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Over the years, research on head-worn Augmented Reality (AR) has been
complemented by work on new platforms such as handheld AR (Wagner et al.,
2008) and projector-camera systems (Bandyopadhyay et al., 2001). With the
rapid advent of applications on cell phones, AR has become almost mainstream.
However, researchers and practitioners are still attempting to solve many fun-
damental problems in the design of effective AR. Although many researchers
are tackling registration problems caused by tracking limitations, perceptu-
ally correct augmentation remains a crucial challenge, see e.g. Moser et
al. (2015).

Some of the barriers to perceptually correct augmentation can be traced
to issues with depth and illumination that are often interconnected, or by is-
sues related to the appearance of an environment. These problems may cause
scene and depth distortions, and visibility issues, which can lead to poor task
performance (e.g., Swan II et al. (2015)). Some of these issues result from tech-
nological limitations. However, many are caused by limited understanding or
by inadequate methods for displaying information.

In the mid 90s, Drascic and Milgram (1996) attempted to identify and
classify these perceptual issues. Focusing on stereoscopic head-worn displays
(HWDs), they provided useful insights into some of the perceptual issues in
AR. Since then, considerable research has provided new insights into perceptual
factors; e.g. Kruijff et al. (2010). Even though HWDs are still the predominant
platform for perceptual experiments, the emphasis on a broader range of AR
platforms has changed the problem space, resulting in the need to address new
issues.

We believe that an overarching approach is needed to address these issues
by bringing together both researchers who focus on technology issues, and
researchers who focus on related psychology and cognitive science areas.
We strongly feel that bringing both sides into an open meeting holds substantial
promise for developing a research agenda that can address the serious challenges
in AR, and therefore accelerate the promise of AR technology.

In 1950, Alan Turing introduced the Turing Test, an essential concept in
the philosophy of Artificial Intelligence (AI). He proposed an “imitation game”
to test the sophistication of AI software. At its core is a precise test protocol,
where human participants are to determine whether a conversation partner is an
actual human, or is instead an AI simulation. Similar tests have been suggested
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for fields including Computer Graphics (McGuigan, 2006) and Visual Comput-
ing (Shan et al., 2013). We strongly believe that an AR Turing Test must
be added to the AR research agenda. However, it is not straightforward
to define such a test. Nevertheless, it is crucial, in order to have a measurable
goal for the attempts of others and ourselves to erase the boundary between
real and virtual, which requires perceptually correct augmentations, that
we need to be able to test for. We think that this proposed seminar can be
a crucial stepping stone for defining an AR Turing Test.
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Meeting Schedule

• Sunday: Check In
• Monday: PechaKucha-Style Self-Introductions
• Tuesday–Friday: Free Discussion
• Friday: Check Out
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Group Drawing

PechaKucha Talks

Participants’ slides for their PechaKucha talks are appended on the remaining
pages of this report. Order is in alphabetic order of last names.
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Perception in AR 
Magic Mirror Systems

Felix Bork

Magic Mirror MetaphorMagic Mirror Metaphor

Anatomy 
Magic Mirror

1. Depth Perception

• Virtual Window Paradigm

• Illusion of looking inside
the body

• Interactively controlled

2. Mirror Perception

• Traditional mirrors 
reverse left and right

• Non-Reversing mirrors 
display “true” mirror 
image as seen by 
external observer

Reversing vs. Non-Reversing Mirror 

vs.

Right 
Hand



User Study:
• 21 Medical Students
• 4 conditions:

• Non-Reversing vs. Reversing Mirror
• Non-Flipped vs. Flipped Organs

Other Research Interests

Interactive Depth Perception

Auditory Depth Perception

Diminished Reality Perception

Auditory & Visio-Temporal 
Distance Coding

Learn

Discuss

Collaborate
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• Dr. Ulrich Eck 

• Senior Research Scientist!
Computer Aided Medical Procedures!
Technical University of Munich 

• Research Interests: 

• Medical Augmented Reality 

• Multi-Modal Interaction 

• Sensing and Fusion 

• Software Architectures

Perception in Augmented Reality: 
How Real should Virtual be?

