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Abstract

The aim of this paper is to establish the similarities and differences between the way
of collaboration and the production of researchers when dealing with publications or
with the development of projects and whether the collaboration patterns change accross
disciplines.

We have studied the networks of researchers formed through the collaborations in
papers or in projects in a research institution (the University of Zaragoza) and we have
analyzed a series of individual and global magnitudes. As a general result, we have
observed that the laws governing the individual productivity are similar for the cases
of publications and projects but, however, the behavior is different when analyzing
more complex magnitudes such as the collaborations or other structural variables. We
consider also the subnetworks defined by the researchers of the different disciplines and
characterize their topologies and compare the corresponding collaboration patterns.

Because of the general approach, we expect most of the conclusions to be applica-
ble to other universities or research centers.

Keywords: Academic performance, Complex networks, Co-authorship, Research
projects, Knowledge areas

1. Introduction

Network analysis (Newman (2010)) is an important tool to analyze academic per-
formance, especially from the beginning of this century (see for example (Barabasi
et al (2002)) as one of the seminal papers). It has been extensively used for bibliomet-
ric analysis, mainly through the study of co-authorship networks (a recent review of
the literature of this topic can be seen in (Kumar S (2015))) and citation networks (Van
Eck and Waltman (2014)).

In this article we will deal with paper co-authorship but also with the collaborations
in the development of research projects in an institution. To construct the networks we
will define the nodes to be the researchers of the institution and the links between

Preprint submitted to Elsevier Received: date | Accepted: date



them will be given by the relations based on common articles' or funded research
projects. Network analysis allows us to see global properties in contrast with statistical
analysis based on individual or local production. In this way, we can analyze a large
amount of data, identifying global properties such as communities, leaderships, time
evolution, clustering, central and peripheral groups, etc. In (Alvarez et al (2015)) a
software platform designed to perform this analysis was presented and the University
of Zaragoza (Spain) was chosen to exemplify its power.

One of the main advantages of our framework is the possibility of studying, at the
same time, the networks of publications and funded research projects. It is well known
(see (Katz and Martin (1997))) that studying co-authorship relations is only one of
the methods to analyze collaboration between researchers. Studying the structure of
project collaboration provides an alternative view whose similarities and differences
with the co-authorship one must be analyzed. The main problem for this is that while
data concerning research papers are now accessible for almost all the areas in several
platforms? there are not many public databases about funded research projects and the
researchers involved in them.

Thus, while for publication networks there exists a large number of studies showing
their structure, we could find only a few works studying project networks. Furthermore
these studies use in general a small amount of data and hence they only consider small
networks (Bellotti (2012); Lemes Alarcao and Sacomano Neto (2016); Miguel et al
(2012)).

The University of Zaragoza (UZ) is a medium-size European university with around
35000 students and more than 4000 staff researchers. UZ decided some years ago to
create a corporate database containing all the research data of its researchers, under the
name of Sideral. It contains all research data, of publications and research projects,
after 1990, with all details about them. Particularly subtle issues as disambiguation
of the researcher names in publications is performed semi-automatically with human
supervision. By using this corporate database, exhaustive in articles and projects, we
have been able to create networks of researchers based on their relation as coauthors of
a paper or as collaborators in a funded research project. In (Alvarez et al (2015)) we
presented the platform and the main qualitative conclusions of a first analysis of our
university, with a preliminar comparison of the topological properties of the networks.
In the present paper we consider a quantitative analysis of some properties of the re-
search and projects networks focusing on their differences. The study includes around
90,000 articles, 30,000 projects and 7,000 researchers of the UZ from the nineties up to
now. We will also consider the subnetworks defined by the researchers of the different
areas (Sciences, Life Sciences, Arts and Humanities, Engineering & Architecture and
Social Sciences) and compare their properties. Thus, we will obtain the differences in
the collaboration patterns of the different areas.

Particularly, with these tools we intend to answer three questions:

IPlease notice that we will talk indistinctly of articles, papers or publications but we mean any kind of
JCR indexed publications

21t is important to remark, nonetheless, that in many cases, an additional work is needed because a correct
identification of authors is not fully automatic due to differences and bugs in signatures and affiliations



e Is it possible to compare the two networks (papers and projects), from a quanti-
tative point of view? In particular, what is the evolution of papers and projects in
time, and what is the scaling of productivity of the nodes in the two networks?

o Are there differences in the form researchers collaborate when publishing a paper
and when developing a research project?

o Do these differences depend on the area? Are they the same for Sciences and for
Arts, for instance?

We are aware of the fact that our conclusions refer only to UZ. Nonetheless, because
of the general approach and the large number of researchers considered, we expect most
of the conclusions to be applicable to other universities or research centers.

The structure of the paper is as follows. In Section 2 we summarize the main as-
pects of the framework introduced in (Alvarez et al (2015)) and its main implications in
what regards the analysis of productivity of researchers, at the level of paper production
and at the level of funded research projects. Section 3 presents the main contributions
of the paper: the results of a quantitative analysis for the case of the University of
Zaragoza. Finally Section 4 presents the main conclusions of the paper.

