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How well integrated are more theoretically and application oriented works in Physics currently?
This interesting question, which has several relevant implications, has been approached mostly in a
more subjective way. Recent concepts and methods from network science are used in the current
work in order to develop a more principled, quantitative and objective approach to gauging the
integration and centrality of more theoretical/applied journals within the APS journals database,
represented as a directed and undirected citation network. The results suggest a surprising level of
integration between more theoretically and application oriented journals, which are also character-
ized by remarkably similar centralities in the network.

I. INTRODUCTION

Science has unfolded on the interface between the-
ory and applications. For instance, in classical Greece,
more considerable attention was given to theoretical con-
structs, such as Plato’s Theory of Forms [I]. Contrari-
wise, Roman antiquity concentrated on applications and
engineering [2]. Ever since, science progressed in both
theory and applications which, as we believe, are equally
important and complement one another. From time to
time questions arise regarding the current level of integra-
tion between this two orientations [3, 4]. Such questions,
which are perhaps implied by the own division of Physics
into theoretical and applied branches, are relevant be-
cause they have several implications [3]. For instance,
this could involve in important theoretical results not
reaching the application and technological level, or vice-
versa. Though much of the discussion about the inte-
gration between theoretical and applied science has been
conducted in a relatively informal and subjective way, we
now have the means for approaching it in a more princi-
pled, quantitative and, therefore, more scientific way.

A common approach for quantifying the integration be-
tween theory and application is to analyze citation pat-
terns between scientific publications and patents [5] [6].
Such an analysis can focus on how science influences tech-
nology [4 [6] as well as on the benefits that technological
advancements can bring to science |[7].

The compilation and dissemination of statistics about
publications, such as the APS database, as well as other
initiatives [§], can be efficiently mapped into intuitive
representations, such as graphs or networks [9, [I0]. These
representations are capable of making explicit the con-
nectivity and relationship between different scientific ar-
eas. Powerful methods have also become available that
can be used to analyze these representations efficiently.
The coming of age of these research possibilities is now
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directly reflected in the area of Scientometry [TIHIJ].

The current work reports precisely an attempt at inves-
tigating the integration between applied and theoretical
science, especially from the perspective of Physics. More
specifically, we consider the APS database [8], containing
several journals with diverse focuses. A single network is
constructed from this database, where each node repre-
sent an article (all available articles from all journals in
the database), while the links stand for citations between
these articles. Then, two specific journals were selected
as presenting dominant focus on theory (Phys. Rev. D)
and applications (Phys. Rev. Applied), according to the
description of their respective scopes. Because the latter
journal is very recent, and therefore includes less publi-
cations, we defined a second experiment in which Phys.
Rev. Applied was substituted by Phys. Rev. B, which
is older and has many more articles. The integration or
proximity between the different journals was quantified in
terms of the multiplicity of shortest paths between their
respective body of articles (Figure |1p), as well as by the
betweenness centrality [I4] (Figure[lb) of the considered
groups of articles (Phys. Rev. D, Phys. Rev. Applied,
and control groups). The basic hypothesis here is that
the existence of multiple shortest paths of comparable
lengths between two sets of articles indicates, to a good
extent, integration and relationship between these two
sets. These measurements are complemented by the be-
tweenness of a journal, which is capable of expressing
how many of the shortest paths between pairs of articles
from the overall database go though that journal.

The results obtained from the aforementioned investi-
gation revealed that journals of more theoretical and ap-
plied nature are about as tightly interrelated as any two
randomly chosen sets of articles with same size. These
results suggest that theoretical and applied physics are
therefore closely related and integrated. Though these
results are specific to the adopted database, network rep-
resentation and measurements, they nevertheless provide
quantitative, objective insights into the relevant question
of integration between applied and theoretical physics. It
is hoped that further studies can be developed consider-
ing larger databases and other areas, so as to achieve
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broader and more conclusive results.

This article starts by presenting the database, network
representation and measurements, and then present and
discuss the obtained results. Prospects for further inves-
tigations are also highlighted.

(a)

(b)

FIG. 1: The integration between two journals A and B can
be quantified in terms of the multiplicity of shortest paths be-
tween them (a). The integration of a given journal A with the
remainder journals can be further quantified by considering
the betweenness centrality of its constituent nodes (b).

