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Abstract 
 

Bibliometrics is a methodological research field that studies quantitatively the bibliographic material. 
Technology forecasting and detecting emerging technology using bibliometrics are basis for policy 
making. However, it contributed less in the federal or academic science policy context: tools are 
adopted to a small extent, the degree of usage is limited, and they are not practical so far. Therefore, 
the objective of this thesis is to propose new applications of bibliometrics for management of 
technology and science policy. Four methods are proposed: method to enhance maximum component 
of patent network, method to detect innovation seeds although research trends are complicated, 
method to assess commercialization possibility of innovation seeds, and method to detect plausible 
applications of innovation seeds. IoT-related technologies are undertaken as analysis target to validate 
the effectiveness of proposed methods. They allow R&D managers and policy makers to focus on 
new applications of innovation seeds with possibility to be commercialized in the future by using the 
integrated method. 
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1. Introduction 
1.1. Bibliometrics in the field of Management of Technology  

 
      Management of technology (MOT) links engineering, science, and management disciplines to 
plan develop, and implement technological capabilities to shape and accomplish the strategic and 
operational objectives of an organization [1]. There are some terminologies such as technology 
management (TM), engineering management (EM), technology innovation management (TIM). MOT 
has expanded with great speed over the last two decades since the US National Research Council 
(1987) mentioned about MOT [2]. Today, many countries give “a lot of importance to this field with a 
strong emphasis on the connection with research & development (R&D)” [3-5]. 
      MOT is a multidisciplinary research [2]. Currently the domain could be divided into 45 
subdomains. Most of them are theoretical researches (e.g., open innovation, new product development, 
technology transfer) and quite few are methodological researches (e.g., product portfolio management, 
roadmap, design structure matrix). Among these sub domains, bibliometrics is the most active 
research target and its most-cited research is relatively new (see Appendix). It is a methodological 
research field that studies quantitatively the bibliographic material [6]. By applying bibliometrics, it is 
possible to detect emerging technologies computationally (e.g., text mining, citation network analysis). 
Objective result could be obtained in short time compared to expert-based approach (e.g., interview, 
delphi) [7]. 

 
1.2. Bibliometrics in the field of Science of Science Policy 
 
      The Science of Science Policy (SoSP) is an emerging interdisciplinary field of research [8] and a 
community of practice that seeks to “provide a scientifically rigorous and quantitative basis for 
science policy” [9].  Previously, several bibliometric tools or methods have been proposed for SoSP. 
For an example of tools for SoSP, STAR METRICS (Science and Technology for America’s 
Reinvestment—Measuring the EffecTs of Research on Innovation, Competitiveness, and Science) [10, 
11] has been developed. The goal of STAR METRICS is allow the scientific community to 
understand and describe how, where, and why investments yield value to science and to the nation [8]. 
The program has “created several pilot tools to respond to the needs of agency officials, policy makers, 
and researchers” [8]. The particular focus has been to examine researchers’ grant proposals, and thus 
the system applies topic modeling [12] to analyze the proposals. As methods for SoSP, Moed and 
Halevi [13, 14] summarized types of research outputs, impacts and indicators are surveyed. Some 
example are “indicators based on publications and citations in peer-reviewed journals and books” that 
represent “contribution to scientific-scholarly progress: creation of new scientific knowledge.” The 
another is “(inter)national collaborations including co-authorships; participation in emerging topics.” 
They are indicators of “integration in (inter)national scientific-scholarly networks and research teams.” 
These tools or methods are good for obtaining technology options. However, the evaluation of 
researches or projects tends to be ex-post. Therefore, the method to assess and select the specific 
technology options ex-ante is required. For instance, Internet of Things (IoT) is a quite new and an 
emerging technology. The assessment is still under the progress. IoT is a broad technology [15] and 
its concrete application, value, and feasibility are still obscure. However, IoT has started to be 
recognized as an essential emerging technology among various stakeholders. In industry, promotional 
organizations such as the Industrial Internet Consortium (IIC) [16] have been founded. It is estimated 
that the market of the IoT will have a total potential economic impact of US$ 3.9-11.1 trillion per year 
by 2025 [17]. There are several other reports [18, 19], but in general they have described the IoT as 
having strong impact on industries and economies in the near future. Academia has also focused on 
IoT, and the number of papers including the terms “Internet of Things” or “IoT” has been increasing 
exponentially. A total of 197 papers with these terms were published before 2010, and the number 
increased to 1,870 by 2014 in the Web of Science Core Collection. Because the potential is huge, 
governments consider IoT as one of the main technologies that should be strategically promoted. For 
instance, the Council for Science, Technology, and Innovation (CSTI) devoted much attention to IoT 
in the fifth Science and Technology Basic Plan (fiscal 2016-2020) [20]. Another indication is that IoT 
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became a main topic in the World Economic Forum in January 2016 [21]. Therefore, IoT has been 
highly expected in the society, and thus, it is important to comprehend IoT trends.  
 
