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ABSTRACT

Augmented reality (AR) is considered to be an excellent user interface to a 3D information
space embedded within physical reality. For this reason, it has been applied to various
applications such as design, medical service, interaction, and collaboration. However, there is
no formal way of analyzing the research trend and evolution of augmented reality. This paper
identifies the research trend and change in augmented reality (AR) via co-citation analysis. The
co-citation analysis provides how the AR research has evolved, who are main contributors, and
which papers suggest essential and influencing impact. To systematically analyze the co-
citation, we have retrieved 1,145 papers from the Web of Science and applied a scientomertric
analysis using CiteSpace. Based on the co-citation analysis of authors and documents, it is
possible to analyze the evolution of augmented reality, key authors and papers, and
breakthroughs. We have also compared the proposed approach with survey papers written by
experts so that the result of the co-citation analysis can compromise the qualitative result done
by experts, and thus it can provide a different view and insight for visualizing the research on
augmented reality.

Key Words: Augmented reality, Co-citation analysis, Knowledge domain visualization, Mixed
reality, Scientific visualization
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Table 1 The amount of published papers depending on
the subject category

Table 2 Most co-cited authors according to the author co-
citation analysis

Research Area Frequency | Percentage Frequency Author
Computer Science 622 43.045 201 Azuma R
Engineering 389 26.920 107 Kato H
Surgery 108 7.474 102 Hartley R
Telecommunications 70 4.844 86 Billinghurst M
Phoognpie Tocnoogs | | 358 - S
Neurosciences Neurology 52 3.599 67 Wanger D
II\{/Iae(illiocli(I)liyl\I/f;dcif;r Imaging 52 3599 o Lowe DO

57 Zhang ZY
Optics 48 3.322 56 Ishii 0
Urology Nephrology 44 3.045
Physics 38 2.630
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Fig. 4 Graphical representation of the subject category
with centrality and relations
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Table 4 Results of the document co-citation analysis

Frequency | Burst [Centrality| ~ Author Year

Title Source

Presence: Teleoperators

112 2 Al R 1 A f A Reality™
0.25 zuma 997 Survey of Augmented Reality and Virtual Environments
Marker Tracking and HMD Proc. of 2™ IEEE and
5] 022 |Kato 11 1999 Calibration for a‘Vldeo-based ' ACM International
Augmented Reality Conferencing | Workshop on Augmented
System®! Reality

46 4.54 0.18 |Lowe DG 2004

Distinctive Image Features from
Scale-Invariant Keypoints!'®!

International Journal of
Computer Vision,

45 0.34 |Zhang ZY 2000

A flexible New Technique for
Camera Calibration

IEEE Trans. Pattern
o Analysis and Machine
Intelligence

44 5.82 0.19 |Milgram P 1994

A Taxonomy of Mixed Reality
Visual Displays®!

IEICE Trans. Information
Systems

43 0.32 |Fischler MA | 1981

Random Sample Consensus: a

Paradigm for Model Fitting with
Applications to Image Analysis and | ACM
Automated Cartography'

Communications of the

[20]

34 3.67 0.21 |Hartley R 2004

Multiple View Geometry in
Computer Vision!'®! Press.

Cambridge University

(GHARTLEY R, 2000, MULTIPLE VIEW GEOMET ...
'GBATO H, 1999, PROCEEDINGS 2ND IEEE AND ACM INTER?
ot

N

0" Flsc‘_ul.‘é"ﬁ.m 1981, COMMUN ACM ...
S - rasd >

CHARRIS C.;* 19/3'3, P4ALVVISC ...

" (ZHANG ZY, 2000, IEEE T PATTERN ANAL ...

\ % )ZRARTLER, 2003, MULTIPLE VIEW GEOMET

JAZUMAR, 1997, PRESENCE-TELEOP VIRT ...

EYMOUR/NE, 2002, ANN.SURG ..

CISHII H, 1997, P SIGCHI C HUM FACT ..

CFEUERSTEIN M, 2008, IEEE T MED IMAGING ..

Fig. 6 Document co-citation network
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Table 5 Three largest clusters

Cluster ID Size Silhouette Label (tf*idf)
(9.87)mapping; (8.68) monocular 3d tracking; (8.62) recognition; (8.11)
#7 16 0.389 o
camera relocalization
(8.68) projective reconstruction technique; (8.68) multi-regional
#9 16 0.562 . S
computation scheme; (7.31) registration method
417 1 0395 (7) markerless AR system; (7) human hand; (7) dynamic manipulation;
’ (7) virtual reality applications

Table 6 Some of the document co-citation clusters sorted

by the mean year

Mean | Custer Cluster Labels

Year ID

1993 | #19 |Remote laboratory

1996 | #18 |Presence

1998 | #0 |Reality system

1999 | #7 | Mapping

1999 | #22 | Hybrid navigation interface

1999 | #22 | Surgery training

1999 | #9 | Tangible interface

1999 | #10 |Projective reconstruction technique
2000 | #1 |Design

2000 | #5 | Performance study

2001 | #12 | Tracking

2002 | #17 |Markerless AR system

2004 #3 | Influence

2004 | #23 |Laparoscopic liver resection

2005 | #16 |Camera relocalization

2005 #8 | In-vitro evaluation

2006 | #2 | Straight laparoscopic sigmoid colectomy
2008 | #15 |Invasive urology

relocalization (#16), In-vitro evaluation (#8)°] A}
BEAT. e R YA F 7] FE A
= 20061 2008 A=A, o= Straight
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urology (#15)°]t}.
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e Display techniques (11.8%)
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(@ Emerging Research
¢ Evaluation/testing (5.8%)
® Mobile/wearable AR (6.1%)
¢ AR authoring (3.8%)
e Visualization (4.8%)
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