2. Academic production as a complex system

Let us review now the main aspects of our framework (see (Alvarez et al (2015))
for a more detailed presentation). Consider an academic institution U and the corre-
sponding set of researchers {R;} who belong to U. We will consider the interaction
between the researchers from two different points of view:

e co-authoring: two nodes (researchers) are connected if they have co-authored
a scientific paper. As we are considering all areas of knowledge, and for the
sake of simplicity, we will not consider the different authoring patterns used
in the different areas (in mathematics and theoretical physics, for instance, it
is frequent to sign papers in alphabetical order while in (bio)-chemistry, first
authors are usually the graduate students while last authors are the directors of
the project). Hence, we consider this to be an undirected graph.

e project-collaboration: We will be considering two different types of project net-
works. In the first case, already considered in Alvarez et al (2015),we shall say
that two researchers are connected if one is the Principal Investigator (PI) and
the other collaborates in the same (funded) research project. In this case, there
is a natural order in the graph, since the PI is clearly playing a different role
than the other researchers. We will consider thus that the project graph is a di-
rected graph where the PI’s are the source for all the links corresponding to each
project, that join him/her with the rest of researchers. We will call this type of
network the directed project network. But we will also consider an alterna-
tive description where the researchers which collaborate in a research project
define an un-directed graph, analogous to the network defined by the researcher
co-authoring a paper. We will call this type of network the un-directed project



network. As we will see below, both descriptions capture different properties of
the collaboration, and provide complementary information about it. In any case,
both types of project network can be compared with the paper one, and their
similarities and differences can be analyzed. This is our main goal in this paper.

Out of this large network, we can extract the subgraphs corresponding to partic-
ular departments, research groups, Institutes, etc. Hence, it allows us to consider the
Institution at the micro, meso and macrolevel.

2.1. The publication network

2.1.1. The different metrics

Once the nodes and the links are defined, we must consider different metrics to
assign weights to the links of the graph. There is no simple mechanism to define such a
metric and many different choices are possible. In the present version of our platform,
we consider three:

e a constant value for each paper. This is the simplest case but it does not take into
account the quality of the publication.

o the JCR impact factor of the journal where the paper is published, at the year
of publication. This may be a good metric if we consider a case where all the
researchers belong to the same area, as in the case of a research institute or
university department. But, at the same time, it is not a good metric to compare
researchers working in very different areas, since the absolute value of the impact
factor of the journals of ISI areas changes significantly. For instance according
to JCR 2014, an impact factor of 1.6 belongs to the first quartile of the area
Physics Mathematical, while it is in the last quartile of the area Biochemistry
and Molecular Biology.

e adiscretized version of the NJP metric (Normalized Journal Position, introduced
in (Bordons and Barrigén (1992)) and discussed in (Costas and Bordons (2007))
in relation to the h-index) with respect to the position of the journal in the corre-
sponding ISI area. We consider a simpler version based on the JCR-quartiles in
the year of the publication:

assign 4 points to the paper published in a Q1 journal,

3 points to the paper published in a Q2 journal,

2 points for papers in Q3 journals

— and 1 point to papers in Q4 journals.

If the journal belongs to more than one category, we choose the one with the
highest position. It is immediate that this metric is just a discrete version of NJP,
where we consider just four intervals instead of the NJP value. Both choices (our
scheme and NJP) solve the problem of the absolute value of the impact factor for
different JCR areas, since all areas are weighted in the same way.



In all three cases, we introduce the possibility of considering the number of co-authored
papers in the weight of the link. Thus, the weight of the papers with a large number of
authors may be shared by the co-authors ( see Grauwin and Jensen (2011) for discus-
sions of co-authoring metric definitions).

Notice that the most popular measures defined for researchers (based on citations
and the h-index, for instance, see (Alonso et al (2009)) and references therein) are not
implemented yet in our platform. Despite its popularity, and its usefulness to compare
researchers of the same area and age, they exhibit two problems that we are trying to
understand and control:

o different areas have different citation patterns. Therefore, in some of them the
number of entries in the bibliography of a paper may be 10 and in some other,
the average bibliography section may contain 100 entries. Of course, this fact
gives a different effective value to citations in their publications, and therefore a
normalization mechanism is required. We are planning to add this feature to the
next version of our platform, although besides this normalization problem,

e this is a measure which changes constantly in time (even for a fixed set of pub-
lications) and therefore the topology defined on the network by such a metric
would not correspond to stable properties.

Future versions of our platform will allow us to include also the citation-based metrics
and therefore the comparison between the different approaches.