Shonan Seminar, Japan, November 2016 
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Augmented Reality: Real + Virtual

Microsoft Hololens: RoboRaidStartrek: Holodeck
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Realistic Interactive Visual and Auditory Augmentations

M. Swoboda, T. Nguyen, U. Eck, G. Reitmayr, S. Hauswiesner, R. Ranftl, and C. Sandor, “[DEMO] BurnAR: Feel the Heat,”  
ISMAR, 2011.
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Seeing and Touching Digital Information

C. Sandor, Talk at TEDxAdelaide: The Ultimate Display, 2010. Video: http://youtu.be/3meAlle8kZs.  
Slides: http://www.slideshare.net/ChristianSandor/tedx10-sandor. Last accessed on 20 November 2015, 2010.
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Accurate Registration of Virtual and Real Objects

U. Eck, F. Pankratz, C. Sandor, G. Klinker, and H. Laga, “Precise Haptic Device Co-Location for Visuo-Haptic Augmented Reality,” 
IEEE Transactions on Computer Graphics and Visualization, vol. 21, no. 12, pp. 1427–1441, 2015.
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Haptic Guides for 3D Interaction

U. Eck, P. Stefan, H. Laga, C. Sandor, P. Fallavollita, and N. Navab, “Exploring Visuo-Haptic Augmented Reality User Interfaces for 
Stereo-Tactic Neurosurgery Planning,” presented at the Proceedings of the International Conference on Medical Imaging and 
Augmented Reality, Bern, Switzerland, 2016, pp. 208–220.
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Interaction in Augmented Reality: Real or Virtual Tools?

Real Tools

Virtual Tools
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Visual Augmentations: High Realism Possible

[1] C. Bichlmeier, F. Wimmer, S. M. Heining, and N. Navab, “Contextual Anatomic Mimesis Hybrid In-Situ Visualization Method 
for Improving Multi-Sensory Depth Perception in Medical Augmented Reality,” ISMAR 2007 
[2] T. Blum, S. M. Heining, and N. Navab, “Advanced Training Methods using an Augmented Reality Ultrasound Simulator,” 
ISMAR 2009
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What about Augmented Haptics and Audio?

• Augmented Haptic Feedback 

• Augment real objects with new haptic 
sensations 

• Relatively simple to increase stiffness 

• How to make hard objects soft? 

• Augmented Auditory Feedback 

• Generating spatial audio is possible 

• How about spatial and semantic 
understanding of audio in order to fuse 
augmentations?

S. Jeon, S. Choi, and M. Harders, “Rendering Virtual Tumors in Real 
Tissue Mock-Ups Using Haptic Augmented Reality,” IEEE 
TRANSACTIONS ON HAPTICS, vol. 5, no. 1, pp. 77–84, 2012.

Y. Hashimoto, M. Inami, and H. Kajimoto, “Straw-Like User Interface (II): 
A New Method of Presenting Auditory Sensations for a More Natural 
Experience,” presented at the Proceedings of the 6th international 
conference on Haptics: Perception, Devices and Scenarios, Madrid, 
Spain, 2008, Springer-Verlag. vol. 5024, no. 62, pp. 484–493.
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Open Questions

• Multi-modal systems are often very specialised - can we generalise them? 

• How realistic should the augmented virtual (visual/haptic/auditory) be? 

• How can we combine stimuli to increase the perceived realism? 

• What are the limiting factors in providing realistic experiences?
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The first thing to be undertaken in this weighty work, is a watchfulness 
over the failings and an enlargement of the dominion, of the Senses…. 
The next care to be taken, in respect of the Senses, is a supplying of 
their infirmities with Instruments, and, as it were, the adding of 
artificial Organs to the natural.”



Yuta Itoh
How accurate is accurate enough?

14th Nov. 2016, NII Shonan Seminar, Japan



1/60 [deg.] ?

Navab et al. ‘07
http://insights.dice.com/2016/07/11/
pokemon-go-proves-ar-apps-future/

Accuracy

Max. Distance

Image by Soerfm

Still pinhole 
camera??

Owen ‘04

How accurate is accurate enough?

Obj-/subjective
requiements?

Eye/HMD 
models?



HiRes ProjectionFun application

Computational Projection DisplaysComputational Projection DisplaysComputational Projection Displays
Daisuke Iwai (Osaka University)

ACM TOG 2008
(Siggraph Asia)

Optics Express 2014

IEEE TVCG 2016
(IEEE VR)

HDR Projection

Scientific Reports 2014

IEEE TVCG 2015
(IEEE ISMAR)

IEEE TVCG 2014
(IEEE ISMAR)

Projection-based 
cybernetics

Virtual Reality 2011
(ACM VRST)

ACM ACE 2006

ACM TOG 2013
(Siggraph Asia)

Radiometric 
compensation

IEEE TIP 2015

IEEE TVCG 2015
(IEEE ISMAR)

IEEE TCSVT 2014

IEEE TVCG 2015
(IEEE VR)

IEEE TVCG 2013
(IEEE ISMAR)

IEEE TCSVT 2013

! Short bio
" 2007 PhD from Osaka University

! Bauhaus University Weimar 
(O. Bimber’s group)

! ETH/Disney Research Zurich 
(M. Gross’s group)

" 2013 Associate Professor in Osaka 
University

! Research topics
" All about projectors!

" Computational Projection 
Displays

" Spatial Augmented Reality

" Projector-Camera Systems

High Dynamic Range Projection

Textured screen (photographic print)

White screen
Bimber & Iwai, ACM Transactions on Graphics, 2008.

