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Development and Evaluation of Autostereoscopic 3D
Live System with Real-Time Video Capture

Kyosuke Yanagida f, Takafumi Koike (member)tt

Abstract We developed an autostereoscopic 3D live system using a minimal configuration of real-time stereo capture
and a binocular autostereoscopic 3D display. We compared the displayed contents of the autostereoscopic 3D live system
and conventional 2D video conferencing through both quantitative analysis and subjective evaluation. For the quantitative
evaluation, we measured and assessed the fixation duration on the face area of the conversational partner using eye tracking.
Our system showed longer fixation duration and a greater number of fixations on the face area compared to 2D video con-
ferencing. For the subjective evaluation, we surveyed participants and analyzed the results. We used Wilcoxon signed-rank

tests to compare our system with 2D video conferencing. The results show that our system achieves higher ratings for sense

of presence and realism.

Key words: autostereoscopic 3D display, parallax barrier, real-time capture, eye-tracking, 3D video conferencing.

1. Introduction

Telepresence is a technology that gives a sense of pres-
ence and immersion to remote people and landscapes,
as if they were present in the scene. 2D video con-
ferencing commonly strengthens connections between
remote individuals as a form of telepresence. However,
when humans perceive in three-dimensional space, it is
challenging to achieve a true sense of presence using 2D
video conferencing®®.

Taguchi et al. realized real-time acquisition and out-
put of light fields using a large camera array®, but such
setups impose significant hardware constraints. Project
Starline® and Google Beam® enable high-quality face-
to-face communication through large light-field displays
and multi-camera capture systems. While these sys-
tems provide high-fidelity experiences, their reliance on
massive hardware and complex processing limits prac-
tical deployment. Moreover, previous studies on face-
to-face and 2D video communication have shown that
the duration and frequency of eye contact positively in-

n89 - However,

fluence impressions of the interlocutor
comparisons of face-directed gaze behavior between 2D
and autostereoscopic 3D displays remain insufficiently

explored.
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hardware overhead to make 3D telepresence more
practical'®*V.  Unlike prior large-scale or hardware-
intensive systems, our approach focuses on a minimal
setup suitable for real-time, bidirectional 3D commu-
nication. In addition, we specifically evaluated three
gaze metrics to face using a video designed for video
conferencing scenarios: (1) average fixation duration,
(2) number of fixations, and (3) duration until first fix-
ation on the face.

To the best of our knowledge, this study is one of
the early investigations that quantitatively compares a
minimal hardware autostereoscopic 3D live system with
conventional 2D video conferencing, combining face-
directed gaze metrics with subjective evaluations. Our

approach includes three contributions:

o We developed a minimal bidirectional real-time
communication system using stereo cameras and
a wide-view autostereoscopic 3D display with eye
tracking.

e  We presented participants with quiet video confer-
encing scenarios in both 2D and autostereoscopic
3D display, and measured three gaze-to-face met-
rics: average fixation duration, number of fixations,
and time to first fixation.

e We experimented subjective evaluations of pres-
ence and realism, demonstrating that the au-
tostereoscopic 3D live system yielded significant

improvements over 2D video conferencing.

We experimented under conditions without mutual eye
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Fig. 1: Parallax barrier system.

contact to examine the effects of the autostereoscopic

3D live system independently of eye contact.
2. Related Work

2.1 Autostereoscopic 3D Displays

Autostereoscopic 3D displays provide stereoscopic
viewing without special glasses or a head-mounted dis-
play (HMD). They can be broadly classified into tem-
poral and spatial multiplexing methods. The tempo-
ral multiplexing method alternately presents left and
right images synchronized with shutter glasses, enabling
high-resolution output and flexible viewing positions,
but requiring precise timing control'®?. In contrast,
the spatial multiplexing method separates images op-
tically using devices such as parallax barriers or lentic-

13, Parallax barriers have the advantage of

ular lenses
maintaining the original pixel resolution, unlike lentic-
ular lenses that magnify pixels.

A parallax barrier is a vertically striped mask with
alternating opaque and transparent slits. Fig. 1 shows
how a parallax barrier attached to a 2D display spatially
divides left- and right-eye images to achieve stereoscopic
viewing.

