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In this article, we will describe a model to examine the influence of differently
organized institutions on their scientific productivity. We take two extreme cases,
on one hand, an institution divided in departments with no collaboration between
people in different departments. These could be disciplines or merely projects. On
the other hand, we consider an institution that allows interactions between all
individuals, without a departmental structure to a department. We compare the
results with data from the Institute of Renewable Energy (IER) at UNAM, which has
changed its organization and policies during the last 30 years, and we could
quantitatively predict the changes observed in productivity and multidisciplinarity.
This model can be applied to a broader set of institutions and processes.
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1 Introduction

The organizational structure of a research institution is a determinant factor for internal
communication processes between researchers. It can preclude or foster collaboration and as
a result affect the magnitude and nature of the institution’s scientific production. After a long
period of specialization focusing mostly on monodisciplinary research, multidisciplinary
collaborative research has become increasingly prominent [1, 2]. This trend has enhanced
our ability to address complex problems from a transdisciplinary perspective [3, 4].

Science itself can be considered a complex evolving system that involves network
interactions between its constituents, such as researchers, institutions, and countries.
Since the vast majority of research results are published in scientific papers (most of
them available in digital form), data science techniques are pertinent to discover patterns or
regularities in the scientific activity and output [5, 6]. In this context, different studies have
focused on the characteristics of research productivity [7] and scientific collaboration [8],
evolution of domestic and international collaboration networks [9, 10], and even the role of
multidisciplinarity on social integration of scientists [11, 12]. However, there are only few
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studies that have quantitatively analyzed the relationship between
scientific performance and the form of institutional organization, as
well as the effects that these changes can have on the productivity
and multidisciplinarity of institutions [13]. In a previous paper, we
bibliometrically analyzed the impact of structural and organizational
changes on the performance of a Mexican research institute [14].

As a next step, there is interest to find ways to describe the
characteristics and dynamics of scientific production, as well as to
identify the most relevant underlying factors. In addition, a more
ambitious objective is to identify social interactions for enabling us
to create mathematical models that could capture the main features
of the system to describe its dynamics and, thorough simulations,
help us in analyzing the effect of the underlying factors on the
magnitude and characteristics of production. In the past, we have
used this sort of system models to investigate the dynamical
development of opinion in co-evolving social networks [15,16],
as well as analyzing interactions in trading networks [17].

In order to contribute to the understanding of collaborative
research systems, we develop a mathematical model that drives the
dynamics of a researchers’ collaboration network. The model is
adapted to investigate the effect of organizational changes on the
performance of a scientific research institution. We analyzed the
evolution of productivity and the multidisciplinary characteristics of
research, resulting from the collaboration of researchers in different
areas of specialization. According to this model, the institution is
represented by a network in which each node represents a researcher
characterized by two state variables that co-evolve in a collaboration
network with links describing collaboration between researchers.

The model would allow us to follow and compare the system’s
evolutionary paths under various organizational structures and, to
some extent, qualitatively replicate the dynamics of a research
institution during 35 years of development. As far as we know,
this is the first study that mathematically models the evolution of
productivity and multidisciplinarity of a research institution in the
context of its organizational transitions.

2 Materials and methods

2.1 Description of the model

In order to devise a model for describing the activity of a group
of researchers belonging to an academic or research institution, we
first need to consider how it is structured. Most of them are
structured in a hierarchical way, such that there is a director and
under him or her, there are a few research coordinators or
department heads coordinating several research groups that
gather researchers with common interest in various research topics.

This hierarchical structure could be kept and reinforced by the
authorities in various ways, ranging from a rigid policy, strictly
forbidding cooperation between different groups and encouraging
cooperation within each group, to a completely free policy that
allows anybody in the institution to cooperate and join in various
projects.

As stated previously, our aim is to investigate the influence or
impact that different organizational structures or policies followed
by a research institution have on the productivity and performance
of its members. In order to do so, we have to consider the main

attributes that compel a researcher to perform his job. Evidently,
there are many, but for simplicity, let us consider only two.
Undoubtedly, the main professional attribute is the interest and
proficiency of the person facing the matter of research, project, or
problem at hand. Let us call it the academic attribute, xi, which is a
property of a person i in the institution’s network. On the other
hand, the social aspect is also important since in order to collaborate
with somebody, one has to get along reasonably well; let us call this
social attribute yi, also being an attribute of each person.