3D printed textured screen

3D printed white screen
Shimazu et al, Proc IEE ISMAR, 2011.

Extended Depth-of-Field Projection

Iwai et al., IEEE TVCG (IEEE VR), 2015.

Marker-based SAR

Asayama et al., SIGRAPH ASIA Etech, 2015

w/o compensation w/ compensation
Punpongsanon et al., SIGRAPH ASIA Etech, 2013

Applying infrared ink 
for deformation measurement

Applying a full color 3D printer to fabricate
a projection object as well as visual markers

Augmenting Animatronics Head

Projection

Bermano et al., ACM TOG (SIGGRAPH ASIA), 2013.

Projection



Passive Shadow Interface

Isogawa et al., IEEE TVCG (IEEE ISMAR), 2014.

We solve a complementary color 
projection problem

Document Search Support Interfaces

Iwai & Sato, Proc ACM VRST 2006. Matsushita et al., Proc Augmented Human 2011.

Projection-Based Cyborg

Ogawa et al. Proc IEEE GCCE 2012
Asai et al. Adj Proc ACM UIST 2016

Interactive tabletop interface Extending reaching area for
a wheel chair user

Punpongsanon et al. IEEE TVCG (IEEE ISMAR ) 2015Ho et al. Scientific Reports 2014

Thermal 
Perception

Softness Perception
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WHO?

• Made In Izmir, Turkey 

• Cycling and Muscle Training 

• Software Test Engineer   @ HUAWEI 
Istanbul R&D Center 

• Undergraduate : Software 
Engineering 

• Master’s Degree : IMD Lab @ NAIST 

• Doctor’s Degree : IMD Lab @ NAIST 
( in progress ) 

1

WHERE?

2

 

WHY?

• Japan = Technology 

• 2010 : First trip abroad in my life; to Japan 

• Love at !rst sight 

• Decided to come back, stay and study 

• 2013 : MEXT Scholarship Student 

3

WHAT?

4

WHAT?

5

Information Science and Sports 
~ mainly cycling ~

WHAT?

6

Real-time postural feedback in cycling training

! Predictors of Injury Among 1638 Riders in a Recreational Long-Distance Bicycle Tour: Cycle Across Maryland, 
Andrew L. Dannenberg. The American Journal of Sports Medicine, Vol. 24, Pp. 747-753, 1996  

! Lower Body Problems and Injury in Cycling, Michael J. Callaghan, Journal of Bodywork and Movement Therapies, 
Vol. 9, Pp. 226-236, 2005



WHY?

7

• Want to be useful to the 
community that I love 

• Caring and carrying 

• Many myths, more unknowns 

• Want to become a better and 
stronger cyclist 

• Setting the direction of 
development

8

HOW?
Collaborating with professional and semi-professional 

cyclists to acquire cycling speci!c knowledge

HOW?

9

Using the knowledge that I gained from professionals to 
increase elderly people’s motivation towards exercise

THEN?

10

Move closer to the actual racing scenarios



Who am I?

Name : Hirokazu KATO

Work : Nara Institute of Science and Technology

Lab : Interactive Media Design Lab.

History : Osaka Univ, HitLab, Hiroshima City Univ

ARToolKit

Tangible User Interface Gulliver's Box@ArsElectronica

Apparition Appearance Control with Pro-Cam



Projection Mapping on Deformable Object Current Research (1)
! New HMD Development
" Features

! Wide Field of View

! Thin Optics

" Approach
! Light field by micro lens array

! Adaptive rendering based on eye tracking

Current Research (2)
! Precise Xray-CT Registration

Discussion Agenda
! What’s NEXT?
"What’s New Challenge for Perfect AR?

" Contribution for Industry

" Growing AR Community



Interactive Content Design.
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(b) Balanced arrangements 
by round shape
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Interactive Content Design.
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Interactive Content Design.

The End

\.#',/-3,(L,+$3-%$



,"M(H!"�,"M(A�L�,"M(H!"�,"M(A�L�

M��*C��"�
M��*C��"�
M��*C��"� 
�D,�* ��H�A���D"K�*H",M
M��*C��"�
M��*C��"� 
�D,�* ��H�A���D"K�*H",M
�D,�* ��H�A���D"K�*H",M
�D,�* ��H�A���D"K�*H",M
�D,�* ��H�A���D"K�*H",M

