
the citation of the work of these authors.
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We began our work in this area with an interest in
conducting a domain analysis of software engineering —
mapping the body of knowledge of software engineering
into major research areas using data extracted from
the published journal literature combined with data
gathered from currently active, publishing software en-
gineers. Our studies have focused on the patterns of co-
citation of both software engineering journals and
authors, and the similarities and differences between
authors’ works as they are cited and perceived by those
who write and cite (this research will be reported else-
where).

Co-citation analysis is a standard technique in in-
formation and library science that uses bibliographic
citations as a trace measure to analyze the structure of a
body of literature and, by implication, the structure of
the field producing it (White and McCain, 1989). Pos-
sible units of analysis include the individual cited work,
a body of work by a particular author (i.e., an oeuvre),
or the journal in which one or more cited articles is
published. Two authors (or documents, or journals) are
co-cited if both are included in a list of references. Being
co-cited is used as an indicator that the work of the two
authors is somehow related. The number of co-citations
of the pair of authors is a measure of the closeness or
strength of that relationship and the annual mean co-
citation rate (AMCR) across the set of authors is a
measure of their relative prominence. One might expect,
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for example, Grady Booch and James Rumbaugh to be
co-cited in many papers related to the object-oriented
(OO) approach, thus indicating a close relationship be-
tween the work of these two authors (and the existence
of the OO approach as an observable structural feature
of software engineering). Very high mean co-citation
rates would identify them as major figures in their re-
search specialty and in software engineering as a whole.
Co-citation analysis applies multivariate techniques,
such as cluster analysis, to large sets of citation data to
explore the structure of a body of literature implied by
co-citation patterns. This structural analysis, coupled
with measures of prominence, gives a rich and infor-
mative portrait of the field.

Similarly, one can gather data on perceived rela-
tionships between authors (and their oeuvres) by asking
experts in a field (respondents) to cluster the authors
(subjects), using card-sorting or other techniques, and to
label the clusters. Since the respondents are asked to
identify the authors under study (at least as to their
major contributions or fields of work), it is necessary to
permit a response of “don’t know”. The proportion of
“don’t know” responses is an inverse measure of visi-
bility in the field. By using multivariate techniques, these
data can be analyzed and the two structures — that
arising from the literature and that arising from the
aggregate perceptions of experts — can be compared.

We had expected that authors prominent in the soft-
ware engineering literature would also be well known by
our card-sorting respondents. However, we noticed
during preliminary analyses that some of the subjects
were known by all of our respondents, while other sub-
jects, although having high mean co-citation rates, were
relatively unknown by the respondents. Evidently, high
levels of being cited and co-cited alone are not adequate
to ensure a researcher’s widespread visibility. This ob-
servation led us to identify a number of other factors that
might potentially affect researcher visibility.

2. Research objectives and outline

The objective of this study is to determine what fac-
tors are statistically significant in explaining the visibility
of software engineering researchers within the software
engineering community. To this end, and as described
above, we selected a group of these subject researchers
and conducted a co-citation analysis. We then asked
other respondent software engineering researchers to
categorize each of the subjects by his/her major areas of
research in order to derive a visibility index. Then, along
with a number of other variables described below, we
conducted a multivariate analysis to investigate the de-
terminants of visibility.

In the following section, we discuss the methodology
used to collect the data and follow this in Section 3 with

a discussion of the data used in this study, the analyses
performed, and the limitations of this research. Section
4, presents some conclusions.

3. Data collection methodology

The methodology, which is described in detail below,
consists of several steps. The first step involves the se-
lection of the subjects and the extraction of their co-ci-
tation data. In the next step, the respondents were asked
to categorize the subjects according to perceived areas of
specialty (including a “don’t know” category). Visibility
ratings were calculated from the “don’t know” re-
sponses. We then added a number of other variables
that might explain the differences in the visibilities of our
subjects.

3.1. Selection of authors for analysis

A publishing author whose work is cited by others in
software engineering is the unit of observation in the
software engineering co-citation analysis. The goal in
developing the set of subject authors is to encompass, in
a relatively small list of names, a broad cross-section of
software engineering research. We are not simply in-
terested in identifying a list of the most cited researchers.
A list of this sort might emphasize some topic areas at
the expense of others and noticeably bias our results
toward the more established specialties in software en-
gineering. Rather, we wanted to develop a manageable
set of names that are broadly representative of the field
as a whole.