In this model, linked agents interact (denoting exchange of
ideas, maturation of the project, and social adaptation), causing the
coevolution of xi and yi

We represent the dynamical evolution of the vector of attributes,
formed by the two state variables, �vi � (xi, yi) by the following set of
equations:

d �vi
dt

� z �vi
zt

+ Ôi T( )A, (1)

where the first term on the right-hand side stands for the continuous
pairwise interactions between two persons or agents, and it only
depends on the attributes of the pair of agents forming a link. The
second term represents an external actor or operator Ôi(T), acting
every time T > dt on the links described by the adjacency matrixA of
the network of agents.

2.1.1 Dynamics of the state variables
Next, we need to define all interactions. In order to keep the

model simple, we only consider pairwise interactions between
agents. For the personal xi and yi variables, we propose the
following dynamics:

zxi

zt
� f1 i( )|xi| + αif2 i( ),

zyi

zt
� g1 i( )|yi| + βig2 i( ),

(2)

where the state variables (xi(t), yi(t)) are, for definitiveness, bounded
∈ [-1,1] and represent the instantaneous state of an agent i. Hence,
the difference in academic attitude or social empathy of the agents
forming a link is readily quantified between limits. The first term on
the right-hand side describes a discussion or a direct interaction
through a link represented by a non-zero element of the adjacency
matrix, and we have denoted

f1 i( ) � ∑
j∈Aij≠0

xj

g1 i( ) � ∑
j∈Aij≠0

yj.
(3)

The second terms of Eq. 2 account for the influence of other agents
(higher-order neighbors) on agent i, and hence it represents the
influence of the whole network on a single person, that is,

f2 i( ) � ∑
j∈Aij�0

yj

g2 i( ) � ∑
j∈Aji�0

xj,
(4)

where the summation is over all agents that are not first neighbors. It
is observed that between agents without a direct social interaction,
there is a cross-wise interaction between the two state variables, i.e., x
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with y and ywith x. This means that unlike in the case of direct social
interactions, the influence of a good social environment and
academic proficiency is equally important.

The state variables change all the time with the time scale dt,
which could be the mean time span between pairwise discussions.
The parameters αi and βi do not change in time, and they represent
the particular way an agent interacts with others concerning their
proficiency and empathy, and they are considered random bounded
coefficients that define the inherent position of an agent with respect
to the average fixed at that value. The coefficient αi is agent i’s way of
interacting, being near −1 if the agent is inclined to go against the
crowd and usually argues against other agents’ points of view, while
it is near +1 if the agent is content to agree with other agents. βi takes
values near 0 if agent i does not take into account others academic
positions in the group and near +1 if the agent is influenced by them.

An example of the kind of dynamics obtained solving Eq. 2 by
using the simple Euler method with dt = 0.002 is depicted in
Figure 1. The state variables are fixed when they reached one of
the two limit values. It is observed that there are some agents whose
variables do not reach the limit values.

Next, we need to describe the dynamics of the links in the
network.

2.1.2 Dynamics of the adjacency matrix
As in any social network, the links are weighted. The weights

could vary over time because of dyadic interactions. Some of the
links weaken if the state variables of the individuals differ
substantially and others are enhanced. The weights of elements
Aij of the adjacency matrix depend on all the state variables of the
two individuals interacting, and one could assume it to follow the
simple dynamics:

zAij

zt
� DMij t( ), (5)

where coefficient D sets the time scale and slope Mij is a linear
function of the four state variables associated with a tie, namely, (xi,
yi) and (xj, yj). For simplicity, we assume that,

Mij � |3
2

xi + xj( ) + 1
2

yi + yj( )| − q. (6)

It should be noted that the maximum value of the first term on the
right-hand side is 4 and always non-negative. The parameter q is a
positive constant setting the threshold, in which the slope becomes
negative. For definiteness, we have taken q = 3/2 throughout all our
calculations, considering that in social relations, people tolerate
friends much more than they tolerate foes, and therefore q < 2.
In Figure 2, we show the time evolution of the adjacency matrix
elements. It is worth noticing that some of them grow linearly and
others diminish and even become negative.

2.1.3 Rewiring scheme
So far, we have not explained the role of the operator Ô(T) in

Eq. 1, representing an external factor that changes the matrix
elements of the adjacency matrix, modifying the connections in
the network in a time scale T. This operator represents the rules that
govern the institutional organization. In the case of conserving the
topology of the network throughout the dynamical evolution of the
model, this operator is 0. In the case the agents are allowed to change
their connections, one must specify the way in which these
connections are changed. In general, the operator should contain
a recipe to either delete or create links. If one wants to conserve the
number of links, one should create the same number of links as one
removes. This scheme is called rewiring.

