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Abstract

This paper presents the design and execution of a comparative experimental between-participant study with 42
participants. We investigated depth perception comparing a 2D display with a glasses-free 3D autostereoscopic
display in detail and conducted a follow-up study with the new 3D zSpace technology including a stylus as input
device. This work comprises the design of a tympanoplastic training scenario used as the study’s "real world task".
Participants had to position a prosthesis implant to reconstruct the ossicular chain and thus a patient’s hearing
ability. The study revealed an overwhelming support of the 3D autostereoscopic display compared to a 2D display
regarding depth judgment, task completion time and the number of required scene and prosthesis interactions.

Categories and Subject Descriptors (according to ACM CCS): B.4.2 [Input/Output and Data Communications]:
Input/Output Devices—Image Display G.3 [Probability and Statistics]: Experimental Design—

1. Introduction

In order for surgeons to navigate through a patient’s
anatomy, they usually must rely on very accurate depth judg-
ment and spatial orientation abilities. The correct localiza-
tion of the surgical instruments as well as the identification
of relevant anatomical and pathological structures usually
demands high perceptual skills. These skills are essential
for performing fine dissections, to avoid injuring risk struc-
tures, or for the correct position and alignment of implants.
In particular, the microscopes or endoscopes used for min-
imal interventions provide a very restricted field of view,
which contains limited (stereoscopic) depth cues and spatial
information. Thus, especially surgeons-to-be need a lot of
training and trial-and-error experience to gain adequate sur-
gical skills and experiences, e.g., depth judgment and spatial
assessment of structure relationships.

During the past decades, various 2D and 3D visualiza-
tions and illustration techniques were developed to display
segmented structures derived from computer tomography
(CT) or magnetic resonance imaging (MRI). These tech-
niques were applied to patient-specific data and focus on
the integration of additional depth cues and spatial informa-
tion to ease and support anatomy exploration [JM07] and
navigation, e.g., interactive cutaways [BGKG06], ghosting

[GNBP11] or ambient occlusion [ZIK98]. However, most of
them were developed and evaluated assuming that the visu-
alizations would be presented using 2D displays.

Beyond the depth cues of visualization techniques, how-
ever, stereoscopic cues and motion parallax are the most
significant sources of depth information [WFG92]. In- and
output devices like stereoscopic monitors, haptic devices or
3D navigators and stylus input devices are developed to en-
able intuitive 3D visualizations, navigations and interactions
with 3D scenes. However, 3D displays are still not accepted
in surgery, even though their technology enables binocular
vision without specific visualization techniques and thus,
should support depth perception. Compared to newly intro-
duced techniques, the viewer does not need any information
or introduction to interpret and understand the visualization.
When using a 3D display, a simple rendering of structures is
sufficient to explore a patient’s anatomy. In the past, 3D dis-
plays suffered from negative side effects of stereopsis. View-
ers either complained about perceptual deficiencies such as
the perception of double images or physical effects like nau-
sea and headache [UH07,RB14]. The latest 3D imaging sys-
tems provide improved image quality and resolution, similar
to 2D monitors. Therefore, 3D displays represent a potential
alternative for surgery training systems compared to mani-
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fold developed visualization techniques. Moreover, stereo-
scopic depth cues provided by the used microscopes can be
integrated in a training scenario and thus used to improve the
surgical skills.

Although perceptual experiments are increasingly used to
improve virtual and augmented environments, the vast ma-
jority of findings and techniques from psychophysical stud-
ies exclusively use really simple stimuli, e.g., letters, graph-
ical objects such as circle and triangle or colors. These must
be adapted to complex structures and scenarios e.g. in a
surgery or human anatomy. This paper focuses on the de-
sign and execution of a comparative experimental study in-
vestigating the effectiveness of 2D versus 3D displays for an
otologic training scenario. We compare a 2D display with
a glasses-free 3D autostereoscopic display in detail and in-
vestigate in a follow-up pilot study a 3D zSpace system
(www.zSpace.com) using a stylus as input device.

2. Previous Work

Guidelines and findings from psychophysical studies are in-
creasingly being used in computer graphics to improve vir-
tual and augmented environments. In particular, depth and
spatial cues have been investigated with respect to how
they can enhance the effectiveness of 3D and 2D visual-
izations [BCFW08]. Several perceptual experiments have
examined the efficiency of depth cues such as occlusion,
transparency [CWMC09], shadow, fog, shape from shad-
ing [BGCP11] and from texture [KHSI04], and depth of
field [GSBH13] that contribute to the mental reconstruction
of 3D objects from 2D images. Spatial perception studies of
anatomic structures were presented by Ritter [RHD∗06] and
Baer [BGCP11]. Depth judgment tasks were used to analyze
the visualization of vascular branches and aneurysm illustra-
tions. Beyond the depth cues applied to 2D images, stereop-
sis and depth from motion parallax are the most significant
mechanisms supporting observers with depth information.