1.3. Previous literature of Bibliometrics for MOT and SoSP 

 
						In the subsection 1.1, bibliometrics was extracted as a most active subdomain of MOT. In this 
subsection, previous literature of the subdomain for MOT and SoSP is described. Watts and Porter 
[22] utilized various bibliometric methods: technology life cycle indicators, innovation context 
indicators, product value chain indicators. In their paper, the role of technology forecasting was 
introduced: help management make better decisions. Behkami and Daim [23] proposed a mixed-
method approach: content analysis, cluster analysis, keyword analysis, social network analysis. The 
method was for technology forecasting, and authors introduced it as a tool to improve policy planning 
and implementation. Lee and Su [24] studied the network and knowledge map that cover country, 
institute, paper and keyword as network actor. The map could allow potential quantitative applications 
in the policy science context such as for research and development (R&D) allocation, and for 
understanding of future research opportunity. Kajikawa et al. [25] applied citation network analysis 
for energy research to track emerging research domains. They mentioned the importance for R&D 
managers and policy makers to notice emerging research domains because growth more reliably 
depends on the application of new science and technology. Furukawa et al. [26] proposed a method to 
analyze chronological changes in research topics. Authors emphasized that policy makers and 
administrators at the national levels attention to strategic R&D investment in emerging technologies 
enhance industrial competitiveness. Haegeman et al. [27] summarized approaches in Future-oriented 
Technology Analysis (FTA). Demands of FTA especially from policy makers were introduced 
because they are in search for effective polices. Many researchers have been developed bibliometric 
methods to detect emerging technologies due to the considerable and growing interest on it, especially 
from the policy-maker [28]. However, the definition was differs among researchers. Hence, Rotolo et 
al. [28] reviewed previous literature and define what is an emerging technology. In their paper, 
methods to detect emerging technologies were also summarized.  
						Details of previous literature of bibliometrics for MOT and SoSP are shown in Table 1.1. 
Recapitulate, researchers regard technology forecasting and detecting emerging technology using 
bibliometrics as a basis for policy making. 
 
1.4. Previous Bibliometrics studies for IoT-related technologies 

 
      There is some previous literature that has applied bibliometrics to forecast or comprehend 
technological trends. Table 1.2 summarizes the IoT-related literature that has applied bibliometric 
methods. These studies are divided into two categories based on document type: article-based studies 
and patent-based studies. Article-based studies use article papers obtained from such databases as 
Science Citation Index (SCI), Social Sciences Citation Index (SSCI), and Conference Proceedings 
Citation Index (CPCI)-Science/Social Sciences and Humanities. Previous article-based studies studied 
IoT-related article-based studies include information technology, IoT, RFID, and pervasive or 
ubiquitous computing with citation analysis [29-32] and co-word analysis [33]. For an example, Yan 
et al. [33] utilized co-word analysis to explore papers in the field of IoT to examine the scientific 
development in the area. 758 papers were divided into seven clusters that represent the intellectual 
structure of IoT: “IoT and Security”, “Middleware”, “RFID”, “Internet”, “Cloud computing”, 
“Wireless sensor networks” and ”6LoWPAN.” The extracted clusters are too broad to comprehend the 
current status of IoT domain. Patent-based studies use patents obtained from such databases as the 
State Intellectual Property Office of the People’s Republic of China (SIPO), EPO Worldwide Patent 
Statistical Database, also known as PATSTAT, United States Patent and Trademark Office (USPTO), 
Japan Patent Office (JPO), and World Intellectual Property Organization (WIPO). Previous studies 
apply citation analysis [34], K-means and S-curve [35], citation network analysis [36, 37], text mining 
[37], non-exhaustive overlapping clustering [38], and fuzzy ontological knowledge document 
clustering [39]. Scope of analysis in patent-based studies on technologies relating IoT includes only 
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RFID as shown in Table 1.2. For an example, Trappey et al. [35] combined patent content clustering 
(K-means) and technology life cycle forecasting to find a niche space of RFID technology 
development in China. After the clustering, they detected that “RFID frequency and waves is still in 
the early growth stage with the most potential for further development” by observing the number of 
patents in the domain. In summary, previous bibliometric studies in IoT-related technologies tend to 
only focus on a part of IoT related technologies, and they were not comprehensive. Data utilized for 
the analysis is either only papers or only patents. Moreover, these studies offer technology options but 
assessment of the options tends to be out of scope. 
 

Table 1.1. Summary of previous literature of bibliometrics for MOT and SoSP 

 
 

 
 

Table 1.2.  Previous bibliometrics studies for IoT-related technologies 

 
 

Method� Rela*on	with	SoSP� Reference�

U"lize	various	bibliometric	
methods:	technology	life	cycle	
indicators,	innova"on	context	
indicators,	product	value	chain	
indicators 

“Technological	forecas/ng	purports	to	provide	"mely	insight	into	
the	prospects	for	significant	technological	change.	Such	informa"on	
should	help	management	make	be5er	decisions	with	regard	to	
strategic	corporate	planning,	R&D	management,	product	
development,	investment	in	new	process	technology,	produc"on	
and	marke"ng,	purchasing	of	new	technology,	and	so	forth.” 

WaGs	&	Porter	[22] 

A	mixed-method	approach:	content	
analysis,	cluster	analysis,	keyword	
analysis,	social	network	analysis 

“Due	to	the	rapid	pace	of	change	in	technology	and	its	impact	on	
society,	there	is	an	increasing	demand	for	use	of	Technology	
Forecas/ng	methods	to	improve	policy	planning	and	
implementa"on.” 

