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Abstract
This paper quantitatively analyzes how technology has evolved within the techno-
logical field of computer graphic processing systems. A path-dependent technologi-
cal development path is called a ‘technological trajectory’ in the field of Innovation 
Economics. The technological trajectory of a technological field can be mapped as 
the main paths of patent citation networks. Using a method called main path analy-
sis, main paths are calculated from the whole patent citation network data of the 
technological field. This paper examines how technology has evolved within the 
technological field of computer graphic processing systems using main path analy-
sis. In addition, the change of the main paths over time is analyzed. According to 
this analysis, the appearances and disappearances of nodes on the main paths show 
certain patterns. First, all nodes observed on the main paths three times consecu-
tively at 5-year intervals did not drop out from the main paths in the long term. Sec-
ond, most of the appearances and disappearances of the nodes occur toward the end 
of the main paths. These observations are consistent with the technological lock-in 
process. The result of this research suggests that it takes less than 10 years to deter-
mine which technologies are locked-in. In addition, various patterns of the appear-
ances and disappearances of companies owning patents on the main paths are also 
observed. Three companies are taken as examples to illustrate these patterns. These 
observations provide insight into how knowledge networks are formed.
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1  Introduction

This paper quantitatively analyzes how technology has evolved within the techno-
logical field of computer graphic processing systems. Although digital technology is 
rapidly evolving and becoming increasingly incorporated into daily life, the under-
standing of the technological evolution process is still incomplete. To improve this 
understanding, this paper aims to contribute to the elucidation of the mechanism of 
the technological evolution process in a quantitative way.

The idea of a technological trajectory and a method called main path analysis are 
used in this paper. The evolution of technology starts with an initial breakthrough. 
This fundamental breakthrough sets the direction of incremental improvements. 
At the same time, technology is diffused during these improvements. Hence, the 
evolution of technology is a cumulative process. Dosi [1] described this combined 
process, which contains fundamental breakthroughs, incremental improvements, 
and diffusion, using two notions, “technological paradigm” and “technological tra-
jectory”. In a technological field, development paths are dependent on the techno-
logical paradigm. The technological paradigm is selected in the initial stage of the 
technological field and technological development must proceed according to the 
technological paradigm. The direction of technological development is limited by 
the selection of the technological paradigm. While there are many possible direc-
tions of technological development, only a small fraction of these directions are real-
ized. Thus, Dosi [1] described the development paths of technology qualitatively.

Verspagen [2] developed this research in a quantitative way. Verspagen [2] 
applied a network analysis algorithm called main path analysis to the patent cita-
tion network of the technological field of fuel cells. Patent data have been used as 
an indicator of technology for a long time. In particular, patent citation network data 
have been regarded as a network which maps ideas and their relatedness. Each pat-
ent can be considered as a piece of knowledge. Also, citations to a previous patent 
mean that the knowledge written in the following patents improves the knowledge 
described in the previous patent in some way. According to this idea, patent citation 
network data can be considered a map of the incremental evolution of knowledge. 
The idea of a technological trajectory suggests that the whole patent citation net-
work data of a technological field contains the main flow of knowledge.

The technological field of computer graphic processing systems is chosen as the 
target of this research. The importance of this technological field is growing together 
with the evolution of artificial intelligence (AI). Image recognition is an important 
technological field of AI. Additionally, many manufacturers use computer-aided 
design (CAD) software to design products. GPUs are necessary to use CAD soft-
ware on PCs. The technological evolution of the technological field of computer 
graphic processing systems has great significance for the productivity of the manu-
facturing industry. Thus, examining the technological evolution of computer graphic 
processing systems is particularly significant now.
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The patent data in this paper are gathered from USPTO PatentsView. The number 
of patents that were published within the technological field of computer graphic 
processing systems is 4032. Patent citation network data with this number of patents 
are not easy to summarize from the viewpoint of technological evolution. However, 
an algorithm called main path analysis enables us to summarize the whole network 
[2]. Main path analysis is a method to analyze a directed network by connectivity 
analysis. This method was proposed by Hummon and Doreian [3]. Main path analy-
sis is frequently used to explore citation networks. In this paper, the technological 
trajectory from the whole patent citation network data of computer graphic pro-
cessing systems is mapped using main path analysis. Following Verspagen [2], this 
paper examines the main paths as analyzed from the viewpoint of selectivity. Fur-
thermore, the change of the main paths is analyzed over time. These observations 
provide insight into how knowledge networks are formed.