In this work, we shall remove a link, when its weight
diminishes below a certain value. It is reasonable to choose this
value as 0 since a link with weight 0 is equivalent to losing the link.
Obviously, the time scale in which a network changes links is not
the same as the time scale in which the variables change.
Therefore, during the calculation, we allow to run a time dT =
mdt, where m is a number between 20 and 10,000, depending on
the agents’ tolerance to bear with useless links, after which one
counts the number of links that have reached the lower threshold
and replace them with new links according to well-defined
criteria.

FIGURE 1
Dynamical behavior of academic attitude (x) (top panel) and
social attribute (y) (lower panel) applying a simple Euler method. Each
line represents the time history of an agent’s attribute.

FIGURE 2
Evolution of the weights of the adjacency matrix elements A
calculated from Eq. 5 using D =3. Each line corresponds to a different
matrix element. It is worth noticing that some of them do not behave
linearly due to the temporal changes of the state variables in
Eq. 6.
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2.2 Example calculations

2.2.1 Institutional network
Let us consider a typical research institution that is initially

organized to a structure of hierarchical network, as depicted in
Figure 3.

There is a central administration which does not take part in the
research products. The black lines in the figure represent the links
between the administration and the coordinators, who are linked to
all the members of the department they lead. The members of one
department form cliques (thin colored lines); therefore, the
adjacency matrix has a block diagonal form with all non-zero

elements within one block (colored square corresponding to each
department). In the case the organization of the institution allows it,
there will be links between different departments (broken lines in the
figure, outside of the diagonal blocks).

2.2.2 Conserving the structure of the institution (no
rewiring allowed)

Next, we consider an example calculation of an extreme case in
which the structure of the institution is maintained strictly
unchanged. For simplicity, we consider a simple structure with
only two hierarchical levels and three departments, as the one
shown in Figure 4. The initial groups colored on the left-hand
side are unchanged after the calculation; however, their state
variables have changed according to the legend.

We are interested in quantifying the number of research outcomes
or products (articles, finished research, etc) as a function of time. This is
carried out by setting an upper limit to the weights of the elements ofA,
when we consider that the cooperation between a pair of agents has
attained some maturity. This value has to be fixed when setting the
physical units of the parameters, by considering that an article or a
report does not take less than 1 year of work. In order to quantify the
products, we count the number of links having attained the limit and
reset the weights of these bonds to half the limit value, considering that
the cooperation continues working well. In Figure 5, we show the
behavior of the adjacency matrix weights in the upper panel and the
number of research products for every 20 iterations in the lower panel.
In this preliminary calculation, we arbitrarily chose the upper limit as
Alim = 5.

2.2.3 Allowing rewiring
The other extreme case is when the structure is allowed to

change without restriction according to the dynamics of the state
variables. It is clear that the links that are growing robustly are

FIGURE 3
Structure of a simple network representing a research institution.

FIGURE 4
Example of a simple structure. On the left-hand side, the initial organization with the departments distinguish by a color code is shown; on the right-
hand side, the final structure after computing the model for 100,000 iterations is shown.
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responsible for the accumulation of research products. However, the
links that are becoming slightly negative are considered not
functioning properly, and then the agents prefer to change this
link for another one. In this particular calculation, a link that
becomes negative is removed and a new link is created at
random, if possible.

Now, links that are multidisciplinary represent the ones that bond
agents belonging to different departments and represent simply the link
outside the block diagonal structure of the adjacency matrix. Starting
with the initial network shown in Figure 4, we performed an example
calculation allowing rewiring. The final network is depicted on the left-
hand side of Figure 6, and the dynamical behavior of the variables is
exhibited on the right-hand side.

As additional information, we show the changes of the agent’s
degree during the running time in the upper panel of Figure 7. It is
observed that they change rapidly at the beginning, but then they do not
change anymore, when the network is stabilized, or when all the
variables have reached their limiting values. In the lower panel of
this figure, we show the dynamical behavior of the weights of the links.
It is worth noticing that the ones that reach zero weight are removed
and also that some links that were growing initially end up being cut,
and some links with diminishing weight initially recover and end up
successfully contributing to the count of research products.