Braun et al. [BLR11] examined the relative efficacy of
stereopsis and motion parallax as well as their interaction for
depth judgment accuracy. Although they found a relatively
low correlation between the presented depth difference and
the associated detection frequency, they were able to show
that both cues improved accuracy a bit (with stereopsis help-
ing a bit more). Manzey et al. [MRBH∗09] presented a sur-
vey to 213 surgeons in order to examine the perceived con-
sequences and human factors issues of image-guided nav-
igation. They found issues in increased time pressure and
mental demands of inexperienced users, but evaluated nav-
igation and the support of stereopsis and motion parallax
as helpful.They conclude that familiarization training with
image-guided navigation is very important.

Training for laparoscopic surgery has been the most es-
tablished application of simulator training and was ana-
lyzed in several experimental studies [WRB∗09]. Training

for otologic surgery is still a new research domain but es-
sential to improve the cognitive surgical skills and there-
fore the surgery results. Feng et al. [FRH10] compared
the impact of a conventional laparoscopic monitor system
(2D), a high-definition monitor system (HD), and a stereo-
scopic display (3D) on an individual’s performance in la-
paroscopic training. Participants had to move surgical in-
struments to a set of targets using all display systems. The
users expressed a strong preference for HD systems. How-
ever, the actual quantitative analysis indicates that HD moni-
tors offer no statistically significant advantage and may even
worsen the performance compared with standard 2D or 3D
laparoscopic monitors. The use of 3D displays in a laparo-
scopic task was also investigated by a number of researchers
[WHK∗12, WRK∗14, KSK13]. Wagner et al. [WHK∗12]
compared a 3D display system, the DaVinci robotic sys-
tem and a 2D display using an eye patch for monocular vi-
sion. They tested spatial relationships, grasping, positioning,
dexterity, precision, hand-eye, and hand-hand coordination.
Their results indicate: the more complex the task is, the more
3D vision accelerates task completion time compared with
2D vision. They state that the gain in task performance is in-
dependent of the surgical method. Wilhelm et al. [WRK∗14]
revealed that a glasses-based 3D display shows the best per-
formances compared to a mirror-based theoretically ideal 3D
display, a 2D and a 3D autostereoscopic display, in the order
they are listed. Nevertheless, the glasses were subjectively
rated as disturbing and autostereoscopic displays were fa-
vored. Furthermore, these studies showed that the results for
inexperienced surgeons using 3D were in line with the re-
sults of experts using 2D.

Stelter et al. [SEWL∗11] investigated navigation systems
for endoscopic sinus surgery. Navigated operations lasted
longer, but all sinuses were found, while in the group with-
out navigation five were not found at all. Recently, Ger-
ber et al. [GBG∗14] investigated a surgical planning tool
to robotically perform minimally invasive cochlear access.
This planning tool supports the definition of landmarks and
the safe direct cochlear access trajectory definition. How-
ever, trainee surgeons tend to overestimate the possibilities
of the system and to underestimate the risks. An extensive
training with the navigation system and different patholo-
gies in advance might reduce this overestimation and sup-
port the surgical skills. Virtual training improves the accu-
racy, the time taken to perform a task, and minimizes er-
rors compared to no training [GAPD09]. To design a virtual
training scenario, an appropriate 3D training environment is
required. Visualization techniques as well as 2D and 3D in-
and output devices have to be investigated, to provide an op-
timal 3D environment with appropriate depth cues. Several
studies document the advantages of 3D displays including
shutter and polarized glasses or glass-free autostereoscopic
systems [BvBKS96,JDG∗04]. Nevertheless, their usage and
effectiveness regarding depth perception for complex sce-
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Figure 1: (a) The three parts of the human ear. The (1) pinna and (2) auditory canal are the outer ear. (3) Eardrum, (4)
mallus, (5) incus, and (6) stapes bone are the inner ear and the (7) cochlear and (8) auditory nerve belong to the inner ear. (b)
Conductive hearing loss occurs when the ossicular chain (the movable parts (3)-(6)) is damaged, lost or when its mobility is
impaired. (c) Prosthesis implants are used to bridge the gap between (3) and (6) and restore the hearing ability.

narios and medical domains have to be evaluated, since they
are still not part of the clinical workflow.

3. Medical Background

Three parts of the human ear are responsible for converting
sound waves into electrical impulses: the outer, the middle,
and the inner ear. Each of these has tiny, complex structures
that detect vibrations, transmit mechanical energy, or con-
vert mechanical energy into electrical nerve impulses (see
Fig. 1 (a)). If one part or structure is malformed, damaged,
lost or not fully functioning, the patient’s ability to hear is
either impaired or totally lost.

Deafness is the partial or total inability to hear caused by
sensorineural or by conductive hearing loss. Sensorineural
loss occurs when there is a damage to the inner ear (cochlear)
or to the nerve pathways from the inner ear to the brain.
Conductive hearing loss is caused by problems with the ear
canal, eardrum, middle ear, or abnormalities in mobile por-
tions of the ear. These movable parts transmit sound from
the outside to the inner ear. Conductive hearing loss occurs
when these movable parts are damaged, lost (see Fig. 1 (b))
or when their mobility is impaired.

