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ABSTRACT

Document Co-citation Analysis (DCA) is a method to identify and analyze the relationships between co-
cited documents. In this paper, we attempt to use concept lattice for DCA. Concept lattice is a graph
structure given in Formal Concept Analysis (FCA), a branch of mathematics based on the concept and its
hierarchy. The experiments are conducted on an extensive repository of citations extracted from DBLP,
ACM, MAG (Microsoft Academic Graph), and other sources, having a total of 5,354,309 papers and
48,227,950 citation relationships. In this paper, it is established that the concept lattice supports DCA and
helps to identify a set of co-cited documents and their co-citation strength. It also provides navigation to
reflect the subset-superset relationship of the co-citations. Further, the concept lattice helps identify the
hierarchy among the documents and answers the most relevant queries related to DCA.
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I.  INTRODUCTION

A citation is a reference to a document, a book, a
publication, or an article. The analysis of such citations to
understand the relationships and patterns between the
documents, authors, keywords, or journals is termed as citation
analysis [1-4]. It helps studying the importance and relevance
of the work done by others, studying the trends of research,
knowing about evolving areas of research, evolving journals in
a specific area, etc. [5-10]. The cited work is the document
mentioned in the reference and the citing work is the one which
is referencing the cited work. DCA is a method to study the
relationship among the documents based on the citations [1-4].
Two or more documents are said to be co-cited when they are

referenced by the same document. Co-citation strength
measures the strength of the relationship between two
documents based on the co-citation frequency [4]. For
example, if two documents D and E, are cited by documents A,
B, and C, then documents D, and E, are co-cited and have a co-
citation strength of 3 (Table I). DCA is a process to discover
co-cited documents along with their co-citation strength. The
discovered co-citations are examined to find emerging patterns.
The process helps to understand the connections and the
similarities between different research areas [5-10]. It helps to
identify the related research directions, the most influential
work done by others, the most cited sub-themes within a
particular theme, the evolution of new academic areas, etc. [6-
8].
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A concept lattice is a graph structure used in FCA to
represent the relationships between concepts in a given context
[11-13]. FCA is a mathematical field based on the graph
structure which has been explored in the area of data analysis,
knowledge representation, and information management [11-
15]. In FCA, the elements of the graph are called Concepts, the
lattice of the Concepts is a hierarchical structure of the
Concepts which represents the hierarchy based on shared
properties or attributes. A Concept has two components
(Extent, Intent), where Extent is the set of objects and Intent is
the set of attributes. For example, the concept lattice for the
dataset given in Table I is shown in Figure 1. Seven Concepts
have been identified, namely (ABC, DE), (ABCD, E), (CE, F),
(DEF, G), (D,EG), (E,FG), (C, DEF).

TABLE L. SAMPLE CITATION DATASET
Document References
A D,E
B D,E
C D,E,F
D E,G
E F,G
F G
@
(ABC,DE) (ABCD,E) (CE,F) (DEFE,G)
(C,DEF) (D,EG) (E,FG)
(3,DEFG)

Fig. 1. The concept lattice of the dataset given in Table I.

A. Our Contribution

DCA is an established powerful means for analyzing the
relationships between a set of documents. Researchers working
in the area of FCA have established the concept lattice structure
as a means of analyzing the hierarchy of Concepts based on
shared properties. Our contribution is an effort to establish a
connection between FCA and DCA. For example, let us
consider the dataset given in Table I and the concept lattice
generated from this dataset shown in Figure 1. We can observe
that a node in the concept lattice has (Extent, Intent) where
Extent is showing the citing papers and Intent is showing the
cited papers. The documents of the Intent are co-cited
documents with the co-citation strength equal to the number of
documents in the Extent. For example, the Intent having
documents D and E has the Extent having documents A, B, C.
Thus, documents D, and E, are co-cited with a co-citation
strength equal to 3. This establishes the relationship between
concept lattice and document co-citation. To the best of our
knowledge, not much work has been done in this area.

B. Why FCA?

The concept lattice structure of FCA is an efficient tool for
knowledge and knowledge discovery. The advantage of using
concept lattice for DCA is that the concept lattice provides a
hierarchical view of the co-citations. It provides navigation to
reflect the subset-superset relationship of the co-citations. The
rest of the paper is based on an analysis of concept lattice to
answer the following queries related to document co-citation on
the large citation network dataset downloaded from [16] and
identify trends and useful patterns, such as:

e Most cited publications

e List of all co-cited publications.