Behkami	&	Daim	[23] 

The	network	and	knowledge	map:	
choosing	different	informa"on	for	
the	network	actor	(i.e.	country,	
ins"tute,	paper	and	keyword) 

“The	knowledge	maps	obtained	quan"ta"vely	allow	other	poten"al	
quan"ta"ve	applica"ons,	e.g.	1)	R&D	resource	alloca/on,	2)	
research	performance	evalua/on,	3)	understanding	of	future	
research	opportunity,	and	4)	poten/al	collaborator	or	compe/tor	
iden/fica/on.” 

Lee	&	Su	[24] 

Track	emerging	research	domains	in	
energy	research	by	using	cita"on	
network	analysis	
 

“In	today's	increasingly	knowledge-based	economy,	growth	more	
reliably	depends	on	the	applica"on	of	new	science	and	technology.	
Therefore,	for	R&D	managers	and	policy	makers,	no/cing	
emerging	research	domains	among	numerous	academic	papers	has	
become	a	significant	task.” 

Kajikawa	et	al.	[25] 

Method	to	analyze	chronological	
changes	in	research	topics:	using	a	
text-mining	technique	for	
proceedings	papers	and	conference	
sessions	 

“Strategic	research	and	development	(R&D)	investment	in	emerging	
technologies	an	effec"vely	enhance	industrial	compe""veness,	
aGrac"ng	significant	aGen"on	not	only	from	industrial	and	business	
execu"ves	but	also	from	policy	makers	and	administrators	at	the	
na"onal	level.” 

Furukawa	et	al.	[26] 

Summarize	quan"ta"ve	and	
qualita"ve	approaches	in	Future-
oriented	Technology	Analysis	(FTA)		
�

“In	FTA	one	of	the	main	arguments	for	more	use	of	quan"ta"ve	
approaches	may	come	from	policy-makers,	who,	in	search	for	
effec"ve	policies,	tend	to	aim	at	reducing	or	at	least	understanding	
the	uncertain"es	that	can	alter	the	outcomes	of	their	policies	and	
try	to	quan"fy	them	ex	ante.”�

Haegeman	et	al.	[27]�

Review	literature	to	define	
“emerging	technologies”	and	
summarize	methods	to	detect	
emerging	technologies	(indicators	
and	trends,	cita"on	analysis,	co-
word	analysis,	overlay	mapping,	
hybrid) 

“There	is	considerable	and	growing	interest	in	the	emergence	of	
novel	technologies,	especially	from	the	policy-making	perspec"ve.” Rotolo	et	al.	[28] 

	� IoT-related	target� Database� Methods�

Paper-
based�

Informa/on	technology	[29]� SCI,	 SSCI,	 CPCI,	
etc.�

(Direct)	Cita/on	network	analysis	(centrality	measures,	path	
analysis,	cluster	analysis,	flow	vergence	model)�

IoT	[33]� SCI-Expanded,	
SSCI� Co-word	analysis�

RFID	[31]� SCI,	SSCI� Cita/on	analysis�

Pervasive	/	ubiquitous	
compu/ng	[32]	� SCI� (Co-)	Cita/on	network	analysis	(subject	category/country/

journal/author	network,	/meline)�

RFID	[30]� SCI� Cita/on	analysis�

Patent
-based�

RFID	[34]	� PATSTAT� Cita/on	analysis	(cita/on	to	patents/non-patent	literature/
pioneering	innova/ons,	and	technology	cycle	/me)�

RFID	[35]� SIPO	� K-means,	S-curve�

RFID	[36]	� USTPO� Cita/on	network	analysis	(centrality	measures)�

RFID	[38]� USPTO,	JPO� Non-exhaus/ve	overlapping	clustering�

RFID	[37]� USTPO� Text	mining,	cita/on	network	analysis�

RFID	[39]� WIPO� Fuzzy	ontological	knowledge	document	clustering�
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1.5. Issues of Bibliometrics 
 

      Through the literature review, it was figured out that bibliometrics is an important research area, 
and its methods or tools have been developed for MOT and SoSP due to the demands of technology 
forecasting or detecting emerging technologies. It has been already applied for IoT-related 
technologies domain. However, the bibliometrics has issues. Regardless of such development, it less 
contributed in the federal or academic science policy context in the real world. Current and potential 
toolkit for science and innovation policy were identified in a federal research roadmap [40]. Table 1.3 
shows the summary of bibliometrics related tools in the report. Relevance to Vision is “the degree to 
which the element provides a significant contribution to resolving one or more of the 10 Scientific 
Challenges identified by the ITG.” Breadth of Use is “the extent of the adoption of the element in the 
Federal or academic science policy context.” Scientific Rigor is “the quality of the scientific 
foundation of the element, in terms of publications, scientific openness, size of community and 
reproducibility.” Maturity of the method or tool is “the degree to which the element is used in the 
Federal or academic science policy context.” Access to input is “the practicality of using the element 
to develop the empirically based platform for decision making that is the goal of science policy.” Each 
bibliometrics related tools were evaluated in those terms: green means “currently fulfilled with respect 
to the criterion,” yellow is “on the way to fulfilling the criterion,” and red stands for the status of 
“there are substantial gaps.” As the Table 1.3 shows, bibliometrics related tools have issues especially 
in terms of Breadth of Use, Maturity and Access to Input. It other words, bibliometrics tools are 
adopted to a small extent, the degree of usage is limited, and they are not practical so far. Macilwain 
[41] described this situation as follows: “yet we lack the scientific tools and data to support our faith 
in publicly funded science or to help policy makers weigh future investments.” 
 