3.1. Treatment of Deafness

Nowadays, hearing can be restored using cochlear implants
for sensorineural and a tympanoplastic surgery for conduc-
tive hearing loss. A cochlear implant consists of an internal
and external component. The internal component is surgi-
cally inserted under the skin behind the ear, and a narrow
wire is threaded into the inner ear. The external component
is connected to the internal one and sound waves are con-
verted to electrical impulses bypassing the defective inner
ear and providing patients with the ability to hear [MM13].
A tympanoplastic surgery re-establishes the ossicular chain
and the non-functioning ossicles may be reshaped to fit prop-
erly or replaced with an prosthetic (artificial) implant. Gaps

between intact stapes and either the incus, malleus handle
or eardrum are bridged with a partial ossicular prosthesis
(PORP) [GB09]. If there is no stapes superstructure and the
prosthesis connects the stapes footplate to the other ossicles
or eardrum, it is called a total ossicular prosthesis (TORP)
(see Fig. 1 (c)). However, successful reconstruction and im-
planting presents significant challenges. Besides a working
knowledge of available materials, prosthesis design, recon-
struction techniques and their adaptability to a variety of
problems, profound surgical skills are essential [CPI97]. Re-
construction results are variable, with some procedures giv-
ing complete normal hearing and some giving no improve-
ment in hearing at all [GB09]. The results achieved from the
implantation of a PORP or TORP are dependent on [SE84]:

1. the pathology present in the area to be implanted and the
surgical skills employed in the implantation,

2. the implants’ biomechanical properties, and
3. the biocompatibility of the material implanted.

Otologic surgeons-to-be need an extensive and long train-
ing and trial-and-error experience in hearing restoration, in-
cluding the correct prosthesis length judgment and trimming
during surgery as well as the correct prosthesis positioning.

3.2. Workflow Analysis

Tympanoplastic surgery is a minimally invasive intervention
using a micro-surgical technique to enlarge the view of the
ear structures. The surgeon tries to position a prosthesis im-
plant through the ear canal using surgical instruments while
looking through a microscope. In clinic routine, stereoscopic
microscopes are used to support the spatial orientation and
improve the navigation. In detail, the eardrum is elevated
and lifted forward and the prosthetic implant is placed into
the middle ear underneath the remaining eardrum to bridge
the gap between the eardrum and the damaged or missing
bone structures, sketched in Figure 2 (b). The major chal-
lenge is the length estimation of the prosthesis. It may re-
quire placing the prosthesis in the ear several times to es-
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(a) (b)

Figure 2: (a) The conceptual setup of conductive hearing
loss with no stapes bone, but the footplate. (b) TORP im-
plants are used to bridge the gap between the eardrum and
the footplate and to restore the hearing ability.

timate the correct length. The correct length is such that the
prosthesis just touches the undersurface of the eardrum with-
out tenting it and bridging the existing gap, as seen in Figure
2 (a). The surgeon has to perceptually combine the images
seen through the microscope with his actions. Additionally, a
patient-specific depth judgment of the structure relationships
is required, since vital anatomy landmarks may be obscured
by disease or exposed to serious injury.

4. Experimental Setup

Initially, we analyzed the tympanoplastic surgery workflow
by observations and interviews (see Section 3.2). We de-
fined the essential tasks that require high-perceptual skills of
an experienced surgeon and thus are essential for a training
scenario: a TORP implant surgery with no incus, malleus,
or stapes bones, but footplate existent (see Fig. 2 (a)). This
surgery is chosen based on the simplicity and minimal num-
ber of existing structures. By focusing on one prosthesis
type, we minimize bias factors, e.g., different prosthesis
types, different structures and individual anatomy. Bias fac-
tors are every variation from one to another stimulus that
may influence the results. Thus, participants were asked to
select the correct TORP size and position it correctly. A
correct position is achieved when the TORP touches the
eardrum without penetrating it and bridging the gap between
eardrum and stapes footplate, explained in Section 5.5. We
do not expect that one display is better or worse than the
other in every single investigated aspect, but we expect a
difference. Because of that, we defined one- and two-tailed
hypotheses.

One-tailed hypotheses. We postulate one-tailed hypothe-
ses for object placement and orientation, since this correlates
directly with depth perception.

We hypothesize that a 3D autostereoscopic display en-
ables participants to place TORPs more accurately than a
2D display:

HaccTransl : as measured by smaller translation deviations.

(a) (b)

Figure 3: (a) The surgeon’s view through the microscope.
The ear canal with the eardrum slightly folded to the side. (b)
We imitate the surgeons’ field of view and the participants
explore the stimuli just as the surgeon. The same initial point
of view, restricted field of view, and scope of action.

HaccRot : as measured by smaller angular deviations.

Two-tailed hypotheses. We claim that the interaction and
task completion results are different.