¢ Co-citation strength of all co-cited publications.
e Evolution of new academic fields.

e The pattern of co-cited publications year-wise.

II. METHODOLOGY

A. Data Collection and Software Used

There are various software applications available for
generating the concept lattice [17]. The citation dataset was
extracted from [16] and Charm software [18] was chosen to
discover the concept lattice.

B. Pre-processing of the Available Citation Data

Pre-processing of the available citation data was done to
provide the input to the concept lattice software, and the output
of the software was interpreted for citation analysis. The data
were in json format which was converted to text format. Two
columns, namely id and references, were extracted. The id
represents the publication/paper id and the reference has the list
of cited publications. The extracted columns were converted to
a file in the format desired by the Charm software. The data
were huge to be kept in memory, so they were converted to
smaller files and all the operations were performed on
individual files and the results were combined. So, Charm
software was run on the two columns of the citation dataset and
the concept lattice was generated from that. A sample format of
those two columns is shown in Table II.

TABLE II. SAMPLE FORMAT OBTAINED FROM THE

CITATION DATASET

Paper Id: References
id1: id4, id5, id7

id2: id1, id4, id5

id3: id2

id4: id76, id5

id5: id1, id4, id5

Here, the publication with id1 cites three papers (id4, id5,
id7). id1 and id4 are co-cited by id2 and id5. Hence the set (id1,
id4) are co-cited documents with strength equal to two. Charm
software is used to create a concept lattice from the publicly
available dataset in [16] which has more than 6 million papers
and citations. The features are extracted from the mentioned
dataset and then Charm is run on those two features. No new
dataset was created.
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C. Generation of the Concept Lattice

When the concept lattice software Charm was run, an
appropriate minimum support threshold was chosen after
experimentation. The dataset has 3926533 rows (transactions)
with 5347758 columns (items) after data cleaning. Discovering
concepts from such a large dataset is a difficult task. So, we
chose a minimum support threshold to find the frequent
concepts. We experimented with different values. Finally, we
selected 0.0001%, i.e. 393 transactions, as the minimum
support threshold.

D. Exploration of the Concept Lattice

The generated concept lattice was analyzed to understand
the thematic structure and the relationships between concepts.
The most significant or influential concepts within the lattice
were identified. This can help uncover key themes or research
areas within the document collection.

E. Result Interpretation

The output is the lattice of concepts (Extent, Intent), where
Intent is the list of co-cited publications, and Extent is the list
of citing papers. Original Python code was written to extract
the relevant information from the lattice, and present the same
in informative manner. The Concepts and their relationships
within the lattice were interpreted to gain insight into the
intellectual structure of the field. The connections between
different concepts were explored along with their associated
documents to identify emerging research trends, influential
works, and potential research gaps.

III.  RESULTS

A. Dataset

The data were extracted from [16]. Different versions of
this dataset are available in different formats [19-21]. For this
project, version 13, which is stored in json format, was chosen.
Version 13 of the data has 5,354,309 papers, and 48,227,950
citation relationships. The downloaded file has a size of 17.35
GB.

B. Data Description

The downloaded dataset has the characteristics shown in
Table III. After processing the provided dataset, a large number
of Concepts were generated. We summarized the results based
on the number of publications in Intent (co-cited publications).
The Extent of the Concept stores the publication ids of the
citing papers. The frequency of the Extent is the co-citation
strength. The summary of the results provides interesting
insight about that data. The maximum number of publications
in a set of co-cited publications is 6, and there is only one such
set whose co-citation strength is 431. Similar to this, there are
13 sets of 5 co-cited publications, 67 sets of 4, 251 set of 3, and
997 sets of 2. Each of such set has different co-citation
strength. The results are summarized in Table I'V.

C. Most Cited Publications

As the number of publications in the set of co-cited
publications increases, the co-citation strength decreases.
Hence, the first level nodes of the lattice with one publication
are the most cited publications. There 7955 such nodes. We can

sort them according to their frequency, and get the top cited
references. Table V shows one such list of the top 10 most
cited papers.

