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Abstract Functional data analysis (FDA) has received significant attention from researchers due 

to its flexibility and diverse applications in various fields. FDA provides a comprehensive framework 
for analysing and extracting information from complex and high-dimensional datasets, enabling 
researchers to obtain insights into the underlying processes, improve modelling, and make accurate 
predictions. Therefore, understanding the FDA topic and its features and tools, as well as identifying 
the collaborative networks, are crucial for the development of its research areas. The objective of 
the present bibliometric study is to analyse the global research trend in FDA areas based on 
publication outputs, authorships, co-authorships, affiliated countries, and the co-occurrence of 
author keywords, which will enable researchers to assess the existing knowledge environment, 
future trends, potential research gaps, and collaboration opportunities. The publications from the 
year 1989 to 2021 were retrieved from the Scopus database, resulting in 1712 articles in journals 
after screening. Results have shown that articles published in the Journal of the American Statistical 
Association received the highest citations. Nearly 43% of the published articles were contributed by 
the leading authors from the USA, followed by China (11.5%) and Spain (9.4%). According to the 
QS World University Ranking 2021, eight of the top 20 productive institutions were ranked among 
the top 100 best universities. The findings indicated that researchers had intensively developed and 
applied FDA tools and features, such as smoothing, principal component analysis, regression, and 
clustering, in various domains. In addition, the expansion of FDA tools could be seen based on the 
recent progress in author keywords. New keywords, including function-on-function regression, 
function-on-scalar regression, scalar-on-function regression, outlier detection, structural health 
monitoring, and COVID-19, have arisen recently. Due to public concern about emerging diseases, 
future FDA work is expected to rise, particularly in the health sciences and biomedical fields. 
 
Keywords: Bibliometric analysis, Scopus database, Functional data analysis, VOSviewer, Author 
Keyword Co-occurrences. 

 

 

Introduction 
 

Data analysis and modelling have become difficult, especially when dealing with complex and high-
dimensional data. With the advancement of technology, a popular statistical tool for analysing data over 
a curve, surface, or continuum known as functional data analysis (FDA) is increasingly being employed 
in various scientific domains, including biomedical, public health, biology, environmental sciences, 
climatological, hydrological, and demographic research. Functional data can convert discrete 
observations at any discrete time interval into a continuous smoothing function that can be considered 
and analysed as a single entity [1, 2]. The FDA's flexibility, such as providing the additional information 
from smoothing functions and the lack of concerns about correlations between repeated measurements, 
makes the method extremely demanding [3, 4]. 

 

Although there has been a growing interest in FDA applications, limited research has been dedicated to 
measuring and analysing scientific publications on a global scale. Ullah and Finch [4] conducted a 
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systematic review of FDA application studies between 1995 and 2010. They found relevant papers using 
11 internet databases, including Academic Search Premier, ScienceDirect, Springer Link, Cambridge 
Journals, PubMed, Sage Journals Online, and Web of Science. They mainly concentrated on applying 
FDA to the public health and biological fields in their research. Wang et al. [5], on the other hand, 
examined FDA techniques such as Functional Principal Component Analysis (FPCA), functional linear 
regression, functional data clustering and classification, and other nonlinear functional data methods. 
Their research, however, was limited to FDA concepts. Aneiros et al. [6, 7] addressed recent 
breakthroughs in functional data analysis and high-dimensional statistics. Despite increasing FDA 
articles published on techniques, tools, and applications, quantitative analysis of the most cited articles, 
prolific authors, organisational affiliations, and national and international collaborations are still minimal. 

 

Identifying relevant studies, screening them, extracting the data from them, and synthesising them are 
all time-consuming steps in conducting a systematic literature review.  However, bibliometric analysis 
makes use of computing methodologies and tools in order to automate the process of data gathering 
and analysis. Using this strategy can save a substantial amount of time and effort, which is especially 
helpful when working with extensive datasets. Bibliometric analysis is a statistical assessment of 
published scientific articles, proceedings, and scientific reports based on an academic literature 
database. It is used to determine the impact of publications and global research trends in a specific area. 
The bibliometric analysis aids in identifying the top and the most cited authors, top countries and 
institutions in research fields, highly cited publications and leading journals, and the most frequently used 
keywords within a particular research topic. Hence, bibliometric analysis is employed to identify the 
development of FDA research areas. The purpose of this paper can be summarised as follows: i) to 
search for the top productive journals in FDA and the citation score; ii) to identify the most prolific authors, 
countries, and their organizational affiliations; iii) to highlight the research interest and examine recent 
research keywords in FDA. This paper will benefit researchers and policymakers in understanding the 
research trend in FDA and identify potential future research. 

 
Materials and Methods 
 
Scopus was used as a database to find relevant documents for this study. Scopus covered the largest 
abstracts and literature citations for a wide range of subjects [8,9]. Scopus searches can be divided into 
basic and advanced categories. The basic search can be done within the article's search, including the 
title, abstracts, keywords, authors and affiliations, funding information, ISSN, DOI, and ORCID. Authors 
can also utilise the advanced search to narrow the scope of their search by using field codes, Boolean 
operators, and proximity operators. 

 

Search Strategy  
The process of data mining was conducted between 1 February 2022 and 8 February 2022, using a 
Scopus database. The central theme in this study focused on all research articles containing the word 
"functional data analysis" either in the title, abstract, or author keywords. In Scopus, quotation marks 
were used as the loose phrase, while the asterisk was used as a wild card. The earliest publication date 
is 1989, and the most recent is 2021. The query strings used for this search were given as TITLE-
ABS("functional data analysis") OR AUTHKEY("functional data analysis") AND (LIMIT-TO( 
DOCTYPE,"ar" ) ) AND ( LIMIT-TO ( SRCTYPE,"j" ) ) AND ( EXCLUDE ( PUBYEAR, 2022) ). The author 
was only concerned with the article-type journal, which resulted in 1725 documents. The list of article 
journals was filtered to guarantee that the analysis did not include any review articles since the focus 
was on research articles. The search phrases were expanded to include words like recent, progress, 
review, scientometric, and bibliometric, yielding 74 articles. The process of screening the abstract and 
full text of the articles took place, and only 13 articles were identified as review articles. EID, a Scopus 
unique article identifier, was used in the search strings to exclude these review articles, and finally, only 
1712 articles were documented. 