A combination of sources was used to establish this
representative list. We began by identifying authors
whose publications received five or more citations in any
combination of eight software engineering journals
during the period 1991-1997. These journals were:

e ACM Transactions on Software Engineering and

Methodology,

e [EEE Transactions on Software Engineering,

IEEE Software,

IEEE Concurrency (formerly IEEE Parallel and Dis-

tributed Technology),

e IEE Proceedings — Software Engineering (formerly

IEE Software Engineering Journal),

Information and Software Technology,

Journal of Systems and Software,

e Software: Practice & Experience.

Separately, we examined general software engineering
texts and reference materials, including the editorial
boards of prominent journals and identified frequently
occurring names (the “text” list). As a result, 59 well-
known software engineering researchers were identified.
This list included all authors who appeared on both the
cited list and the text list (50 names). Nine additional
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names were selected from the remaining authors on the
two lists with the dual objectives of being representative
and diverse.

As part of our analysis, we asked the respondents to
suggest additional authors (to augment the original 59
researchers) that they felt should be on the list. A total
of 89 different names were suggested, 65 of them only
once. Four authors — Nancy Leveson, Gerald Weinberg,
Steve McConnell, and Richard DeMillo — received more
than three votes and are incorporated in an expanded
co-citation analysis (currently in progress in an investi-
gation of the body of knowledge of software engineer-
ing). The lack of consensus on missing researchers
beyond these four authors suggests that our list of 59
may be reasonably representative and inclusive.

3.2. Collection of co-citation data

A more detailed discussion of co-citation analysis is
deferred to a subsequent paper and only a brief account
is presented here. Interested readers may also consult
McCain (1990) for a technical discussion of the general
data collection and analysis methods associated with co-
citation analyses.

Co-citation counts are relatively easily obtained by
searching the Science Citation Index online and speci-
fying a pair of authors’ names. For instance, the com-
mand:

SELECT CA =Booch G AND CA =Rumbaugh J
gives a count of all the articles in the database that have
made at least one reference to a paper or book by Grady
Booch and a paper or book by James Rumbaugh (as
either first or only authors). The annual mean co-citation
rate of an author is the average number of citations of
that author with other subjects in the data set. This
measure is a domain-specific measure of citation visi-
bility and thus is an indicator of a certain kind of
prominence in the field. The domain-specificity of the
measure is supported by use of co-citation and not just
simple citation counts. For the present study, we col-
lected co-citation counts for each possible pairing of the
59 authors in the subject authors list.

3.3. Collection of card-sorting data

The card-sorting technique is a method for eliciting
perceptual data from individuals. For instance, we can
discover the mental model that faculty members have of
the academic structure of a university by asking them to
sort cards bearing the names of departments into piles;
the occurrence of two departments in the same pile
implies some perceived relationship between the two.
Aggregating across a large number of faculty members
yields a general model of the university and its major
perceptual dimensions (Biglan, 1978).

For the card-sorting data collection, we solicited
participation from the software engineering community
and received 46 responses. Respondents were provided
with a set of cards, each card bearing the name of one of
the subject authors in the study. The respondents sorted
the cards into piles based on their perceptions of the
relatedness of the authors’” work, their perceptions of the
structure of software engineering, or any other criteria
they might like to use. The respondents were then re-
quested to label the individual piles in terms of the do-
main knowledge that these piles represent. A pile could
consist of a single author or may be labeled with “don’t
know these people”, or “not software engineers”. The
respondents were also asked to fill out a short ques-
tionnaire. As part of the questionnaire, they were offered
the opportunity to suggest additional names that they
thought should be included in the study.

Aggregating the card-sorting data over a reasonably
large number of respondents, allows us to analyze these
data in the same way as the co-citation data. In this
manner, one can compare the structure represented by
the scholarly use of published materials (the authors as
oeuvres) and the structure represented by respondents’
perceptions of the authors (the authors as personae). See
McCain (1988) for a similar study in the field of mac-
roeconomics.

4. Empirical data

In this section, we identify and define the variables
used in the analysis of visibility and indicate their ranges
within our data set.

