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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 Al. 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, Barbera-Tomas 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].

@ Springer



The Review of Socionetwork Strategies (2021) 15:1-25 5

3 ABrief 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 ATT 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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Fig.2 Calculating SPLC and SPNP values

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 3X4=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.

(i) 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
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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.
(i1)) 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.

®E
®H

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

121283 i
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‘aa75108

4070710 4209832 S

5167765 5293480
4912659 5440682
877779
5317682
8698817
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5392393 6161352 8687008
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o T8
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545709 6618048 8624906
6339744
5987567

6864893
6980209

6259460
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Fig.4 The main paths for the technological field of computer graphic processing systems, 1975-2015

@ Springer



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

qurpadid somydes3-qg e ur suonerado Anowods 10§ poylow pue smereddy ouf ‘randwo) o[ddy €007 LIELLSY

sa3e)s Jourquiod Jurpnjour auredid soydein uonerodio) VIQIAN 1002 ¥#¥LEEE9

UOTIB[NOIIOAT AQ SISSTW YOELD 9INIX9) JO SUIpuey JUSIOLJS J0F POYIRIA ouf ‘sorydern wooIIS 1007 09¥6S79

sa1n)x9) o[dnnuw 1o spoxid apdnnuw Surpraoid A[eanosfes surpadid sorydeln uonerodio) VIAIAN T100T TSEI8I9

Surssaooid 1eudis orpne [e31S1p pue sorydeis qg yusroyy P 0D OpUAUIN

paads Y31y Surpraoid 10ss9201d0d Y3Im WISAS dweS 09PIA 1509 MO[ dourwLIojIad Y31y B 10J 998JIau] ouj ‘sorydern) uodIIS  000Z 8¥.9919
uonerado [9[rered 105 uonejodioyur

pue Sun{[em-9[3UBLI) SNOJUB)[NWIS FTUISN AIBMIJOS JO[0D PUB dIempIeY 2IN)Xd) Aq SULIOpUAI d[FueLn (¢ diop a13eNOSN  000T T1ST9109

uonewojur dew a1n)x9) SUIYORd 10§ POYJOW PUEB WISAS ouy ‘rndwo) o[ddy 6661  L9S.86S

SQUQDS [BUOISUSWIP-21Y) JO SULIOPUI JUSIOYJ 10} snyeredde pue poyion ou[ ‘SWISKSOIONN UNS 6661 6LLLLYS

waIsAs 1ondwod e ur 9130] uonejodigyur pue Alowaw 21Mx9) Suner3aur 10y poyiew pue snjereddy ouf ‘soryderny uodIIS 9661 60L8HSS

J0yeIo[900e o1ydels [euorsuawIp o1y} doueuriojrad Y3y e 10y J0ss9001d meI(] ouJ ‘SWaISASOINA UnS G661 T890¥FS

10Je19[900¢€ so1ydel3 [euorsudwiIp 921y) douewioyrod Y3y v 10§ 9109 IYdIy ouf ‘SWRISASOINA UNS G661  €6ET6ES

wosAs Aerdsip sorydess 1oyndwoo e 1oy snjeredde pue poyiow UoneN[eAd dAIND dINowWeIed uUonelodio)) SQUIYORA ssouIsng [BUOHRWINU] 661 C89LIES

IMo9IYoIe WoIsAs sorydeIs uonnjosar YSTH sorroeroqe 1o LIV 661 08€67S

uonezid)sel [o[rered paurjadid 10§ snjeredde pue poyioy  uonerodio) souUIyoRIA sseulsng [BUONBWINU] 7661 S9LLSIS

Keydsip sorydes3 10y wysAs Jurssaooid oeyIns [d[[eIed uonerodio)) SAUIYORIA ssaulsng [BUONBWIAU] (0661 6S9T161

wIsAs Ae[dsip oFewl [edIpoW [BUOISUSWIP 1Y, ouy ‘sAerdsi(q renSiq orweukq 8861 126LELY

w)sAs Ae[dsIp [BUOISUSWIP-3IY ], uoneiodio) vIepxaT 861 YOISLYY

10559001d 19)SBI 0} J0JO9A uonerodio) xo1X 861 L9VHSTH

Joje[nuIs 1eqUIOd [01U0D 1Y © 10) Ae[dsip pojersuag-rendwo) uonerodio) WB[SAIYD 0861 TES60TH