2.1.2. The normalization of the weights

We can also consider the normalization of the graph, by splitting the measure cho-
sen among its authors in the graph. In particular, we can divide the weight w, corre-
sponding to a given paper n among the square of the number of co-authors of the paper
contained in the graph (N, (n), while Ny (n) = Njy(n) + Ney(n), N,y (n) corresponding
to the authors of the paper who are not contained in the graph ). As there is a total
number of Nizm(n) links for each paper and the total effect of every paper published in
the institution must be equal to its weight w,, the weight of each link becomes
Wn

L= —1—
(Nint(m))?

ey
Of course this is only one possible normalization criterion. Our choice coincides with
the Third collaboration network discussed in (Batagelj and Cerinsek (2013)) if a
weight w, = 1 is assigned to all papers. If w, # 1, the total contribution of each
paper to the graph and to the degree of each researcher does not coincide with theirs,
although they are proportional and the idea used for the normalization criterion is sim-
ilar. Notice that to make it consistent we must consider always a “self-link” for each
of the authors. As it does not offer any topological information, we shall omit it when
representing the networks graphically, unless the node is disconnected from the rest of
the graph. Notice also that the information is anyway contained in the map since the
diameter of the disks representing the nodes are proportional to its degree, which is
computed as the sum of all the links starting at the node and weighted with the quality
index considered. Thus the omission of the self-links is harmless.



Notice that the weight of the links of the graph also affects the degree of the re-
searchers. Indeed, the effect of the paper n on the degree of the researcher j who is one

of its co-authors, becomes:
Wy

" Niw(n)’

Notice that, defined in this way, papers published with external collaborators contribute
more to the degree of the researcher than the papers co-authored with people in the
institution (because of the normalization factor). Thus the resulting degree does not
allow us to compare the total scientific production of two researchers directly, we can
just compare their influence on the institution. On the other hand, papers signed with
external researchers do not provide stronger connections with the other nodes of the
graph (which represent the researchers of the institution).

8j )

2.2. The directed project network

We can consider a similar construction for the case of research grants or funded
projects in general. The choice of the network type is not as simple as in the case
of the publication network (see, for instance, (Maggioni et al (2014))). Our choice
in (Alvarez et al (2015)) was to assign a direction to the links connecting the nodes,
from the Principal Investigator of the project to all the researchers collaborating with
him (denoted as CI’s). The result is a directed graph, as we mentioned in the previous
section.

2.2.1. The metric

Again, we consider the assignment of a weight to the different links. The simplest
choice is to fix the weight as the total amount covered by the corresponding grant.
Although other choices may also be considered, taking into account normalization cri-
teria per area which we plan to include in future releases, we judge that our choice
represents a good equilibrium between quality and simplicity.

2.2.2. The normalization

As in the publication network, the weight of the links are normalized by the number

of researchers of the institution collaborating in the project, i.e., the weight of the link

L, is equal to the part of the funds €(n) of the project n that corresponds to each

researcher of the team (we assume for simplicity that they are equally distributed but
this is not necessary):

€M)
N int(n)

Notice again that we use N;,, for the normalization and not the total number of re-
searchers of the project (i.e. we do not include the researchers external to the UZ). This
has similar consequences to the ones commented above for the publications network.

Again, the assignment of weights to the links of the graph also affects the degree
of each node (i.e., each researcher). The contribution of a project n to the strength of
node j is the total amount of the grant if the node represents the PI, and zero otherwise.
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2.3. The un-directed project network

The choice of the project network as a directed one captures several important
features of the type of interaction the researchers are subject to when collaborating in
a research project. Indeed, it does describe the flow of money covering the expenses
of the project, which is distributed only through the PI. This makes the node of the PI
to be different from the other nodes, since it is the only one responsible of the funds
assigned to the group. This was the property we considered in Alvarez et al (2015) to
fix the project network to be directed. Nonetheless, the choice is not perfect, as there
are structural properties of the network that are affected by this choice, which explains
well the flow of funding, but not necessarily the other aspects of the scientific work.
Actually, part of that work related to the project is producing also papers as output, and
therefore it makes sense to considered an un-directed network to represent it. Hence,
we are considering two complementary descriptions of the project network, aiming to
capture a larger set of properties in the combined model.

2.3.1. The metric

Again, we consider the assignment of a weight to the different links. The simplest
choice is to fix the weight as the total amount covered by the corresponding grant.
From that point of view both projects networks are weighted in the same way.

2.3.2. The normalization

As in the publication network, the weight of the links are normalized by the number
of researchers of the institution collaborating in the project, i.e., the weight of the link
is equal to the part of the funds of the project that corresponds to each researcher of the
team. As now there are N,,;(n)? links inside the graph, the normalization is equivalent
to the one chosen in the publication network, but we replace the publication metric by
the total amount of funds. Hence, the normalization of each link becomes now:

L, = €(n)

~ Nim(n)? @

Notice again that we use N;,, for the normalization and not the total number of re-
searchers of the project (i.e. we do not include the researchers external to the UZ). This
has similar consequences to the ones commented above for the publications network.