This paper consists of six sections. After the introduction, a literature review fol-
lows. In the literature review, previous studies that are related to the idea of techno-
logical trajectories and main path analysis are reviewed. In Sect. 3, a brief history 
of the technological field of graphic processing systems is presented. In Sect. 4, the 
main paths of the period from 1975 to 2015 are examined. In Sect. 5, the change of 
the main paths over time is analyzed. Concluding remarks follow in Sect. 6.

2 � Review of Previous Studies

In this section, three categories of previous studies are reviewed. First, previous 
studies related to the idea of technological trajectories are reviewed. Second, a 
review of previous studies using main path analysis follows. Finally, previous stud-
ies related to the technological lock-in process are reviewed.

As mentioned in Sect. 1, the idea of a technological trajectory was presented by 
Dosi [1]. Technological trajectories consist of cumulative and path-dependent devel-
opment paths within a technological field. The idea of technological trajectories 
has often been used in the research field of technological evolution. Since Dosi [1], 
researchers have mainly used qualitative methods to study technological evolution 
and technological trajectories [4, 5]. Thus, in the research field of technological tra-
jectories, qualitative research has been mainly cumulative. On the other hand, Ver-
spagen [2] advanced the research field by proposing a quantitative method to find 
technological trajectories within a citation network data set. Verspagen [2] employed 
a method called main path analysis proposed by Hummon and Doreian [3]. Main 
path analysis is a method to map the major flow of knowledge within a field as cita-
tion networks. There are two steps to this method. First, every edge in the whole 
citation network of a field is weighed by connectivity. This weight is called traversal 
weight. This count represents the significance of an edge. Second, based on traversal 
weight, the main paths are searched by an algorithm which chains important edges 
in the citation network. The procedure of main path analysis will be explained in 
detail in Sect. 4. Hummon and Doreian [3] developed this method to find the main 
knowledge flow within the research field of DNA studies. Verspagen [2] argued that 
the method of main path analysis could be applied to find technological trajectories 
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within a patent citation network. The main paths, which represent the major flow of 
knowledge within a technological field, can be considered as technological trajecto-
ries mapped as citation networks. Verspagen [2] applied main path analysis to find 
technological trajectories within the technological field of fuel cells. After Verspa-
gen [2], some studies employed main path analysis to find technological trajectories 
within the technological fields of data communication [6] and telecom switching 
[7]. Also, Barberá-Tomás et al. [8] confirmed the validity of main path analysis as 
a method for studying technological evolution. In addition to these studies, Huen-
teler et al. [9] applied the main paths of patent citation networks calculated by the 
method of Hummon and Doreian [3] to study the difference between technological 
life-cycles of solar PV and wind power. Huenteler et al. [9] compared the features of 
the main paths to models of technological life-cycles presented by Abernathy and 
Utterback [10] and Davies and Hobday [11]. Main path analysis is also used to study 
knowledge evolution in various academic research fields. In these studies, academic 
paper citation network data are examined using main path analysis. For example, 
Yu and Sheng [12] used main path analysis to study knowledge evolution in the 
research field of blockchain technology. Other studies examined the knowledge evo-
lution of the research field of data quality, environmental innovation, IT outsourcing, 
text mining, data envelopment analysis, new energy vehicles, lithium iron phosphate 
batteries and the Internet of Things [13–20].

Thus, main path analysis has been commonly used as a method to study techno-
logical and knowledge evolution. However, the method of Hummon and Doreian [3] 
fails to include the edges which have large traversal counts in some cases. Liu and 
Lu [21] proposed a method called key-route search to solve this problem. Key-route 
search is the newest method to find main paths implemented in the network analysis 
software Pajek, which was used to conduct main path analysis in this research. de 
Nooy et al. [22] explained in detail the procedure for analysing main paths in Pajek. 
After Liu and Lu [21], additional new approaches to main path analysis have been 
proposed. For example, Liu and Kuan [23] proposed a new approach to main path 
analysis taking into account knowledge decay.