4.1. Visibility

The set of labels assigned to an individual author in
the card sorting exercise can be thought of as a profile of
perceived research areas. This profile provides the basis
for several of the study variables, one of which is a
measure of visibility, the dependent variable in this
analysis. As mentioned previously a respondent may
create a pile of unknown authors labeled “don’t know”
or comparable responses (e.g., “never heard of this
person’ or “no idea of research area’). The number of
times an author is listed as unknown provides a measure
of visibility of the subject across the respondent set.
Visibility is defined as the percentage of respondents
who are able to categorize a subject as having some
specific research specialty.

Visibility ranges from a minimum of 41% (Weiser) to
a maximum of 100% for Boehm, Demarco, and Your-
don. All of the respondents in our sample were aware of
the research specialties of the authors having 100%
visibility.
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4.2. Annual mean co-citation rate

This variable was previously defined as the average
number citations of an author with other subjects in the
data set. The annual mean co-citation rate ranged from
a high of 42 (Barry Boehm) to a low of 4 (for seven of
the authors) with a mean of slightly more than 11.

4.3. Research breadth

The card sorting labels also provided a basis for
categorizing the research breadth of the subjects. For
this measure we used a 3-point Likert scale. A value of
one indicates that the subject focuses his/her research
within a fairly narrow area, while a value of three in-
dicates that the research is broadly focused. This cate-
gorization is based on the number of research areas
suggested by our respondents. Since the respondents
were free to define their own category labels, some in-
terpretation of the set of labels was required to assign
research breadth. This assignment was initially done
independently by three of the authors, after which a
consensus was reached. 25 subjects were characterized as
having a fairly narrow research area, 10 subjects as
having broadly focused research, and the remaining 24
subjects in-between. We hypothesize that the research
breadth of an author contributes to his/her visibility, as
a wider audience will be acquainted with the author’s
work.

4.4. Research specialty area

The co-citation analysis discussed previously clus-

tered the subjects into seven major research specialty
areas.
analysis and design,
software architecture,
modeling and tools,
formal methods,
software development and management,
software testing,
software measurement,
An author’s area of specialty might be expected to
have an impact on his/her visibility. For example, a
highly specialized area such as formal methods may
have a more delimited audience. Author’s publishing
only in this area may have less visibility. In addition, the
differential effects of specialty area may somewhat reflect
the interests of our pool of respondents.

4.5. Most cited publication

Two additional variables were identified based on the
most cited publication of the subjects. The first of these
was whether the most cited publication was a book or
Jjournal article. A book might be expected to contribute
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Fig. 1. Frequency of most cited publication by year.

more to a subject’s visibility than a journal article. 56%
of the subjects had as their most cited publication, a
book.

The second variable was the vintage of the most cited
publication expressed by the year in which the publica-
tion was issued. This study encompassed the years 1991—
1997. The oldest among the most co-cited works is a
paper published by David Parnas (1972). The paper is
“On the Criteria to be used in Decomposing Systems
into Modules” which was published by the CACM.
More generally, the co-cited works tended to fall in the
mid-1980s, about 5-10 years prior to the publications in
which these works were cited. Fig. 1 shows graph of the
frequency by year of the most cited. Books and Trans-
actions on Software Engineering make up about 70% of
the most cited publications. We hypothesize that the
earlier the vintage of the most cited publication, the
greater the contribution it may make to the author’s
visibility.

5. Analysis and results

Our investigation of visibility began with the obser-
vation that although there is some correlation between
the level of visibility and co-citation rate there is sub-
stantial variation between the two variables. Fig. 2
demonstrates the extent of this variation. Subject au-
thors are ordered from the least visible (on the left) to
the most visible (on the right) with a line plot that shows
the co-citation rate. Only selected authors are labeled in
Fig. 2 (the full collection of authors is shown in Fig. 3).

The general trend is that the more visible authors have
a higher co-citation rate, as would be expected. On the
other hand, some authors deviate substantially from the
trend. Those who are above the line are cited more than
might be expected given their visibility. Authors below
the trend line are cited less than might be expected.

The question we explore in the section that follows is
exemplified by subjects such as Fagan, Pfleeger, and
Mills, all of whom are very visible, but whose co-citation
rates are lower than might be expected. Similarly, there
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is another group of authors, all with ties to OO software,
who are co-cited more than might be expected given
their visibility (Goldberg, Coad, Rumbaugh, Meyer,
and Booch). Thus, to further explain the variations, we
included in the visibility analysis of the following section
the other variables discussed above.