Table 1.3. Current status of bibliometrics related tools 

 
 
1.6. Previous approaches according to the process flow of 

Bibliometrics 
 

      To narrow down the issues of bibliometrics, previous approaches according to the process flow of 
bibliometrics are summarized in this subsection. Börner et al. [42] showed process flow for mapping 
knowledge domains. The processes are “(1) data extraction, (2) definition of unit of analysis, (3) 
selection of measures, (4) calculation of a similarity between units, (5) ordination, or the assignment 
of coordinates to each unit, and (6) use of the resulting visualization for analysis and interpretation”. 
In this thesis, I generalized these procedures so that it is able to cover broad bibliometric 
methodologies. The generalized process flow is setting target, data retrieval, data preparation, data 
processing, and interpretation. Previous approaches are summarized as Fig 1.1 according to the 
process flow of bibliometrics. 
 
1.6.1. Setting target 
      Normally, analysis target is set by human-based. It depends on objective of researchers. 
Sometimes, socially important elements such for realizing sustainability society are nominated as the 
analytic targets. Some examples are water purification, sustainable energy [43], biomass and bio-fuels 
[44]. On the other hand, emerging technologies or buzz words listed at Gartner’s hype cycle [45] are 
also selected because there is no consensus on such targets in the early stage of diffusion, and thus, 
researchers try to apply bibliometrics to comprehend those domains or to try to detect what are the 

Currently fulfilled 
with respect to the 

criterion�

On the way to 
fulfilling the criterion�

There are substantial 
gaps�

MODELS/TOOLS Potential value� Potential cost�

������ 
                        �Deterministic 
models�

Relevance 
to Vision�

Breadth of 
Use�

Scientific 
Rigor 

Maturity� Access to 
Input�

Bibliometrics	
related	tools�

Network analysis�
Visual analytics�
Science mapping�
Scientometrics�
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next research fronts. Some past examples were electrical conducting polymer nanocomposite [46], 
organic LEDs [47], polymer electrolyte fuel cells [48]. Novel biotechnologies such as induced 
pluripotent stem cell (iPS) or cutting edge ICT technologies such as artificial intelligence, big data, 
robot and IoT could be the next targets. 
 
1.6.2. Data retrieval 
      Basically, networks are created from a collection of documents retrieved from database(s); the 
information retrieval strategy may have an impact on the size and connectivity of the network. It is 
needed to retrieve of the adequate dataset with appropriate quantity and quality. To improve the 
quantity of data, Al-Shboul and Myaeng [49] used Wikipedia for query phrase expansion. Cross 
language retrieval [50] and retrieval from multiple databases [14] has been also proposed. On the 
other hand, a noisy dataset (i.e., documents with little relatedness between them) might result in 
sparse networks that do not capture the full characteristics of the field in analysis. This concern is 
addressed by the information retrieval research, which looks for methods to increase the relatedness of 
documents retrieved. Therefore, to improve the quality of data, some previous studies focused on the 
improvement of the algorithms in the search engines [51] or on strategies for query refinement [52].  
 
1.6.3. Data preparation and Data processing 
						Once the corpus of documents is obtained, several strategies can be used to establish the links 
between the documents. Frist, in the data preparation step, relationship of data were selected. Then, in 
the data processing step, the relationship is analyzed by applying algorithm(s). These construction 
methods are mainly based on text-based, category-based, and citation-based.  
 
Text-based 
						The performance of analysis depends on the text preparation: selection of text fields, using words 
or phrases, the cleaning strategy of the text corpus. Then, to be able to classify the data, bag-of-words 
model (n-grams, unigram) [53] is commonly applied. In the model, “a text (such as a sentence or a 
document) is represented as the bag (multiset) of its words, disregarding grammar and even word 
order but keeping multiplicity” [54].  
						When selecting clustering algorithm for text-based analysis, researchers have mainly focused on 
two trends: one relying on text similarity measures and the other applying probabilistic models. In a 
large-scale experiment, Boyack et al. [55]evaluated the accuracy of nine text similarity measures for 
clustering 2.15 million biomedical articles. The PMRA (PubMed Related Articles) measure proved to 
be the best, followed by BM25 and a topic model-based measure. PMRA is a similarity measure 
specific to the PubMed interface; thus, its application in other fields is limited. The other two are 
common methods in text mining literature. Even though the aforementioned experiment was 
comprehensive, there was no general agreement. For instance, Hamedani and Kim [56] used a dataset 
of more than 1 million computer science articles to compare several similarity measures; their 
experiment showed that there was no significant difference between BM25 and the classic cosine 
similarity of tf-idf weighting. In another experiment, document classification using the tf-idf yielded 
better performance when the unit of comparison was phrases instead of single terms [57]. 
      Other text-based methods rely on probabilistic models that can be estimated from text corpus. Yau 
et al. [58] explored the possibilities of classifying academic articles from seven research domains 
using topic models. Four topic model algorithms were compared, and the hierarchical Dirichlet 
process scored the highest performance. Gretarsson et al. [59] also exploited topic models for network 
creation. Their focus was more on improving the analysis of the document through visualization than 
on performance evaluation or clustering. However, There is still no significant evidence that will 
make researchers how to prepare the text and how to choose one method over the other (e.g., tuning of 
parameters in the algorithms). 
 