Again, the assignment of weights to the links of the graph also affects the degree
of each node (i.e., each researcher). The contribution of a project n to the strength of
node j is now the corresponding share of the total amount of the grant.

3. Quantitative results

The study uses all the data present in the UZ corporate database (Sideral) from the
origin up to 2017 both for publications and projects. There are a few more ancient
dates, but the information is exhaustive only from the late nineties. For this reason,
despite the networks are calculated with all the information, when we present yearly
evolutions of some variables, we will do it only between 2001 and 2017.
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Figure 1: Evolution of paper production in the UZ between 2001 and 2017. We represent the total number
of JCR papers, the corresponding JCR impact, and the number of those paper which are classified in the first
decile of their corresponding JCR areas.

The whole set of data includesa a total of 93827 articles with 6336 authors affiliated
to the University of Zaragoza as well as 29080 projects with their PI from the UZ,
involving 6768 researchers of this university. Almost all the researchers in the article
network are contained in the project network. The excess of researchers of the second
network corresponds, mostly, to technicians, hired with project funds but that may not
appear in the publications.

3.1. Global considerations

To have an idea of the global numbers of the system we can represent the paper
production and funds obtained in projects by all the researchers in UZ, as we can find
in Figs. 1 and 2.

In the paper production plot, we represent the total number of JCR papers, the
corresponding JCR impact, and the number of those papers which are classified in the
first decile of their corresponding JCR areas.

In the project production plot, we represent in two different curves the funds cor-
responding to pure research projects and the funds corresponding to applied research
developed mainly with Industry.

It is easy to see how the production had a high growing in the first years of the
century and how the economic crisis has had a very negative impact from 2009 on,
especially in the evolution of project funds.

3.2. Scaling of Scientific Production and Funds

Let us start by analyzing the scaling laws followed by both networks, the papers
network and the research projects network. For each case a few considerations are in
order
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Figure 2: Evolution of the funds obtained by projects in the university between 2001 and 2017. In blue
appears the total amount of funds obtained from research projects and in orange the amount coming from
transfer projects with companies.

o In the paper network, we can consider two different metrics to weight each link:

— the quartile metric, presented above, where the paper is assigned a weight
of 4-3-2-1 points depending on the quartile the journal belongs to

— we can also consider the constant metric, where the weight of each article
is always 1 (in this case the degree of each author is the number of signed
papers at the UZ and hence a measure of his/her total production).

o As the topology of the network is not relevant in this analysis we restrict, for
the sake of simplicity, to the directed project network. For that case, we also
consider two different types of weights

— the weight can be considered to be proportional to the project funds divided
by the number of Members. Therefore each link has a strength proportional
to the funds traveling from the PI to the CI.

— The second possibility is to consider the same total weight for each project
(equal to one), and therefore the weight of each link corresponds to one
divided by the number of members.

With respect to these measures, we consider the degree of each researcher (i.e.,
the diameter of its disc in the map). In the first case, the degree of each node is
proportional to the total funds of the projects in which the researcher participates.
In the second case, the degree is proportional just to the number of projects where
the researcher participates.

We start the analysis with the normalized cumulative histogram for the degree of
the nodes (Figure 3), with respect to the four metrics presented above
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Figure 3: The X axis represents degree, and the Y axis, the number of researchers with a degree larger than
or equal to this value (per unit). We use bilogarithmic scale to see the global behavior, and to control the fit
quality. The lines represent fits to the function f(x) = ax~”, a straight line in bi-logarithmic scale.

o articles weighted by quartile (i.e., quality of the journal is considered)
e articles weighted by number (i.e. total production)

e total projects funds (i.e., quality of the project is considered)

e total projects number.

In order to see in a single plot all the points in a clear way, we plot them in bi-
logarithmic scale, and we expect approximately straight lines in the large X region
(Clauset et al (2009)). We consider the degree of the node (i.e., the production of pa-
pers or projects, weighted by quality or not) in the X axis, and the percentage number
of researchers with a degree equal to or larger than X in the Y axis. All curves start at
X =0, Y = 1 because every researcher has 0 or more degree (we do not show this point
in the figure due to the logarithmic scale).

For instance, in the article number case (violet squares), X represents articles. We
have, for example a point at X = 200,Y = 0.0146: that means that the 1.46% of the
researchers have published 200 or more papers.

For project funds (cyan circles), we are able to see that the 2.7 percent of the re-
searchers have generated projects (as PIs) which add up to more than one million euros
(for clarity, it is marked in Fig. 3 with a yellow circle).

In order to study the behavior of curves, we can make a fit to the function f(x) =
ax~". This fit is not perfect, and the values of a, b depend on the region of points used
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for the fit. In any case, we can claim that the type of function chosen will be correct
if the original curve is a straight line in the fitted region (remember we are using a
bilogarithmic scale).