5.1. Predicting visibility

To investigate the possible determinants of visibility,
we conducted a multivariate analysis in which the visi-
bility of the subject author is the dependent variable.
Visibility of a subject (denoted by VIS) is defined as the
fraction of respondents who categorized the subject as
being in a research specialty other than unknown.

The independent variables used to explain the visi-
bility of each subject included:

e mean co-citation rate (MCR),

e research breadth,

e resecarch specialty area,

o whether or not the subject’s most co-cited publication
was a book,

e year of publication of the subject’s most co-cited pub-
lication.

Since the visibility variable ranges between zero and

unity, the multivariate analysis was conducted using a

logistics function, the specific functional form of which

is:

eZ

VIS = ,
1 +e

()

where Z is a function of the explanatory variables dis-
cussed in the previous section. Note that as Z — oo,
VIS — 1.

Solving (1) for Z, we get the equation:

n<%) =Z, (2)

where “In” is the natural logarithm. VIS/(1 - VIS) is
called the odds ratio.

We assume that Z is a linear function of the explan-
atory variables given by:

Z = ap + Cll(MCR) + Clz(Bl) + Cl;(Bg) + a4(G1)
+as(G2) + as(Gs) + a7(Ga) + as(Gs) + as(Gs)
+ a1p(BOOK) + a;,(YRPUB), 3)

where a;,a,,...,a;; are parameters to be estimated on
the basis of the empirical data. B; and B, are dummy
variables (with values of 0 or 1) indicating the breadth of
the research of the subject.

By, = 1 if breadth of research is narrow,

B, =1 if breadth of research is average.
The possible values of (B, B,) are (1,0), (0,1), and (0,0).
Researchers of the highest breadth are characterized by
(B1,B,) =(0, 0).

Similarly, G,—Gg are dummy variables characterizing
the seven research specialty groups defined by the co-
citation analysis as follows:

Gy =1 if a member of the analysis and design
group,
G, =1 if a member of the software architecture
group,
G; =1 if a member of the modeling and tools
group,
G4 = 1 if a member of the formal methods group,
Gs =1 if a member of the software development
and management group,
Gg = 1 if a member of the testing group.
A subject with all of the G; =0,i=1,...,6 is a member
of the seventh group, software measurement.

The dummy variable indicating whether or not the
most co-cited publication for an author is a book is gi-
ven by:

BOOK =1 if most co-cited publication is a book
=0 otherwise.
Finally, the year of publication for the most co-cited
work of a subject is
YRPUB =year of publication of the most co-cited
publication.

5.2. Analysis results

We used a maximum likelihood approach to estimate
the coefficients on the basis of the VIS variable in (1), the
results of which are shown in Table 1. Regression 1 uses
the full collection of variables discussed above. The

Table 1
Coefficient estimates for logistics prediction model
Coefficient Regression 1 Regression 2
Intercept 4.98 4.42
(1.14) (1.06)
MCR 0.096 0.098
(0.012) (0.012)
B -1.34 -1.31
(0.228) (0.223)
B —-0.727 -0.709
(0.230) (0.227)
G —-0.543 -0.421
(0.212) (0.187)
G, —-0.380 -0.253
(0.185) (0.157)
(€ —-0.752 —-0.632
(0.247) (0.229)
G, —-0.590 -0.463
(0.189) (0.162)
Gs -0.212
(0.180)
Gs —-0.235
(0.227)
BOOK 0.690 0.638
(0.130) (0.124)
YRPUB —0.044 -0.039
(0.013) (0.012)
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coefficient of determination, R?, for this model is 0.72,
meaning that 72% of the variation of visibility is ex-
plained by the variables in the analysis. The standard
errors of the coefficients are listed in parentheses. All of
the coefficient estimates are significant to within the 5%
level with the exception of Gs and Gg, which are not
significant at all (> 10%). Consequently, in Regression
2, we eliminated the G5 and Gg variables from the
analysis. Thus, the base group for this regression con-
sists of a merging of the software development and
management group, the testing group, and the software
measurement group. The coefficient of determination
for Regression 2 is 0.70 and all of the coefficient esti-
mates are significant to within the 1% level with the
exception of G,, which is significant at the 10% level.