In Sect. 5, the change of main paths will be analyzed. Through the evolution of 
main paths, some paths appear and some paths disappear. These appearances and 
disappearances can be considered as entries and exits of technology into the main-
stream of a technological field. Also, some nodes never disappear from the main 
paths. This pattern can be considered lock-in of technology in a technological field. 
This technological change has been discussed in the research field of evolutionary 
economics. Especially, Nelson and Winter [24] brought the idea of evolution into 
the research field of economics. They focus on the approximation of competition 
with economic actors in the market and the competition of genes in nature. Techno-
logical change was discussed in Nelson and Winter [24] from the viewpoint of evo-
lutionary economics. Arthur [25] modelled the mechanism of the lock-in process of 
technology in the case of two competing technologies with increasing returns. Also, 
some case studies of technological lock-in have been done in the research field of 
innovation economics. David [26] studied the lock-in process of keyboard layouts. 
There are also other case studies about lock-ins in other technological standards such 
as the DVD [27] and mobile telecommunication [28].
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3 � A Brief History of Computer Graphic Processing Systems

In this section, the history of computer graphic processing systems is reviewed. 
This review is largely based on McClanahan [29] and Singer [30]. The technologi-
cal field of computer graphic processing systems has advanced together with the 
evolution of the graphics processing unit (GPU). In 1999, NVIDIA introduced the 
term “GPU”. Until this time, the term “GPU” did not exist. However, this term will 
be used throughout this section to ensure consistency. GPUs are designed for 3D 
graphics rendering calculations. The original GPU designs were based on the graph-
ics pipeline concept. The graphics pipeline is a conceptual model that consists of 
several stages. Through the stages, 3D space is converted to 2D pixel space on the 
screen. In the early GPU hardware, only the rendering stage of the graphics pipe-
line was implemented. The graphics pipeline stages which are implemented in GPU 
hardware increased as GPU technology advanced. In 1999, the first GPUs, which 
implemented the whole graphics pipeline (transform, lighting, triangle setup and 
clipping, rendering) in their hardware were released. GeForce 256 of NVIDIA and 
Radeon 7500 of ATI are examples of these first true GPUs. The first graphics pipe-
line completely implemented in GPU hardware was called a “fixed function” pipe-
line because the data which was sent to the pipeline could not be modified. In 2001, 
NVIDIA released Geforce 3 which implemented the programmable pipeline. Using 
the programmable pipeline, the data can be operated while in the pipeline. The pro-
grammability of GPUs began to progress from 2001. Other examples of GPUs at this 
time are ATI Radeon 8500 and the X-Box of Microsoft. In 2010, NVIDIA released 
a GPU architecture called Fermi Architecture. This architecture was designed for 
general-purpose computing on graphics processing units (GPGPU), which allowed 
programmers to use GPU resources not only for graphics processing. Thus, the GPU 
hardware has advanced from a single core, fixed-function hardware pipeline imple-
mentation just for graphics to a set of programmable cores for general computing 
purposes [29].

4 � Main Path Analysis

In this section, the patent citation network dataset of the technological field of com-
puter graphic processing systems is analyzed using the methodology of Verspagen 
[2] and Liu and Lu [21].

4.1 � Data and Methodology

In this section, the data and the methodology which are used for the analysis are 
introduced. The US Patent Office database is used to obtain the entire patent cita-
tion network data in the technological field of computer graphic processing systems. 
This field is defined by the technological classes of US Patent Classification (USPC) 
under Class 345/501 (inclusive). There are eight subclasses (345/502, 345/503, 
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345/504, 345/505, 345/506, 345/519, 345/520, 345/522) under this class. Class 
345/501 is for the technological field of the “Computer graphic processing system”. 
According to the class definition, patents of “subject matter comprising apparatus or 
a method for processing or manipulating data for presentation by a computer prior 
to use with or in a specific display system” (USPC class numbers and titles, Class 
345/501) are classified under Class 345/501. There are many more patents that are 
essential for the evolution of computer graphic processing systems. For example, 
patents which are classified as Class 382 are about image analysis, which is a subject 
that is strongly related to computer graphic processing systems. However, in this 
research, the patents which are not included in the classes under Class 345/501 are 
not examined to keep the data manageable. Also, the citations that are examined in 
this research are citations within the classes under Class 345/501. The US Patent 
Office online database called PatentsView covers the patents which are published 
from 1975 to 2015. The history of computer graphic processing systems started in 
the 1970s, so the scope of the database is adequate for this research. The number of 
patents that are available on PatentsView in the classes under Class 345/501 (Inclu-
sive) is 4032. After collecting all patents, a citation network data set of the techno-
logical field of computer graphic processing systems is created. Python and its net-
work analysis package NetworkX are used to create this citation network data set. In 
the citation network data set, every node represents a patent, and every directed edge 
represents a citation. The citation network data set in this research contains 4032 
nodes and 13,147 edges. Every edge is directed to a citing patent from a cited patent 
according to the flow of knowledge. For example, in Fig. 2, an edge is directed to 
node C from node A. This edge represents a relationship in which patent C cites pat-
ent A. Patent citation networks are always directed acyclic graphs (DAGs) because 
no patents cite patents that are newer than them. Also, some patents are never cited 
but cite others. Such patents become sink nodes in the network. Sink nodes are 
called “endpoints” in this research. At the same time, some patents are cited but cite 
nothing in the citation network. Such patents become source nodes of the network. 
Source nodes are called “startpoints” in this research. Figure 1 provides the basic 
statistics of the citation network data set.