A limitation of parallax barrier displays is their nar-
row viewing zone, where crosstalk easily occurs because
the barrier is fixed to the display. To address this,
Nishimura et al.'® proposed viewpoint-based dynamic
control, and Nakamura et al.'® expanded the viewing
zone by selecting sub-pixels that converge at slit cen-
ters in the dot-space. We adopt the autostereoscopic
display method combined with viewpoint tracking.

2.2 Evaluation of 3D Video Systems

Evaluation of 3D displays often involves measur-

ing crosstalk and brightness, collecting subjective eval-

34

uations, or analyzing gaze behavior under 2D and
Li et al.
method to evaluate crosstalk across the viewing zone

3D viewing. propose a multidimensional
and showed how it varies with position and gaze'”. Ya-
maguchi et al. suppress depth-direction crosstalk in a
parallax barrier system by detecting subpixels with eye
tracking and displaying black images on them'®. These
studies provide key techniques for improving stereo-
scopic quality under viewpoint shifts.

Lawrence et al. developed Project Starline and
Google Beam, real-time 3D video communication sys-
tems combining autostereoscopic displays with multi-

5)6)

camera capture They report significantly higher
presence and engagement ratings for Starline compared
to 2D calls, though its reliance on complex processing
and controlled environments makes consistent quality
difficult.

Other studies analyze gaze distribution in 3D im-
Hékkinen et al.

movies focused mainly on people, whereas in 3D they

19)20)

ages found that viewers of 2D

looked more at complex structures and near objects®".
However, these results are not obtained in a video con-
ferencing context, where a partner’s face is presented
in the foreground. Thus, gaze behavior in interpersonal
communication settings remains to be clarified.

2.3 Gaze and Eye Contact in Communica-

tion

Eye contact is a crucial role in interpersonal com-
munication. Longer fixation durations on a partner’s
face have been shown to enhance trust and facilitate
smoother information exchange”. Directly gazing at
the face has also been reported to increase the per-
ceived attractiveness of the partner®. Furthermore, ex-
perimental studies have demonstrated that humans can
rapidly perceive “being looked at” even from very
brief gaze presentations®. This finding suggests that a
momentary eye contact at the beginning of an interac-
tion can trigger feelings of interest and affinity, which
may subsequently influence the overall course of com-
munication.

These findings are equally important in remote com-
munication®®. However, in 2D video conferencing and
telepresence systems, the displacement between the dis-
play and the camera makes mutual gaze difficult to
achieve. Previous studies have shown that, by using
a half mirror to virtually align the optical axis of the
capture camera with the center of the display, eye con-
tact in 2D video conferencing can enhance a sense of

intimacy®®. We quantitatively examine the effects of



J-STAGE

[ Receiver/Sender side ] EE— o Stereo
Camera

X2: HEAERIZ L BIDS 1 TV AT LERK,

BARATEN TN § 5 2D47R & BENLRRRIC & % 3DIR
ROFNR & EBINIRE Uz, BARRIZIK, 80
BERECHEI N ET A RBRMEEERL, £
MEIZ2DE T A RFEE BENLAEID T A TV AT
LDWAE&BEL TTHEEIEIE, BEFEEICE T
% 3D DEARER CEIIEARR R, EEES, B
DEAIDER £ TORM) 2 \IEIE /2,

3. BHENNLAEHEIDI A TVAT A

3.1 =

BENIRIARHRIDT 1 7Y AT ADN— R = PHERK
&V 7 Mz VEOME R FAT 5, K2ZEEH)
SRR T A TV AT AOERK ERT, BENIE
HIDT A AT VA, AT VA HIAS, PCDID>DT
NAZMMSERINE, BENIAEHRIDT + A7
1%, R SLAEFRL ARABRE RV EE
NYTPYATLAERALTWS, SDIT—TIMNA
TFUAHNRAS XY TF ¥ TN AERT 5,