1���H" D���0�*��F,"(D1���H" D���0�*��F,"(D1���H" D���0�*��F,"(D

1���D,�-���0*(#��,H
	�K�D�����23!��

! !"#$%&'()*+$,-.$/01$23'"45! 6"7)(&%$8((9:&*;$<=$2>%"?@;A5

! ,**%B@A")C*&?&:%($,-.$/01 ! DA9($EA(#$,-.$/01

1���D,�-���0*(#��,H
	J C�D,����"H"(D

!.%�G?(�	����%A: �GD�6?������-.��/D?%(!. 
!/A�F���:?.���#�D��D��%A: �GD�F %A
! (GF%#�F ����? 6D�F %A���(#%%F��(F F�� A�

1���D,�-���0*(#��,H
1��%",M�1�C�FF"D 

! (G�#�AF���: �?��%:�H ( %A
! (G�#�AF���H �,C% AF
! (G�#�AF���:�� �?��-CD�(( %A

!"#$%&'()#*(+"(,$"-%+$'(.)#$"/0(/",123"/0(
)4&0()15%"/0(5#.&"/0 #*/(34.6"/(45

1���D,�-���0*(#��,H
�(�"%���F,"�H

! �%����A���?����CF ����H ��
!,D�H F.�CD%�G� A����%C(F �!���H ��
!D%A��6�(����A�%GAF�D���F.C����CF �(�

7#5&%).(8%$$(5$#'(#(+%9(21$"(%*(31+%$"(:!

0�*��F,"(D��(�J%�,"(D
!,?�((�(�:%D��%?%D�6? A�
! � F�?����D A��� �(
!.�A.�F%%?(�:%D��� ?.�? :�

!"#$%#&'()



1���H" D���0�*��F,"(D
!����D��A%,�:D���:D%#�A�F H��C�D��CF %A�

�A����A�:?�- 6?.�D���( �A� F�F%�#�- # /��
%A�M(��6 ? F.�%A�F���:?.�%A���#�A�

*+,-$.#/0#+123#4565

78"..#/0#+123#4569:+;#/0#+123#456<

*+&+%+#/0#+123#455=>+/(+#/0#+123#455?

70'"#/0#+123#4569

�1�3��!D(%( M�1(��C�F
�M�,!���12� �����


�)�
�(�
�
�
�	(

-%
�(�

F*
(H

�*
H(

��
�

'
'#
 �
�*

 &
%F

.�����������-����#E����������
�%�!E�
���%��$�����������
#"������/�!#����%���


�
�

�H
%�

�A
�%

*�
#�3

��
�%

&#
&�

 �
F

2H
�!

��
* I

��
 %
�&

��0
(&

��
FF

 %
��

*�
��

���
'�

(�
�'

* &
%�

��
�&

�%
 * 
&%

 
0�

/F
 �
�#
��
�4

 (*
H�

#�A
H*

H�
#

�&
%I

�(
F &

%�
*�

��
%&

#&
�/


���$"�%��-����#E�C�#����C�
��!#�!�#�����������%�#E��"�"#�!���" ��"�����D#!������% �����#"

�3�#�. F*�%����(&�&* �F 

1��&(���(�'#�/���&##&-�H'��.'�( �%���
&��FH�!��* I��'�(��'* &%

����������������!�������%�!"�����(&A�
'�(��'* &%�*&�FH�!��* I��(��&�% * &%

��!�� #$���F�#��� ����#�!����F�#���
��(��A�(��#� %*�(��* &%��A�*�( �#�I�(��# M�* &%��

�&A'��*�-&(#���F�A'# %��&��*���-&(#�  

-$ �!�"��"�
�(��&(���(�'#�/��(�A .�&��'�(��'* &%��%�� %*�##��* 

-$ �!�#���D�"#����
���* &%��(&A��&%F� &HF%�FF� %�*���I (*H�#�-&(#�F

*&�*���'�/F ��#�-&(#� 

0�(* � '�* &%����&%*( �H* &%�*�(&H��
1�4�'�/F ��#1I (*H�# ��&%* %HHA� %�(������
0�2�'�(F&%�#�F&� �*/ ��&%* %HHA� %�(��

-����#E�C�#��C�!�#�
������� �""���

	E �!�!����#E������
�F*�� HA��AHF�HAF��'�("F��(�A&*��

*&H( FA��A�� � %�����H��* &% 

 ���%�#��������
�.�� � %���F'&(*F���&AAH% ��* &%F��

�H#*H(���%��(�F��(�� 

-%�&��F��( %�� %�(����&(��A'�*�/��%��(�# ��
�(��&(���F��( %���(�'#�/���&##&-�H'��.'�( �%���&��
'�(F&%�#���*����&'/( ��*���-&("��'�/F ��#�F" ##F��

�.'�( �%����%��"%&-#���� 

�!�""������ �F/%�F*��F ��� ##HF &% 

.�!#$���F�#���������#�!���
��/��(�0�/F ��#��(��&%F*(H�* &%������I &(�A��FH(�A�%* 

��#�!����F�#�������%�!#$��
�'�(F&%�#����( ��* &%��� &�'( %*�(F��

A�� � %���%�%&*�����A�AF 

H�A�%*���,HA�%�3���%&#&� �F��%��# %�
/#/A' �%F��%��0�(�#/A' �%F�&%�*���F�A��� �#�

��%��"��"����������#��� !�"�����
���!�"#!$�#$!�

�(&A�*����(��&��'�(��'* &%��%���&�/
*&�*����(��&��'&F*��&�/
��/&%��FH����&%F*(� %*F

-$ �!������#���
�(��&(���#&(���F��( %��&��*�&H��*�

�%��(��&�% * &% 

��
��

�#
��

��
��

"$
 �

!
 �

!#
��

� 
�#

��
��

"�
��

�#
E

��� ���#��!���!�����������E"�"
�# ���#&�� %��&��I *�#���*�&H��* 

/
#/
A

' 
��
��

A
��

�'
'F

�(*���%%!��"D 
!���(�%G?��1FD� AM�%A�M(��6 ? F.��A%F�F%�1(C% ?M

@ )�?�G?�F%D�H(��(6��G(

!���(�%G?��#�!�������?F�.����F H��� A�?G( H��
(%� �F.��A%F��A�GA���?F�.��?�/.���-�?G( H��
(%� �F.
@ �%#��!�.,%D�(	

1:GAM�
1�#C�F�.M�
1��( �A��� A�%AH�A �A��M

A.+;'#80+.,8#B#C"/D-;C"/',%2E'$

3(F"�H��(*��"H�JHH"(D

!-%,�#G�����A�,��*���H" D F�*��F,"(D

!-%,���A�,��D��%D����(��D����FD�A(:�D�

*���H" D���F�*��F,"(D

!���F��D��F���F���A ��?����??�A��(

!-%,�G(�:G?�����D#:G?���C�D( (F�AF� (�10

!���F�,%G?��6��F���1 ���?M�:GFGD��, F��10�
:%D��G#�A�6� A�


3!�DA�M(J�



Towards Gaze-based Labels 
Filter for AR Browsers 

Jihad Mahmoud

PhD student, Takemura Lab, Osaka University 

System Overview 

Eye Tracker 

Analysis & Prediction Unit

Label Manager

Research Questions

Q1) Does Information filtering based on users gaze data 

contribute in reduction of visual clutter? 

Q2) Is user’s points of regard criteria sufficient for efficient info 

filtering? 

Q3) What type of user’s state detection is required?

Q4) Does users gaze analysis really reflect users interests?

! Goal: filter labels based on user’s current cognitive state 

! Basic workflow:

1. Record user’s eye movement while performing three scene tasks

2. Classify eye movement pattern accurately into corresponding 

visual task 

3. Display labels based on user’s current visual task

System Overview(2)

Experimental Design 

! Classified visual tasks:

1. Visual search: search for a target or target occurrences

2. Memorization: memorizing specific targets 

3. Focus: concentrating on specific AOI(s) 

Eye movements as function of visual task [1] 
[1] Eye Movement Analysis PowerPoint, downloaded from: www.wpic.pitt.edu/research/.../Eye%20Movement%20Analysis.ppt

! To determine eye movement pattern, fixation-based eye metrics are 

computed [2]:

1. Scene- based: Number of fixations, Total scan-path length, 

Fixation rate, and Mean fixation duration

2. AOI-based: Number of fixations, Gaze percentage, Gaze 

frequency, and Mean gaze duration  

Experimental Design(2)

[2] Robert J. K. Jacob and Keith S. Karn, “Eye tracking in Human-computer interaction and usability research: Ready to deliver the promises,” in the Mind's 
Eye: Cognitive and Applied Aspects of Eye Movement Research, Elsevier Science, Amsterdam, pp. 573-605, 2003



Experimental Design(3)

! Tools: Pupil Labs, Psychtoolbox, MATLAB, C++

! Considerations:

! Eye features importance weight

! Classifier Type

! Images type, number and display duration

! User scenarios 

Visual Experiment 

Points of Interest(1)

! User cognitive states

! Saccade-based eye features 

! Scene-independent eye movement patterns 

! In-depth gaze analysis

Points of Interest(2)

! Gaze and Labels layout:

- Placement

- Label Characteristics (e.g. Opacity)

- Level of details 
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Toshiya Nakakura

1

- Ph.D Student in Keio University
Graduate School of Media Design

- Engineer at NTT Communications

1

Not But Toshi

Research Interest - Telexistence

2

- You can get physical body
in remote place

- Control avatar robots as if
they are your own bodies
like Ghost in the Shell

- We control robots through
VR technology, instead of
brain-machine interface

Telexistence Method

33

- Telexistence robots move according to 
operator’s motion

- Feed back their sensor inputs as operator’s 
own sense. 

My Research

4

! Control them over the Internet
! Develop a network protocol/engine to 
mitigate network obstacles.