 

Based on 1712 documents, the publications were stratified and systematically assessed according to 
publication year, country, authors, document type, organisational affiliations, and subject area. For 
specific journals, bibliometric indicators such as the total citations, Cite Score, Scientific Journal 
Rankings (SJR), and Source Normalized Impact per Paper (SNIP) can be obtained, which can help in 
deciding the journal rankings. The Scopus Author ID can be used to determine the total publications of 
the authors, the number of citations, and the authors' H-index. The H-index represents the number of 
publications for which an author has been cited by other authors. It represents the productivity and impact 
of a particular scientist or scholar. In addition, data on a single country publication (SCP) were retrieved 
by limiting the search result to a specific country using the field code AFFILCOUNTRY. 
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Figure 1 explains the flow of gathering data for article publication. In addition, a sub-theme was also 
created to explore the output trends in FDA methodologies. Finally, specific terms were added to the 
previous search strings depending on the methods used by the FDA. The details on the search strings 
used in Scopus are provided in Table 1. 

 

                  
 
Figure 1. The flow process of gathering data publications for the central theme 

 
 

Mapping through VOSViewer  
VOSviewer is a software tool to construct and visualise bibliometric networks of scientific publications, 
journals, countries, authors, keywords, or terms. A bibliographic database file from Scopus was exported 
to VOSviewer to create network visualisation maps. In this study, our interest focused on the items that 
involved countries and author keywords. Items in these networks can be connected by co-authorship 
and co-occurrence. A link is defined as a connection or relation between two items, and each link has a 
strength represented by a positive numerical value. The higher the value, the stronger the link. The link 
strength (LS) in the case of co-occurrence analysis indicates the number of publications in which two 
keywords occur together, while the case of co-authorship represents the number of publications that two 
affiliated countries have co-authored. The total link strength (TLS) attribute indicates the total strength of 
the co-authorship links of a given country with other countries. A detailed explanation or interpretation of 
the VOSviewer can be found in the manual written by van Eck and Waltman [10]. 

 
Results and Discussion 
 

Publications and Research Areas 
A total of 1712 publications have been documented over the past 32 years. The first article was published 
in 1989 in the Journal of the American Statistical Association by Ramsay and Abrahamowicz [11]. After 
the first publication, there was no other publication record until 1994. The second FDA article was also 
written by Ramsay et al. [12]. Figure 2 shows that less than 20 publications were recorded until 2004. A 
strong research interest in the FDA started in 2009, with more than 50 publications. Since then, annual 
publications have increased steadily, and it is anticipated that they will continue to rise. In the year 2021, 
it recorded 240 published papers in the FDA. As of 2021, 14.3% (131 articles) of published articles are 
under the status of open access, which requires authors to pay a specific fee for the publication. With 
open access, researchers can download the published article freely. 
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                                              Figure 2. The annual and cumulative numbers of FDA articles indexed in Scopus from 1989 to 2021 

 

Table 1. The search strategies and query strings used in Scopus. 

 

Search Step String Search Results 

Any string related to 
"functional data analysis" 

Insert the main 
keyword 
from 1989-2021 

TITLE-ABS ( "functional data 
analysis" )  OR  AUTHKEY ( "functional data 
analysis" ) 

 

2153 
documents 

Any string related to 
"functional data analysis" 

Limit to Article 
paper and journal 
exclude 2022 

TITLE-ABS("functional data analysis") OR 
AUTHKEY("functional data analysis") AND ( 
LIMIT-TO ( DOCTYPE,"ar" ) ) AND ( LIMIT-
TO ( SRCTYPE,"j" ) ) AND ( EXCLUDE ( 
PUBYEAR,2022) ) 

1725 
documents 

Review articles  
Find potentially 
review articles (74 
papers) 
 
●Screen the titles 
and abstracts to 
identify the real 
review articles 
 
●Collect EID of 
the review articles 
( papers) 

 

TITLE-ABS ( "functional data 
analysis" )  OR  AUTHKEY ( "functional data 
analysis" )  AND  ( TITLE ( "recent"  OR  pro
gress  OR  review  OR  critical  OR  revisit  O
R  advance  OR  development  OR  highlight 
 OR  perspective  OR  prospect  OR  trends  
OR  bibliometric  OR  scientometric )  OR  ( 
ABS ( progress  OR  review  OR  bibliometric
  OR  scientometric ) ) )  AND  ( LIMIT-
TO ( SRCTYPE ,  "j" ) )  AND  ( LIMIT-
TO ( DOCTYPE ,  "ar" ) ) AND ( EXCLUDE ( 
PUBYEAR,2022) ) 

 

74 
documents 

Exclude the review articles Add additional 
phrase "AND 
NOT" 

TITLE-ABS ( "functional data 
analysis" )  OR  AUTHKEY ( "functional data 
analysis" )  AND NOT  EID ( 2-s2.0-
85085018836  OR  2-s2.0-
85068329306  OR  2-s2.0-
85058999433  OR  2-s2.0-
85042619255  OR  2-s2.0-
85052849404  OR  2-s2.0-
84959387275  OR  2-s2.0-
84949087732  OR  2-s2.0-
84957612839  OR  2-s2.0-
84928111503  OR  2-s2.0-
84892512066  OR  2-s2.0-
77952396887  OR  2-s2.0-
66349121162  OR  2-s2.0-
84884959104 )  AND  ( LIMIT-
TO ( SRCTYPE ,  "j" ) )  AND  ( LIMIT-
TO ( DOCTYPE ,  "ar" ) )  AND  ( EXCLUDE 
( PUBYEAR ,  2022 ) ) 

1712 
documents 
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FDA research areas have been intensively explored in several areas. The FDA's primary research areas 
are decision science and mathematics, as shown in Figure 3. The following subject areas cover the 
entirety of the publications: Mathematics (1047 articles), Decision Science (654 articles), Computer 
Science (273 articles), and other fields, including medicine, biology, and the environment, are all 
represented. The article was written in seven languages, with English being the most popular 
(1680:98%), followed by Chinese (21: 1.2%), Spain (7: 0.4%), and French (4: 0.2%). FDA has also 
published articles in German, Portuguese, and Russian, each featuring one article in each language. 