II. MATERIALS AND METHODS

In the APS database [8], each article is represented
by its own Digital Object Identifier (DOI), and the ci-
tations are organized as a spreadsheet. For example, if
a given article A cites B, the pair of DOIs for A and B
are incorporated as a row into the table. Additionally,
some meta-data are also included, such as the year of
publication and the published journal. We mapped the
citation table into a directed network, in which each ar-
ticle represents a node, and the edges correspond to the
citations. The directions follow from the citing to the
cited articles. Though this type of directed representa-
tion of the citations is inherently more related to the idea
of scientific citation, we also consider undirected versions
of these networks. The motivation for doing so is that
when one article cites another, it is somehow implied that
not only the citing article shares elements with the cited
work, but that the reciprocal also takes place. Indeed,
the directionality of citations is purely an implication of
temporal causality, in the sense that only the later work
can cite the earlier article.

TABLE I: The adopted groups of articles and some of their
properties. The used dataset comprises articles from 1893
to 2016. Control (A) and Control (B) represent the Control
group of articles when, respectively, Phys. Rev. Applied and
Phys. Rev. B is employed.

Group Number of articles Years
Applied (Rev. App.) 703 2014-2016
Applied (Rev. B) 176,381 1970-2016
Theoretical (Rev. D) 80,427 1970-2016
Control (A) 509,325 1893-2016
Control (B) 333,647 1893-2016

Starting with this network, we divided the nodes (ar-
ticles) into three groups: applied physics, theoretical
physics, and control. The first two groups correspond
to Phys. Rev. Applied (alternatively Phys. Rev. B)
and Phys. Rev. D, respectively, and articles from the re-
maining journals were used to define control groups. The
theoretical physics area was represented by the journal
Phys. Rev. D, as this journal includes more academic-
related areas, such as field theory, and quantum field
theory. The applied physics articles were obtained from
Phys. Rev. Applied because this journal typically pub-
lishes articles on applications, including engineering and
technology. Because this journal is recent, and therefore
includes a relatively small number of articles, we also
considered a second experiment where this journal was
substituted by Phys. Rev. B, which is arguably the next
more application-oriented journal in the APS database.
These two experiments are henceforth referred to as Case
Study #1 and Case Study #2. Observe that this choice
is particular, and other possibilities could be taken into
account, including alternative databases. Though the re-
sults reported in this article are specific to these choices,
we believe them to be a reasonable indication of what
could be found for other choices. An overview of the
characteristics of the areas is shown in Table[ll Note that
the number of articles varies for each group, with the ap-
plied group being smaller as a consequence of its more
recent introduction.

In order to gauge the distance between two different
areas of study, we employed the distribution of mini-
mal paths, which were computed using the Dijkstra al-
gorithm [I5]. Sets of nodes with the same size were ran-
domly selected for the three groups, and the shortest path
distances were calculated. The number of selected arti-
cles was chosen as 705, which is approximately the num-
ber of items in the smallest group. Note that we did not
include in our statistics the pairs of nodes that do not
have paths connecting them. We used the measurement
1/(Path length), henceforth called cohesion, instead of
the shortest paths so as to have a measurement that is
directly related to the relationship between articles (the
shortest path length would be inversely related, being
less intuitive).

As an additional measurement, we considered the be-
tweenness centrality measurement [I4], which quantifies
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FIG. 2: Cohesion (blue), defined as the reciprocal of the
shortest path length, and betweenness centrality (green) re-
lationships between Phys. Rev. D, Phys. Rev. Applied and
Other APS journals for the directed network. The legend at
the upper right corner indicates the width range of the links.
Observe that all links have similar width, suggesting symmet-
ric relationships between all groups.

the centrality of network nodes according to the number
of shortest paths to which they belong. This measure-
ment is computed as follows

k

By=> 24, (1)
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where afj is the number of shortest paths that connect
the nodes ¢ and j and crosses k, and o;; is the total

number of shortest paths connecting ¢ and j.

III. RESULTS AND DISCUSSION

The obtained results for directed and undirected ver-
sions of the article networks are reported and discussed
respectively in the following two sections.

