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A B S T R A C T

This research develops a computer-supported ontology-based Technology Function Matrix (TFM) construction
method, called eTFM, as an approach to reduce technology mining man-power and enhance the accuracy and
consistency of patent analysis results. The paper addresses a rarely discussed issue of the TFM validation. The
proposed validation approach compares the TFMs construction based on both on the domain ontology and the
International Patent Classification (IPC) classes. The research demonstrates the methodology's practical appli-
cations using the patent analysis case of cyber physical system (CPS), an essential core technology enabling
advanced manufacturing and Industry 4.0.

1. Introduction

The World Intellectual Property Organization (WIPO) statistical
report in 2017 shows that the year 2015 received 2,887,300 patent
filing applications versus the year 2016 in which patent filing appli-
cations were 3,127,900 leading to an 8.3% growth is in terms of global
IP activity [1]. This rapid growth has resulted in global patent stock-
piles promoting enterprises and individuals to pay greater attention to
the protection and analysis of intellectual property. Analyzing neces-
sary and usable information from multiple, global patent archives is a
very tedious task. Even though there are many patent analysis techni-
ques used by scholars and legal analysts, few methods can quickly
analyze the technologies' as well as the functions' distribution over a
specific domain of patents. A technology function matrix (TFM) is a
patent map used to analyze the distribution of patented technologies
and the related functions that are claimed to be applied by the tech-
nologies. TFM helps researchers quickly understand the development of
technologies and functions within a given domain.

The state of the art comprises manual and classification based ap-
proaches. Manual TFM construction methods are expert-derived, com-
plex to build, difficult to use, and often yield highly subjective results
[2]. The construction process relies on subject matter experts to read
through all patents in consideration and assign data to relevant
technology and function columns. Researchers alternatively use the
patent classification code method, where the International Patent

Classification (IPC) is used for technology representation and the
United States Patent Classification (USPC) for function representation
to generate a consistent TFM matrix [2–4]. Classification code based
methods accelerate the construction process while limiting the validity
and accuracy of the results. Since the year 2013, the USPC began an
integration process with the Cooperative Patent Classification (CPC)
system. This integration is the result of a joint partnership between the
USPTO and the EPO to create a common classification scheme for
sharing resources with improved searches [5]. Patents, granted from
the year 2015, follow the revised CPC coding scheme. The TFMs based
on IPC×USPC codes will not be automatically generated including the
counts of newly granted patents (since 2015).

The aim of this study is to provide validation for a proposed domain
ontology based eTFM methodology [6–8] that will serve as a reliable
replacement for previously used IPC×USPC based TFM generation
methodologies. A comparison is also presented for the ontology-based
eTFM against the results of the IPC versus ontology TFM method. TFM
construction using the proposed eTFM method consumes minutes
whereas the manual method may consume days for the assignment of
each individual patent. Automating the construction process reduces
the times, costs, and increases in reliability, and durability of the
methodology [3] [4]. Cyber Physical Systems (CPS), an essential part of
Industry 4.0 manufacturing, is selected as the case domain to demon-
strate the practical values of the proposed methods.
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2. Background

The purpose of this research is to outline and validate the ontology-
based methods to construct the eTFM. The first sub-section provides the
background for TFM patent explorations for technology analytics and
mining. The CPS domain knowledge and the ontology schema are de-
picted in the second sub-section.

2.1. Technology function matrix (TFM) overview

The TFM is composed of technology and function indicators.
Conventionally a TFM is constructed to match patent documents to
multiple technology and function indicators. TFM helps stakeholders
understand the technological development of a particular field and
identify potential areas for research and development. Building such a
technology function matrix requires domain knowledge to map the
technologies to the appropriate functional domains. The automated IPC
versus USPC classification code generation methods were developed
[2–4] to solve the inherent problems of time and bias. Methods using
IPC and USPC for domain related technology text mining are shown in
Fig. 1.