 

         
        Figure 3. Documents by Subject Area in FDA 

 

 

Top Productive Journals  
Table 2 lists the most productive journals with more than 20 publications in FDA study areas. The Institute 
of Mathematical Statistics and Wiley-Blackwell have published three journals. Taylor & Francis and 
Elsevier each publish two journals. The Journal of the American Statistical Association was the most 
active journal, with 73 papers covering 4.3 percent of all publications, followed by Computational 
Statistics and Data Analysis (65, 3.8 %) and the Journal of Multivariate Analysis (52, 3.04%). With 2892 
citations, the Journal of the American Statistical Association received the most. In addition, the article 
published by Yao et al. [13] in the journal in 2005 was the most cited article, with 748 citations. On the 
other hand, the Annals of Statistics obtained the second-highest number of citations, with 2362. With 
2336 citations, Wiley-Blackwell of the Royal Statistical Society Series B Statistical Methodology was the 
third most cited journal. However, according to CiteScore (2020), this journal has the highest CiteScore, 
with a CiteScore of 8. 

  

The CiteScore calculation is based on Scopus data. The CiteScore of a journal is the number of citations 
received in that year and the previous three years for documents published for four years divided by the 
total number of published documents in the journal during the same four-year period. According to the 
CiteScore (2020) report, only three journals had a CiteScore of 5 and above. The journal with the lowest 
CiteScore belonged to the Electronic Journal of Statistics, with a CiteScore of 1.9. This journal's ranking 
percentile is 60th, which is low compared to other journals. 

 

Nevertheless, the value of CiteScore can sometimes assist researchers in making publication selection 
decisions for writers. CiteScore, on the other hand, cannot be used as a standalone metric because it is 
a metric without field normalisation and hence should not be compared across subject fields. The Journal 
Impact Factor (IF) is another frequently used metric to measure citations. The Journal Citation Reports 
publish the IF of the journal, which is determined from data obtained in the Web of Science database. 
CiteScore and IF are based on the same principles. Both rely on the number of citations compared to 
the number of articles published in a specific period. The only difference is the period considered in the 
calculations. 
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Table 2. The top productive journals in FDA research with their most cited article. 

 

Journal TP TC Cite 
Score 
2020 

Title of the most cited 
article 

Times 
cited 

Publisher 

Journal of the American 
Statistical Association 

73 2892 6.8 Functional data 
analysis for sparse 

longitudinal data [13] 

748 Taylor and 
Francis 

Computational Statistics and 
Data Analysis 

65 1576 2.7 Robust forecasting of 
mortality and fertility 

rates: A functional data 
approach. [14] 

309 Elsevier 

Journal Of Multivariate 
Analysis 

52 688 2.2 Functional canonical 
analysis for square 

integrable stochastic 
processes. [15] 

77 Elsevier 

Annals of Statistics 38 2362 5.8 Functional linear 
regression analysis for 
longitudinal data. [16] 

392 Institute of 
Mathematical 

Statistics 

Biometrics 34 982 3.0 Nonparametric mixed 
effects models for 
unequally sampled 
noisy curves. [17] 

268 Wiley-
Blackwell 

Journal of the Royal 
Statistical Society Series B 

Statistical Methodology 

31 2336 8 Parameter estimation 
for differential 
equations: A 

generalized smoothing 
approach. [18] 

368 Wiley-
Blackwell 

Annals Of Applied Statistics 30 521 3.7 Modeling and 
forecasting electricity 

spot prices: A functional 
data perspective.[19] 

59 Institute of 
Mathematical 

Statistics 

Electronic Journal of 
Statistics 

26 332 1.9 Longitudinal functional 
principal component 

analysis. [20] 

95 Institute of 
Mathematical 

Statistics 

Journal of Computational 
and Graphical Statistics 

26 412 4.5 Functional Additive 
Mixed Model. [21] 

105 Taylor & 
Francis 

Statistics in medicine 26 332 3.4 Functional data 
analysis with 
application to 

periodically stimulated 
foetal heart rate data. II: 

Functional logistic 
regression. [22] 

56 Wiley-
Blackwell 

                      TP: Total Publication; TC: Total Citations 

 

 

Leading Authors 
Table 3 shows the top ten prolific authors in the FDA research areas. Researchers from the United States 
of America (USA) dominated the list with four authors, followed by Canada (2 authors), Italy (2 authors), 
and one author from each of the following countries: France and Australia. The first publication in the 
Scopus database for the top 10 authors ranged from 1989 to the latest year of 2009, with most of them 
being co-authors and corresponding authors. Müller, H.G., an author from the University of California in 
the United States, has the most publications, with 70. In 2003, he was one of the co-authors of his first 
paper published in Scopus. However, there is a large gap in the publications between the first, second, 
and third-leading authors. A total of 29 publications were authored by the second-leading author, Vieu, 
P., who was affiliated with the Institut de Mathématiques, France. On the other hand, Ramsay, J.O., and 
Hall, P.G., the third and fourth leading authors, respectively, authored 23 and 21 publications. 

 

https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-19744375466&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=30379b58a7eecd5e53f5e05c3ef33c1f&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Journal+Of+The+American+Statistical+Association%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=705&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-19744375466&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=30379b58a7eecd5e53f5e05c3ef33c1f&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Journal+Of+The+American+Statistical+Association%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=705&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-19744375466&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=30379b58a7eecd5e53f5e05c3ef33c1f&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Journal+Of+The+American+Statistical+Association%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=705&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-33750436765&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=f8de9ed93833147e66e922ca753e32b6&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Computational+Statistics+And+Data+Analysis%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=287&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-33750436765&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=f8de9ed93833147e66e922ca753e32b6&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Computational+Statistics+And+Data+Analysis%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=287&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-33750436765&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=f8de9ed93833147e66e922ca753e32b6&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Computational+Statistics+And+Data+Analysis%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=287&searchTerm=
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https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-84885040095&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=77c6745b2da362962cf9a85db381e77b&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Annals+Of+Applied+Statistics%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=56&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-84885040095&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=77c6745b2da362962cf9a85db381e77b&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Annals+Of+Applied+Statistics%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=56&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-84885040095&origin=resultslist&sort=cp-f&src=s&nlo=&nlr=&nls=&sid=77c6745b2da362962cf9a85db381e77b&sot=a&sdt=cl&cluster=scosrctype%2c%22j%22%2ct%2bscosubtype%2c%22ar%22%2ct%2bscopubyr%2c%222021%22%2cf%2bscoexactsrctitle%2c%22Annals+Of+Applied+Statistics%22%2ct&sl=374&s=TITLE-ABS%28%22functional+data+analysis%22%29+OR+AUTHKEY%28%22functional+data+analysis%22%29+AND+NOT+EID+%282-s2.0-85085018836+OR+2-s2.0-85068329306+OR+2-s2.0-85058999433+OR+2-s2.0-85042619255+OR+2-s2.0-85052849404+OR+2-s2.0-84959387275+OR+2-s2.0-84949087732+OR+2-s2.0-84957612839+OR+2-s2.0-84928111503+OR+2-s2.0-84892512066+OR+2-s2.0-77952396887+OR+2-s2.0-66349121162+OR+2-s2.0-84884959104+%29&relpos=0&citeCnt=56&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
https://www-scopus-com.ezproxy.utm.my/record/display.uri?eid=2-s2.0-0037197606&origin=resultslist&sort=cp-f&listId=57255221&listTypeValue=Docs&src=s&nlo=&nlr=&nls=&imp=t&sid=9b5efcc987c65c64b0a13bb00977ad0c&sot=sl&sdt=cl&cluster=scoexactsrctitle%2c%22Statistics+In+Medicine%22%2ct&sl=0&relpos=0&citeCnt=55&searchTerm=
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Table 3. List of the ten most prolific authors in the FDA research area 

