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Abstract.
BACKGROUND AND OBJECTIVE: To examine the human visual performance (wavefront aberration) and subjective ques-
tionnaire (SQ) of visual fatigue when viewing 2-D and 3-D movies.
METHODS: Thirty healthy adults observed 2-D and 3-D movies on the same television from a 3m distances during 2D, 3D-A
(with better 3D glasses), and 3D-B (with poorer 3D glasses) viewing conditions. Visual quality index, including modulation
transfer function index (MTFI), higher order aberration root mean square (RMS), vertical coma (VC), horizontal coma (HC)
and spherical aberration (SA), were assessed before and after each viewing condition. One-way repeated measures ANOVA
was performed to assess the changes of each test variable before and after movie viewing.
RESULTS: Participants watching movies with 3D-B conditions experienced higher change of MTFI, RMS, VC and HC but
smaller SQ, compared with 2D and 3D-A (P < 0.05). Additionally, higher MTFI but smaller SQ was found for 3D-A compared
with 2D viewing condition (P < 0.05).
CONCLUSIONS: While prolonged viewing 2-D and 3-D movies would lead to poorer visual performance, 3-D glasses with
better quality can play the major role in reducing visual ability for users. The change of human eye wavefront aberration might
be useful for the evaluation of visual fatigue in the future.
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1. Introduction

Television (TV) is one of the most influential media for popular entertainment. As rapid development
of high quality of TV content, people, particularly for children, spend more and more time on TV [1].
Recent research suggested that viewing of three-dimensional (3-D) movies is rapidly increasing for
better quality of life and would be of higher prevalence, compared with the traditional two-dimensional
(2-D) TV and movies [2]. However, it has been concerned that prolonged viewing 3-D TV would be the
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risk factor of damaging the human visual performance [3]. The authors argued that visual information
provided by a 3-D stereoscopic TV introduced the disparity between the overlapped images that allow
objects to be located perceptually in front of or behind screen (3-D visual effect) [3]. This may affect
the regular visual processing when using in the real world. Therefore, it is important to evaluate the
associated effect between 2-D and 3-D displays.

Previous studies suggested that the visual fatigue would alter the regulation of the human eye accom-
modation response (AC) [4]. Another study developed a questionnaire which can effectively classify the
3D motion images in accordance to subjective visual fatigue using five perception variables: (1) Eye
strain, (2) general discomfort, (3) nausea, (4) Focusing difficulty and (5) headache, which were effective
for classifying 3D motion images [5]. Ntuen et al. [6] examined the effect of viewing field and illumi-
nation on visual performance between 2-D and 3-D autostereoscopic displays. They found higher visual
fatigue was complained when viewing 3-D compared with the 2-D counterpart. Additionally, Mun et
al. [7] identified 3-D images would be of higher cognitive fatigue, as evident by higher steady-state visu-
ally evoked potential (SSVEP) and event-related potential (ERP). Furthermore, prolonged viewing 3-D
TV has been suggested to be associated with dizzy, nausea, and visual fatigue [8–10]. However, most
Electroencephalogram (EEG) studies on visual health have required sophisticated laboratory equipment,
long data acquisition time, high signal artifact and induced discomfort. Therefore, it is important to de-
velop reliable and accurate visual health and fatigue assessment protocols for 3D displays and related
content.

Waveform aberration is the optical imperfections of the eye that prevent light from focus perfectly on
the retina, resulting in defects in the visual image. Measuring the orthogonal Zernike polynomial expan-
sion (wavefront technology), which describe eye pupil area optical aberration [11,12]. In addition, high-
order aberration changes are vital for eye visual quality [13]. Furthermore, modulation transfer function
(MTF) that is determined by the wavefront aberration can effectively reflect the overall response of space
image of human eye [14]. Therefore, the purpose of this study was to evaluate the change of wavefront
aberration and subjective perception before and after viewing 2-D and 3-D movies. Additionally, this
study was to find the influence of visual performance by wearing different 3D glasses. This information
would provide insights of the changes of human visual performance associated with 3-D movies.