Main path analysis is used to identify the main flow of knowledge within the 
technological field. As mentioned in Sect.  2, the main path analysis method was 
invented by Hummon and Doreian [3]. They invented this method to find the main 
flow of knowledge within the research field of DNA theory. Later Verspagen [2] 
applied this method to identify technological trajectories within the technological 
field of fuel cell research.

In the main path analysis method, every edge in the citation network data is first 
weighted according to its position in the network. The weight of edges is called 
the “traversal count”. The search path count method is used to weigh every edge 
in an acyclic network. The term “search path” means a route that connects a pair of 
nodes in the network. Every search path is a sequence of directed edges. For exam-
ple, in Fig.  2, a search path A-C-D-F connects the node A to the node F. There 
are two search path count methods, search path link count (SPLC) and search path 
node pair (SPNP). Search path link count (SPLC) is a method proposed by Hum-
mon and Doreian [3]. In this method, every edge is weighed by counting how often 
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Fig. 1   Trend of the whole citation network
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the edge lies on all possible search paths. Hummon and Doreian [3] imply that the 
SPLC method contains search paths whose origins are intermediate nodes or search 
paths whose destinations are intermediate nodes. However, the method can also be 
considered to contain only search paths whose origins are startpoints and whose 
destinations are also endpoints. In this research, the SPLC method is considered 
to contain only search paths whose origins are startpoints and destinations are also 
endpoints. Hummon and Doreian [3] also proposed another method to weigh edges. 
This method is called the search path node pair (SPNP). The edge D-F connects four 
nodes (A, B, C, D) to its destination, for example, the node G. At the same time, 
the edge D-F connects three nodes (F, G, H) to its origin, for example, the node A. 
The SPNP value of the edge D-F is calculated by multiplying these numbers. Thus, 
the SPNP value of the edge D-F is 3 × 4 = 12. This number represents how many 
pairs of nodes the edge D-F connects. Both SPLC and SPNP weigh nodes which are 
more responsible for connecting other nodes. As Verspagen [2] and Fontana et al. 
[6] mentioned, the result is not very different between these two methods. In this 
research, the SPNP method is used following Verspagen [2] and Fontana et al. [6]. 
After finishing weighing edges, the following algorithm proposed by Hummon and 
Doreian [3] is adopted to define main paths within a network. The algorithm below 
is created in reference to Verspagen [2].

	 (i)	 For each startpoint in the network, pick the outward edge that has maximum 
SPNP value among all edges going outward of the startpoint. If some edges 
have the same maximum SPNP value, take all these edges.

	 (ii)	 Select the startpoint(s) which are selected in Step (i). This is the startpoint(s) 
of the main paths.

	 (iii)	 Take the target(s) (citing patent) of the edge(s) identified in the previous step.
	 (iv)	 From the target(s) identified in the previous step, pick (again) the outward edge 

that has the maximum SPNP value among all outward edges from this node 

Fig. 2   Calculating SPLC and SPNP values
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and add this edge to the main paths. If some edges have the same maximum 
SPNP value, add all these edges to the main paths. If (all) these edge(s) point 
to an endpoint of the network, exit the algorithm, otherwise go back to Step 
(iii) and continue.

