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Abstract: Focusing on virtual reality (VR) and film cutting, this study compared and evaluated the
effect of visual mode (2D, VR) and cutting rate (fast, medium, slow) on a load, to make an attempt for
VR research to enter the cognitive field. This study uses a 2 × 3 experimental research design. Forty
participants were divided into one of two groups randomly and watched films with three cutting
rates. The subjective and objective data were collected during the experiment. The objective results
confirm that VR films bring more powerful alpha, beta, theta wave activities, and bring a greater
load. The subjective results confirm that the fast cutting rate brings a greater load. These results
provide a theoretical support for further exploring the evaluation methods and standards of VR films
and improving the viewing experience in the future.
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1. Introduction

Electroencephalogram (EEG) can measure the brain activity non-invasively in a real
environment, and the measurement results change with the level of cognitive stimula-
tion [1]. EEG is the most direct, simple, and rich source of information to understand the
phenomena related to the brain electrical activity [2], thus it is suitable for evaluating the
load of films.

Virtual reality (VR) technology changes the way of the film’s shooting and production,
and VR films give viewers a better immersive experience. However, there is no suitable
evaluation method and criteria for VR films, which makes it difficult to judge the quality of
VR films objectively. As we all know, cutting is a way of creating the film’s rhythm, while
cutting is related to the audience’s psychology closely.

The solution to these problems, whether VR or traditional 2D films, produce the same
degree of load. Whether different cutting rates make the audience feel different levels of
load or which cutting rate allows the audience to get a better experience, is crucial to the
production and evaluation of VR films.

Based on cinemetrics, we focus on the load evaluation indicators of VR films and use
a simple EEG study to study films objectively and quantitatively. Specifically, we combine
the EEG signal processing analysis and subjective questionnaire analysis to research: (a)
Whether VR films have a stronger load compared to traditional 2D films; (b) whether
the cutting rate has an impact on the audience load, and the fast cutting rate produces a
stronger load?
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2. Related Work
2.1. Cutting Rates

In the film, the relationship between the emotion, story, and rhythm is inseparable,
and the control of cutting rhythm is the bridge between the emotion and story. A film
with a proper rhythm can always give the audience a strong sense of substitution. The
vast majority of films are made up of shots, and shots are completed by a momentarily
interrupted cutting. The cutting rate is the length of the shot, and can also be called the
shot change frequency or the shot cutting frequency. Moreover, the cutting rate controls
the cutting rhythm, and becomes the key to film fluency. The cutting rate is also related
to the story and temporal and spatial expression of the film. Specifically, the shorter the
shots, the higher the cutting rate, and the overall rhythm of the film tends to be intense and
exciting. The longer the shots, the lower the cutting rate, and the overall rhythm of the film
tends to be slow and peaceful. Therefore, a full research on the film cutting rate plays an
important role in film art, enhances the artistry and appreciation of films, and promotes
the renewal of film language concepts. At present, there is an emerging research field
named cinemetrics in European and American film studies. In 2009, based on cinemetrics,
Yuri Tsivian established an online statistical software and an open professional database
called Cinematrics. Cinematrics helped address some issues which were helpful to the
film history and the development of film theory [3].

Some studies focus on the impact of the film cutting rate on behavior and cognition.
In 2017, a study by the University of Essex in UK found that children watching films with
a fast cutting rate are more likely to shift their attention to toys, and a fast-paced film
affected the preschool-aged children interactions with toys [4]. In 2019, the Institute of
Psychiatry, Psychology, and Neuroscience at King’s College London studied the effects of
film authenticity and rate on children’s attention and response inhibition. The results show
that the authenticity of stories affects the inhibitory components of children’s executive
functions, while the rate of the films does not. In addition, the interaction between the
film authenticity and the rate affects attention [5]. On this basis, they explored the direct
consequences of films of different rates on the behavior and neural activity in the process
of response inhibition. Through the ERP analysis, they found that the rhythm of the film
seems to affect behavior and inhibit related neural responses [6]. However, these studies
are limited to the study of children’s attention and response inhibition, and do not mention
the load. Additionally, the selected experimental materials are also limited to traditional
2D films.

2.2. Load Assessment Method Based on Spontaneous EEG

There are three main types of the load evaluation method: Subjective evaluation, work
performance evaluation, and physiological measurement. Subjective evaluation is used
to evaluate the task load level based on the subjective feelings of experimenters when
the experiment is completed. At present, many studies use the NASA task load index
(NASA-TLX) scale and the load level is expressed as the score of the NASA-TLX scale.
The NASA-TLX scale has many advantages such as low cost and easy management [7–9].
Work performance evaluation can be divided into the main task evaluation and sub-task
evaluation. Current researches focus more on the design of sub-tasks. Physiological
measurement methods mainly include spontaneous brain electricity [10], event-related
potentials [11], electrocardiogram [12,13], functional near-infrared spectroscopy [14], skin
electricity [15], respiration, and other physiological signals related to the central nervous
system activity directly or indirectly.