Category-based 
						There are several types of category such as scientific discipline [60], international patent class 
(IPC) [61, 62] and Medical Subject Headings (MeSH) [63]. By using the categories, it is possible to 
represent the global science structure.  
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						Raflos et al. [60] utilized ISI Web of Science subject categories that consisted of more than 250 
subject areas in science, social sciences, and arts & humanities [64]. The categories linked by cosine 
similarity of co-citations patterns between journals. However, sometimes there is no appropriate ISI 
WoS subject categories for emerging topic. 
						IPC is the standard for patent classification. It divides technology into eight sections with 
approximately 70,000 subdivisions that consists of Arabic numerals and letters of the Latin alphabet 
[65]. In network analysis, IPC codes have been used to create networks by linking two or more 
patents whenever they share an IPC code. Leydesdorff [66] used this strategy to analyze a dataset of 
138,751 patents, mapping networks at different levels of the IPC code for the whole dataset and for 
country subsets. The results, however, were not positive. Networks based on IPC made a poor 
representation of the technology space, and the use of other methods such as text-based networks was 
suggested.  
						MeSH terms are “provided on the basis of intensive indexing articles of more than 5,500 leading 
journals for the Medline/PubMed databases, a service of the National Institute of Health (NIH)” [63]. 
There are 27,883 descriptors in 2016 MeSH with over 87,000 entry terms that assist in finding the 
most appropriate MeSH Heading with 232,000 Supplementary Concept Records [67]. 
Leydesdorff et al. [63] linked MeSH terms by cosine similarity (based on the co-occurrence of MeSH 
terms at the publication level) to gain a bibliometric perspective on the dynamics of medical 
innovations. However, MeSH terms are only available for the medical publications, and can not apply 
for other desciplines. 
	
Citation-based 
      Three types of citation networks can be constructed. The simplest one is direct citation, which 
refers to the establishment of the linkage from a document to all the cited references in it; this is 
repeated for each document in the dataset, resulting in a network of cited references [68]. The other 
two methods are bibliographic coupling and co-citation. Each possible pair of documents in a dataset 
is compared and bibliographically coupled when they share one or more cited references. The number 
of references they share is the strength of this connection [69]. Finally, co-citation connects all 
references cited within a document; the more two documents are cited together (co-occur) in other 
documents, the stronger their relation gets [70]. Details on the construction process and characteristics 
of these methods can be found in Shibata et al. [71]. Once a network is created by any of the three 
methods, tightly connected groups of documents can be identified and clustered. As stated by 
Waltman and Van Eck [72], intuitively, direct citation networks may convey the strongest relationship 
between the documents compared to co-citation and bibliographic coupling because they need a third 
intermediary document to establish the linkage, being indirect methods for network creation. To know 
which method represents research domains more accurately, previous research studies have compared 
the performance of these networks under different conditions. Shibata et al. [71] compared the three 
methods when analyzing research domains of gallium nitride, complex networks, and carbon 
nanotubes. In all cases, direct citation performed best based on different evaluations such as size of 
clusters, speed, and topological relevance. Clusters observed from the direct citation network 
suggested a high content similarity. Klavans and Boyack [73], who studied rather large datasets, 
recently conducted the most comprehensive citation network analysis to date by using a corpus of 
48.5 million documents, which basically included all indexed articles in Scopus from 1996 to 2012 
and other sources, and obtained the same results as those of Shibata et al. Although most of their 
works have favored co-citation and bibliographic coupling in the past, they now motivate future 
studies on citation networks to focus on direct citation.  
      Then, documents are connected by the citations among them and network is obtained. The 
network is divided into groups by clustering algorithm. There are a lot of clustering algorithms. Some 
examples are Newman [74], Louvain [75], and Random walk [76]. Newman's algorithm is a famous 
algorithm in the field of social network analysis. It discovers tightly knit clusters in large network 
within a feasible time period. These groups of papers were then mapped and visualized.  
      In contrast to networks of academic papers, patent networks may lose a considerable amount of 
nodes by neglecting the unconnected components [74]. When comparing the gap between academic 
research and patents of solar cell technologies, Shibata et al. [74] observed that, even though an 
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increasing number of patents were filed through the years, the largest component of the patent 
network did not grow and remained small, connecting only 30% of the 333,207 patents retrieved. One 
of the reasons is the difference of citation behavior among countries. It might have a disadvantage in 
that they could be considered not large enough to represent a technology field adequately.  
 