TABLE III. CITATION DATASET DESCRIPTION
Name Type Description
id string Paper id
title string Paper title
authors.name string Author name
author.org string Author affiliation
author.id string Author ID
venue.id string Paper venue ID
venue.raw string Paper venue name
year int Published year
keyword list of strings Keywords
fos.name string Fields of study
fos.w float Fields of study weight
references list of strings Paper references

ncitation int Citation number
pagestart string Page start
pageend string Page end
doctype string Paper type: journal, book title
lang string Detected language
publisher string Publisher
volume string Volume
issue string Issue
issn string Issn
isbn string Isbn
doi string doi
pdf string pdf URL
url list pdf URL
abstract string Abstract
indexedabstract dict Indexed abstract
TABLE IV. CO-CITED SETS IN THE CITATION DATASET
No. of publications in a co-cited set | Number of co-cited sets
1 7955
2 997
3 251
4 67
5 13
6 1
TABLE V. TOP 10 CITED PUBLICATIONS
Freq Title Year | References
26,873 | Deep Residual Learning for Image Recognition | 2016 36
ImageNet Classification with Deep
24.814 Convolutional Neural Networks 2012 20
24,040 Distinctive Image Feature's from Scale-Invariant 2004 33
Keypoints
20,464 | LIBSVM: A library for support vector machines | 2011 36
16,999 Long short-term memory 1997 27
14,684 Histograms of Oriented Qradlents for Human 2005 15
Detection
14,450 Latent dirichlet allocation 2001 15
12,998 Image quality assessment.: fr.oml error visibility to 2004 29
structural similarity.
12,220 Support-Vector Networks 1995 3
12,067 MapReduce: simplified data processing on large 2008 18
clusters
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D. List of All Co-Cited Publications

Table IV lists down the number of co-cited publications
having 2, 3, 4, 5, and 6 publications. These data were derived
from the generated lattice. So there are 1329 sets of co-cited
publications.

E. Co-Citation Strength

The nodes of the generated lattice have the Extent and
Intent fields, as mentioned above. Finding the cardinality of the
Extent gives the co-citation strength of the related set. Further,
we can find the top n number of co-citations having 2, 3, 4, 5,
or 6 publications, and their corresponding co-citation strength.

F. Evolution of New Academic Fields

The lattice of publications yielded 9284 nodes, each
representing one Concept. There were six levels of nodes
where each level has that many numbers of publications in the
Intent of the node representing the Concept. The set of 6 co-
cited publications had small co-citation strength, so for further
analysis, we chose a set of 5 co-cited publications. Out of 13

itemset chosen =
573696056e3b12023e5186fe.

titles =

5561622a2401b4b38c23635¢,
573696146e3b12023e51198,

573696026€3b12023€516718,
5736986b6e3b12023e730129

Fast R-CNN..

frequency is 748

null

MIN SUPPORT = 393 (0.0001)

57369605
freq = 4457

556f622a
freq =6961

'SSD: Single Shot MultiBox Detector”,

such sets, we chose the set having maximum co-citation
strength. Let us denote that set as S. The paper ids of the
publications of set S are shown in Table VL.

TABLE VL PAPER IDS OF THE PUBLICATIONS IN THE SET S

573696056e3b12023e5186fe
5561622a2401b4b38c23635¢
573696f46e3b12023e5f1198
573696026e3b12023e516718
5736986b6e3b12023e730129

Since the paper id is a long string, we are using the first 8
characters of those ids for any further reference. We chose a
subset of the complete lattice. Figure 2 shows the subset having
the paper ids given in Table VI. Each node of the lattice
represents a Concept (Extent, Intent). For the co-cited
publications in S, the number of publications in the Extent are
748. Since it is not possible to show all the publications of the
Extent, a node of the lattice in Figure 2 represents (Intent, f)
where Intent stores the list of co-cited publications, and fis the
cardinality of the Extent representing the co-citation strength.