4

My research will enable you 
to attend this meeting
without jetlag .

Research problems

5

(1) Firewalls/NATs brock the packets

(2) The packets will be affected by 
Latency, Jitter, Packet loss, etc.

the packets
Current Major Problems

6

VR sickness

Simultaneity of cross-modal 
events(e.g. Visuo-Haptic)

Adjusting the timings to display sensory feedback
considering mental model and neurology.



My Engine

7

MyEngine MyEngine

SRTP over 
WebRTCVideo/Audio Stream

Other sensors inputs

Video/Audio outputs

Sensors outputs

Guarantee simultaneity of all forwarding packets
Field work

8

Cellular Network

The Internet

Experience of the marathon runner’s Vision and
sound in Tokyo Maration 2016.

What I can do in this meeting

9

I brought a small Telexistence robot here.
You can dive into it.

Wine

10



Nassir Navab

Resident: Earth 14-11-2016 

Born: 03-
12-1960

u

32� EN, 52�

75�43� WN,Industrial R&D:  1995-2002

ReconstructionReconstructionReconstructionReconstruction
and update

Maintenance Maintenance Maintenance 
Planning

75�43� WN,Industrial R&D:  1995-2002

12�Academic R&D:  2003-2016 48� EN,Academic R&D:  

campar.in.tum.de + camp.lcsr.jhu.edu



12�Academic R&D:  2003-2016 48� EN, 12�Academic R&D:  2003-2016 48� EN,
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Small Family
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Big Family
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Osaka University, Cyber Media Center
Jason Orlosky, PhD

! AR Rift and ModulAR

! Small Form Factor Displays

! Augment vision with displays or algorithms
! Visual/cognitive limiations	
! Can’t read text
! Don’t understand words
! Forget peoples faces or names
! Can’t see in the dark

! Characters too small?
! Zoom in

! Don’t understand words?
! Auto-dictionary search

! Forgot a face or name?
! Face recognition and annotaiton

! Too dark?
! Add information from a thermal camera

annotaiton

����

! Idea of a camera-lens modules
! Easy to switch augmentations or add new ones

6

! View up to ����
! Stereoscopic



7

! Hand manipulation is not always possible
! Voice control has severe privacy issues
! Eye tracking is a good solution!Eye tracking is a good solution!

! Cognition and eye movement can 
help manage content
! Reading ! Dictionary augmentations
! Searching ! Navigation / HUD
! Confusion ! Schedule / instructions
! Drowsy driving ! Virtual alerts

Cognition and eye movement can 

Dictionary augmentations
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Hideo Saito, Keio Univ.
!"#$%&'()* 2

The 51-camera video 
sequence are processed to 
produce a complete 4-
dimensional (time + 3D) 
description of an event. 

A virtual video from 
completely arbitrary view 
points can be synthesized 
from the 4D description, 
including “placing” the 
event in a “new” 
environment, like a 
synthetic gym.

3D Room

+,%%-.&%/*'&01-2301!%"&"

45-678%,7"-7,%-9"%:-&0-/%;;<',=70&>%:-/73
9 cameras on the 
ceiling

10 cameras on each 
wall

Synchronization
Signal Generator

Time Code  
Generator

TCT: Time Code Translator

TCT

TCT

TCT

S-Video

Main Memory

CPU

HDD

Digitizing PC 1

TCT

TCT

TCT

S-Video

Main Memory

CPU

HDD

Digitizing PC 2

TCT

TCT

TCT

S-Video

Main Memory

CPU

HDD

Digitizing PC n

Control
PC
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1975-2005: TU Munich 

2005-2007: Canon Japan
2008: TU Graz (2 months)

2004: Columbia University (7 months) 

2008-2014: University of South Australia
since 2014: Nara Institute of Science and Technology (http://imd.naist.jp)

1975-2005: TU Munich 

2005-2007: Canon Japan
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2004: Columbia University (7 months) 

2008-2014: University of South Australia
since 2014: Nara Institute of Science and Technology (http://imd.naist.jp)

1975-2005: TU Munich 

2005-2007: Canon Japan
2008: TU Graz (2 months)

2004: Columbia University (7 months) 

2008-2014: University of South Australia
since 2014: Nara Institute of Science and Technology (http://imd.naist.jp)

The real voyage of discovery  
consists not in seeking new landscapes,  
but in having new eyes.  

Marcel Proust
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August 2014
Workshop at NAIST

Definition: modification of the user’s perception that can’t be 
detected by the user

True AR: What?  

How to verify this? !

1950: Alan Turing’s imitation 
game"
=> precise test protocol to test 
quality of AI!

Proposal: we need the same for AR!

Challenges: !

Microscope? !

CT scanner? !

Horse back riding? 