1.6.4. Interpretation 
      After the data processing, technology options are visualized. The outputs are suitable for 
comprehending the landscape of the target domain.  
      Some researchers use the average publication year of the papers and patents information to 
evaluate the level of activeness of research fields [48, 74, 79]. Chen et al. [79] studied smart grid field 
by applying bibliographic coupling with Girvan-Newman algorithm. While other studies on solar cell 
[74] and polymer electrolyte fuel cells [48] utilized direct citation with Neman algorithm. When the 
average year of the publications inside the clusters is younger, they are detected as emerging research 
fronts. 
      The other researchers utilized indicators to interpret the technology options. Altuntas et al. [80] 
discussed four indicators of forecasting technology success: technology life cycle (TLC), technology 
diffusion speed, patent power, and expansion potential. TLC was measured by S-curve made by 
accumulated number of patents according to time, and divided into initiation stage, growth stage, and 
saturation stage. Technology diffusion speed was defined by average number of forward citations per 
patent. Average number of IPC per patent is used as proxy for patent power. Finally, the total 
numbers of different IPC codes for the targets indicated expansion potential. These indicators were 
measured for thin film transistor-liquid crystal display, flash memory system, and personal digital 
assistant were evaluated, and personal digital assistant was selected as appropriate investment target. 
Meanwhile, Marra et al. [81] analyzed patent citations networks of renewable energy published 
between 2000 and 2013. They applied Hubs and Authorities algorithm [82] that are “are eigenvector 
centralities in the weighted undirected graphs constructed from a direct graph by means of 
bibliographic coupling and co-citation” [83]. Then, the most important contributions in the field of 
renewable energy were identified. 
						Even though these studies tried to interpret the technology options, there are limitations. First, 
there is a risk of missing the extraction of important clusters or group of documents when focus only 
on too much simple indicators (e.g., the average publication year) since the number of documents in 
some areas is not increasing or decreasing monotonously. Second, the dataset used in the analysis 
tends to cover only one domain with only one type of documents: either papers or patens. For instance, 
it is required to explore new applications using technologies of the domain that give solutions for 
other domains. Moreover, excepts the studies such above, most of previous works tend to only focus 
on comprehending intellectual structure or obtaining technology options of a domain. Hence, further 
interpretation is needed to assess the technology options. 

 
Fig. 1.1. Previous approaches according to the process flow of Bibliometrics 
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1.7. Scope and Objective of the thesis 
 

						Previous approaches according to the process flow of bibliometrics were summarized in last 
section to narrow down the issues of bibliometrics. In summary, there is no consensus on text-based 
analysis and there are disadvantages on category-based analysis such as availability. On the other 
hand, citation-based analysis reached consensus: direct citation is best [71-73]. Through the literature 
review, it was figured out that bibliometrics is an important research area in the context of MOT and 
SoSP where there are large demands for technology forecasting or detecting emerging technologies. 
Number of researches have been conducted not only to obtain technology options but also to assess 
the options by utilizing citation-based analysis that reached consensus in bibliometrics field. However, 
there are still problems that have to be overcome. First, when it comes to the patent network, the 
connectivity is sparse [74]. With little amount of data that could be used for data processing, the result 
would be not enough. It is required to improve connectivity of network so that it will be able to 
represent the technology field adequately. Second, the interpretation of bibliometric output needs to 
be improved. Previous approaches tend to rely on simple indicators that premise incremental changes, 
and tend to rely on dataset of single domain which means the analysis is closed only inside the 
technology field. There is demand to have methods to evaluate various aspects of the technology 
options by considering the potential of commercialization or the usages for the other domains. Such 
methods contribute to assess and select the technology options ex-ante.  
						Therefore, the scope of this thesis is to offer the solutions for above issues of citation-based 
bibliometircs. The objective of this thesis is to propose new applications of bibliometrics for 
Management of Technology and Science Policy. IoT-related technologies are undertaken as analysis 
target to validate the effectiveness of proposed methods. 
      The overall structure of this thesis takes the form of seven chapters, including this introductory 
chapter (Fig. 1.2). In chapter 2, the analysis targets, Internet of Things (IoT) related technologies are 
introduced. Also this chapter presents databases used in this thesis. Chapter 3 proposes an 
unconnected component inclusion technique (UCIT) for patent citation analysis. The method 
generates a cluster solution that includes unconnected and connected components of a direct citation 
network, enabling a more complete analysis of the technology fields. I observed that UCIT increased 
the number of nodes especially in relatively small networks. Chapter 4 applies research classification 
schema (RCS) to detect innovation seeds in the field of IoT related technologies. Subsequently, 
chapter 5 continues with the exploration of the research areas of IoT related technologies, for which 
there are opportunities for commercialization in the near future. Potential applications of these 
technologies in diverse systems are discussed. Following, chapter 6 explores plausible social issues to 
which IoT solutions can be applied. Semantic linkages between extracted research areas and social 
issues using WEHAB framework (i.e. water, energy, health, agriculture, and biodiversity) were 
investigated. On the basis of the results, I discuss potentials and challenges for IoT to solve social 
issues. Finally, chapter 7 concludes by providing a brief summary of the findings of this thesis. Then, 
implications, limitations, and future works are discussed. 
 