Note also for both regressions that the estimated
coefficients for the mean co-citation rate and the re-
search breadth dummy variables are of the expected
signs. The positive sign of the coefficient for the mean
co-citation rate indicates that as the mean co-citation
rate increases, so does the visibility measure, VIS. Sim-
ilarly, the signs for the coefficients of B; and B, are
negative and the coefficient associated with B, is less
than that for B,, implying that subjects with less re-
search breadth tend to have less visibility. With regard
to the research specialty area membership dummy
variables, subjects in the G; =1 group, modeling and
tools, have the least visibility, followed by the formal
methods and analysis and design groups. Since all of the
group membership coefficients are negative, the group
with the most visibility is the software measurement
group (i.e., all G;=0,i=1,...,6) in Regression 1 and
the merged group (software development and manage-
ment, testing, and measurement) in Regression 2.

The positive sign associated with the BOOK variable
indicates that publishing a book adds to a subject’s
visibility. The coefficient for the year of publication
variable, YRPUB, is negative, leading us to the not
surprising conclusion that earlier publications lead to
greater visibility.

While the results of this analysis seem reasonable, we
were somewhat concerned that the analysis might have
been biased due to over-representation of groups Gs
(software development and management) and G; (soft-
ware measurement) among the respondents. To test this
issue, we split the subjects into two groups and reapplied
the experimental analysis separately to each of these
subject groups. When we did this we found minor dif-
ferences in the coefficients of our estimates but no dif-
ference in signs and significance levels.

Fig. 3 shows actual visibility (as determined by the
card-sorting exercise) and predicted visibility based on
the logistics prediction analysis for the full set of subject
authors. The authors are sorted by increasing actual
visibility along the x-axis of the graph. The solid line
represents the actual visibilities, while the drop lines

labeled by the subjects’ names show the predicted visi-
bilities. It is not surprising that there still remains some
deviations of the predicted visibilities from the actuals,
because the logistic equation accounts for only 70% of
the variation in the data. Factors such as the numbers of
keynote speeches given, book sales, and editorial board
and conference program committee participation may
also contribute to visibility.

5.3. Limitations of the analysis

In concluding the discussion of our analysis, it is
important to note some of the limitations of this ap-
proach. First is the fact that the analysis is retrospective
by definition. We are not examining current software
engineering research, but instead are mining the levels
on which current work builds.

Second, in using co-citation we are selecting a par-
ticular perspective on software engineering research.
Being co-cited is one possible measure of importance
and acceptance of a published work, but it is certainly
not a complete measure of value of research. It does not
measure researcher productivity, and it may under-rep-
resent very novel work, which might be harder to tie to
existing and prior work. By using co-citation analysis we
are focusing rather more on citations within the soft-
ware engineering disciple rather than on the more gen-
eral literature. In this respect, it is worth noting that
Brook’s most cited work The Mythical Man Month
(Brooks, 1975) has been cited in over 75 journals most of
which are not software engineering journals.

Finally, it is important to remember that co-citation
is based on first author information only. The structure
of citation databases is such that no second or addi-
tional author information is available. This means that
researchers who frequently publish with others as sec-
ondary authors are likely to be under-represented in this
analysis or any kind of citation analysis.

None of these issues invalidate the general picture of
software engineering research presented by our analysis.
However, the limitations do mean that this data should
not be taken as attempt to evaluate the contribution of
any particular individual author.

6. Conclusions

The development of a generally recognized body of
literature is an essential step in the evolution of software
engineering as a discipline. The visibility of key authors
is a good indicator that this evolution is continuing. In
addition, the number of years that papers are highly co-
cited indicates a foundation of respected software engi-
neering research.

We began this investigation with the observation that
the visibility and co-citation rate of software engineering
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researchers varies substantially for many of the subjects
in our sample. Our analysis indicated that the most
visible software engineering researchers are those whose
most co-cited work is a book, who published relatively
early, in a relatively broad research area, and who are
frequently cited with their peers.

At the same time, we hypothesized that other factors
may account for some of the unexplained variation in
visibility. These factors, which are not readily quantifi-
able for a study like this, may include professional so-
ciety activities, editorial work, consulting activities, and
geographic location.

We are pleased to report that, of the other variables
that we investigated but did not report in this study,
gender was one that was not significant in predicting
visibility. Although Transactions on Software Engi-
neering supplied 62% of the most cited journal publi-
cations, the specific journal in which the most cited
publications appeared had no significant effect on the
visibility of the author. On a lighter note, for
researchers interested in increasing their visibility, our
analysis indicates that their first step should be to
seriously consider publishing a book as soon as
possible.
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