AKYAT LI, AT VABES Yy TF ¥, AT
LA gl s, BENLARERDT + A7 L1 ED
AT VHABUET 4 AT V1 DIEIZLEEITS,
ATFVAAATITEEMEMRGEZEIL. Thz
FYTFvT Db, VATALFFYTF v UM
B &GPUIZERE L. UDPEE 7T b 2V EFEWT
AT VABUGEERET D, VAT ALIIREL
ATV ABYE %, BEEDOHRSBHIINNT S
EEDEDEBZL LEIZERUE, ZOBKI
ROBEMTHDLEZ D,

3.2 AFLAHATDEE

KYAT LTI, F—AM—VDEAZR/IMEL,
LFV T VAN U TEREL-FHRERRETS
=8, ERIZAHFF Yy SF vy iEEFEAL -,

-le ‘\ -,
\“ ;
“l l’,
Z
B
Parallel Intersection

X3: A5 VAEEF v TF v DHDIAF| - 3355
DHEEX,

EEI AT 1 A7V A1k, MR EERT
%70z, MWREEDH B AT L A EHEE AN
EBRE UTHELT D, AT VAEGEE
5HEL UT, HATDONEE SEIFIZHIZ 5 /8
SUNEE, EEDHASDONEHZIH XS
REFED2OVEFET D, H3IL. WMFELRE
FEOMERITH D, FTiE d p OFEIR K
DERAVWTEHELAE, 2T [ I3EEDH A

Bt 7 I3EEARE TOmRBEZ KT,

TI-

d= Tf (1)
WEiElx, #EMRFE TORMICKEHIL 72
RE2ERT 5, ETALZBYFVAICE
WT, BIRENIAZITEDL &, HEN
REXLRY, MEENHEL RS,
REFIZE Y, BENLERHIDT + A7V A1,
AR DHENT 4 AT VA FHEHTRET D
NN BT 2R ELEH T I NTY
b, ATV MINREEDRIATIZEE)
VARIDRREMNSROCE L, ARESTIE
HENIARGDRREDRAICA TV I "M
BHhd, IATDPERAEZFIET S Z & T,
ROHTEZFE T Z L NAEETH D, xld
AFVARNASTDODR—AS5AVEHRL, OlF
FRVLHERCHEAREBHTIHREl = 1%
T, TIT, XWEATFVAHASTDR—2Z



Paper » Development and Evaluation of Autostereoscopic 3D Live System with Real-Time Video Capture

[ Receiver/Sender side ] BEE—

Stereo
(=
Camera

3D Display

Fig. 2: Autostereoscopic 3D live system configuration.

2D versus autostereoscopic 3D presentation on gaze be-
havior. Specifically, we used video conferencing footage
recorded in a quiet environment and had participants
view it through both 2D video conferencing and the
autostereoscopic 3D live system, measuring three gaze
metrics on the facial region: average fixation duration,
number of fixations, and time to first fixation on the

face.
3. Autostereoscopic 3D Live System

3.1 Overview

We provide an overview of the hardware configura-
tion and software processing of the autostereoscopic
3D live system. Fig. 2 shows the configuration of the
autostereoscopic 3D live system. It consists of three
devices: the autostereoscopic 3D display, the stereo
camera, and the PC. The autostereoscopic 3D dis-
play adopts the parallax barrier system using viewpoint
SDI cables

connect the stereo camera to a capture device.

tracking developed by Nakamura et al.'®.

Our system performs the following processing in or-
der: stereo video capture, stereo video communication,
and stereo video display on the autostereoscopic 3D dis-
play. The stereo camera outputs uncompressed video,
which is then captured. The system transfers the cap-
tured video to the GPU and transmits stereo video us-
ing the UDP communication protocol. The system dis-
played the received stereo video with the left and right
eye images corresponding to the observer’s viewpoint
movement. We consider this configuration to be the
simplest.

3.2 Stereo Camera Arrangement

We adopt a parallel capture method for recording
in our system, because it minimizes keystone distor-
tion and provides stable reproduction for conferencing

scenarios. The autostereoscopic 3D display requires

35

)

Parallel Intersection

Fig.3: Conceptual diagram of parallel and intersection

methods for stereo image capture.

stereo images with binocular disparity as input images
to achieve stereoscopic viewing. Two methods exist for
capturing stereo images: the parallel method, which
aligns the camera optical axes in parallel, and an in-
tersection method, which converges the left and right
camera optical axes. Fig. 3 shows a conceptual diagram
of the parallel and intersection methods. We calculated
the parallax for the parallel method d, using equation
(1), where I represents the distance between the cen-
ters of the left and right camera lenses, f denotes the
camera’s focal length, and Z indicates the distance to
the subject.