In general the behavior is similar for all curves, but there are important differences
if we look at them in detail:

e For the total production metrics (not taking into account the quality of the con-
tributions and represented by the violet squares and yellow points in the figure)
we get very similar graphs, curving for large X in a similar smooth way. The
slope of the central region is around 2.2 for both cases (blue line in the figure).

o For both quality metrics, article-quartile (green solid squares) and project-funding
(cyan circles), the behavior is similar, but now we see two different regions. For
small X, we have a straight region with a 1.04 slope (black line), and for large X,
the slope is 2.36 (red line).

We conclude that there are no discontinuities when we consider the total production
of papers: certainly it is less probable to have published 100 articles than 10, but the
probability is inversely proportional to the number. However if we consider the quality
of the papers or projects, there are two different behaviors: the low quality region,
accessible to a large number of people, where their number decays smoothly, and a
new region accessible only to a reduced number of people, where the level of results
decay in a much faster way. In other words, the number of people who produces a
large number of articles or projects is decreasing smoothly as one could expect but,
if we consider quality aspects, we find that, for low levels, the decay is smooth up to
a certain point while after that it becomes much stronger. We can define this zone as
the excellence region, and it represents the most relevant subset of researchers for the
impact of the university from an international point of view. The change in the slope
of the line is much more significant in the project curve, but it can also be seen in the
publication one. We can conclude that the different scaling is associated to excellence
and it is qualitatively similar in the paper and in the project cases.

3.3. The different areas of knowledge

In this section we will analyze different aspects of the publication and projects
networks taking into account the different macroareas of knowledge in which the uni-
versity is divided, namely:

e Science: traditional scientific disciplines as Chemistry, Physics, Mathematics,
Geology

o Life Sciences (shortened as Health in the figures): Medicine, Veterinary Science,
Biology, Biochemistry, etc

e Social Sciences and Law (shortened as Social): Psychology, Sociology, Econ-
omy, Law, Education, etc

e Arts and Humanities (shortened as Arts): Filologies, History, Philosophy, etc

11



e Engineering and Architecture (shortened as Engineering): all areas of Engineer-
ing and the relatively recent areas of Architecture (the Architecture degree is
offered in our university since 2010)

e The researchers who are not administratively attached to any department in the
university but belong to their staff, as some of the investigators working at the
different research Institutes are include in a category called ”Others”. We will
not use this category in the analysis of this section.

Researchers are considered to belong to a given area if the department to which he/she
belong is contained in it. Thus, researchers belonging to the Department of Theoretical
Physics, as some of the authors of this paper, are considered to belong to the macroarea
”Science”, while researchers of the department of Mechanical Engineering, belong to
the macroarea ”Engineering and Architecture”.

Let us start showing the behavior of the different areas in what regards the publica-
tion of papers in journal indexed in JCR and its evolution. We can see in Fig. 4 how the
total JCR impact of the publication of the different areas has evolved in the last years
(period 2001-2017).

m— Erigineering
Socid
2500 Science
Health

— TS

JCR Impact

Figure 4: Evolution of the total JCR impact of the publications of the different areas

We can notice how the Science departments have been the traditional leaders of the
JCR production but they have been recently surpassed by the Life Science departments
with a very significant growth in the last three years. Social Sciences and Arts and
Humanities stay at the bottom, since in these departments the publication scheme is
more concentrated in different formats (books, national journals, etc) which are not
included in JCR.

In Fig. 5 we present however the evolution of the number of articles, including both
JCR and non-JCR papers, and now we can see how the differences between the distinct
disciplines are much smaller.

12
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Figure 5: Evolution of the number of the publications (including non-JCR) of the different areas

With regard to the yearly evolution of the publications, we can see from those fig-
ures how it is a growing of the article number during the first years of the century and
exhibits a plateau during the last 10 years, corresponding to the recent crisis. The So-
cial Sciences and Law areas, on the contrary, have seen an important increase of JCR
impact in the same period. This is probably due to a recent increment in the aware-
ness of the researchers of these fields about the importance of publishing in indexed
reviews, although it represents a quite particular issue in the Spanish academic sys-
tem which may not have a direct translation to other countries. Indeed, the quality
criteria approved by the National Agency for Quality Assessment and Accreditation of
Spain, ANECA, include now the evaluation of ISI indexed publications for some of
the subareas in the Humanities and Social Sciences fields. This may have affected the
publication routines of the researchers of those areas.

If we consider the analogue of this problem in the project networks, we can plot the
evolution of the funds obtained by the different groups. The result can be found in Fig.
6.

We see how the behavior coincides with the paper network in several aspects but
now one can see how the project funds generation is dominated by the Engineering and
Architecture area, mainly because of the bigger quantity of transfer activities developed
by the Engineering departments for the industry. Here we can observe even better the
effect of the economic crisis with a clear decrease of the funds after 2009, while on the
last years we can appreciate some signs of recovering.