 
 

Fig. 1.2. General structure of this thesis 
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Appendix 
 

 
Appendix. Research field of MOT 

 (AY is average year, N is the number of nodes, E is number of edges, E/N is the average number of citation in the domain)   
 

						RCS, the method shown in chapter 4, was applied in the field of MOT. Three clusters were 
classified as change-maker domain that is the domain with an active research target and its most-cited 
research is relatively new. Among the clusters classified as change-maker, researchers focus on 
bibliometics the most judging from the average number of citations. 
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C3-8: Cilimate policy 
(AY= 2008.8, N=134, E=250, E/N =1.9)�

C2-2-1: The human side of  
radical innovation 
(AY=2003.4, N=186, E=364, E/N=2.0) �

C4-5: Human resource 
management in R&D 
organizations 
(AY=1991.0, N=174, E=245, E/N=1.4) �

C3-1-2: Innovation 
diffusion models  
and technological 
substitution 
(AY=1999.2, N=196, E=495, E/N=3.3)�

C1-1-1: Regional innovation 
systems 
(AY=2002.9, N=371, E=1388, E/N=3.7)�

Average year (AY) of base-cluster = 2002.9�
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2. Conclusion 
 
      This chapter concludes by providing a brief summary of the findings and contributions of this thesis. 
Limitations and future works are also discussed. 
 
2.1 Summary   
 
      Chapter 1 summarized the bibliometrics studies and their limitations. In the context of Management of 
Technology and Science Policy, researchers have contributed to develop bibliometric methodologies or tools 
to support policy making. However, in practice, such methodologies were not utilized because they tend to 
only extract technology options, and the assessment of those options remains out of scope. To overcome that 
situation, a method to assess and select the specific technology options ex-ante is required. Therefore, the 
objective of this thesis was to propose new applications of bibliometrics for Management of Technology and 
Science Policy. Problems of previous bibliometric methods were summarized, and solutions (new 
methodologies) were proposed (through Chapter 3 to 6). Then, IoT-related technologies are introduced in 
chapter 2 as analysis target to validate the effectiveness of the proposed methods. 
      Chapter 3 touched upon the issue of connectivity of patent citation networks. They are normally sparse 
because of the difference of citation behavior among countries. The existence of small networks is not wrong, 
but they might do not well represent the overview of the target domain. To solve this issue, patent family 
analysis has been proposed for increasing their connectivity. However, even though an increase in the 
connectivity is observed  the performance continue to be limited. Hence, an unconnected component inclusion 
technique (UCIT) for patent citation analysis was proposed. The method generates a cluster solution that 
includes unconnected and connected components of a direct citation network. It was observed that UCIT 
increased the number of nodes especially in relatively small networks (MAX +1859%). The contribution is 
summarized in Table 2.1. Dotted line stands for the input dataset (facets), and the orange circle represents the 
patent network of IoT-related technologies created by direct citation (nodes). UCIT enables a better overview 
of domains thanks to the larger number of nodes with higher quality. Additionally, I analyzed how the clusters 
changed by adding unconnected patents to the citation network and identified four types of clustering 
phenomenon. UCIT can be used by patent officers, R&D managers, and policy makers when they want to 
understand the technology landscape better. 
 

Table 2.1. Contribution of Chapter 3: able to have better overview of the domain 

 
      

Conventional methods� (Ch. 3) Proposed method�

Dataset�
One dataset�

•  Patents of a domain 

Top 
view�
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area of 
focus�
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works�

Ebola research [1]; Microelectromechanical 
systems [2]; Five drive train technologies [3] 