 

 Authors Scopus  
Author ID 

Year of 1st 
publication 

TP H-index TC Current  
Affiliation 

Country 

1 Müller, H.G. 
 

7404945300 
 

2003 
Co-author 

70 26 
 
 

2858 
 
 

Department of 
Statistics, 
University of 
California, Davis, 
United States 

United 
States 

2 Vieu, P. 6603378253 2003 
Co-author 

29 15 832 Institut de 
Mathématiques 
de Toulouse,  
France 
 

France 

3 Ramsay, J.O. 
 

7103327414 
 

1989 
Corresponding 
author 

23 13 1194 Department of 
Psychology, 
Université McGill, 
Montreal, Canada 

Canada 

4 Hall, P.G. 57203346769 1998 
Co-author 

21 13 1347 School of 
Mathematics and 
Statistics, 
Australia 
University of 
Melbourne, 
Parkville, 
Australia  

Australia 

5 Kokoszka, 
P.S. 

6603891972 2007 
Co-author 

21 12 409 Department of 
Statistics, 
Colorado State 
University, Fort 
Collins, United 
States 

United 
States 

6 Cao, J. 14622304000 2007 
Corresponding 
author 

20 9 497 Department of 
Statistics and 
Actuarial Science, 
Simon Fraser 
University, 
Burnaby, Canada 
 

Canada 

7 Sangalli, L.M. 22836567800 2009 
Corresponding 
author 

20 11 495 Department of 
Mathematics, 
Politecnico di 
Milano, Italy 
 

Italy 

8 Vantini, S. 23475624900 2009 
Co author 
 

20 10 368 Department of 
Mathematics, 
Politecnico di 
Milano, Italy 
 

Italy 

9 Morris, J.S. 7405897451 2001 
Corresponding 
author 

19 13 730 University of 
Pennsylvania 
Perelman School 
of Medicine, 
Philadelphia, 
United States 

United 
States 

10 Wang, J.L. 35239020400 2003 
Co author 

19 14 1860 Department of 
Statistics, 
University of 
California, Davis, 
United States 

United 
States 

TP: Total Publications; TC: Total Citations 
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The total number of citations obtained by the authors helps in the measurement of the H-index. The H-
index is another metric that is used to measure both the citation impact and productivity of publications. 
It can be used as an indicator to measure the achievement of the authors. Müller HG has been awarded 
the highest H-index (26) in FDA publications, with 2858 citations by 2021. Vieu P, the second leading 
author, obtained an H-index of 15, followed by Hall PG (H-index: 13), Ramsay JO (H-index: 13), Wang 
JL (H-index: 14), and Morris JS with an H-index (13). The affiliations of the top 10 authors in FDA 
research areas come mainly from Statistics and Mathematics. However, a few authors, such as Ramsay 
JO, are affiliated with the Department of Psychology Université McGill Canada, while Morris JS is from 
the School of Medicine, Philadelphia, United States. FDA research appears to be more diverse than just 
mathematics and statistics. 

 
Several authors in Table 3 worked collaboratively and published some articles together. For example, 
Müller, H.G., and Wang, J.L., wrote the first article in 2003, entitled 'Functional quasi-likelihood 
regression models with smooth random effects', published in the Journal of the Royal Statistical Society. 
Series B: Statistical Methodology [23]. Müller, H.G., and Wang, J.L., are affiliated with the same 
university, the University of California, Davis, United States. Other international collaborative works can 
also be seen between Müller H.G., Wang, J.L., and Hall, P. Their article entitled 'Properties of principal 
component methods for functional and longitudinal data analysis' was published in the Annals of 
Statistics in 2006. [24] Hall, P., is affiliated with the School of Mathematics and Statistics, University of 
Melbourne, Australia. Besides that, Ramsay J.O., the first author who published the FDA article, has 
collaborated with other leading authors listed in Table 3, such as Cao, J., and Sangalli, L.M. All the 
publications mentioned proved that international collaboration in FDA research areas exists. In a recent 
article, Ramsay, J.O. (Canada) and Sangalli, L.M. (Italy) worked collaboratively to model spatial 
anisotropy using functional regression with partial differential regularisation [25]. There is a high 
possibility that co-authors could sometimes be their colleagues or postgraduate students. 

 

Leading Countries and Institutions 
 

Figure 4 shows the top 20 active countries in the FDA publications. The USA contributed approximately 
42.2% of the global FDA publications, as shown in Table 4. The authors from the United States 
contributed 722 papers, with 100 coming from the University of California, Davis. China is the second 
leading country with 197 publications, approximately four times less than the USA, followed by Spain, 
Canada, the United Kingdom (UK), Italy, and France. Even though Canada ranked 4th in the top 20 
countries, the total publication (TPi) from Université McGill was found to be higher than Beijing University 
of Technology. Beijing University of Technology has only 13 publications, less than the National 
University of Singapore and Academia Sinica Taiwan, which placed 16th and 17th, respectively. 