_LJs

d
VA

1)

The parallel method creates a parallax inversely pro-
portional to the distance to the subject. When the ob-
server moves closer to the camera in video conferencing
scenarios, the parallax increases, making stereoscopic
viewing more challenging.

The intersection method allows the autostereoscopic
3D display to reproduce subjects positioned at the dis-
tance [, where the optical axes of the cameras intersect
at the display plane. The objects pop out of the au-
tostereoscopic 3D display plane in front of the optical
intersection point, whereas the objects appear behind
the autostereoscopic 3D display plane in the optical in-
tersection point. It is possible for us to control the
amount of popping out by controlling the camera con-
vergence angle. We calculated the distance | from the
starting points of the left and right camera optical axes
to their intersection point using equation (2), where x

represents the stereo camera baseline and 6 denotes the
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convergence angle between the camera optical axes.

(2)

Setting | = Z reproduces the subject on the display

[ =xtan .
ztan o

plane itself.

We facilitated stereoscopic viewing by controlling the
amount of protrusion, even for observers with diffi-
culty in stereoscopic perception. Realism is further en-
hanced by setting the optical axes for video conferenc-
ing and choosing | < Z, which placed the subject be-
hind the display plane. However, a large convergence
angle caused keystone distortion, so we adopted the par-
allel capture method with less distortion for realistic
reproduction.

It is difficult to align the line of sight when using a
stereo camera. Therefore, we used the prototype shown
in Fig. 2 for the subjective evaluation with gaze mea-
surements. We used videos where the subject was in-
structed to focus on the camera. This issue could be
resolved in future work by using an optical system to
virtually align the stereo camera lenses with the display
center.

3.3 Implementation

We use Reallmage 3D-32T™™ (3D-32) from Reallm-
age Inc. It is the autostereoscopic 3D display using the
parallax barrier system, with a resolution of 3840x2160
pixels. It has a maximum refresh rate of 60Hz. The
3D-32 is designed to provide imagery while minimizing
moire patterns and crosstalk. Reallmage Inc. fixes a
tracking camera above the display, where it acquires the
observer’s facial information from the color image and
the corresponding depth information from the depth
image.

We utilize two SONY DSC-RX0 (RX0) cameras. The
RX0 supports HDMI output up to 1080p60. The di-

mensions are 59.0 mm in width, 40.5 mm in height, and
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29.8 mm in depth. The RXO0 places its lens at the center
of the front face, so placing two RX0 cameras side by
side creates a baseline of approximately 60mm. As the
average human interpupillary distance is approximately
60 mm, using two RX0 cameras enables the reproduc-
tion of binocular disparity.

The PC has Intel(R) Core™ i9-12900K CPU and
We used NVIDIA RTX A4000 as
GPU. We implement the control of the autostereoscopic
3D display using Unity (version 2021.3.21). For video

capture, we use AVProDeckLink, a framework that can

64GB of memory.

run on Unity. Therefore, we use Blackmagic Design
DeckLink Duo 2 as the capture device. For communica-
tion, we use UnityRenderStreaming, which implements
WebRTC to enable handling it within Unity.

Fig. 4 shows an overview of the communication pro-
cessing in our system. PC captures stereo video in real-
time, side-by-side image generation, encoding on the
The DeckLink Duo 2 capture card in-
stalled in the sending PC captures the video from the
RX0s. The sending PC combines the left and right eye
images into a single side-by-side frame and sends it to

sending side.

the receiving PC. The receiving PC receives frame data
from the sending side and decodes it. Also, the RGB-D
camera captures point clouds and an RGB frame. The
receiving PC calculates 3D eye positions from a 2D face
position using the RGB frame and the point clouds. Fi-
nally, the receiving PC displayed the autostereoscopic
3D display on the receiving side. We use the frame
data along with the observer’s 3D viewpoint position
acquired on the receiving side for the autostereoscopic
3D display. Fig. 5 shows the stereo video captured on
the sending side, and Fig. 6 shows the stereo video dis-
played on the autostereoscopic 3D display on the re-

ceiving side.