The main paths which can be found by this algorithm are called the local 
main paths. This algorithm suffers from the limitation that sometimes it does 
not include the edges which have large traversal counts. To avoid this prob-
lem, Liu and Lu [21] invented a new method called key-route search. Key-route 
search guarantees that the local key-route main paths, which are calculated by the 
method, contain edges with the highest traversal counts. According to Liu and Lu 
[21], the key-route search procedure is as follows. The algorithm below is created 
in reference to Liu and Lu [21].

	 (i)	 Select the key-route, which is the links that have the highest traversal count.
	 (ii)	 Search forward from the end node of the key-route until a sink is hit.
	 (iii)	 Search backward from the start node of the key-route until a source is hit.

“Search forward” is the same as steps (iii) and (iv) of Hummon and Doreian’s 
method [3] presented previously. “Search backward” represents searching the 
roots of the edges using steps (iii) and (iv) of Hummon and Doreian [3]. The 
local key-route main paths are calculated by this procedure. The local key-route 
main paths within the network of Fig. 2 are presented by thick lines in Fig. 3. The 
authors use the key-route search method to find the main paths in the whole cita-
tion network data. A network analysis software called Pajek is used to conduct 
main path analysis.

Fig. 3   The local key-route main paths of the network presented in Fig. 2
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4.2 � Result

The main paths of the technological field of computer graphic processing systems 
are calculated using the method presented in Sect. 4.1. In the calculation, the patents 
which do not cite and are not cited are excluded because they are isolated and out of 
the flow of knowledge. Figure 4 presents the main paths calculated. Table 1 presents 
information about each patent presented in Fig. 4.

In Fig. 4 and Table 1, some technological convergences, where paths converge at 
a node, and some technological divergences, which represent where a path diverges 
into multiple paths at a node, are observed. First, on the upper-left side of Fig. 4, 
seven patents converge to Patent 4912659. This patent is about a parallel surface 
processing system for graphics display. These seven patents which converged are 
mainly targeted at professional fields like the medical industry (4070710, 4121283, 
4737921) and the military industry (4209832). Two paths start from Patent 4912659. 
The path which goes down is directed linearly to Patent 7633506. There are nine 
patents between Patent 4737921 and Patent 7633506 on this path. The other path 
is directed to Patent 6016151. This flow is split into two. One path is directed to 
Patent 7633506. The other path is split into two again, and one is directed to Pat-
ent 7633506. Thus, three flows of technological development converge at Patent 
7633506. At this point, twenty-eight patents out of thirty-nine patents on the main 
paths converge. Patent 7633506 is about a parallel pipeline graphics system, which 
advanced the technological field of GPU from single pipeline implementation to 
2^n parallel pipeline implementation. Three patents are on the paths from Patent 
7633506. Several paths also begin from Patent 6618048.

Verspagen [2] also mentioned that there is selectivity in the main paths in the 
sense that many nodes converge to a small number of endpoints. He compares the 
fraction of endpoints in the whole citation network data and the fraction of endpoints 
on the main paths to check the existence of this selectivity. In the research case of 
Verspagen [2], 21.4% of the nodes are endpoints in the whole citation network, and 
5.0% of the nodes are endpoints on the main paths. The fraction of endpoints is 

Fig. 4   The main paths for the technological field of computer graphic processing systems, 1975–2015
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smaller on the main paths than in the whole citation network. Based on this obser-
vation, Verspagen [2] mentioned that there is selectivity in the main paths because 
the level of convergence is higher in the main paths than the whole network. In our 
research, 16.4% of the nodes are endpoints on the whole citation network, and 13.0% 
of the nodes are endpoints on the main paths. The fraction of endpoints is larger in 
the main paths than in the whole citation network. However, the difference between 
these fractions is not as great as in Verspagen [2]. Based on this observation, the 
authors conclude that there is selectivity in the sense that many nodes converge to a 
small number of endpoints, but the selectivity is not as strong as in the research case 
of the technological field of the fuel cell examined by Verspagen [2].

Table 2 presents the top ten organizations that hold large numbers of patents. The 
top five organizations in this table together hold 30% of the patents in the aggregate 
citation network data. NVIDIA Corporation, which is ranked the top organization in 
the table, is the leading company in the GPU industry now.