 

                                                   
   

Figure 4. The top 20 most productive countries and academic institutions in FDA publications 
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Among the top 20 countries, the USA (62.7%), Spain (60.0%), Poland (62.5%), and Japan (60%) had 
nearly 2/3 single country publications (SCP). The findings show that the authors in these countries 
preferred to collaborate locally. Perhaps it is easier to converse in the same language, especially for 
Japanese authors or professionals from the same country. On the other hand, Saudi Arabia had the 
fewest SCPs at 6.25%. Similarly, despite its small size, Singapore has the second lowest SCP at 7.4%, 
indicating that 92.6% of its authors are affiliated with other countries. However, looking into the details, 
authors from Singapore collaborated with other co-authors, with some coming from the top 10 authors, 
as listed in Table 3. Apart from Singapore, South Korea, the Netherlands, and Ireland have over 80% of 
international collaborations. Through international collaborations, authors from different countries can 
share their knowledge and expertise, broadening the network between countries and boosting the 
university's ranking. In addition, eight universities from Table 4 were ranked in the top 100 best 
universities based on the QS  (Quacquarelli Symonds) World University Ranking 2021. The University 
of Cambridge (7th), National University of Singapore (11th), Université McGill, Canada (31st), Seoul 
National University, Korea (37th), University of Melbourne, Australia (41st), Universiteit van Amsterdam, 
Netherlands (61st), Ludwig-Maximilians-Universität München, Germany (63rd), and KU Leuven (84th), 
Belgium, were on the list. It shows that FDA research has received attention from top universities 
globally. 

 

The next stage is to create a map based on bibliographic data using VOSviewer software. The authorship 
was classified into four categories according to the continents. The co-authors are from 70 countries, 
with 3165 authors. Figure 5 depicts the distribution of countries involved in FDA research. The larger the 
box size, the more publications the country has, while the colours represent the average year of the 
publications. According to Figure 5, the United States has the highest total publications, with an average 
year of publication of 2014.2, followed by China (average publication: 2018.1), Spain (average 
publication: 2015.8), Canada (average publication: 2014.9), the United Kingdom (average publication: 
2015.7), and Italy (average publication: 2016.9). If the location distances in VOSviewer are small, the 
two countries are significantly associated, whereas the line thickness suggests a strong link between 
them. Furthermore, the link strength represents the total number of publications linked to both countries. 
On the other hand, the total link strength describes the strength of a country's co-authorship links with 
other countries. 

 
The largest number of countries comes from Europe (27), Asia (23), America (11), Africa (7), and 
Oceania (2). The result of the co-authorship indicates that the United States was the most affiliated 
country with a total link strength of 361 times of co-authorship, which links to 42 countries. The list is 
followed by the United Kingdom (37 links, 165 co-authorships), China (30 links, 152 co-authorships), 
Canada (24 links, 136 co-authorships), France (24 links, 111 co-authorships), Australia (31 links, 96 co-
authorships), Spain (33 links, 94 co-authorships), Italy (24 links, 85 co-authorships), and others. Hence, 
the results show that FDA topics have received attention throughout the world. The authors from the 
United States and Canada collaborated the most, with 55 co-authorship publications, followed by the 
United States and China with 53 co-authorship publications (LS: 53), and the United States and the 
United Kingdom (LS:35). China also has strong international partnerships with Canada (LS:22), France 
(LS:11), and Singapore (LS:12). Aside from strong collaboration with the United States, the authors from 
the United Kingdom also established international collaboration with Ireland (LS: 14), Italy (LS: 10), Spain 
(LS: 12), and Australia (LS: 9). 

 

Figure 5 shows that each of the 70 countries has at least one co-authorship with another country. In the 
VOSviewer, it is also apparent that countries like Georgia and Greece appear far apart, indicating that 
they have the least collaboration with authors from other countries. According to the average publishing 
year of 2021, countries including Tunisia, Lebanon, Bahrain, Palestine, Cameroon, and the Philippines 
have recently participated in FDA research topics. The increased number of international collaborators 
may be influenced by several factors, such as memorandum of understanding (MOU) activities, 
international conferences/seminars, postgraduate supervision, visiting researchers, and international 
research funding. 
 

Author Keywords 
Using VOSviewer, we examine the co-occurrence of author keywords. First, to group similar keywords, 
we construct a thesaurus file. Then, we look at all comparable terms, group them, and replace them with 
a single term. The total number of keywords was 4342, with 154 matching the VOSviewer's minimum 
five occurrence requirement. 
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Table 4. The top 20 most productive countries and academic institutions in FDA publications 

 

Rank Country 
Total 

Publication 
(TPc) (%) 

SCP(%) 
The most productive 

 academic institutions 

Total  
publication of a 

given 
academic 

institution (TPi) 

1 United States 
722 

(42.2%) 
62.7 

University of California, 
Davis 

100 

2 China 
197 

(11.5%) 
48.2 

Beijing University of 
Technology 

13 

3 Spain 
160 

(9.4%) 
60.0 Universidade da Coruña 27 

4 Canada 
147 

(8.6%) 
36.7 Université McGill 34 

5 United Kingdom 
140 

(8.2%) 
26.4 University of Cambridge 20 

6 Italy 
130 

(7.6%) 
55.4 Politecnico di Milano 50 

7 France 
124 

(7.2%) 
39.5 

Institut de Mathématiques 
de Toulouse 

38 

8 Germany 
93 

(5.4%) 
 

50.5 
Ludwig-Maximilians-
Universität München 

19 

9 Australia 78 (4.6%) 24.4 University of Melbourne 24 

10 South Korea 36 (2.1%) 22.2 Seoul National University 14 

11 Switzerland 32 (1.9%) 53.1 
Ecole Polytechnique 

Fédérale de Lausanne 
15 

12 Belgium 32 (1.9%) 37.5 KU Leuven 14 

13 Saudi Arabia 32 (1.9%) 6.25 King Khalid University 19 

14 Ireland 31 (1.8%) 16.1 University of Limerick 14 

15 Japan 30 (1.8%) 60.0 Kyushu University 5 

16 Singapore 27 (1.6%) 7.4 
National University of 

Singapore 
17 

17 Taiwan 26 (1.5%) 30.8 Academia Sinica Taiwan 16 

18 Czech Republic 24 (1.4%) 37.5 
Univerzita Palackého v 

Olomouci 
8 

19 Netherlands 24 (1.4%) 23.8 
Universiteit van 

Amsterdam 
4 

20 Poland 24 (1.4%) 62.5 
Uniwersytet im. Adama 
Mickiewicza w Poznaniu 

13 

TPc: Total publications of a given country; TPi: Total publications of a given academic institution;  