Keydsip 13D ®© 10} 25ew [B)ISIP B SUIPOOUD J0J IJIAIP JBJIAIU] ouf oowdwor)  8/61 €8CITIY

snjeredde Aejdsiq  uonerodio)) Juowrdo[oAd(q YoIeasay [euoneN 861 08LLOTY
Keire K1owow

§S00E WOPUEI B Ul PAIOIS SJUWA[R oewl Surmara A[festwreuip 10j snjeredde Kejdsip ueos 10)sey ouf ‘somydeinnN  8/61 01L0LOY

JUQIUOD JUeJ oouSIssy  IBox  ON Ied

 "31 ur pajuasaxd syuared °| d|qeL

pringer

As



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

12

sjuauoduod 10J09A pue Je[eds Juraey J0ssa001d 09pIA uonerodio) VIAIAN #107 LI188698
suonerado 3urssa001d 09p1A SUNNOAXI I0J WISAS JULIS[0) AoudJe | uonerodio) VIQIAN +102 800L898
K1owawr woly Surydyej uononnsut suradid Jurfels uou 10 WaIsAS pue poyIdN uonerodio) VIQIAN +102 9067298
uoneziundo 19ynq ANQLIE IOPEYS-INU] uonerodio) VIAIAN €10T 806198
so[npayds paurunralep-a1d Sursn surfedid somydels e Suneprres uonerodio) VIAIAN €10T 06¥LTHS
ryep [oxid Sunnquusip jo poylow pue aurdua sorydern pY1 0D sotonos[g SunsweS 7107 L006SIS
IeqSSOI0 B JNOYIIM IoJjng swelj e 0 s1opeys [oxid ojdnnw Sunosuuo) uonerodio) VIQIAN 0T0Z Z6S0E8L
suoneordde
sorydeis jo owm-uni oy} SuLINp pajos[[od elep 2ouewIofrod 0) 9AISU0dSaI ‘IS[[OTUOD SPOW dNeWoINe
ue urkojdwe wasAsqns Surropuar sorydesd [offered spow-nnuw & Yrm wo)ss Sunndwod [9A9[-Dd P11 ‘ASojouyoa], uoneuLioju] pron 0107 SyLLLLL
wasAs sorydersd surpadid [oqrereq D10 SAIS0[OUYRL, ILV 600 90SEEIL
qurredid somyder3 arempiey e ur poyjow pue walsAs Surdwrerd yydog uonerodio) VIQIAN L00T 6SEVTTL
eyep sorydeid jo Surssoooid ojqewrersold ‘paseq-moperep ‘9[qe[eds Joj WaISAS pue POYIdN uoneiodio) VIQIAN S00Z 6020869
Jopeys paygrun e Surkojdwe axmoaiyore Surssadold somydern ouf ‘SAISO[OUYRL, [LV  S00T 18689
sweidoid [oxid Sursn sanjea ydep Surjrpow 1oy smyeredde pue poylo|A uonerodio) VIAQIAN S00Z £68+989
suonjonnsur weidoid pue UOEWIOJUT [0UOD
Paseq-9Je)s Wwoly uonewIojur uoneIn3yuod 1apeys ojqewwesdord jo uonerouss oy smeredde pue poyloA uonerodio) VIQIAN 00T TEL6089
[eaarnal pue a3e10)s e)s auradid yim 10ssaooid sorydern ouy ‘windwo) o[ddy  $007 6£9£699
syuouodwod 7 juejrodwir A[[ensIa jo uonny
-0S31 9UAS dZIwIxXew 0) d3uel Z-reau ur Jurdwed anfea 7 Suruiojrad 10) woysAs Surropual soydeld qg¢ P¥T 0D OPUUIN €00T 8+08199
JUQIUOD JUde] oouSissy  IB0x  "ON Ied

(ponunuoo) | ajqeL

pringer

As



The Review of Socionetwork Strategies (2021) 15:1-25 13

Table2 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 3 0.078947 0.051718
Machines Corporation
2 Silicon Graphics, Inc 3 0.078947 0.015385
6 Nintendo Co., Ltd 2 0.052632 0.010802

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

@ Springer



14 The Review of Socionetwork Strategies (2021) 15:1-25

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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Fig.5 The main paths of the technological field of computer graphic processing systems 1975-1985
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Fig.6 The main paths of the technological field of computer graphic processing systems 1975-1990

are included in which main paths. In this table, a “v"” 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
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drop out from the main paths in the long term. In every row in Table 4, when a “v'”’
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
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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.

= Patents

= COrganizations
35

25

Number

15

10

1985 1990 1995 2000 2005 2010 2015
Year

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,
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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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