In the model, the initial network is not fully connected.
Consequently, when rewiring is not allowed, the academic and
social exchanges remain within a department; f2 and g2 are zero.
In contrast, when rewiring exists, from the first interaction between
departments, exchange of ideas and ways of solving problems flow
among the members of both departments, and f2 and g2 do
participate in the dynamics, enriching research ways of thinking.

3 Results

3.1 Application to a real case

In this section, we shall apply our model to a specific case, which is
interesting because it has changed its organizational structure quite
radically twice since its creation in 1985. This case has been examined
by us in the past, and the data concerning the productivity,

FIGURE 5
Upper panel: Dynamical behavior of the adjacency matrix
elements. Notice that only few links continue to grow negative, and
these are the bonds colored in red in Figure 4. Lower panel: Count of
the products in time intervals of 20 iterations. The average
number of products is 1.385 in this time span (broken yellow line).

FIGURE 6
Final network obtained when rewiring is allowed. It is observed that all agents have reached the limiting values of their state variables. The plots on
the right show the time evolution of the dynamical variables and the productivity count. We also show the number of multidisciplinary links as a red line.
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multidisciplinarity, and other features can be found in Ref. Jiménez-
Andrade et al.

3.2 The Institute of Renewable Energy (IER)

The Institute of Renewable Energy (IER) is an institution of
the Universidad Nacional Autónoma de México (UNAM),
where renewable energies, sustainability, and related
phenomena are investigated. The institute also includes a
program of graduate and undergraduate studies. It started
37 years ago as a solar energy laboratory (LES) at Temixco,
Morelos, attached to the Institute of Materials Research (IIM-
UNAM), Campus Mexico City. The new site was chosen for its
solar radiation quality required for the purpose of renewable
energy research. Ten years later, it became an independent
research center, named the Energy Research Centre (CIE),
with new research lines and postgraduate studies. This center
grew from 1996 to 2013 and diversified its disciplines even more
to other renewable energy-related topics. As a center, it was
organized in three separated departments, according to the
general scope of its tasks. In 2013, it was upgraded to become
the IER, and in the institutional hierarchy of UNAM, it is in a
higher category. Later, in 2017, it abolished the departmental
structure to become a network of 29 projects collaborating in
eight research lines and having three main transversal goals:
research, teaching, and innovation. In Figure 8, we illustrate the
three organization structure changes that this institution

underwent since its birth in 1985: from laboratory to a center
in 1996 and then became an institute in 2013, with a
departmental structure, that finally transitioned to develop a
collaborative network.

In the upper time-line, the different administrative structure
changes are indicated. The LES had five research groups, the CIE had
three departments, and finally the IER changed to a flexible network
structure.

In the lower time-line, the capital letters mark the change of
director. In UNAM, each director has a 4-year period, with one
possible re-election. In our example, C is an interim director serving
during the transition from the center to the institute. The relevance
for the purpose of this study is in the networks in the middle time-
line, which were obtained from the actual productivity data of the
institution.

3.3 Time evolution of the IER

In order to apply our model to the IER case, we have collected all
the information, not only data of the organizational structure of each
year but also the following bibliometrical measures we calculated
previously Jiménez-Andrade et al.: the productivity of the
institutional faculty (annual average of articles per researcher),
and the institutional multidisciplinarity (using a thematic
dispersion index) [18].

First, we calibrated the model parameters for the limiting case of
not allowing rewiring, that is, when T > 1 year. The time scale of
integration of the dynamical equations is 1 day = 20 × dt, and the
best results were obtained for the time scale D = 2.5 and upper limit
to the link weights Alim = 30. When rewiring is allowed between
departments with a value of T = 90 days, the model gives reasonable
results for both the productivity and the multidisciplinary index.
These parameters were fixed for all the simulations.

Since the personality attributes αi and βi and the initial
conditions for the state variables xi and yi are random, the results
vary in each of the yearly simulations. Therefore, we performed
100 simulations for each year, by keeping the random values of the
personality attributes α and β constant (i.e., assuming that people do
not change) in all the simulations, but with different random initial
conditions for the state variables xi and yi.

It is important to note that the model was fed with the data of the
collaboration network for each year as an initial condition. These
networks were extracted from the collaboration records of LES-CIE-
IER-UNAM, and a selection of these networks representing the dates of
the structural changes is shown in Figure 9. It is worth noticing that in
1986, the agents were grouped in five cliques, while in 1996, they were
organized as departments. The departmental structure prevailed until
2017 and during this time, they grew with new researchers. After that,
until 2021, the departmental structure was abolished, and the research
was conducted by interdisciplinary groups.