We hypothesize that there is a difference between the 3D
autostereoscopic display and the 2D display:

HtaskTime: in the mean task completion time.

HactionScene: in the number of scene interactions.

HactionTORP: in the number of TORP interactions.

5. Controlled Perceptual Study

This work comprises a controlled perceptual user study com-
paring the depth perception support of a 2D and an au-
tostereoscopic 3D display for a tympanoplastic training.

5.1. Participants

Our participants were recruited from various parts of the
university including medical experts. Although it is recom-
mended to recruit prospective users, in our case ENT (ear,
nose and throat) surgeons, participants from the general pop-
ulation can also provide useful insights. Moreover, it is likely
that the measured results can be applied to prospective users
concerning the perceptual effectiveness, even though ENT
surgeons may achieve better accuracy, because of their clini-
cal experience. 42 participants, 21 using the 2D and 21 using
the 3D autostereoscopic display participated. The 2D group
comprised 13 female and eight male participants aged be-
tween 18 and 35 with a mean age of 24.5 years and the 3D
autostereoscopic group comprised nine female and 12 male
participants aged between 20 and 46 with a mean age of 27.4
years. In summary, we took care of two similar groups with
respect to the age and gender ratio.

5.2. Stimuli

Based on the workflow presented in Section 3.2, we de-
signed the stimuli setup similar to the surgeon’s view
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(a) simple (b) moderate (c) difficult

Figure 4: (a) Simple, (b) moderately difficult, and (c) dif-
ficult stimuli were used during the study. Increasing occlu-
sion caused by the eardrum and non-parallel orientations of
eardrum and footplate lead to more TORP positioning effort.

through the microscope, as sketched in Figure 3 (a). The
same initial point of view, restricted field of view and scope
of action were used. Each stimulus represents a middle ear
scene viewed through the ear canal with the eardrum slightly
folded to the side and a footplate at the back (see Fig. 3 (b)).
No sophisticated illustration or illumination technique was
applied so that we can focus on the effect of the display tech-
nology. Only color, ambient, and diffuse illumination was
used to distinguish and identify the relevant structures.

We had four patient-specific petrous bone CT datasets
provided from our collaboration partner at the univer-
sity medical center. Additionally, we generated ten further
datasets. All patients had a conductive hearing loss. Two of
the four datasets contained 230× 230 × 208 voxels and a
voxel length of 0.2 mm and two contained 230× 230 ×
123 voxels and a voxel length of 0.353 mm. All structures
were segmented using thresholding methods and were based
on the segmentation results of the surface morphology. Five
other scenes were generated manually based on the charac-
teristics of real datasets, surgery inspections, video records
and in cooperation with our medical experts. To unify and
ease the stimuli scenes, a wall behind the footplate was in-
tegrated and thus closed the middle ear in the back. On
the one hand, this wall restricted the field of view and uni-
fied the individual stimuli. On the other hand, the middle
ear scene and study task was easier to understand. The vir-
tual 3D prosthesis implant models were provided by KURZ
GmbH Medizintechnik (www.kurzmed.de). They manu-
facture the TORP implants used by our medical experts for
tympanoplastic surgery. We scaled those models along their
longitudinal axis to get different TORP lengths.

5.3. Apparatus

All participants were tested alone by daylight and the stimuli
were viewed from a distance of approximately 0.7 m (each
stimulus subtended 17.8◦ of a visual angle on average). Nine
different middle ear stimuli were presented to the 2D group
and to the 3D autostereoscopic group using a 24′′ monitor
at a resolution of 1920× 1200 pixel. The autostereoscopic
display is a custom-built 3D display by Fraunhofer HHI. The

(a) start (b) TORP (c) end position

Figure 5: (a) Initially, a depth judgment is required to chose
the correct TORP length. (b) The TORP is displayed and has
to be positioned between (c) the eardrum and the footplate.

display is a 3D zeroCreative www.zerocreative.com
display. A head-tracking unit and the corresponding tracking
technology and software was developed and integrated by
Fraunhofer HHI [BLR11].

5.4. Pilot Study

A prior within-participants pilot study with ten participants
and 14 stimuli was conducted. This study revealed the visi-
bility of disturbing crosstalk (ghosting) and binocular paral-
lax of the images using the autostereoscopic display. To min-
imize these artifacts, we reduced the color saturation of the
eardrum and the footplate, the contrast and eliminated sharp
shadows by adapting the ambient and diffuse illumination
term. Aside from that, the participants complained about the
study duration, the number of stimuli and most frequently
commented on the varying stimuli difficulty. Due to this, we
chose nine stimuli (the four real datasets and five generated
scenes) categorized into three simple, three moderately diffi-
cult and three difficult stimuli (see Fig. 4). By selecting stim-
uli of each category, we assure different degrees of difficulty
similar to patient-specific anatomy. These categories are de-
fined by the eardrum’s orientation combined with the caused
occlusion. Increasing occlusion of the middle ear cave and
footplate leads to increasing positioning effort and demands
better depth perception (see Fig. 4 (c)). Additionally, if the
disk-like eardrum and footplate are oriented parallel (facing
each other), it is easier to position the TORP. Figure 4 (a)
illustrates a stimuli scene defined as a simple stimulus. The
ear drum and footplate are almost parallel. Increasing devia-
tion of this orientation aggravates the positioning.