EYEAR:  
BEST DEMO AWARD AT ISMAR 2016 (HOLOLENS VERSION)

INCLUDES AR TURING TEST
SUBMISSION TO ISMAR 2016

Figure 2: Participants’ view during the experiment for two different focus distances (front: green pillar, middle: blue pillar). The green and
blue pillar are real; the red pillar is only real in the leftmost column. Note how the red pillars in columns ”Real” and ”Autorefractometer
On” closely match. For comparison, column ”Autorefractometer Off” shows views similar to most OST AR displays; note the mismatch
compared to the red pillars in the other columns.

bringing objects at different distances into focus. The goal of our
work is to generate CG objects that behave like real objects during
accomodative actions of the user’s eyes. Up until now, this has only
been possible through Light Field Displays (LFDs).

In this paper, we present the design of a display based on mea-
suring the user’s eyes, in particular the focus distance, as an alterna-
tive to LFDs. We then present the implementation of three tabletop
prototypes that emulate an OST-HMD setup. Next, we present an
experiment to validate one our prototypes. The experiment is an
instance of an AR Turing Test, aiming to verify that users can’t
distinguish between real and virtual objects anymore. Participants
looked at three pillars (one of which was virtual) placed at three
different depths from the user (see Figure 2). We then challenged
users to identify the virtual pillar while freely refocusing. The re-
sults of our experiment partially confirm our hypothesis, as one of
the three virtual pillars could not be identified better than chance;
the other two pillars came close, but were identified slightly above
chance, due to the disparity of focal lengths between the real objects
and the virtual image plane.

Contribution. EyeAR is the first OST system to create AR CG
that are coherent with the real environment while refocussing, based
on measuring the user’s eye’s focal length. Our experiment is the
first instance of an AR Turing Test for OST AR. Our system was
first to pass an AR Turing Test, albeit only partially. We believe that
our display design is a serious competitior for LFDs and could be
applied to all AR OST HMDs.

We captured the first person illustrations of our display with a
Nikon D700 SLR camera right through our display. We did not
apply any postprocessing. We set the SLRs apperture size and f-
stop to typical values obtained from users of our system.

2 RELATED WORK

In this section, we first discuss related work that shares the goal of
our work: creating refocusable AR content. Second, we discuss
experimental prototocols for validating the realism of CG.

2.1 Displays for Refocusable AR Content
The distribution of light in space is exhaustively modeled with the
plenoptic function [1]. It is at least six-dimensional: three dimen-
sions for the observers viewpoint, two for the viewing direction,
and one for the wave length; its dense sampling and reconstruction
is expensive. One assumption that makes either task easier is that
the environment is observed—or rendered—from the outside, thus
keeping spectral radiance the same along straight lines and effec-
tively removing one dimension from the viewpoint, reducing the
representation to a Light Field [15]. One fundamental way of em-
bedding the Light Field of a virtual object into reality is by injecting
a Light Field into the user’s direct view. Second, we can capture the
Light Field of the user’s environment, fuse it with the Light Field
that we want to embed, and display this combination to the user.

One such display [14] uses an array of micro lenses to re-create
a Light Field. However, with this method, there is a trade-off be-

AR TURING TESTS RESULTS
SUBMISSION TO ISMAR 2016

Green: 58.3% 
Red: 41.7% 
Blue: 33.3% 

Virtual

Real

(a) Focus front (b) Focus middle (c) Focus back

Figure 6: Limitation of our prototype: as the distance to the virtual image plane coincides with the blue pillar, it is the only pillar that can
be rendered with only minor artefacts. Note how the red and green pillars exhibit noticeably greater artefacts. The top row shows all virtual
pillars, while the bottom row only shows real pillars.

outcome. We also collected general feedback from each participant
with the goal of gaining insight on the results from the evaluation.

Independent Variables

VirtualPillar ∈ { red, green, blue} within-subjects
It refers to the pillar that was virtual. Only one pillar was
virtual on each test, either the green pillar placed 0.25m away
from the participant’s eye, the blue one at 0.375m, or the red
at 0.5m.

Autorefractometer ∈ { On, Off} within-subjects
We evaluated two situations; one adjusting the blurriness of
the virtual pillar according to the autorefractometer readings,
the other without adjusting it, simulating a pinhole camera
rendering.

TrialSequence ∈ { 1 ... 12}
We included the sequence number in which the trials were car-
ried out to observe whether there was a learning effect. Virtu-
alPillar had 3 possible values, Autorefractometer was a binary
variable, making 6 possible permutations. Each permutation
was tried twice, making a total of 12 trials per participant.

5.6 Results
H1 stated that with the use of the data collected from the autorefrac-
tometer, participants would guess correctly about 33% of the times,
the same results as if they tried to guess by chance. This hypothesis
was rejected for the green (58.3%) and red (41.7%) pillars. How-
ever, the results for the blue pillar (33.3% of correct guesses) were
compatible with H1.