Text mining is the process of deriving information from textual data.
The most frequently used text mining approaches represent text based
on keywords [5]. Further, the keywords can be combined with other
statistical elements to discover relationships enabling the extraction of
knowledge hidden in text and deliver insightful analysis [9] [10]. Re-
searchers previously used the USPC as a function indicator and the IPC
as a technology indicator. The automated construction of the TFM for a
given domain requires less input from external reviewers and subject
matter experts.

Since 2015, the USPC convention is systematically being replaced
by the CPC convention. There is an immediate need for inventing new
approaches to identify the functional claims of patents and especially
for analyzing US patents. Researchers are using a revised approach that
uses the CPC to replace the IPC as the indicators of technology. Prior
research also includes an ontology to determine (1) which functions to
map against IPC technologies or (2) using ontologies to determine the
technologies and functions to build the TFM [6–8]. The emerging
methodologies collect relevant domain literature and extract keywords
to establish a term library for each technology and function. Keywords
are extracted from the domain patents and are matched to the matrix by
comparing the cosine similarity between the keywords in the patent
and the term libraries. These methodologies have fewer limitations
compared to the IPC versus USPC classification code methods. This

research draws from the improvements of these text mining meth-
odologies and provides a case result for comparison and validation.

2.2. Cyber Physical Systems (CPS) case domain

Manufacturing deals with processes that convert raw materials into
finished products. Modern manufacturing is continuously evolving
[11]. The computerization of manufacturing through advancements of
Industry 4.0 radically changes production processes. Globally, manu-
facturers expect to significantly advance computer integration by 2020.
Industry 4.0 began as a German roadmap to include information tech-
nology (IT) in the manufacturing sector and has now expanded to all
major manufacturing economies around the world. Advanced manu-
facturing requires the inclusion of new technologies, processes, and
methods to improve the manufacturing of products [12]. International
advanced manufacturing initiatives such as Industry 4.0 are helping
global manufacturers enhance their competitive advantage through
intelligent manufacturing. Some key technologies that will help in the
computer integration efforts are Artificial Intelligence (AI), big data
analytics, Cyber Physical Systems (CPS), Internet of Things (IoT), and
cloud computing. CPS is a key technology used to help manufacturers
achieve flexible production for mass customization [6]. In this research,
CPS intelligent manufacturing patents are searched, identified, and
analyzed using newly proposed patent analysis methods to discover CPS
technological insights. The domain ontology of CPS must be clearly
defined prior to subsequent patent technology text mining.

CPS monitors, coordinates, controls, and integrates operations
through computing and communications technologies [13]. The ad-
vances in network integration, microcontrollers, sensors, and actuator
technologies improve CPS to better optimize manufacturing. CPS ap-
plications cover the energy industry, transportation, healthcare, and
industrial manufacturing [14]. This study examines the development of
CPS in industrial manufacturing. CPS benefits industry by optimizing
production processes, providing quick response to changes in market
demand, aligning the supply chain to satisfy increased customer orders,
and improving production efficiency under limited resource constraints
[15]. The architecture of CPS is defined by five layers [16]. The base
layer is called connection, which obtains information through sensors.
The second layer is called conversion, which is used for the analysis and
conversion of the data collected by the connection layer into usable
information. The third layer is called computation, representing the
collection of information for component and system levels [17]. The
fourth layer is cognition, used to recognize and simulate the data of the
computation layer, using artificial intelligence to assist human decision

Nomenclature

CPS Cyber Physical Systems
CPC Cooperative Patent Classification
EPO European Patent Office
IoT Internet of Things
IP Intellectual Property

IPC International Patent Classification
PCT Patent Cooperation Treaty
TFM Technology Function Matrix
USPC United States Patent Classification
US United States
USPTO United States Patent and Trademark Office
WIPO World Intellectual Property Organization

Fig. 1. IPC and USPC classification codes used for building the TFM.
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