5.5. Procedure

The within-participants pilot study has shown that a
between-participants design is definitely the best for our pur-
pose. This design prevents stimuli recognition and thus prior
knowledge of depth and 3D orientation of the individual
stimuli. If participants perform the study with the 2D dis-
play first, they get a mental model of the 3D stimuli scene, by
rotating and interacting with the individual scenes and vice
versa by the depth visualization of the 3D displays. Thus, we
had the 2D and the 3D group.
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In advance, all observers were instructed in written form.
Two practice trials followed to familiarize each participant
with the task and interaction technique. Additionally, we
used two stimuli to minimize outlier, variance, and learn-
ing effects. These stimuli were not used during the experi-
ments. For each middle ear scene, participants were asked
to estimate the appropriate prosthesis length and then to
position the TORP. During surgery, the cutting nib with
known extension is used to estimate the distance between
eardrum and footplate. We provide a yardstick that can be
displayed, as shown in Figure 5 (a). If desired, the yard-
stick is illustrated as a small cylinder with differently colored
areas of known extension (0.5 mm). Since we do not pro-
vide an implant trimming simulation, the participants had to
choose between different TORP lengths. Besides the correct
length, three other TORPs with different lengths (step size of
0.25 mm) were presented. The participants saw the possible
TORP length as displayed values. After selecting the desired
length, the chosen TORP was placed axis-aligned in front of
the middle ear (Fig. 5 (b)). Participants had to navigate the
TORP through the ear canal to the correct position, shown in
Figure 3 (b). A correct position is achieved when the TORP
touches the eardrum without penetrating it and bridging the
gap between eardrum and stapes footplate. The TORP’s ori-
entation is defined as optimal when the TORP’s "wheel" part
fully touches the eardrum and the longitudinal axis is 90 de-
grees to the eardrum (compare Fig. 3 (b) and 5 (c)). This
concrete orientation definition supports the task understand-
ing and facilitates the object placement. Interaction with the
TORP was achieved using a bounding box widget that is dis-
played around the TORP (Fig. 3 (b) and 5 (c)).

Each middle ear scene was presented until the participants
pressed a "Ready" button to indicate that they were satisfied
with their position and ready to move on to the next. The
stimuli were shown randomly to each participant and at the
end of the study the participants were asked for comments
and personal opinions.

6. Results and Analysis

This is a between-participant study with nine stimuli divided
into three per degree of difficulty. In detail, two indepen-
dent samples of 21 participants each, the 2D and the 3D au-
tostereoscopic display as the two between factors and the
three degrees of difficulty as within factors lead to a 2 × 3
factorial analysis of variance (ANOVA) with α = 0.05. A
pair-wise analysis is performed using the T-test.

We quantitatively analyzed accuracy in terms of the ob-
ject placement (translation deviation) and orientation (an-
gular deviation), the interaction effort regarding scene and
TORP, and the task completion time. Additionally, we eval-
uated the chosen implant length and can therefore qualita-
tively analyze the depth judgment and distance assessment
of eardrum and footplate. The individual results will be out-
lined in the following sections.

6.1. Depth Perception

As explained in Section 5, participants had to perform a
depth judgment and based on that chose the right TORP. To
validate the length estimation and accuracy, a gold standard
TORP and position is required for each individual middle ear
stimulus. These gold standard TORPs were generated in ad-
vance by our medical experts. The position, the orientation,
and the chosen TORP length were determined and analyzed
for each stimulus.

Object placement. The accuracy of the object placement is
defined as the average translation deviation of each TORP
compared to the gold standard TORP. For each partici-
pant and stimulus, the 4× 4 transformation matrix Tsample
is recorded. This matrix includes the translation and rota-
tion performed by the participants to place the TORP. To
calculate the translation accuracy, we defined three control
points along the TORPs longitudinal axis (both ends and a
mid point). These points are multiplied with Tsample and thus
transformed according to the participant’s TORP transfor-
mation. The points’ distance to the gold standard TORP is
then calculated. We refer to this as ∆trans. A little variation
of ∆trans = ± 0.2 mm is negligible, since this corresponds
to the footplate’s diameter. As long as the TORP’s foot (thin
end) is positioned within the footplate, a correct hearing
restoration is possible. The 3D group achieved an average
of µ∆trans = 1.29 mm and thus a more accurate position es-
timation result than the 2D group with µ∆trans = 1.69 mm.
With F(1,40) = 9.56, p ≤ 0.05 and η

2 = 0.246 an effect
exists and HaccTrans is likely to be true. Significant differ-
ences exist for the simple (p < 0.01 and t(40) = 5.06) and
the moderately difficult stimuli (p ≤ 0.05 and t(40) = 2.17).
Difficult stimuli are marginal not significant with p = 0.07
and t(40) = 1.82 (2D group with µ∆trans = 2.905 mm and 3D
group with µ∆trans = 2.29 mm). As shown in Figure 6 (a), the
degree of difficulty is chosen properly. The average results
confirm the three gradations. Especially, stimuli with high
difficulty show higher translation deviations. The autostereo-
scopic display improves the depth perception and facilitates
the TORP placement especially for simple (2D group with
µ∆trans = 0.57 mm and 3D group with µ∆trans = 0.32 mm)and
moderately difficult (2D group with µ∆trans = 1.601 mm and
3D group with µ∆trans = 1.254 mm) stimuli.