J-STAGE

X5 EERITHRE SN AT L A EE,

6 2D BT CER X M S
DHEEORED S v 7F v XN 25 L A Ef,

| ey Eye tracking
camera

apture|
Devi:; »
GPU

7 BRI & HIE T 3 -0 25 AR
(% BEE. 4 EEE).

Y BB D ERITE O

4.1 ZERY AT A

TAAVRZ NE, #HIDEERD LV TAIT
FEWICEERGZEERELE, UL, %<®%t
FTALBYVATAIT A IVE DT NOEEHEHEIC
LU, BEXRFHIERLAL,

Bzld, BESIRMEIDIUE DS A DA
LEBTEICE DI REEELEZ 2N EHAN
%7-HIZ, 3IDDEENIEELERL /-, HAD
FEEITEHEREMTHY . ZHIXRERIA
) —VIZRRINEZEERLETEDL 50D
T=MERT, 2DOEHDIERIX, €T ALYy
NS IREEE DEENDORADER E TORRE &
UTHIEXNS, RIDEHRE THORETH -
7zo 3D B DIEEILR. TRENEDOREDEHSIZE
LHEELRMTIEREHTHD, ZhoDig
i, EICN T2 EMOFE L IEROES DR
DM A E2HREHIZEELZEDTH S,
A—HFTUF—I AV N ERIERIG

8 EERIZ M L 7= 25 L oA E 5o — 5,

BT 3Dl 31— F 1 ET—RINICER I
T3, ZhoDA M) ZAIF DEFANHATI 2
==Y a VEVHNIIRIIZY RN TN 2 AT S
EDIZERARTH D, £ T, BEZAEIDII 2=y
—>avilBIIBET 1AV R T bOFE ERETT 7212,
2D & IS D BRI & EREE & I U 7=,

M7i%, BERAEIDT ATV A, B A 5,
PCEEDL. RADVATLERERLTWVWS, BE)
SMAREIDT 4 ATV AUk, B A Z A EEBIC
BREINTW:, BENLAKIDT + A7+ EIZ2D
&3DaAvF UV ERRLUEZ, TUT, EBRV AT
LEAWTEBGEEEET 572017, HRE % 5#E
FEPEEE (OVD)AHEIZEE SR =, DETFA VTV YH
SEBDAERWNTAIVFUYEERKL -, BE
SARRRIDT A ALV A TIINT VLAY Y REF A
AL, DT AT VA TN LAY Y RE
TADEBETARMERAL -, K8k, #HERE %D
LUR2ODRZFEHAL T, 10O T ARE 217
W, ETFALZFEEYIaL—bMLAELDTH D,

4.2 TR FIE
Tz, Baltrudaitisolizk - CRHFEI WA —T
VYV — ADEREEE R — A DEFBHY AT L TH
%0penfaceZ AL -6 , OpenFaceld T4 R—2
DFAPEFF Y AT A TH Y, B A A T TR
XINEETAEANTEIET, WASEERIZE
TOBEZEDRRERE LRI MV eBHI N
TX 5,
AT EERIZE T BB DR EDIRITEE
Zx L, vy L, z LEFRRARY MV L,
L, k LEFWT, EHOSRE T+ ATV A
SEHDOR M &R TRREZEN LEH La2R(3),
(DDESICHEL 72z, EEDHEZERY MV
ET A AT VA FEDORRE FRIZERET S
MW TES,
WL =x+ E i (3)
Hy=y+ = Jji. (4)
kr,
B DOHRE FIEIZDOWTIE, FFEE DR TRk
AS -y



Paper » Development and Evaluation of Autostereoscopic 3D Live System with Real-Time Video Capture

Fig. 6: Stereo Images captured from the position of both
eyes of a stereoscopic video displayed in autostereo-

scopic 3D on the receiving side.

p Eye tracking
camera

Capture|
Device
GPU

Fig. 7: System configuration for measuring fixation du-

ration on the face (left: side view, right: front view).