Another question that we have considered is how much the researchers of each area
collaborate with members of the other areas of the university. In Fig. 7 we show the
percentage of activity that is developed by publication co-authors that belong to the
same area. In a similar way, in the same figure one can see the percentage of activity in
projects that is generated internally to each of the areas. In both cases, we observe that,
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in average, approximately 3/4 parts of the activity is realized internally, i.e. without the
collaboration of members of other areas of the university. However, some differences
can be appreciated between the behavior of the different areas and between the publi-
cation and project cases. From these criteria, the area with less external collaborations
would be Social Sciences and Law, probably due to its own peculiarities, not needing
the collaboration of other fields researchers to develop their projects or investigations.
On the other hand, the dispersion of this indicator between areas is larger in the project
case and it shows that the inter-area collaboration is bigger in the more technological
areas, which in general have a larger necessity of technologies or modelization schemes
from other fields than in the case of Humanities or Social Sciences.

A similar analysis can be made on other aspects of the network, as for instance
the gender differences. We can consider the percentage of women co-authoring papers
or being PI (Principal Investigator) of research projects in the different areas (Fig. 8).
In the case of publications, the participation of women is similar to the percentage of
women existing in each of the areas.

However, in the case of projects, the number of women being PI is significantly
smaller, especially in the Engineering and in the Science departments. This can be due
to the inertia of the past, because the majority of the elder professors in these areas are
men. In the Social and Arts areas, this gap is smaller.

3.4. Topological differences of the networks

In this section we are going to analyze, from a quantitative point of view, the dif-
ferent networks introduced so far and study their topological properties. In order to do
that let us consider the following parameters:

pl The number of nodes in the network
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Figure 7: Percentage of internal coauthors and collaborators in the publications and projects of the different
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Clustering: Probability that two neighbours of a third party are at the same time
neighbours of each other. To measure it, we use the notion of transitivity by
Wasserman and Faust (1994), which computes the global clustering coefficient
of the network.

Assortativity: Preference for the nodes to attach to others that are similar in some
way (in this case, having a similar number of contacts)

Modularity: Presence of well-defined subgroups or clusters. The modularity is,
up to a multiplicative constant, the number of edges falling within groups mi-
nus the expected number in an equivalent network with edges placed at random
(Newman (2006))

Giant cluster: number of nodes which belong to the largest block
Average Path Length: the average distance between two nodes

Diameter: the longest distance that can be made between two nodes

It is important to remark that the modularity of the network, the average path length
and its diameter, are obtained considering only the giant cluster. We will come to this
point later. We can summarize the properties of the three complete networks in Table
1. We see that the number of nodes is similar in all three cases, and therefore the
comparison is reasonable. The slight differences arise from student or technicians that
may be considered as part of the project but do not, necessarily, sign the research
papers. In any case, the differences are below 7%.

From the topological point of view, we find remarkable differences:

the clustering coefficients (p2) exhibit the largest difference between the paper
network and any of the project networks, but also between the last ones. In-
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Figure 8: Percentage of women that are co-authors of publications or PI of projects in the different areas

deed, the paper network exhibit a clustering coefficient of 0.31, while the di-
rected project network has a value of 0.13 and the un-directed one of 0.66. What
do we learn from these numbers? Clearly, that the groups which collaborate for
a project are much less promiscuous than those collaborating for a paper. Thus,
if we consider the undirected graphs, if two researchers A, B are connected to
a third one C, the probability of A, B, C to belong to the same project is much
higher than the analogous situation signing a paper. The low value of the di-
rected graph indicates the low probability of having more than one researcher
acting as PI in a group. Combining both properties, we conclude that the groups
formed to collaborate in a project are more stable than those created to publish
a paper. Thus, when researchers collaborate to write papers together, they are
more “promiscuous” and tend to collaborate more often outside their groups.

o the assortativity coefficients (p3) also reflect the above information, but not with
the same intensity. Indeed, if we compare the undirected networks we see how
the preference of the nodes to attach to nodes similar to themselves is higher in
the project case. Thus, we can conclude that most nodes in the project network
are connected only (85%) to those of their (stable) group, with whom they col-
laborate. In the case of the paper network the preference is only of 62%, what
implies that they sign papers with people outside their groups (otherwise, they
would be linked to nodes similar to themselves and the value would be higher).
In the directed project network, the value is even smaller.

o Coefficient p4 (modularity) exhibits a similar behavior, but with less intensity.
Thus, the project networks have larger values of the modularity coefficients indi-
cate also that those networks have better defined subgroups, corresponding to a
stable structure of researchers collaborating basically among them and less sig-
nificantly with the rest of researchers.

e The Giant cluster of the networks (coefficient p5) also exhibit an important dif-
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ference of the collaboration between the paper network and the project networks:
even if large in both cases, the paper network contains a much larger set of iso-
lated researchers (approx. 10%), who are outside the giant cluster and discon-
nected from the rest of the university; while in the project networks the quantity
of these researchers is almost negligible (approx. 1%).

o Finally, the values of coefficients p6 and p7 allow for a comparison of the long-
range properties. Comparing the undirected networks we notice how the project
network is “more dense” than the paper one, with nodes closer (in average) to
each other and smaller longest distances. Nonetheless, the much larger distances
of the directed project network allows us to conclude that the larger density is
the result of a much higher density of interconnections inside the groups (since
their nodes have less connections with the nodes of other groups than in the case
of the publication network) and not of a higher collaboration between groups.
Indeed, if this was the case, the distances of the directed network would not have
increase significantly with respect to the publication network distances.