The results for the productivity are shown in Figure 10 in the
upper panel and for the multidisciplinarity in the lower one. It is
observed that the real data behave similarly to the data projected by
the model, except for the period 1996–2000.

We believe this discrepancy is due to several peculiar circumstances
that were not included in the model but had a significant impact on the
productivity and institutional multidisciplinarity:

FIGURE 7
Upper panel: Dynamics of agents’ degree; after 3,000 iterations,
they do not change any more. Lower panel: dynamical behavior of the
adjacency matrix elements. It is worth noticing that there are no
negative links since they are cut when their weight reaches 0. The
observed dynamics is very rich, some links’ weight grows steadily,
some grow for some time but then decrease and become 0, and
others decrease, but after some time, they increase and become
productive.
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1) The creation of the CIE involved a structural reorganization into
departments and the increase in the number of the staff.

2) The increase of the institutional research lines, covering new and
diverse thematic areas, and

3) The establishment of university postgraduate courses at UNAM
as a transversal mechanism for the training of human resources,
which fostered greater participation of master and doctoral
students in institutional research.

We should also mention that there was an increase in the scientific
meetings specialized in renewable energies, at the international level
derived from the policies outlined at the United Nations Conference on
Environment and Development, held in Rio de Janeiro in 1992. Many
papers included in the proceedings of these events were then published
by the mainstream journals, including papers developed by the CIE
researchers.

Although our study addressed the dynamics of internal collaboration,
for a more complete analysis of institutional development, international
and interinstitutional collaboration networks should be considered. In
addition, the variables of socio-economic nature such as budgets and
incentives for research, and even the characteristics of the disciplines
addressed by the institution, their social impact, and the influence of the
historical context could enhance the analysis even more. Nevertheless,
our approach could constitute an important complement to the decision-
making processes in research evaluation and contribute to the holistic
analysis of this type of complex social problems.

After the year 2000, the real data showed a greater adjustment to
the model, with a new increase in productivity and
multidisciplinarity during the period 2013–2020. This period
started with the creation of the IER in 2013 and the development

of new structural changes in 2017, abolishing the departmental
structure, and the development of new research lines with a greater
convergence of disciplines.

FIGURE 8
Timeline of the LES-CIE-IER UNAM. The upper linemarks their organization structures. The lower linemarks the change of director in capital letters.
The middle line is the actual paper’s networks in which there are at least two authors from the institution.

FIGURE 9
Examples of networks built following the structure of the IER in
dates when the structure changed.
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It is worth noticing that the model exhibits two changes of
behavior, one in 1996 when it passed from a constant low value of
the production to a linear growing regime that was suddenly
modified in 2014. In the multidisciplinarity index, the first
change in 1996 is not very noticeable, but there was an increase

in 2017, when the departmental structure of the institute was
abolished. A better visualization when comparing with the real
data is seen in Figure 11, where we show data averaged over our
administrative year periods. Here, we could clearly distinguish the
three stages of IER evolution.

FIGURE 10
Results obtained for the IER using the model. The blue diamonds are the mean results of 100 simulations per year. The light blue shaded area is the
standard deviation. The red stars represent real data of products (top) and multidisciplinarity (bottom).

FIGURE 11
Timeline of the LES (in blue), CIE (in yellow), and ER (in green) averaged over 4-year periods. Average simulations’ results are shown in red.
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4 Discussion

In this study, we have presented a model to investigate the
impact of a research institutional organization on the performance
of its members. Despite the simplicity of the model, it captures the
main factors playing a role in such relation, namely, the academic
proficiency of the persons and the social relations in their activities.
These have been modeled with a minimum number of state
variables, whose values modify the network of collaborations
among the agents. The model stresses the importance of social
relations on the research products and that multidisciplinary studies
are favored by interdepartmental collaborations.

Modeling collaboration networks at an institutional level is always a
challenge. There are multiple factors that could affect the model, such as
disruptive changes in organizational structure, increase or decrease of
institutional budgets, and changes in policy priorities. In our case study, it
was possible to demonstrate how the organizational changes
implemented in the IER had an effect on the dynamics of
collaboration and institutional performance. Our model projected the
effects on the productivity and multidisciplinarity of the institution, with
an adjustment quite similar to the actual evolution of the institute.
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