TORP orientation. To define the orientation accuracy, the
TORPs is treated as a 3D unit vector ~v. This vector ~v is
transformed by Tsample and the angular difference ∆rot to
the gold standard orientation is calculated. Rotations around
the longitudinal axis are not considered, since the majority
of our participants is just medically knowledgeable. More-
over, this rotation has less impact when analyzing depth per-
ception, it just defines the position of the TORPs’ "wheel"
part relatively to the ear canal. The 3D group achieved
less angular deviations (µ∆rot = 2.27◦) than the 2D group
(µ∆rot = 3.32◦), as shown in Figure 6 (b). Both results are

c© The Eurographics Association 2014.

186



A. Baer et al. / 2D versus 3D Autostereoscopic Display

2D 3D

0.5

1.5

2.5

1.0

2.0

3.0

Display

 T
ra

ns
la

tio
n 

D
ev

ia
tio

n 
in

 m
m

(a)

2D 3D

1.0

3.0

5.0

2.0

4.0

6.0

Display

 A
ng

ul
a

r 
D

ev
ia

tio
n 

in
 D

eg
re

e
(b)

2D 3D

8

24

16

32

28

Display

Degree of
Difficulty

simple
moderate
difficult

total

N
um

be
rh

of
hfa

ls
eh

T
O

R
P

hle
n

gt
h

20

12

4

36

40

5

23

39

16

19

0

(c)

Figure 6: The average results of the (a) position estimation, (b) the orientation, and (c) the number of chosen TORPs with a
false length. The differences reveal the advantages of the 3D autostereoscopic display compared to the 2D display for the TORP
implanting task.

close to the gold standard. Angular deviations of ∆rot > 2◦

are recognizable. The ANOVA confirmed that HaccRot with
p ≤ 0.01 and η

2 = 0.390 is likely to be true and H0 accord-
ing to orientation accuracy is highly unlikely. Compared to
the translation results, the average angular deviations of the
2D versus 3D group reveal a higher difference. Significant
differences exist for the simple (p < 0.01 and t(40) = 2.85),
the moderately difficult (p = 0.01 and t(40) = 2.69), and the
difficult stimuli (p ≤ 0.01 and t(40) = 3.21).

TORP length. The effectiveness of depth judgment of
the structure relationship is analyzed by the chosen TORP
length. Figure 6 (c) presents the number of all falsely cho-
sen TORPs. We count the number of all TORPs that had a
wrong length. 189 choices had to be made in each group.
All TORPs chosen for simple stimuli by participants of the
3D group were correct. A TORP with a deviating length of
0.25 mm was chosen five times during the study with the 2D
group. The moderately difficult stimuli lead to 23 out of 67
false choices in the 2D and 16 out of 35 in the 3D group. All
falsely chosen TORPs by the 3D group deviate from the cor-
rect length by 0.25 mm. In the 2D group 52 % of all choices
for a moderately difficult stimuli deviate by 0.25 mm, 21 %
deviate by 0.5 mm, and 26 % deviate by 0.75 mm. While the
wrong choices for the difficult stimuli of the 3D group (one
of 19 false choices deviates by 0.5 mm and one by 0.75 mm)
are similar to the moderately difficult stimuli, there are more
falsely chosen TORPs in the 2D group (39), as shown in
Figure 6 (c). This gives only a little insight into the depth
perception of structure distances, but has to be evaluated in
detail. Participants of the 3D group chose more correct sized
TORPs’ and positioned these TORPs more accurate by less
translation and angular deviations. Even for the simple and
moderately difficult stimuli are significant differences exis-
tent between the two displays.

6.2. Interaction

The interaction effort with the stimuli scene and the TORP
was measured by recording the number of performed inter-
actions. This was used to verify task completion times and
to analyze whether interaction with the scene and thus mo-
tion was used to perceive depth cues. We did not measure
the path length. Since this is considered to be a training sce-
nario, the required time is interesting and therefore measured
but not crucial. Participants were able to zoom in the scene
until the camera reached the entry of the middle ear and a
restricted scene rotation was possible, too. The restriction is
defined by the middle ear bounding box. As long as the mid-
dle ear entry is almost fully oriented to the viewer, rotation
is possible. For the TORP, rotation and translation are the
two provided interaction techniques. As mentioned above,
the TORPs bounding box served as the interaction widget
and thus was displayed as thin box wire.