Table 3 shows the companies that have multiple patents on the main paths. In this 
table, the fraction of patents that the companies have on the main paths and the frac-
tion of patents the companies have in the whole citation network are compared. The 
fraction of patents the companies have on the main paths is larger than the fraction of 
patents the companies have in the whole citation network. As in Table 2, the organiza-
tion that is ranked at the top of the table is NVIDIA Corporation, which is the current 

Table 2   Top patent-holding organizations in the whole citation network

Organization Patents Fraction

1 NVIDIA Corporation 384 0.125696
2 International Business Machines Corporation 158 0.051718
3 Microsoft Corporation 157 0.051391
4 Intel Corporation 147 0.048118
5 Hewlett-Packard Development Company, L.P 114 0.037316
6 Sun Microsystems, Inc 89 0.029133
7 Apple Inc 80 0.026187
8 Hitachi, Ltd 70 0.022913
9 Canon Kabushiki Kaisha 50 0.016367
10 Silicon Graphics, Inc 47 0.015385

Table 3   Top patent-holding organizations on the main paths

Organization Patents Fraction (main paths) Fraction (All)

1 NVIDIA Corporation 12 0.315789 0.125696
2 Sun Microsystems, Inc 3 0.078947 0.029133
2 Apple Computer, Inc 3 0.078947 0.010802
2 International Business 

Machines Corporation
3 0.078947 0.051718

2 Silicon Graphics, Inc 3 0.078947 0.015385
6 Nintendo Co., Ltd 2 0.052632 0.010802
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leading company in the technological field. On the other hand, the other companies in 
Table 3 are ranked differently from Table 2. For example, some companies that appear 
in Table  2 do not appear in Table  3. Microsoft Corporation is ranked number 3 in 
Table 2, but does not appear in Table 3. As seen in Table 3, Microsoft Corporation does 
not have any patents on the main paths. On the contrary, Nintendo Co., Ltd. appears in 
Table 3, even though Nintendo Co., Ltd. is not ranked in Table 2. Therefore, it can be 
said that the set of companies that hold patents on the main paths is different from the 
set of companies that hold a large number of patents in the whole network. This differ-
ence suggests that selectivity exists in the main paths at the firm level.

Table  1 shows a trend in the appearance of organizations in the main paths. For 
example, from 1990 to 1994, International Business Machines Corporation owned 
three patents out of the four patents in this period. From 1995 to 1999, Sun Microsys-
tems, Inc. owned three patents out of the four patents. Neither International Business 
Machines Corporation nor Sun Microsystems, Inc. owned any patent on the main paths 
outside these periods. From 2001 to 2014, twelve patents out of twenty patents were 
owned by NVIDIA Corporation, which did not appear on the main paths before 2001. 
This trend suggests that the most critical role of technological development was played 
by a single organization and the organization which plays this role changes over time.

5 � The Change of Main Paths Over Time

In Sect. 4, the patent citation network dataset of the technological field of computer 
graphic processing systems was analyzed using the methodology of Verspagen [2]. In 
this section, main path analysis is repeated on patent citation network datasets of dif-
ferent periods. Using this method, “snapshots” of the main paths over time can be pro-
duced. These “snapshots” of main paths are compared to produce assumptions for a 
better understanding of the mechanism of technological evolution.

5.1 � Data and Methodology

In this section, the data and the methodology used for the analysis are introduced. The 
same dataset is used as in the analysis in Sect. 4. Main path analysis, which is intro-
duced in Sect. 4.1, is also used. In this section, main path analysis is repeated for a 
sequence of periods to obtain a series of “snapshots” of main paths every 5 years. The 
sequence of periods is as follows: from 1975 to 1985, from 1975 to 1990, from 1975 to 
1995, from 1975 to 2000, from 1975 to 2005, from 1975 to 2010, from 1975 to 2015. 
Using this methodology, main paths in the year 1985, 1990, 1995, 2000, 2005, 2010, 
and 2015 can be obtained.

5.2 � Result

The main paths of the technological field of computer graphic processing systems 
are calculated using the method presented in Sects. 4.1 and 5.1. Figures 5, 6, 7, 8, 
9, 10 and 11 shows the seven main paths calculated. Table 4 shows which patents 
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are included in which main paths. In this table, a “✓” indicates that the patent was 
on the main paths in the year of that column. Based on this table, patterns of nodes’ 
appearances and disappearances on the main paths are examined.