4. Comparison of Face Area Gazing Be-
havior

4.1 Experiment System

Eye contact and the act of looking at someone’s face
played extremely important roles. However, many 2D
video conferencing systems made recognizing eye con-
tact difficult, which restricted communication®®.

We experimented with three quantitative metrics to
investigate how autostereoscopic 3D video influences
The first met-

ric was average fixation duration, which indicates how

gaze behavior toward human figures.

long each fixation lasted on the face displayed on the
screen. The second metric was duration until first fixa-
tion, measured as the time from the onset of the video
The third

metric was the number of fixations, which reflects how

to the viewer’s first fixation on the face.

frequently the gaze returned to a specific part of the
face. These metrics collectively measured both the oc-
currence of gaze toward the face and the extent of at-
tentional engagement.

Commonly used in usability studies to assess user en-
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Fig.8: Part of the stereo video used in the experiment.

gagement and emotional response®®, these metrics are
also essential for evaluating how effectively 3D video
supports interpersonal communication. Therefore, we
compared fixation duration and fixation count between
2D and 3D conditions to examine the role of eye contact
in an autostereoscopic 3D communication.

Fig. 7 shows our system configuration, which includes
an autostereoscopic 3D display, a gaze tracking camera,
and a PC. The autostereoscopic 3D display had the gaze
tracking camera at the top. We displayed 2D and 3D
content on the autostereoscopic 3D display. And we
seated the subjects near the optimal viewing distance
(OVD) to observe each video using the experimental
system. We generated the 2D content using only the
left-eye view from the 3D video content. For the au-
tostereoscopic 3D display, we used the parallel method
video, while for the 2D display, we used the left-eye
video from the parallel method video. Fig. 8 shows
that a one-minute video was captured using two RX0s
centered on the subject, simulating a video conference.

4.2 Gaze Analysis Method

We used OpenFace,

an open-source, machine

learning-based gaze tracking system developed by Bal-

1929 OpenFace is a video-based gaze

trusaitis et al.
tracking system that, by inputting video captured with
a gaze tracking camera, can obtain the observer’s view-
point coordinates and gaze vectors in the camera coor-
dinate system.

We estimated the display coordinates Wy and Hp,
which represent the intersection points of the left eye’s
gaze and the display plane, using the 3D coordinates
xr, yr, zr, of the left eye’s viewpoint in the camera
coordinate system and the gaze vector components ir,
4L, k1, as shown in equations (3) and (4). The intersec-
tion of the right eye’s gaze vector and the display plane

could be similarly determined.

—

L.

z

T+ =

L

z -

Hp=y+ —="-JjL.
kr,

143 (3)
(4)

There has been an ongoing discussion among re-

searchers regarding the method for determining the fix-
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Table 1: Evaluation results using Wilcoxon signed-rank
tests for gaze metrics in 2D video conferencing and au-

tostereoscopic 3D live systems.

statistic | p-value
Average fixation duration 19.0 0.0090
Number of fixations 8.0 0.0007
Time-to-first-fixation 26.0 0.0554

ation point. Nagamatsu et al. demonstrated that if the
viewpoint position and gaze vector are known and the
gaze vector intersects with an object such as a display,
calibrating the midpoint of the horizontal component
of the object as the fixation point results in minimal
error’”. We define the fixation point (W, H) as the
midpoint of the intersection points of the gaze vectors,
originating from the positions of both eyes, with the
display.

We first detected the face area within each video
We
used MediaPipe®®, a library developed by Google, to

frame to measure fixation duration on the face.

estimate the position of the face and its landmarks and
to extract the corresponding specific part of the face.

We defined fixation duration as the cumulative time
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during which the gaze point (W, H) stayed within the
bounding box of the detected face. The system accu-
mulated fixation duration continuously until the gaze
point moved outside the region. We counted each such
continuous accumulation as one fixation on the face.