Scene interaction. We confirm HactionScene with a sig-
nificant difference between the 2D and the 3D group
(F(1,40) = 10.19, p ≤ 0.05 and η

2 = 0.203). Participants
of the 2D group performed on average µscene = 13.26 scene
interactions, while participants of the 3D group required
on average µscene = 9.34 scene interactions until the TORP
was placed, as seen in Figure 7 (a). A significant differ-
ence between 2D and 3D display is confirmed with p ≤ 0.01
and t(40) = 4.08 for simple stimuli. Especially the difficult
stimuli required more scene (2D: µscene = 17.48 and 3D:
µscene = 12.49) and TORP interactions (2D: µTORP = 40.0
and 3D: µTORP = 28.84). While the simple and moderately
difficult stimuli exhibit almost the same number of scene
interaction using a 2D display (simple: µscene = 11.02 and
moderate: µscene = 11.29), the average number of TORP in-
teractions shows a clear distinction between simple, moder-
ate, and difficult.

TORP interaction. Comparing the 2D with the 3D display,
HactionTORP (F(1,40) = 17.55, p ≤ 0.01 and η

2 = 0.305
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Figure 7: The average results of the (a) task completion time, (b) the number of scene interactions, and (c) the number of TORP
interactions. Participants of the 3D group required less scene and TORP interactions and thus less task completion time to
position the TORP.

) is confirmed with an average number of TORP interac-
tions µTORP = 29.12 of the 2D group and µTORP = 21.75
of the 3D group. A significant difference exists for the
simple (p ≤ 0.05 and t(40) = 2.47), the moderately diffi-
cult (p ≤ 0.05 and t(40) = 2.98), and the difficult stimuli
(p = 0.01 and t(40) = 3.45). Comparing the results in Fig-
ure 7 (b), participants that performed the study using the 3D
autostereoscopic display required less TORP interactions to
position the implant. Nevertheless, as shown in Section 6.1,
they are more accurate than the participants of group 2D. A
detailed analysis revealed that especially rotating the TORP
required more interaction than the translation. Additionally,
a pair-wise comparison using the T-Test revealed a signif-
icant difference even for each degree of difficulty. Partici-
pants of the 3D group required significantly less scene in-
teractions as well as TORP interactions compared to the 2D
group when positioning the TORP. Hence, the support of the
3D autostereoscopic display in terms of less number of re-
quired interactions is statistically confirmed.

6.3. Task Completion Time

The task completion time result with F(1,40) = 4.77, p ≤
0.05 and η

2 = 0.107 shows a marginal effect. We con-
firm that HtaskTime is likely to be true. As visualized in
Figure 7 (c), the 3D group required an average time of
µtime = 99.72 sec, while the 2D group required on average
µtime = 114.12 sec to position the TORP. Moreover, a sig-
nificant difference of the required time for the simple stim-
uli exist between the 2D and the 3D group (p ≤ 0.05 and
t(40) = 2.19). The difference of the difficult stimuli with
µtime = 129.98 sec for the 2D and µtime = 110.82 sec for the
3D group is with p = 0.055 and t(40) = 1.97 not significant
as well as the difference between the moderately difficult
stimuli p = 0.335 and t(40) = 0.98.
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Figure 8: The qualitative results of the two displays. While
the 2D group tend to rate the display with + or 0, the 3D
group results are normally distributed around 0.

6.4. Qualitative Results

Participants of the within-participant pilot study were asked
to compare both displays and state their display preference.
We used a five point Likert scale, with each pole represent-
ing one display compared to the other. Four of the ten par-
ticipants rated the 2D display as good compared to the 3D
display. Four did not tend to one display and rated neutral
and three rated the 3D display with good since they liked the
3D depth visualization, even though there were some arti-
facts (see Section 5). No participant rated one display using
very good.

Participants of the between-participants study had to rate
one display. The personal preference regarding the display
and the provided support for this task had to be rated.
Therefore, we provided a five point bipolar Likert scale
(−,−−,0,+,++). As illustrated in Figure 8, the results of
the 3D group are normally distributed around 0. That means
the participants tend to a neutral opinion for the TORP im-
planting task with a 3D display. 19% rated with +, 33.3%
with 0 and 28.6% with −. While two participants strongly
liked the stereo visualization and rated with ++, no partic-
ipant of the 2D group rated the 2D display with ++. Over-
all, the participants of the 2D group rated this display ei-
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ther with 0 or with +. In summary, the 3D group tends to a
neutral opinion and thus to no support of the 3D autostereo-
scopic display, while the 2D group reveals a tendency to +
and therefore to a little support of the 2D display.