SCP: Single Country Publication 
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Figure 5. A screenshot of the bibliometric map created based on co-authorships with network 
visualization mode. The following URL can be used to open Figure 5 in VOSviewer: 
https://bit.ly/33NNazM 

 

 

Terminology and Concepts 
Referring to Figure 6, the author keyword 'functional data analysis' was the most popular in the articles 
(average publication: 2015.2), with 1242 occurrences and 153 links to other keywords. Other keywords 
such as 'functional principal component analysis (FPCA)' have 136 occurrences which link to the other 
75 keywords and an average publication of 2016.2, 'principal component analysis (PCA)' (113 
occurrences, 75 links, average publication: 2012.3), 'functional regression' (64 occurrences, 49 links, 
average publication: 2015.7), 'smoothing' (49 occurrences, 51 links, average publication: 2011.4), 
'clustering' (44 occurrences, 33 links, average publication: 2014.0), 'dynamic time warping' (42 
occurrences, 33 links, average publication: 2013.2) and 'longitudinal data' (43 occurrences, 44 links, 
average publication: 2012.2), These mentioned keywords are part of the statistical tools and features 
that were often used in FDA research areas. Functional data analysis also co-occurred with other 
keywords such as 'time series' (33 occurrences, 19 links), 'b-splines' (30 occurrences, 26 links), 
'dimension reduction' (30 occurrences, 38 links), 'classification' (30 occurrences, 30 links), and 
'smoothing spline' (30 occurrences, 33 links). 

 

Tools and features of the FDA  
The topic of the FDA has received considerable attention from various fields of research. Multivariate 
statistics, linear modelling, and time series analysis, which are part of conventional statistical methods, 
have been intensively employed using a functional concept. Some of the important features and tools 
of the FDA, based on the author's keywords, were also explained in this section. 

  

Principal Component Analysis (PCA) and Functional Principal 
Component Analysis (FPCA) 
The principal component analysis is a standard multivariate statistical method based on link strength 
related to functional data analysis. The PCA is generally used to reduce dimension. It reduces the 
number of correlated variables to a smaller number of uncorrelated variables while maintaining as much 
variation as possible [1]. The author keyword of PCA co-occurred with 'eigenvector' in six publications 
(LS:6), six publications with 'eigenfunction' (LS: 6), 'dimension reduction' (LS:7), 'singular value 
decomposition' (LS:5), 'consistency' (LS:6), and 'functional regression' (LS: 6). 
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Figure 6. A screenshot of the bibliometric map created based on author keywords co-occurrence with 
overlay visualization mode. Minimum occurrences of a keyword are set to five. The following URL can 
be used to open Fig. 6 in VOSviewer: https://bit.ly/353Bc5Y 

 

 

Ramsay and Abrahamowicz [11] were the first to publish articles attributable to principal component 
analysis. They used the method of principal component to describe the functional variation for the 
psychometric application. In another publication, Ramsay et al. [12] used a functional version of principal 
component analysis to study the variation in height acceleration. The method of principal component 
analysis has been successfully applied, such as in modelling the labelling index distribution [26], 
longitudinal data analysis [24, 27], growth modelling [28], mortality and fertility rates [14], patterns of 
traffic flow trajectories [29], and identifying species from bloodstains [30]. 

 

The principal component analysis method was later expanded to include the variations of smoothing 
curves in a functional concept known as functional principal component analysis. The keyword 'functional 
principal component analysis' appeared 136 times. It frequently co-occurred with 'functional regression' 
(LS:10), 'smoothing' (LS:7), 'longitudinal data' (LS: 6), 'functional linear model' (LS:5), 'asymptotic' (LS:4), 
and 'penalized spline' (LS: 5). Based on the Scopus database, the first article that used the keyword 
'functional principal component analysis' was published by James [31]. In his study, he extended the 
method of a generalised linear model to handle the observation of predictor variables coming from a 
function or curve. The functional principal component analysis has been intensively used in several 
studies, such as interpreting lactate curves [32], analysing kinematic data [33], gene classification [34], 
exploring the major source of variations in glomerular filtration rate curves [35], modelling aircraft 
degradation [36], and estimating mean and covariance for functional snippets [37]. 

 

Smoothing 
Discrete data can be converted into a function in two ways. The first is the interpolation approach, which 
assumes that the data are error-free, but if any observational errors need to be removed or minimised, 
a smoothing process is used [38]. Smoothing frequently occurs in conjunction with the terms 'principal 
component analysis' (LS:8), 'functional principal component analysis' (LS:7), 'eigenfunction' (LS:6), 
'functional regression' (LS:6), and 'repeated measurement' (LS:5). The first step in functional data 
analysis is to create a set of basis functions that are used to smooth the functional data. B-spline 
smoothing, Cubic Spline smoothing, Fourier series smoothing, P-spline, Polynomial Smoothing, and 
Kernel smoothing are some of the most commonly used smoothing basis functions. 

Silverman [39] introduced the smoothing technique for functional principal component analysis. He 
replaced the usual L2-orthonormality constraint on the principal components with orthonormality to an 
inner product that takes account of the roughness of the functions. In addition, he implemented a Fourier 
transform for the periodic data. Ocaña et al. [40] also used the FDA feature of smoothing in functional 
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principal component analysis to measure the distance. The term smoothing has been actively used in 
several publications related to FDA, such as smoothing functional varying coefficient models for 
longitudinal data [41], smoothing ground reaction force data using the B-spline basis function [42], 
smoothing two-dimensional functional datasets using spline basis functions [43], smoothing functional 
canonical correlation analysis of humidity and temperature data [44], and examining the choice of 
smoothing and differentiation for kinematic data [45]. 

 

Functional Regression 
Functional regression is an extension of ordinary regression analysis where responses or covariates are 
functional data. The models can be categorised into four types depending on whether the responses or 
covariates are functional or scalar: (i) scalar responses with functional covariates, (ii) functional 
responses with scalar covariates, (iii) functional responses with functional covariates, and (iv) scalar or 
functional responses with functional and scalar covariates. Functional regression models can be linear, 
partially linear, or nonlinear. There are 64 occurrences in the article journal that use the keyword. It is 
often appeared with 'functional principal component analysis' (LS:10), 'smoothing' (LS:6), 'principal 
component analysis' (LS:6), 'small ball probability' (LS:3), 'prediction' (LS:2), and 'B-spline' (LS:2). 