4.3 Result

Table 1 summarizes the results of the Wilcoxon
signed-rank tests for the three gaze metrics. Signifi-
cant differences were found between the 2D and au-
tostereoscopic 3D displays for average fixation duration
and number of fixations. Fig. 9 shows the means and
standard deviations of the gaze metrics for each display
condition. And, Fig. 10 shows the individual results of
the gaze metrics for all participants under both con-
ditions. In Fig. 10, the error bars for average fixation
duration indicate the standard deviation.

For average fixation duration, participants generally
exhibited longer fixations under the autostereoscopic
3D display. Although some individuals showed longer
durations in the 2D condition, the overall distribution
was significantly shifted toward longer fixations in the
3D condition (statistic = 19.0, p = 0.0090). This in-
dicates that the autostereoscopic 3D display promoted
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more stable and sustained attention to the partner’s
face.

For the number of fixations, the autostereoscopic 3D
display yielded significantly higher counts compared to
the 2D display (statistic = 8.0, p = 0.0007). This sug-
gests that participants not only maintained longer fix-
ations, but also returned to the face more frequently,
reflecting stronger salience of facial cues under stereo-
scopic viewing.

In contrast, the time to first fixation on the face
showed no significant difference between conditions
(statistic = 26.0, p = 0.0554). Thus, the speed with
which participants initially directed their gaze toward
the face was not substantially affected by stereoscopic
presentation. Instead, differences emerged after the
first fixation, influencing the duration and frequency
of subsequent gazes.

4.4 Discussion on Gaze Behavior

Hakkinen et al. reported that, in 3D videos compared
to 2D videos, viewers tended to focus their gaze on ob-
jects located in front of complex structures or people®®.
However, the videos used in our experiment featured in-
dividuals seated prominently in the foreground, such as
in a video conference setting, which likely contributed
to focused gaze. Additionally, while we focused our ex-
periment on gaze tracking in a simple environment sim-
ilar to video conferences, in environments with depth,
we expected gaze to concentrate on objects that convey
depth, leveraging the depth perception characteristic of
the autostereoscopic 3D displays.

Furthermore, we should consider variations in indi-
vidual fixation duration and probabilistic noise inher-
ent in video-based tracking as potential disturbances.
Therefore, although there was a significant difference
in fixation duration on the face between 2D and the
autostereoscopic 3D displays in our experiment, we
couldn’t definitively attribute the difference to any sin-
gle factor. Hence, the main finding of our experiment
was that in a quiet environment similar to video con-
ferences, 3D video tended to attract more gaze towards
the subject’s face compared to 2D video.

We found no statistically significant difference in the
duration until first fixation on the face between the 2D
and the autostereoscopic 3D displays. The result sug-
gests that the display format had minimal influence on
participants initial visual orientation toward the face af-
ter the video began. We experimented in a controlled,
quiet environment to eliminate external distractions.

We also recognized that the perception of depth in 3D
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images can be affected not only by the presence of peo-
ple but also by surrounding objects and background
elements. We used a single, simplified scene to isolate
the effect of facial perception.

5. Subjective Evaluation

5.1 Questionnaire Evaluation

We experimented with both a 2D video conferencing
system and our system to examine the subjective evalu-
ations reported by participants. Participants took part
in two separate H-minute meetings using each system.
We randomized the order in which participants used
both systems. The conventional 2D video conferencing
system utilized a modification where the stereo cam-
era input of our system was replaced with a monocular
camera input.

Eye contact is a crucial role in face-to-face communi-
cation by enhancing presence and mutual understand-
ing. However, our prototype system cannot achieve true
eye contact, as the stereo cameras are positioned above
the display instead of being aligned with the user’s op-
tical axis. This limitation should be considered when
interpreting the subjective evaluation. In this experi-
ment, we aim to evaluate presence and realism under
conditions without eye contact, in order to examine the
sense of presence and realism provided solely by the
autostereoscopic 3D display.

Participants evaluated three metrics using the Lik-
ert scale after each meeting. They rated the sense of
presence, realism, and the conversational focus for each
method. The sense of presence is the feeling of being
in the same place as the remote communication part-
ner. Realism is the feeling of being face-to-face with
the remote communication partner, i.e., the person who
appears on the display. The concentration is conversa-
tional focus for each condition. We evaluated the rat-
ings using a 5-point Likert scale ranging from 1 (“Not
at all”) to 5 (“Very much”). Additionally, the question-
naire asked participants to provide free-text responses
describing any differences they perceived in communi-
cation between the two methods.