7. Discussion

All postulated hypotheses are statistically confirmed. We re-
ject H0, since there are differences between the two dis-
plays and depth perception is more supported using a 3D au-
tostereoscopic display compared to a 2D display. The quan-
titative analysis reveals the advantages of the stereoscopic
visualizations. Participants of the 3D group chose more cor-
rect TORPs, positioned them more accurately in terms of
smaller translation and angular deviations, and required less
task completion time. Thus, the autostereoscopic display
provides a more correct depth estimation compared to the
2D display. However, the TORP’s position and thus trans-
lation deviation was biased by the occlusions of TORP and
footplate. Participants used this information to find the cor-
rect position. Occlusion as a bias factor was identified by
the participants’ comments and observation and should be
addressed and eliminated in further studies.

Comparing the number of interactions and time results,
the 2D group tried to improve the depth perception by scene
and TORP interactions. Furthermore, the results show that
participants of the 3D group required almost as much time
as the 2D group without the same interaction effort. Obser-
vations during the study and a few participants’ comments
showed that using the 3D autostereoscopic display is not as
comfortable compared as the 2D display. Participants had to
refocus during the study to receive a proper 3D stereo image.
Moreover, there are still a few disturbing crosstalk effects
left that hamper the 3D viewing and slow down the TORP
placement. These disadvantages have an impact on the qual-
itative analysis results. Disturbing artifacts and a demanding
3D visualization caused by the display technology lead to a
more negative rating of the 3D autostereoscopic display. The
quantitative results of the participants’ performances, how-
ever, indicate the advantages of the 3D display.

zSpace. Additionally, we performed a follow-up study with
a zSpace system. This is a 3D virtually holographic imaging
display with a passive circular 120 Hz stereo 3D polariza-
tion technology. This glass-based systems includes an op-
tical tracking giving an angle-dependent stereoscopic view
of 1920× 1080 pixels full HD with time-interleaved stereo
frames. Additionally, a six DOF stylus input device is pro-
vided for intuitive 3D manipulation and navigation. Seven
participants (two female and five male, ages 27-37 with a
mean age of 30.5 years) performed the task with a zSpace
system. Every single participant was enthusiastic positioning
the TORP using the stylus as input device. They all rated the
display and the stylus with ++. The 3D stereo effect is very
realistic and the view angle-dependent visualization technol-
ogy enables the scene exploration by moving the head. It is

possible to look on the side of the eardrum and thus to ver-
ify the TORP position without rotating the scene. In detail,
the participants required on average µscene = 0.138 scene in-
teractions and µTORP = 4.57 TORP interactions and com-
pleted the task on average in µtime = 22.34 seconds (sim-
ple: µtime = 13.75 sec., moderate: µtime = 21.78 sec., dif-
ficult: µtime = 30.37 sec.). The stylus enables a really fast
object placement with a few stylus interactions, since six
DOFs are provided. Moreover, the system combined with
the stylus enables a more accurate object placement with
µ∆trans = 0.79 mm and µ∆rot = 1.78◦.

The results illustrate the correlation between increasing
difficulty and perceptual effort. Thus, the importance of dif-
ferent stimuli with a varying degree of difficulty is revealed.
Significant differences with p ≤ 0.01 between the degree of
difficulty for object placement, orientation, TORP interac-
tion and task completion time were achieved. Differences
with p ≤ 0.05 were achieved for scene interaction. Thus, our
categories are confirmed and simple, moderate, and difficult
were chosen carefully.

8. Conclusion

Our between-participant study with 42 participants revealed
a clear preference of the 3D autostereoscopic display com-
pared to a 2D display for a tympanoplastic training scenario.
Moreover, the follow-up study revealed the overwhelming
depth perception improvement with the zSpace system us-
ing a stylus input device. The view angle-dependent stereo-
scopic view enables a scene exploration without a manually
scene interaction. This leads to a faster task completion per-
formance. The stylus enables a more comfortable and pre-
cise object placement. These results combined with the enor-
mous personal preference reveals the high potential of the
zSpace system. Participants were impressed by the realistic
3D visualization and depth perception.

We designed 3D stimuli to imitate a mirco-surgical TORP
positioning task. This experimental study statistically con-
firmed the support of the 3D autostereoscopic display com-
pared to a 2D display and outlined the potential of the new
3D zSpace technology. Depth judgment for TORP length es-
timation and positioning as well as the number of required
interaction and the task completion time revealed the advan-
tages of 3D stereo visualizations. Moreover, we showed that
even if the personal preferences tend to a 2D display, the
quantitative results reveal a better and more accurate perfor-
mance with the autostereoscopic 3D display.

Besides the advantages regarding accuracy, the 3D display
predominated the 2D display in terms of the TORP’s length
estimation, the required number of interactions and the task
completion time. Nevertheless, the advantages are present
as long as the visualizations including color, saturation and
contrast are adapted, and visible artifacts are minimized. The
3D autostereoscopic display improves depth perception, but
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is not suitable for every visualization. Passive 3D display
system with the 3D image being compounded by the used
glasses reveal disturbing crosstalk effects. Especially highly-
contrast and saturated colors enhance the perceived ghost-
ing images. Thus, there is still room for improvement of 3D
technology to overcome the differences to 2D and active 3D
stereo systems and to support the depth perception for indi-
vidual visualizations.
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