  

Chiou et al. [23] proposed a class of semiparametric functional regression models to describe the 
influence of vector-valued covariates on a sample of response curves. Each observable curve is thought 
to be the result of a random process with a mean function and random components. Manteiga and Vieu 
[46] explored the methodological aspects of regression in functional variables, curve classification, and 
functional data factorial analysis. Barber et al. [47] discussed the Least Absolute Shrinkage and Selection 
Operator (LASSO), a scalar regression function with applications to longitudinal genome-wide 
association studies (GWAS). Other published applications of functional regression include chemometrics 
[48], medical applications such as multiple sclerosis patients and cerebral aneurysms [49], traffic 
monitoring systems [50], seed germination coefficient comparison [51], improving the quality of optimal 
sampling schedules [52], and studying the effect of energy sector investment on energy security in the 
provinces [53]. 

 

Clustering 
Clustering is a multivariate statistical approach for grouping things with a high degree of similarity to 
those in other groups. The clustering approach is used in the functional context to group smoothing or 
function curves that exhibit similar patterns to make inferences. Several authors have successfully 
investigated dissimilarities between functions in the case of functional data [54-58]. With applications to 
cluster analysis, Hitchcock et al. [54] investigated the influence of smoothing functional data on 
estimating the dissimilarities across objects in a dataset. Tokushige et al. [55] applied multivariate 
functional data analysis to the notion of crisp and fuzzy k-means clustering techniques. Song et al. [34] 
proposed a clustering technique to cluster time-dependent gene expression profiles. Giacofci et al. [59] 
presented curve clustering for the random effect in a high-dimensional context. Their method was tested 
on data from microarray comparative genomic hybridization (CGH). 

 

The clustering technique was successfully used in sports analysis to classify patterns [60]. Liebl et al. 
[60] classified different footfall patterns in human runners. The proposed stochastic cluster analysis 
provides a robust and practical framework for grouping foot strikes. On the other hand, Misumi et al. [58] 
suggested a multivariate nonlinear mixed-effects model for clustering various longitudinal data. Data 
from typhoons that struck Asia between 2000 and 2017 was used in their study. In a recent publication, 
Léger and Mazzuco [61] employed FDA clustering to study smoothing mortality patterns from 32 
countries based on the Human Mortality Database from 1960 to 2018. Usually, principal component 
analysis and clustering are closely related techniques. The factor scores extracted from the principal 
component analysis are normally used for clustering analysis, for example, in analysing bloodstains [30]. 

 

Development of the author keywords in the FDA 
The link strength of the two keywords could also be used to analyse research interest. For example, 
'functional data analysis' was used with 'principal component analysis' in 96 articles, followed by 88 
articles with 'functional principal component analysis.' There are 42 articles containing both keywords: 
functional data analysis and functional regression, functional data analysis-smoothing (LS:39), 
longitudinal data-functional data analysis (LS:38), clustering-functional data analysis (LS:36), functional 
data analysis-dynamic time warping (LS:36), functional data analysis-dimension reduction (LS:28) and 
functional data analysis-classification (LS:26). It seems that research interest in functional data analysis 
and principal component analysis was the strongest. Other keywords such as 'association mapping', 
'common variant', 'complex traits', 'rare variants', and 'complex diseases' were less related to FDA based 
on the longer distance between the keywords in VOSviewer. 
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We could analyse the evolution of the keywords in FDA if we used the overlay visualisation mode. With 
an average publishing year of 2003.7, the keyword 'curve estimation' was one of the first. It had seven 
other keywords associated with it. Faraway [62] produced the first article that used this keyword in 
performing regression analysis for functional responses. Faraway [63] once again mentioned this 
keyword while utilising the graphical method to investigate the mean structure for longitudinal data. This 
keyword has progressed with constant publishing in 2001, 2003, 2007, and 2015. 
  
The keyword 'principal differential analysis' was also presented before 2010, with an average publication 
year of 2008.8. Ramsay [18] was the first to use it. In examining a sample of Chinese handwriting, he 
employed the differential equation method, and later, the same keyword was used to find a differential 
equation for lip motion [64]. The paper by Dalla Rossa et al. [65] demonstrated the advancement of this 
keyword. They explored using principal differential analysis to reduce the number of dimensions in 
functional data sets. Jang and Lim [66] have suggested a classification approach based on principal 
differential analysis. They combined the principal differential analysis results with logistic regression for 
binary classification. 

 

Since COVID-19 has affected the global health systems of whole countries, many researchers have 
begun investigating the disease. 'Covid-19' is a recent author keyword with an average publication of 
2020.8, with five occurrences. A link to six other keywords, including 'functional data analysis' (LS: 5), 
'function-on-function regression' (LS: 1), 'b-splines' (LS: 2), 'phase variability' (LS:1), and 'functional 
principal component analysis' (LS:5). Acal et al. [67] authored the first article that mentioned 'Covid-19'. 
With the application to the COVID-19 pandemic in Spain, they compared the performance of modelling 
approaches based on the varimax rotation of FPCA. Later on, in 2021, a series of articles on COVID-19 
was again published by Acal et al. [68,69]. Acal et al. [68] employed a functional Analysis of Variance 
(ANOVA) to detect the changes in air pollution during the COVID-19 pandemic. Two sets of data were 
used: before lockdown and during lockdown. The FDA techniques were used to investigate the impact 
of the lockdown on air quality. According to their findings, functional ANOVA has proven helpful in 
monitoring the changes in air quality over two time periods. In the most recent article, Acal et al. [69] 
employed a function-on-function regression model for the imputation of missing data on COVID-19 
hospitalised and intensive care curves in several Spanish areas. Other authors, Kumar et al. [70], used 
functional data analysis to conceptualise and explore the comparative efficacy of various 
nonpharmaceutical interventions that countries could use to prevent or slow the spread of disease 
incidence and death. In addition, Scimone et al. [71] examined the spatio-temporal mortality patterns of 
COVID-19 cases in Italy. In their analysis, the mortality data were represented as densities of time of 
death, considered functional data. 
 