2. Materials and methods

2.1. Participants

Thirty healthy adults (15 males and 15 females, mean age: 31.4± 7.1 years, myopic degree: 0-200D),
participated in this study. None of the participants reported of any record of cardiovascular disease or
neurological disorder and did not have any drugs affecting mental pressure and visual function [15].
All participants were reported to have excellent sleep quality before the testing day. Participants were
required to have normal stereoscopic feelings and sign an informed consent prior to the study. The testing
protocol was approved by the Institutional Ethics Committee.

2.2. Experimental procedure

The participants observed the identical movies at the constant distance of 3 meter in one 2-D and
two 3-D viewing sessions over the three consecutive weekends (Fig. 1a). During the 2-D viewing ses-
sion (2D), participants watched the movies without glasses. During the 3-D viewing sessions (3D-A
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Table 1
Manufacturing performance of the tested 3-D glasses

3D-A 3D-B National standard range
Measured value Evaluation Measured value Evaluation

Polarizing efficiency 99.9% Passed 98.8% Failed > 99.9%
Phase difference (nm) 125–127 Passed 109–112 Failed 125± 5
Joint angle (◦) 45.6 Passed 46.1 Qualified 45.0± 1.5

Note: The national standard of 3D-A pasted standard requirement was adopted from QB/T 4735-2014 Polarized 3D glasses (in
Chinese) [16].

Fig. 1. a) Experimental setup and b) Polarized 3D glasses (left: 3D-A; right: 3D-B).

and 3D-B), participants watched the movies when wearing two different types of 3-D polarized glasses
(Fig. 1b). The manufacturing performance of 3D-A (P3D-1, PROSUN, China) and 3D-B (P3D-2, PRO-
SUN, China) are provided in Table 1. The same movie “As The Light Goes Out” (Emperor Entertainment
Group Limited, Mandarin, 2014) was presented in all viewing conditions (2D, 3D-A and 3D-B). The
participants were informed to focus on the movie only during each viewing session. The 2-D/3-D movies
were displayed on a 42 inch LED full HD television (LG 3D TV type 42LW5500-CA, LG Electronics
Inc., Korea), with a resolution ratio of 1920 × 1080 and frequency of 100 Hz. It utilized polarized light
(and using polarized 3D glasses) to create stereoscopic depth (i.e., 3D images). The identical protocol
and movie were carried out with one-week interval for the subsequent viewing sessions. All viewing
sessions were randomly assigned across participants.

Wavefront aberrations of participants were measured with Nidek OPD-Scan (Nidek, Gamagori, Japan)
aberrometer before and after each of the viewing conditions (2D, 3D-A, and 3D-B). Additionally, the
participants provided their perception of eye fatigue level at the end of each viewing condition (Table 2).

2.3. Data processing

The screenshots of visual performance are shown in Fig. 2. Modulation Transfer Function (MTF),
higher order Root-Mean-Square (RMS), Vertical Coma (VC), Horizontal Coma (HC), and Spherical
Aberration (SA) were determined and before and after viewing movies.
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Table 2
Eye fatigue scales (subjective questionnaire, SQ)

Level Fatigue level Symptom
0 No fatigue Without obvious characteristics
1 Mild fatigue Mild eyestain and gritty
2 Less moderate fatigue Less moderate eyestrain and dizziness
3 Moderate fatigue Moderate eyestrain, stinging, dizzy and headache
4 Less severe fatigue Less severe eyestrain, gritty, dizziness and nausea
5 Severe fatigue Severe eyestrain, headache, nausea and vomiting

Fig. 2. The screenshots of visual quality performance.

2.3.1. Modulation transfer function (MTF)
MTF was the most important and fundamental evaluation method in visual performance. MTF denoted

the transmission of different spatial frequencies (i.e. Optical transfer function, (OTF)). OTF was the
Fourier transform of the Point Spread Function (PSF):

OTF(ε, η) = MTF(ε, η)e−iPTF(ε,η)

where ε and η are the spatial frequencies in the x and y directions.
In this study, MTF index (MTFI) was calculated by the integral of all the MTF values within cutoff

frequency (spatial frequency when MTF = 0.01). The absolute change of MTFI (MTFIc) was computed
the difference before and after viewing movies.