Rich Feature Hierarchies for Accurate Object Detection and Semantic Segmentation,

You Only Look Once: Unified, Real-Time Object Detection,
Faster R-CNN: Towards Real-Time Object Detection with Region Proposal Networks

573696f4
freq=4697

57369602
freq=4186

5736986b
freq=8886

7~ A

~ - N\ ‘\\
/ S AN
/ L ~ \
57369605 57369605 57369605 57369605 556f622a 556f622a 556f622a 57369614 5736964 57369602
556f622a 57369614 57369602 5736986b 57369614 57369602 5736986b 57369602 5736986b 5736986b
freq= 1663 freq= 1733 freq=2200 freq= 2679 freq= 2387 freq= 1670 freq= 2878 freq= 2312

freq=1652 freq= 2643

57369605 57369605 57369605 57369605 57369605 57369605 556f622a 556f622a 556f622a 57369614
556f622a 556f622a 556f622a 57369614 57369614 57369602 57369614 57369614 57369602 57369602
5736964 57369602 5736986b 57369602 5736986b 5736986b 57369602 5736986b 5736986b 5736986b
freq= 1167 freq= 1183 freq=1265 freq= 1232 freq= 1363 freq= 1591 freq= 1159 freq= 1782 freq= 1215 freq= 1297
s S So \ | = /
. Y / o <
/ [ B
= .
N/ ~ — S~ N\
57369605 57369605 57369605 57369605 556f622a
556f622a 556f622a 556f622a 5736964 573696f4
57369614 5736964 57369602 57369602 57369602
57369602 5736986b 5736986b 5736986b 5736986b
freq= 901 freq= 967 freq= 932 freq= 998 freq= 943
57369605
556f622a
5736964
57369602
5736986b
freq= 748
Fig. 2. Lattice of 5 co-cited publications in set S.
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The lattice in Figure 2 shows the hierarchy of all the co-
cited publications derived from the set S. The lattice has null
root. We can derive the following observations:

e The first level nodes of the lattice of publications in set S
have one publication, so they will not be categorized in the
co-cited publication list. But they provide important
information on the most cited publications. The publication
with id 5736986b is cited by 8886 papers, and is the highest
among the given set S.

e There are 10 second level nodes which have two co-cited
publications. Each of these 10 nodes has different
cardinality. The co-cited publications 556f622a and
57369614 have the highest co-citation strength.

e There are 20 possible sets of 3 co-cited publications which
can be derived from the second level nodes. Out of the
possible 20 sets, only 10 have the minimum support
threshold of 0.0001 %, hence there are 10 third level nodes.

e Publications 556f622a, 573696f4, and 5736986b have the
highest co-citation strength of 1782.

e There are 5 sets of 4 co-cited publications. The co-cited
publications 57369605, 573696f4, 57369602, and
5736986b have the highest co-citation strength of 998.

e There is 1 set of 5 co-cited publications. The co-cited
publications 57369605, 556f622a, 573696f4, 57369602,
and 5736986b have the highest co-citation strength of 748.

e Analyzing the fields keyword and fos.name, we obtained
the word cloud given in Figure 3. Leaving the common
words, we can note that words like object, detection,
machine, image are prominent. The keywords give an idea
of the discipline to which these publications belong.

suppression
overwatch
Bounding

License

networkmﬁmmmm

ceqarnn ation box p Frame Computati unal

Computatmnrrethod e Obj ectlfl* programming

scode Real-time

rMArt1f1c1ak”“

la" uag

mecom COMPUE @ Resior

Running

““““Detector

resolution F=f orman

maximum

Scalability Support

vector Paradox geners)

Feature Resampling Pixel
S @ l N Ce extraction
computing Algorithm Proposal recognition
Bottleneck ~ Image learning

Fig. 3. Word cloud of 5 co-cited publications in S.

G. Yearwise Pattern of the Co-Cited Publications

The year-wise analysis of the publications of the set S is
given in Figure 4. It was found that co-citation strength is
increasing every year. This gives an idea of the growing
popularity of the research area indicating its continued
relevance and influence.

200

count

100

2016 07 2me 2018 2020

yaar

Fig. 4. Year-wise co-citation frequency.

IV. CONCLUSIONS AND FUTURE SCOPE

In this paper, an attempt has been made to conduct
Document Co-citation Analysis (DCA) by using the concept
lattice structure of the Formal Concept Analysis. It has been
observed that concept lattice structure reveals a lot of insight
about DCA. This work can be extended to analyze author co-
citation and journal co-citation by having the concept lattice of
authors and journals, respectively. Further, the concept lattice
of keywords can be discovered to find the most relevant
research areas.
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