From Figs. 5, 6, 7, 8, 9, 10 and 11 and Table 4, some patterns of nodes’ appear-
ances and disappearances on main paths can be derived. First, all nodes that are 
observed on the main paths three times consecutively at five-year intervals did not 

Fig. 5   The main paths of the technological field of computer graphic processing systems 1975–1985

Fig. 6   The main paths of the technological field of computer graphic processing systems 1975–1990
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drop out from the main paths in the long term. In every row in Table 4, when a “✓” 
appears three times consecutively, it will keep appearing in the remainder of the row. 
Second, most of the appearances and disappearances of the nodes occur toward the 
end of the main paths. These observations are consistent with the theory of a tech-
nological lock-in process. Nodes toward the end of the main paths can be considered 
as competing technologies that are not yet locked in. The nodes that are locked into 

Fig. 7   The main paths of the technological field of computer graphic processing systems 1975–1995

Fig. 8   The main paths of the technological field of computer graphic processing systems 1975–2000
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Fig. 9   The main paths of the technological field of computer graphic processing systems 1975–2005

Fig. 10   The main paths of the technological field of computer graphic processing systems 1975–2010

Fig. 11   The main paths of the technological field of computer graphic processing systems 1975–2015
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the main paths are determined as time passes. In this research, it can be said that the 
technologies that are locked in are determined within ten years. Though almost all 
nodes that are observed on the main paths twice consecutively at five-year intervals 
did not drop out from the main paths in the long term, there is an exception: Patent 
4945500. This patent is observed on the main paths in 1990 and 1995 but dropped 
out in the long term. This exception suggests that five years is not enough to deter-
mine which technologies are locked-in.

In Fig. 12, the change in the number of patents that are on the main paths and 
the change in the number of organizations that have patents on the main paths are 
presented. In this figure, Patent 5422998 is included in the line of the number of pat-
ents, but this patent is not included in the line of the number of organizations since 
this patent was not assigned to any organization. From 1985 to 2015, the number of 
patents that are on the main paths became almost three times as large in thirty years. 
In addition, as shown in Fig. 1, from 1985 to 2015, the total number of patents in 
this technological field became 122 times as large in thirty years. On the other hand, 
from 1985 to 2015, the number of organizations that have patents on the main paths 
became only one and a half times as large. Furthermore, the number of organiza-
tions that have patents on the main paths did not change much after 1995. These 
observations suggest that the number of organizations that can hold patents on the 
main paths is limited.

Fig. 12   The change in the number of patents that are on the main paths and the change in the number of 
organizations that have patents on the main paths
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Appearances and disappearances of nodes are appearances and disappear-
ances of companies that own the patent at the same time. Some patterns of the 
appearances and disappearances of companies owning patents on the main path 
are also observed. Three companies are taken as examples of these patterns, 
International Business Machines Corporation, Hewlett-Packard Development 
Company, L.P., and NVIDIA Corporation. First, on the main paths of the period 
from 1975 to 2015, International Business Machines Corporation had three pat-
ents that appeared from 1990 to 1994, which was the early stage of the techno-
logical field. This company had no patents outside this period. This observa-
tion suggests that International Business Machines Corporation contributed to 
the establishment of this technological field, but they are no longer one of the 
main players. Second, Hewlett-Packard Development Company, L.P. had some 
patents toward the end of the main paths of the period from 1975 to 2000 and 
from 1975 to 2005. On the other hand, on the main paths of the period from 
1975 to 2015, this company had no patents. Based on this observation, it can be 
said that Hewlett-Packard Development Company, L.P. once entered the main-
stream of the technological field, but dropped out. Third, NVIDIA Corporation 
had twelve patents on the main paths of the period from 1975 to 2015 and all 
these patents were published after 2001, which is in the latter half of the history 
of the technological field. This observation suggests that NVIDIA Corporation 
became a main player in the technological field in the latter half of this history. 
These observations are consistent with the history of the technological field of 
computer graphic processing systems. In 1987, International Business Machines 
Corporation introduced a graphics accelerator called IBM 8514/A, which was 
the first widespread fixed-function graphics accelerator [31]. Thus, International 
Business Machines Corporation was a key player in the technological field of 
computer graphic processing systems and contributed to the establishment of 
this technological field, but now they no longer manufacture GPUs. Hewlett-
Packard Development Company, L.P. manufactured graphics accelerator prod-
ucts called the Visualize-fx series around 2000, but now they no longer manu-
facture graphics accelerator products. Therefore, Hewlett-Packard Development 
Company, L.P. entered the mainstream of the technological field for a short 
period but dropped out. Even though they produced graphics accelerator prod-
ucts, Hewlett-Packard Development Company, L.P. has never been a key player 
in this industry. This is consistent with the observation that the patents that 
Hewlett-Packard Development Company, L.P. holds are placed toward the end 
of the main paths. As mentioned in Section  3, in 2001, NVIDIA Corporation 
released the Geforce 3, which was the first GPU product that implemented the 
programmable pipeline [29]. The programmable pipeline allows programmers 
to operate data while in the pipeline. The programmability of GPUs progressed 
from this year. At the same time, NVIDIA Corporation became the leader in this 
technological field from around 2001. Thus, observations of the appearances and 
disappearances of companies that hold patents on the main path are consistent 
with the history of the technological field.
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6 � Concluding Remarks