2.3.2. Higher order root-mean-square (RMS)
RMS accurately reflected the dimension of each order wavefront aberration [14]. RMS of higher-order

aberration (σhigh) were often used to evaluate the good or bad of visual performance [17]. The RMSσhigh
was calculated by:

RMSσhigh =

√
(Z−3

3 )2 + (Z−1
3 )

2
+ (Zmn )2

In this study, the absolute change of RMS 3rd–RMS 7th and the absolute change of RMSafter and
RMSbefore (RMSc) were computed before and after viewing movies.

2.3.3. Vertical coma (VC), horizontal coma (HC) and spherical aberration (SA)
Three Zerniker coefficient of Wavefront aberrations were selected for vision correction [18], as fol-

lows:

Vertical Coma (VC): Z−1
3 =

√
8(3ρ3 − 2ρ) sin θ
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Table 3
RMS variables by three viewing conditions (µm, mean ± SD)

RMS 3rd RMS 4th RMS 5th RMS 6th RMS 7th

2D −0.060 ± 0.012 −0.062 ± 0.057 −0.024 ± 0.034 −0.002 ± 0.025 −0.005 ± 0.012
3D-A −0.077 ± 0.093 −0.060 ± 0.070 −0.027 ± 0.023 −0.008 ± 0.016 −0.005 ± 0.010
3D-B −0.082 ± 0.078ab −0.080 ± 0.079ab −0.026 ± 0.034 −0.016 ± 0.024 −0.008 ± 0.011
F 2.930 4.043 0.517 2.683 1.186
P < 0.05 < 0.05 > 0.05 > 0.05 > 0.05

Note: “a” and “b” denoted significant differences from 2D and 3D-A, respectively (P < 0.05).

Table 4
Vertical Coma (VC), Horizontal Coma (HC) and Spherical Aberration (SA) by three viewing conditions (µm, mean ± SD)

VC HC SA
2D −0.017 ± 0.425 −0.036 ± 0.037 −0.051 ± 0.065

3D-A −0.020 ± 0.019a −0.038 ± 0.071 −0.052 ± 0.059
3D-B −0.032 ± 0.029ab −0.054 ± 0.090ab −0.055 ± 0.052
F 5.205 3.541 0.176
P < 0.05 < 0.05 > 0.05

Note: “a” and “b” denoted significant differences from 2D and 3D-A, respectively (P < 0.05).

Fig. 3. Mean MTFIc by three viewing conditions.

Horizontal Coma(HC): Z1
3 =
√
8(3ρ3 − 2ρ) cos θ

Spherical Aberration(SA): Z0
4 =
√
5(6ρ4 − 6ρ2 + 1)

2.3.4. Statistical analysis
All statistical analyses were performed using SPSS 18 (IBM Corp., Armonk, NY, USA). Descrip-

tive statistics (means and standard deviation) of wavefront aberrations and perception variables were
computed across viewing conditions. A one-way repeated measures ANOVA was performed to exam-
ine if there were any significant differences on all variables. LSD post-hoc 2-tailed comparisons were
computed using a criterion alpha at 0.05.

3. Result

3.1. Modulation transfer function index (MTFI)

The one-way ANOVA analysis indicated a significant difference of MTFIc among 2D, 3D-A, and 3D-
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Fig. 4. Mean SQ by three viewing conditions.

B conditions (F = 3.315, P = 0.031, Fig. 3). A pairwise comparison revealed that significant smaller
MTFIc were found for 2D compared with 3D-A (P < 0.05) and 3D-B (P < 0.01) viewing conditions.
Furthermore, 3D-B had larger MTFIc than 3D-A (P < 0.05).

3.2. Higher order aberration – root mean square (RMS)

The ANOVA analysis indicated significant main effects for RMS 3rd and 4th (P < 0.05, Table 3). A
pairwise comparison revealed that participants watching movie in 3D-B condition had significant larger
change of RMS (i.e. RMS 3rd and 4th) compared with 2D and 3D-A (P < 0.05).