Case Study #1 - Phys. Rev. Applied

Figure 2] shows the results obtained for the directed
version of the considered networks. For the sake of bet-
ter integration and interpretation of the results, we com-
bined the cohesion histograms with the digraph repre-
senting the relationships between the three considered
cases, which include: Phys. Rev. D, Phys. Rev. Ap-
plied, and the other journals. The width of each link
reflects the average of the respective histogram. The av-
erage values for each histogram are also identified. The
histograms of betweenness centralities obtained for each
of the three groups are shown in green.
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FIG. 3: Cohesion (blue) and betweenness centrality (green)
relationships between Phys. Rev. D, Phys. Rev. Applied and
Other APS journals for the undirected network. The legend
at the upper right corner indicates the width range of the
links.

Though, in principle, all directed interconnections
could be expected to appear in this digraph, some of
these connections that were too small (e.g.  between
other and applied) have been discarded. Generally, there
is little difference between the width of the links in the
obtained digraph, which indicates a good overall unifor-
mity of connections between the three considered groups.
This result suggests a good integration between the more
theoretical and applied articles in Physics.

Regarding the betweenness centrality of the nodes,
which is also shown in Figure[2] similar results were again
obtained, with the Applied group having a density less
symmetric than the other cases, which is a possible conse-
quence of the smaller size of this group. In addition, the
average betweenness centrality observed for this group is
slightly smaller than those of the other two groups.

The results for the undirected versions of the consid-
ered networks are presented in Figure [3] together with
the respective cohesion histograms. The interconnections
between the three groups resulted again very similar.

Case Study #2 - Phys. Rev. B

Figure [4] shows the results for the directed version of
the APS network. For this case study, the three consid-
ered groups are: Phys. Rev. B, Phys. Rev. D, and the
remaining journals. As before, the width of each link re-
flects the average of the respective histogram. Observe
that, respectively to the previous results, more links ap-
pear in this figure as a consequence of the larger number
of articles in Phys. Rev. B. The cohesion histograms are
similar for all cases, indicating that citations between
journals have no preferred direction. The betweenness
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FIG. 4: Cohesion (blue) and betweenness centrality (green)
relationships between Phys. Rev. D, Phys. Rev. B and
Other APS journals for the directed network. The legend at
the upper right corner indicates the width range of the links.
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FIG. 5: Cohesion (blue) and betweenness centrality (green)
relationships between Phys. Rev. D, Phys. Rev. Applied and
Other APS journals for the directed network. The legend at
the upper right corner indicates the width range of the links.

histograms for the groups are also similar. These results
are in agreement with those obtained for case study #1,
therefore conforming a good integration between theoret-
ical and applied articles.

The results for the undirected version of the APS net-
work is shown in Figure [}l Again, the cohesion and be-
tweenness histograms are similar in all considered groups.

IV. CONCLUSION

Since the beginnings of science, eventual inclinations
toward theoretical or applied approaches have been sub-
ject of considerable debate. Such discussions are, in prin-
ciple, justified by the desire to understand how science
changes along time, and also because such eventual bi-
ases may have effects in the relationship between science
and technology. Though much of these discussions have
taken place in a more subjective way, the advent of net-
work science paved the way to more principled, quantita-
tive, and therefore objective approaches to the aforemen-
tioned problem. The current work reports a related at-
tempt. More specifically, we applied the network science
concepts of shortest path and betweenness centrality to
quantify interrelationships between journals in networks
derived from the interesting APS journal database. We
considered pairwise relations involving potentially more
theoretical (Phys. Rev. D) and applied (Phys. Rev.
Applied and Phys. Rev. B) APS journals.

The obtained results indicates a substantial symmetry
of relationship and centrality of all considered journals,
suggesting that both the more theoretically and applied
inclined journals tend to have similar roles and be sim-
ilarly integrated within the body of APS publications.
So, there seems, at least along the years covered in the
APS database, a surprising integration and relationship
between more theoretical and applied studies and results
in the area of Physics. We expect that this finding ex-
tends potentially to other publications and areas. Fur-
ther investigation is however required considering other
databases, other types of relationships, other types of
measurements, among other possibilities. It would also
be interesting to verify how these results extend to other
areas and even science as a whole. The proposed method-
ology is also not limited to theoretical /applied orienta-
tions of a given area, as it can also be applied to quantify
the interrelationship and integration between distinct ar-
eas such as Physics and Biology, etc.
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