Paper Network | Directed Project Network | Undirected Project Network
pl 6336 6768 6778
p2 0.31 0.13 0.66
p3 0.62 0.48 0.85
p4 0.64 0.80 0.7
p5 | 5695 (89.9%) 6681(98.7%) 6690 (98.7%)
p6 5.01 7.87 3.94
p7 10 16 8

Table 1: Values for the different parameters of the graphs of the complete networks

3.5. Topological differences of the subnetworks of the different areas of knowledge

Do these properties depend on the area of knowledge? From the corresponding
subnetworks of researchers in the different areas, we extract the following results:

3.5.1. Paper networks

The data in this case is presented in Table 2. We see important differences in several
aspects. The subnetworks of Art and Humanities is clearly the less hierarchical, it has
the highest percentage of nodes which are similar to the others (see parameter p3,
assortativity). The subnetwork of Life Sciences is the opposite case, it is where we find
the smallest percentage of similar nodes (p3) and the lowest clustering coefficient (p2).
The case of the modularity is interesting, but more difficult to study. If we look at the
different networks in a graphical representation, we see remarkable differences between
the Arts and Humanities case (Figure 9) and, for instance, the Science (Figure 10) and
the Life Sciences (Figure 11) cases. We see that the Arts and Humanities network has
a very small giant cluster (where the modularity is computed), compared to the other
two. Therefore, when computing the modularity of the networks, the numerical value
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Sci. | Arts | Life Sci. | Soc. Sci. | Eng. | Others | Complete

pl | 1149 | 740 1406 1050 1066 | 1103 6336
p2 | 04 | 058 0.3 0.43 0.37 0.5 0.31
p3 | 0.65 | 0.84 0.58 0.74 0.61 0.83 0.62
p4 | 0.75 | 0.44 0.58 0.51 0.71 0.85 0.64
p5 | 1050 | 454 1271 787 993 258 5695
p6 | 5.09 | 6.06 3.72 5.28 4.78 | 7.65 5.01
p7 13 19 9 14 13 21 10

Table 2: Values for the different parameters of the graphs of the paper networks

Figure 9: Graphical representation of the paper network for the Arts and Humanities subnetwork. The small
rank of some nodes makes impossible to represent them, but it still provides a good representation of the
structure of the network.
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Figure 10: Graphical representation of the paper network for the Sciences subnetwork. The small rank of
some nodes makes impossible to represent them, but it still provides a good representation of the structure
of the network.

Figure 11: Graphical representation of the paper network for the Life Sciences subnetwork. The small rank
of some nodes makes impossible to represent them, but it still provides a good representation of the structure
of the network.
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Sci. | Arts | Life Sci. | Soc. Sci. | Eng. | Others | Complete

pl | 1176 | 739 897 1026 1100 183 6768
p2 | 0.21 | 0.17 0.18 0.19 0.21 0.04 0.13
p3 | 048 | 0.44 0.47 0.51 0. 48 0.5 0.48
p4 | 0.82 | 0.85 0.8 0.76 0.75 | 091 0.80
p5 | 1148 | 713 838 981 1076 31 6681
p6 | 7.92 | 9.02 7.39 6.27 5.58 1.11 7.87
p7 | 14 20 12 12 12 7 16

Table 3: Values for the different parameters of the graphs of the directed project networks

for the Arts and Humanities subnetwork is higher than the value for the other two,
while it is clear that the topology of the networks is much more modular in the other
two cases. In the Life Sciences case we can easily identify the higher interconnection
of the different communities. This high interconnection makes the Life Science area
also the smallest in diameter compared to the other four (parameter p7). With respect to
the total network, the area of Sciences is the one which better represents it with respect
to most criteria.

It is also interesting that the low p7 value of the complete network suggests that
there exist connections between groups of different macroareas, since it is smaller than
any of the diameters of most of the subnetworks (excepting Life Sciences, which has
only 15% of the nodes of the total network).

3.5.2. Directed Project network

The data in this case is presented in Table 3.

In this case we notice that all networks are much less homogeneous than their
publications counterparts, and much more hierarchical. Modularities and diameters
are similar to the publication networks (and to each other, excepting the large diameter
of the Arts case), but the separation of nodes is larger (parameter p6). The total project
network summarizes well the characteristics of all their subnetworks, excepting the
diameter because of the lack of uniformity among the different areas. We conclude
thus that the project network is more hierarchical in general, the networks are much
less homogeneous, but on the other hand all the different areas are much more similar
to each other than in the publication case.