3.3. Vertical coma (VC), horizontal coma (HC) and spherical aberration (SA)

The ANOVA analysis indicated significant main effects for VC (F = 5.205, P < 0.05) and HC
(F = 3.541, P < 0.05, Table 4). A pairwise comparison revealed participants watching movie in 3D-B
condition had significant larger VC and HC compared with 2D and 3D-A (P < 0.05). Furthermore,
3D-A had larger VC than 2D (P < 0.05).

3.4. Eye fatigue score (SQ)

The one-way ANOVA analysis indicated a significant difference of SQ among 2D, 3D-A, and 3D-B
conditions (F = 6.71, P < 0.05, Fig. 4). A pairwise comparison revealed that significant smaller SQ
were found for 2D compared with 3D-A and 3D-B viewing conditions (P < 0.05). Furthermore, 3D-B
had larger SQ than 3D-A (P < 0.05).

4. Conclusions

The present study examined the human eye visual index (wavefront aberration) and subjective score
after watching the same movie in three viewing conditions (2D, 3D-A and 3D-B). Overall, our findings
indicated that prolonged viewing 3-D movies caused to larger change of MTFI, RMS, VC, and HC of
wavefront aberration and poorer fatigue score, compared to the 2-D viewing condition. This supports
the hypothesis that prolonged viewing 3-D movies would be of higher risk of damaging the human
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visual ability [19]. Recent studies on 3-D movies/images [20,21] has suggested prolonged viewing 3-D
television could also cause visual fatigue, brain fatigue, change of pulse and increased of heart rate.
Therefore, the applications of 3-D imaging technology could be of concerns to the health issue in the
future.

It is suggested that high quality 3D glasses could be high importance to protect the human eyes when
watching television in 3-D as their daily entertainment. In our study, the glasses used in 3D-A had better
optical qualities (qualified polarizing efficiency and phase difference) than the glasses used in 3D-B
viewing session and the present results showed that better qualified 3-D glasses can relief subjective
visual fatigue (i.e. lower SQ score) and remain better visual performance (i.e. MTFI, VC, RMS 3rd and
RMS 4th). This is in line with the study of Wenzel et al. [22], which indicated that wearing different
shutter 3D glasses can cause influence users’ EEG. These data suggest that good quality control of 3D
glasses at the manufacturing process would be helpful and effective to enhance the visual health.

Several wavefront aberration derived variables were selected in this study, as they were considered as
reliable indicators of vision performance and fatigue. Modulation transfer function (MTF) and Zernike
polynomials (VC, HC and SA, Table 4) index can effectively evaluate the effectiveness of the vision
performance rehabilitation/training after refractive surgery [23,24]. The present study found that a de-
creased change in MTFI was found after prolonged movies viewing. Moreover, watching 3-D movies
would have greater impact on visual performance compared (MTFI, VC and HC) with 2-D movies. RMS
of higher order aberrations is another commonly used index of visual ability [25]. The current study
found significant difference only exist in two higher order aberration variables (RMS3rd and RMS4th)
but not exist for other aberration variables (RMS 5th to 7th) between 2-D and 3-D viewing conditions.
It seems the RMS variables would be of inferior discriminating power than the MTFI variable for the
evaluation and diagnosis of visual performance. Further research on the relationship among subjective
visual score, MTFI, Zernike polynomials, and RMS of higher order aberrations is necessary. The limita-
tion of this study is that it primarily focused on the difference between 2-D and 3-D viewing conditions,
and did not investigate how 3-D content may lead to visual fatigue. In the future, more research needs to
be done on the mechanism of visual fatigue from 3-D content, in order to offer more practical advice to
3-D companies and also protect the visual health of consumers.

In summary, the visual stimulation of 2-D and 3-D movies can influence human visual function after
prolonged viewing. Compared to 2-D movies, 3-D movies would be more susceptible to visual fatigue.
Better quality of 3-D glasses can play the major role in reducing visual fatigue for users. MTFI and coma
aberration in human wavefront aberration variables might provide additional insights to assess the level
of human visual fatigue in the future.
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