In this paper, technological development within the technological field of com-
puter graphic processing systems was analyzed from the viewpoint of technologi-
cal trajectories. The patent citation network data set of patents which are clas-
sified under the class US Patent Classification (USPC) 345/501 (inclusive) was 
used. Also, main path analysis was adopted to accomplish the goal.

In Sect. 4, the main paths were calculated using the method developed by Ver-
spagen [2] and Liu and Lu [21]. In addition, the main paths were examined from 
the viewpoint of selectivity. Selectivity was observed on the firm level in the 
sense that the set of organizations that hold a large number of patents in the tech-
nological field was different from the set of organizations that hold patents on the 
main paths. Additionally, the fraction of patents the companies have on the main 
paths was larger than the fraction of patents the companies have on the whole 
citation network. On the other hand, selectivity in the sense that many patents 
converged to a small number of endpoints in the main paths was not as strong 
as that of the research case of the technological field of fuel cells examined by 
Verspagen [2]. The authors also found that there is a trend in the appearance of 
organizations in the main paths. This trend suggests that the most critical role of 
technological development is played by a single organization and the organization 
which plays this role changes through time. What this trend means will be exam-
ined in future research.

In Sect. 5, main path analysis on patent citation network datasets was repeated 
for different periods. Using this method, the “snapshots” of the main paths over 
time were obtained. According to this observation, patterns of nodes’ appear-
ances and disappearances on main paths could be seen. First, all nodes that were 
observed on the main paths three times consecutively at 5-year intervals did not 
drop out from the main paths in the long term. Second, most of the appearances 
and disappearances of the nodes occurred toward the end of the main paths. 
These observations are consistent with the technological lock-in process. This 
research indicates that it takes less than 10 years to determine which technologies 
are locked-in. In addition, various patterns of the appearances and disappearances 
of companies owning patents on the main paths were also observed. Three com-
panies were used as examples to illustrate these patterns. Additionally, the change 
in the number of organizations that have patents on the main paths suggests that 
the number of companies that can survive in the mainstream of an industry and 
can hold patents on the main paths is limited.

This research has implications for technology management. The result of this 
research suggests that it takes less than ten years to determine which technologies 
are locked in. According to this result, to make a patent locked-in a part of the 
technological standard in a field, companies should keep their technology on the 
mainstream of the technological field for at least ten years.

As mentioned in Sect.  4.2, this research found a trend in the appearance of 
organizations in the main paths in the year 2015. For example, from 2001 to 
2014, twelve patents out of twenty patents were owned by NVIDIA Corporation, 



24	 The Review of Socionetwork Strategies (2021) 15:1–25

1 3

which did not appear on the main paths before 2001. This trend suggests that 
publishing patents in a combination could be a factor for technological lock-in. 
Though how technological trajectories are formed is examined in this research, 
the factors in the formation of technological trajectories are not examined. The 
authors will examine the factors in the formation of technological trajectories in 
future research.

This research has a limitation because of the data selection. In this research, only 
patents that are classified under the class US Patent Classification (USPC) 345/501 
(inclusive) are examined. Patents that are not classified under this class and works of 
academic literature are not included in the data set even if they are related to com-
puter graphic processing systems. For example, patents which are classified as Class 
382 are about image analysis, which is a subject that is strongly related to computer 
graphic processing systems. However, they are not examined in this research to keep 
the data manageable. Thus, in this research, technological evolution outside the 
class US Patent Classification (USPC) 345/501 (inclusive) is not examined. Future 
research may consider the issue of how other patents and works of academic litera-
ture contribute to the technological evolution of graphic processing systems.
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