Again, we see that the area of Arts and Humanities exhibits the most extreme values
of the different areas: the lowest values for p2 and p3 and largest p4, p6 and p7. These
numbers suggest a highly modular network, with few interconnections between the
different subgroups and hence with large distances (in average) between nodes and
large diameter. Again Science is the macroarea closest to the behavior of the total set,
with the exception of the p2 factor, which is far larger than the total one.

3.5.3. Undirected Project network

The data in this case is presented in Table 4.

In this case we notice that all networks are much more homogeneous than in the
previous cases. All areas are similar excepting again the p6 and p7 values of Arts and
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Sci. | Arts | Life Sci. | Soc. Sci. | Eng. | Others | Complete

pl | 1205 | 766 970 1084 1136 | 1781 6778
p2 | 0.67 | 0.67 0.75 0.56 0.63 | 0.72 0.66
p3 | 0.79 | 0.73 0.88 0.66 072 | 0.79 0.85
p4 | 0.67 | 0.82 0.53 0.71 0.72 | 0.89 0.7

p5 | 1167 | 737 908 1029 1109 | 1082 6690
p6 | 3.53 | 5.01 3.58 6.39 326 | 647 3.94
p7 9 18 9 9 10 18 8

Table 4: Values for the different parameters of the graphs of the undirected project networks

Humanities, whose origin is the same as the previous one (independent subgroups with
a large number of inner connections but few connections between groups). It is again
interesting, though, that the lower p7 value of the complete network suggests that there
exist connections between groups of different macroareas, since it is smaller than any
of the diameters of the subnetworks.

4. Conclusions

We have studied academic networks formed by Papers or Projects as a Complex
Networks system, focusing not only in individual but also in global, collaborative prop-
erties, using the data from the University of Zaragoza.

Regarding our first question in the introduction, as a general result, we have ob-
served that the laws governing the individual productivity are similar for the cases of
publications and projects but, however, the behavior is different when analyzing more
complex magnitudes such as the collaborations or other variables depending in a struc-
tural way of the idiosyncrasy of the university. In particular, we have seen that the
number of researchers reaching a certain level of production scales in a similar way for
publications and projects. A relevant result that has appeared in the study of this scal-
ing is that one finds two different behaviors if one considers production with or without
a quality metric. When we do not use quality (taking into account only the number
of publications or the number of projects), the number of people producing more than
a certain quantity decreases smoothly. However, if we consider quality aspects (using
JCR impact or project funds), the decay is smooth up to a certain point while, after that,
it becomes much faster. We found in this case two different regions, the low production
and the large production ones. We see a barrier between both of them, in the sense
that the expected number of researchers in the large production zone is much smaller
than what one would expect with a normal extrapolation from the low production re-
gion. We can conclude that this different scaling is associated to excellence and it is
qualitatively similar in the paper and in the project cases.

Regarding the second question, when studying the article and project networks of
collaboration, one can see a different structural behavior. In this paper we have intro-
duced two different types of project networks in order to capture different properties of
the set: the directed and the undirected one.
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From our analysis we have identified important structural differences between the
collaboration patterns for papers and for projects. Thus, when researchers collaborate
to write papers together, they are more “promiscuous” and tend to collaborate more
often outside their groups. The groups collaborating in a research project tend, on the
other hand, to be more stable and to have less connections between groups. Hence,
we can claim that the article network is more symmetric and homogeneous, and that
the collaboration of researchers in papers is more democratic than the relation defined
by the projects. In the project networks, we have a more hierarchical structure where
important people share projects with less important people with little probabilty for PI-
researchers to become regular researchers under another researcher lead. Notice that in
order to obtain this conclusion, it is necessary to analyze, at the same time, both project
networks, since the information extracted from them is complementary.

In what regards the third question, we have presented several properties of the sys-
tem and their distributions among the different areas of knowledge. In our analysis, we
have also been able to identify the evolution of papers and funds in time for all areas,
the global behavior of the different areas of knowledge in the university and the areas
with higher contributions in publications and projects. We saw how Arts and Human-
ities on one side and Life Science on the other become the most extreme cases for the
areas. Collaboration in the Arts and Humanities happens in small and stable groups
with few interconnections with others. In Life Sciences, on the other hand, collabora-
tion is closer and networks become more compact. Again, from the complementarity of
both project networks we can conclude that there exists collaboration between different
macroareas, which make the distances for the global network smaller (on average) than
those on some of (or even all) its subareas.

With the same tools, we have been able to analyze the impact of external collabo-
rators on them or how gender differences are present in different degrees in each of the
areas. Thus, we have seen for example how the Humanities or Social Science areas are
the less likely to have external collaborations but, on the other hand, they are the less
biased with respect to having women as head of a project.

Despite the fact that the study has been made on the data of the University of
Zaragoza, we think that, even if the results could be quantitatively different, most of
the conclusions could be applicable to other universities or research centers due to our
general approach.
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