5.2 Result

The participants consisted of 15 individuals in their
twenties, including 10 males and 5 females. Among
them, seven participants wore glasses, five wore contact
lenses, and three had uncorrected vision. Additionally,
three participants had astigmatism.

We analyzed each evaluation metric using a Wilcoxon

signed-rank test. The null hypothesis stated that
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Table 2: Evaluation results using Likert scale for 2D

video conferencing and autostereoscopic 3D live sys-

tems.
Mean(Standard deviation)
2D videoconferencing our system | p-value
Sense of presence 2.33(1.11) 3.53(.92) < 0.01
Realism 2.00(.85) 3.93(1.10) | < 0.001
Concentration 3.73(.80) 4.07(1.22) > 0.05

“There is no significant difference in the distribution
of the evaluation metrics between our autostereoscopic
3D live system and conventional 2D video conferenc-
ing.” We stated the alternative hypothesis as “There is
a significant difference in the distribution of evaluation
criterion between our autostereoscopic 3D live system
and conventional 2D video conferencing.”

Table 2 shows the survey results. We found signifi-
cant differences between 2D video conferencing and the
autostereoscopic 3D live system in terms of sense of
presence and realism. However, there was no signifi-
cant difference in concentration.

Several participants expressed similar opinions in
their free-text responses. There were mainly two posi-
tive comments: First, two participants mentioned that
“Making gestures such as punching or pointing towards
the camera enhances the sense of presence.” Second,
three participants noted that “Using the autostereo-
scopic 3D live system allows a sense of depth perception
for the subject, making body language more engaging.”
On the negative side, three participants mentioned that
“Even when attempting to make eye contact by look-
ing at the display, actual eye contact was not achieved.”
These responses highlighted common themes in partic-
ipants experiences with the system.

5.3 Discussion on Subjective Evaluation

Based on the results, we considered that the high rat-
ings for sense of presence and realism were attributable
to the stereoscopic viewing of images captured using
the parallel filming method, which enabled viewers to
perceive the depth of their conversational partner in the
autostereoscopic 3D display.

It should be noted that the present results were ob-
tained in the absence of mutual gaze. Since mutual gaze
is known to further increase social presence and commu-
nication quality, our findings represent a lower-bound
estimate of the potential benefit of autostereoscopic 3D
live system. Additionally, the lower average rating for
sense of presence compared to realism was attributed to

the use of a flat display. Immersion technologies such

40

as the Cave automatic virtual environment (CAVE) or
HMD, which allow viewers to feel present within a 3D
space, have been reported to enhance the sense of pres-
ence. The lack of significant difference in conversational
focus suggested that visual 3D presentation may have
minimal impact on conversational engagement.

Some participants mentioned that they could not
make eye contact in both the 2D video conferencing sys-
tem and our system. Our system positioned its captur-
ing system above the display, thereby preventing direct
eye contact. The experimental results indicated that
the autostereoscopic 3D live system offered a commu-
nication experience more similar to face-to-face inter-
action than 2D video conferencing, resulting in higher

overall engagement.
6. Conclusion

We developed the autostereoscopic 3D live system
with the simplest configuration of stereo capture and
the autostereoscopic 3D display. To evaluate its effec-
tiveness, we compared it with conventional 2D video
conferencing using quantitative and subjective assess-
ments. We measured and analyzed gaze behavior us-
ing videos specifically designed for video conferencing
scenarios. Furthermore, participants experienced both
systems during the subjective evaluation. The results
indicated that the autostereoscopic 3D live system re-
ceived higher ratings for sense of presence and realism
compared to the 2D video conferencing.

We have several remaining challenges. First, making
eye contact is difficult because the user-facing camera
is mounted above the autostereoscopic 3D display. Ad-
ditionally, viewer-specific calibration based on baseline
length and convergence angle is needed to ensure proper

depth perception.
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