The results from regression analysis support H2. The results
show that the number of correct guesses was highly significant
when the refractometer was off for all three pillars. We also found
that there is a learning effect, making it easier for participants to
guess the virtual pillar at the later trials. Additionally, the analy-
sis revealed that gender is also significant, which was not expected
initially.

The remainder of this section is only 2 paragraphs. It would be
great to break it up into 4-6 paragraphs to increase readability Fig-
ure 7 shows the percentages of success when guessing which pillar
was the virtual one for each experimental condition. At first sight,
the plot shows that participants found it easier to guess the virtual
pillar when the refractometer was off (81.9% of the times) com-
pared to using the data from the refractometer (44.4%) to adjust the
blurriness of the pillars in real time. Concerning the pillars, partic-
ipants guessed it right more often when the green one was virtual

compared to the other two. Looking at H1, the total number of cor-
rect guesses for Autorefractometer=on was 32, n=72. We computed
the confidence intervals using different methods to test whether the
probability to guess it correctly could be 0.33. Wilson score inter-
val method returned a sample mean of 0.44 with a 95% confidence
interval=0.335 to 0.559. This result rejects that 0.33 is the expected
mean value of the population by a very narrow margin, therefore re-
jecting H1. Clopper-Pearson binomial interval returns a very simi-
lar value (95% conf. int.=0.327 to 0.566) but it does not reject the
hypothesis, although it is still very unlikely that the true mean is
0.33. Other methods to compute the confidence intervals were tried
and returned very similar results and do not provide further infor-
mation. Looking at the different pillars separately, the green pillar
was guessed correctly 14 times (n=24, sample mean=0.583, 95%
conf. int.=0.366 to 0.779), the blue pillar 8 times (n=24, sample
mean=0.333, conf. int.= 0.156 to 0.553), and the red one 10 times
(n=24, sample mean=0.139, conf. int.= 0.069 to 0.241). These re-
sults reject that green and red pillar were guessed only by chance,
but provide evidence that the virtual blue pillar could not be distin-
guished from its real counterpart.

This was a within-subjects experimental design with a binary
dependent variable, then we decided to estimate a model using
generalized estimating equations (GEE) [16, 2]. Besides the two
main independent variables, we also included the trial sequence
(TrialSequence), gender, and age to test whether they could also
be explanatory variables. A standard criteria to test the model
fitting is the Akaike information criteria, but it has been argued
that it is not applicable when using GEE, as this method does
not provide models based on likelihood. [27] proposes that the
quasi-likelihood information criterion (QIC) suits better for this
case. Other criteria have been proposed such as the correlation
information criterion (CIC) [9], although it is better take into
account more than one criterion [6]. Table 1 shows that the main
contributor of the linear model with no interaction terms was the
experimental variable Autorefractometer, although it is not the only
one. The trial sequence and gender are also contributors, though
have a lesser effect. On the other hand, VirtualPillar and age are
do not contribute. This model returned criteria values QIC=164.91
and a CIC=4.01. Removing the non-contributors and adding
interaction terms for the predictors of the previous model returns
that none of them are significant (Autorefractometer•Gender
p=0.439; Autorefractometer•TrialSequence p=0.804;
TrialSequence•Gender p=0.902). This second model returns
higher scores on both QIC (169.14) and CIC (6.34), which means
that the model fitting is not as good as the previous one. One
last model tried with only Autorefractometer, TrialSequence,
and gender, returns the lowest criterion scores, with AIC=164.54

VIRTUAL

REAL

CORRECTLY IDENTIFIED VIRTUAL PILLARS

EyeAR ! EyeAR
Instead of adding CG, directly modulating user's 
view of reality:!

Blur (subtle diminished reality)!

Focus (Omni Focus)!

Lighting (HDR Vision)!

Brightness (subtle cueing)

EyeAR ! EyeAR
Research question: what computational 
photography signals can the human visual system 
decode?
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Showing all books 
matching to a query at 
once leads to clutter 

Clustering the books by similarity and displaying 
only clusters for groups of books produces an 

easily comprehensible view 
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HRV

Eye Tracking

Workload
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Speed Control
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; Current 
measures are 
glance-based

; HUD & HDD 
glance 
patterns differ

; Speed control is 
similar

; HUD associated 
with better lane 
control
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How can we improve 
the methods?

J

Accurately Evaluate
; Multiple AR HUD Interfaces
; Different Driving Events

Characteristics
; Timely
; Inexpensive
; Easy to implement
; Comparable across displays 

& tasks

!K

AR is not the primary 
task…

It supplements other tasks

Evaluating response 
time & accuracy alone 
is not sufficient

How does this change our assessment 
methods?
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Interactive Media Lab
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