IoT-releted technologies�

Technology�

Science�

Social issue� Technology�

Science�

Social issue�

Objective: To have an overview of the 
domain 

Objective: To have an overview of the 
domain 
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 From chapter 4 to chapter 6, contributions were made to improve the interpretation of bibliometric outputs. 
Previous approaches tend to rely on simple indicators that premise incremental changes, and tend to rely on 
dataset of a single domain which means that the analysis cannot go beyond that technology field.  
						Chapter 4 tackled the limitation of having a simple indicator for detecting the emerging research fronts. 
Previous literature have utilized average publication year of the research field as the proxy. However, it is not 
matched to describe the phenomenon of R&D trends: number of papers is not increasing or decreasing 
monotonously. Thus, a new method called the research classification schema (RCS) is proposed to extract the 
important specific research fields, even if research trends are complicated. RCS utilizes two measures of 
publication profile: the novelty of sub-cluster, and the novelty of hub-paper. The effectiveness of RCS was 
demonstrated through a case study on one technical domain, where significant technologies previously not 
noticed by an expert, were detected. However, it is required to be validated by other targets to test the 
robustness of RCS. Hence, in chapter 4, IoT-related technologies were selected as case study, and RCS was 
expanded so that it could be used in multiple technologies simultaneously. IoT-related technologies were 
classified into four categories: Change-maker, Breakthrough, Matured, Incremental. Characteristic sub-
clusters in each quadrant were evaluated. It was figured out that these characteristic sub-clusters were plotted 
in the right quaderants. Expanded RCS is especially useful for researchers and R&D managers to seek 
innovation seeds because it can compare multiple alternatives at once, and also it brings insights that were not 
revealed in the conventional method and also improved the effectiveness. 
						Chapter 5 used papers and patents of IoT-related technologies to find promising research areas which have 
commercialization opportunities. Previous literature of bibliometrics on IoT utilized only one dataset: either 
only papers or patents, hence the implications have been limited. My study is the first in comparing research 
areas of IoT-related technologies by analyzing massive quantities of papers and patents at the same time. In 
addition, I further developed forecasting methodology introduced by Shibata et al. [11] by dividing clusters 
into two layers: application level and technology level. Through the analysis, the differences among the 
technologies were figured out. To validate usefulness of the result, the output was compared to a public 
government document that contained IoT technology policy. There was good agreement between extracted 
clusters of IoT application level and the public document. The public document listed the 11 system’s 
enabling technologies, but it does not included concrete technologies information. For instance, they just 
mentioned that artificial intelligence could contribute to applications of these systems. The presented analysis 
in this thesis could elucidate more concrete options. In addition, it was detected that the public document 
lacked some important technologies compared with extracted clusters of IoT technology level. 
						Chapter 6 utilized three types of datasets (papers of social issues, papers, and patents of IoT-related 
technologies as solution for the social issues) to interpret technological options more effectively. Previous 
studies of IoT tend to focus on industry applications such as supply chain or manufacturing. These 
applications have been already widely recognized. There is a large amount of demands to seek new 
applications of IoT. Meanwhile, WEHAB agenda has been proposed and discussed globally, to face issues 
related to water, energy, healthcare, agriculture, and biodiversity. However, there were no technological deep 
discussion in the agenda and solutions toward the social issues were vague. Therefore, chapter 6 explored 
plausible social issues within the WEHAB agenda where IoT can be applied. Semantic linkages between 
extracted research areas and social issues were investigated. The result showed that healthcare issues have the 
highest opportunities and potentials to be solved. 51.4% of social issues could be solved by IoT-related 
technologies—not now, but in the future. 31.4 % of technologies of companies have opportunities and 
potentials to solve social issues. Some extracted linkages were explored as examples. By using extracted 
linkages derived from dataset until 2014, there were identified some novel applications before their 
appearance in 2015. Therefore, it was confirmed that my proposed method could potentially forecast new 
applications ex-ante.  
      Moreover, a new bibliometric methodological framwork is obtained by combining the methods proposed 
in chapter 4-6. Table 2.2 summarized the contribution of the newly proposed method. One domain is the 
network created by direct citation. The blue circle stands for “science”, consisting of journal articles of IoT-
related domains, and the orange circle represent “technology”, conformed by patents of IoT-related domains. 
Normally, the orange circle is smaller than the blue one as discussed in chapter 3: connectivity of patent 
network is smaller than that of the paper network. The red circle acts as “social issue” made of papers of 
WEHAB. Overlapped portion of the Venn diagram means high text similarity among clusters. Previous 
literature tended to utilize only one dataset to have an overview of the domain. It contributed to have 
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technology options of the domain. When it comes to the methods using two datasets, it is possible to also 
assess its industrial opportunity (by removing the overlapped portion of Venn diagram), or to find linkage 
between a target domain and another domain of the solution (focus on the overlapped portion of Venn 
diagram). The proposed method utilized three datasets, and it is possible to obtain hybrid output of the above 
two results. Therefore, it is able to detect new applications of innovation seeds with possibility to be 
commercialized in the future. This not only enrich the interpretation of bibliometric analysis, but also can 
narrow down R&D area of focus more effectively than conventional methods (see “Area of R&D focus” in 
the Table 2.2) 

Table 2.2. Contribution of Chapter 4-6: able to narrow down R&D area of focus effectively 

 
 
 
2.2 Limitations and Future works 
       
      The improvement of the integrated method is a future direction. Some limitations of this thesis should be 
overcome to improve the quality of the output of integrated method. 
 
2.2.1. Cluster classification related 
      In this thesis, the analysis targets were IoT-related technologies, thus the technology domains were near 
each other. However, when it comes to the assessment of the domains that have quite different features (e.g., 
IoT and biotechnology, material and law), the position of the sub-clusters plotted in RCS might not be 
accurate because they do not have common context of development. Hence, it is needed to apply calibration 
clusters in each domain of RCS to have more accurate positioning. Another task is to consider the type of 
documents. From the experiments, the position tends to be correct when the hub-paper corresponds to journal 
article or proceedings paper. Whereas, the position could be not appropriate when the hub-paper is review, 
survey, book, or news because the objective of these document is not to report cutting edge findings, but to 
summarize current state-of-the-art. 
 
2.2.2. Semantic linkage related 
      The status of “commercialized in the future” depends on the domain. Some of the clusters classified as 
“already exist” could be “commercialized in the future” in other domains. It might be better not to narrow 
down paper clusters only for those with commercialization possibility in the dataset, rather it could be safe to 
explore the combination of the semantic linkages and assess the condition by considering context, usage, and 
meaning from users’ point of view.  
						Another task is to investigate features of cluster that have plausible linkage between solution (technology) 
and target (social issue, demand). In this thesis, we utilized average value of text similarity. However, the 
results and outputs of proposed integrated methods highly depend on the text similarity threshold. Instead of 
the average, another more optimized threshold may exist, and thus, it is needed to discuss how to figure out 
such threshold. 
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Incremental 

Change-maker�
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						Finally, once the linkages are extracted successfully, it could be better to hold workshop to obtain plausible 
application with tacit knowledge of experts. 
 
2.2.3. Data related 
      In this thesis, papers, and patents were utilized. However, using different database(s) might give new 
perspective. For instance, news articles, handbooks, SNS (e.g., twitter) could be the next material. By utilizing 
multiple data sources, it would be possible to narrow down R&D area of focus more effectively. 
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