Other author keywords with an average publication year of 2019 or higher include 'structural health 
monitoring' (average publication: 2019.8), 'function-on-scalar regression/scalar-on-function regression' 
(average publication: 2019.1), 'function-on-function regression' (average publication: 2019.33), 
'statistics' (average publication: 2019.33), 'outlier detection' (average publication: 2019.36), 'quantile 
regression' (average publication: 2019). The author's keyword, 'structural health monitoring' was 
identified in five documents. The first was published in 2018, followed by a single publication in 2019 and 
2020, respectively, and the last two in 2021. It also links to keywords such as 'bootstrap', 'dynamic time 
warping', and 'missing data'. In a recent paper, Chen et al. [72] addressed their concern about missing 
structural health monitoring data. They used a warping function regression method from the functional 
data analysis framework to reconstruct missing data distributions. The author keyword 'structural health 
monitoring' also appeared in Jiang et al. [73]. The study focused on the features of nonlinear phase 
variation between responses in modelling relationships for field strain data under thermal effects. 

 

Based on the largest number of occurrences for the average publication in 2019 and above, the keyword 
'quantile regression' has 13 occurrences with 13 links. The keyword is closely related to 'functional 
nonparametric statistics' (LS:2), 'asymptotic normality' (LS: 1), 'small ball probability' (LS: 2), and 
'bayesian hierarchical model' (LS: 1). The first article that used 'quantile regression' was published in 
NeuroImage authored by Reiss et al. [74]. The keyword was used to describe the functional connectivity 
of an individual human brain. After a few years, the keyword was used again in Statistics and Probability 
Letters by Ding et al. [75]. They proposed a quantile estimation as an alternative to the least squares 
approach for a semi-functional linear model. Later on, Wang et al. [76] developed a wavelet-based 
regularised linear quantile regression framework for coefficient estimations, where the responses are 
scalars, and the predictors include both scalars and functions. The number of publications that highlight 
'quantile regression' increased to seven in 2020, showing that the present keyword has received much 
attention in FDA research areas. Almanjahie et al. [77] employed the L1-norm approach in constructing 
the local linear estimator of the spatial regression quantile for functional regressors, while Xu and Du 
[78] proposed a functional approach of nonparametric quantile regression estimation with the responses 
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missing at random. The recent publication by Laksaci et al. [79] focused on the efficiency of the 
nonparametric estimation of the conditional quantile when the response variable is a scalar given a 
functional covariate. 
  
Based on the Scopus database, the author keyword 'function-on-function regression was first used by 
Meyer et al. [80] to describe the relationship between two functional variables. It was used for repeatedly 
sampled functional data since researchers often sample multiple curves per person, resulting in repeated 
functional measures. They used a Bayesian framework combined with function-on-function regression 
to analyse how the brain processes different types of images. Rügamer et al. [81] employed function-on-
function regression models in analysing the functional relationship between electroencephalography and 
facial electromyography. Later on, Acal et al. [68] proposed a function-on-function regression model to 
estimate the missing values of the functional responses associated with hospitalised and intensive care 
curves related to a newly emerging disease, COVID-19. The method provided a prediction equation for 
the imputation of the missing values. The other keywords, 'function-on-scalar regression', and 'scalar-
on-function regression' are parts of functional regression. The idea is to fit regression models for scalar 
and functional responses with the effects of scalar and functional covariates. Gellar et al. [82] introduced 
models with subject-specific functional predictor domains. The basic idea is to evaluate a bivariate 
functional parameter affected by the functional argument and the domain width of the functional 
predictor. The method was applied to data from intensive care units (ICUs). In addition, the mentioned 
keywords can also be observed in the application of stock return [83], positron emission tomography 
(PET) data [84,85], and modelling the effect of wildfires on vegetation index [86]. Serra-Burriel et al. [86] 
employ FDA regression models, 'function-on-scalar regression', in which wildfire impacts are treated as 
functional responses, with elapsed time after each wildfire acting as a scalar covariate and pre-wildfire 
information acting as a scalar covariate. 
 
Outlier detection has recently been one of the most popular author keywords in FDA research. It 
appeared in 11 documents and is linked to 11 additional author keywords. Vilar et al. [87] used a robust 
functional principal component analysis to identify outliers in functional time series with applications to 
the electricity market. In a recent European Journal of Operational Research publication, Rennie et al. 
[88] used functional data analysis to identify and respond to outlier demand in revenue management. 
They discovered that functional outlier identification had a higher detection rate than other approaches. 
In general, it could be summarised that the development of new author keywords has shown the growth 
of research interest in the FDA.  

 
Limitation of Study and Future Work 
 
The current study has several limitations. First, the articles related to the FDA research areas have been 
retrieved only from the Scopus database. Only articles with a Scopus index will be considered in the 
analysis. Besides, the search strings in this analysis are focused only on 'functional data analysis' that 
appears within the title, abstract, or author keywords in the Scopus database. Finally, since the number 
of published articles is quite limited, multiple databases, such as Web of Science, Dimensions, and 
Microsoft Academic, are highly recommended to provide a complete review and analysis in future work. 
For future analysis, the search strings can be extended to tackle particular issues such as 'climate 
change', 'infectious disease', 'finance', and 'time series forecasting'. Hence, the findings will be more 
relevant to address the current issues. 

 

Conclusions 
 

The present study used bibliometric analysis to provide an overview of FDA research trends over the 
past three decades, based on 1712 publications retrieved from the Scopus database. A strong 
international collaboration between the US-China, US-Canada, and US-UK has contributed to a large 
number of published papers. Authors from other small countries have also initiated international 
collaborations with leading authors in FDA research areas. There have been rapid publications for the 
last 30 years, and the number of publications is expected to continue to rise. The FDA offers a flexible 
framework for modelling functional data. Several FDA features and tools, such as smoothing, principal 
component analysis, regression, and clustering, have been thoroughly explored by researchers and have 
been applied intensively in various domains. Some new tools, such as function-on function regression, 
scalar-on-function regression, and function-on scalar regression, have been presented and discussed in 
this study, providing potential hot topics for future studies. In addition, new author keywords such as 
'Covid-19', 'structural health monitoring', and 'outlier detection' have recently appeared in published 
articles, indicating that FDA research is rapidly developing and still progressing. Based on the findings, 
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it seems that lately, the biomedical and health sciences are the two research fields that many researchers 
have explored for functional data analysis applications. 
 
In conclusion, bibliometric analysis allows researchers to become more alert and always updated with 
recent research developments. It assists in identifying emerging research areas based on keyword 
occurrences, prominent researchers, leading institutions, and countries. However, it is not a suitable 
replacement for the qualitative assessment that systematic literature reviews require. Both methods have 
their specialties and can be combined to provide more comprehensive literature reviews within a specific 
research domain. 
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