Research based on spontaneous EEG generally studies the changes in various fre-
quency bands under different load levels. The EEG spectrum analysis is the most common
method of the EEG analysis method. The EEG spectrum analysis can separate the original
EEG signal into waves of different frequency bands. Nowadays, research shows that the
energy of the theta wave (4–7 Hz), alpha wave (8–13 Hz), beta wave (14–30 Hz), and other
EEG frequency bands is sensitive to changes in the load.
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When people are more alert and perform more difficult tasks, the main component of
the brain electrical activity tends to be the beta wave frequency band, in which the beta
wave’s amplitude is low, while the beta wave’s frequency is high. When people are awake
with low alertness, the alpha wave activity increases. When people are sleepy, the theta
wave will be enhanced significantly. Research shows that the slow waves (delta and theta
waves) of the EEG signal gradually increase, and the fast waves (alpha and beta waves)
decrease gradually [16], when adults change from a normal state to a fatigue state.

2.3. Research Combining VR and EEG

EEG and VR are used in various studies. Dan used EEG to examine the cognitive load
associated with the task of learning paper-folding (origami) by observing 2D or stereoscopic
3D displays, and found that participants with lower spatial abilities can benefit most from
a 3D virtual world [17]. Qidwai used electroencephalogram (EEG) and electromyography
(EMG), combined with virtual reality (VR) for the evaluation and rehabilitation of facial
palsy, and the results show that the activation of facial muscles in patients improved
gradually [18]. Sang compared sports, news, and advertisements in 2D and VR visual
modes through EEG. Compared to the brainwaves of viewing 2D video, he found that
beta waves were statistically significant. When watching VR there were differences in
beta waves according to the program genre, and videos that were fast paced and more
dynamic were more likely to show stronger beta waves [19]. It is worth mentioning that
the cross-field cooperation between film and cognitive neuroscience is becoming a hot
issue for researchers from both sides. Hasson studied intersubject synchronization of the
cortical activity during natural vision in 2004, and proposed a research method called
inter-subject correlation analysis (ISC) creatively in 2008. The method applies to functional
magnetic resonance imaging (fMRI) [20]. What is more, Hasson proposed the concept of
neurocinematics and that the impact of films on the audience can be measured by the brain
activity. The connection between film studies and cognitive neuroscience is a great impetus
to find the connection between neuroscience and art [21].

To sum up, the current research on the cutting rate is not aimed at VR films. The
research on VR films combined with the EEG analysis does not focus on cutting rate factors.
The number of VR works that can be used for the research is limited, and the research
methods are not mature yet. The research on the cutting rate of VR films requires more
appropriate research methods and more objective data support.

3. VR and 2D Load Comparison Experiment Based on EEG Data

In order to study the different responses of human brain signals when watching
films with different visual modes and different cutting rates, this paper sets up a set
of brain electrical experiments based on the visual evoked. Due to the complexity of
the experimental design, there are some problems that affect the human comfort. The
participants need to wear a variety of data acquisition equipment, and stay in a closed space
in summer. In order to solve these problems and minimize trial errors, we communicated
with the participants when they wore the equipment, and ensured they determined the
best equipment wearing state. At the same time, we also adopted some cooling and
ventilation measures that did not affect the experiment. In addition, we conducted a
pre-experiment with 15 participants in June 2019 to ensure that the problems are solved. In
the experiment, we collected the EEG signals of 40 volunteers watching under 2D and VR
viewing conditions through a test system built with Unity 2018.

Now, we introduce the experimental design in detail, and we use these experiments
to obtain the required EEG data and subjective data.

3.1. Experimental Material

We use the film “Here is Shanghai” as the experimental material. The film was
produced by our research group, and contains Shanghai style architecture and urban
street scenes, as shown in Figure 1. The filming equipment is Nokia OZO. Due to the
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experimental requirements, the film is cut into fast, medium, and slow cutting rate films at
intervals of 1, 2, and 4 s, respectively. They have the same content and background, and
the duration of one film is 78 s. The resolution of the film is 4096 × 2048, the frame rate is
30 f/s, and the format adopts H.264 encoding.
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Figure 1. Experimental materials are divided into the two-dimensional (2D) and virtual reality (VR)
film groups.

3.2. Hardware Equipment

The VR environment was implemented in Unity 2018.1 and run on a PC equipped
with a 3.4 GHz Intel Xeon E5-1230 v5 processor, 32 GB RAM, and NVidia GTX 1070D. In
the experiment, we installed and used the AOC 24-inch LCD monitor and HTC VIVE. The
EEG data were acquired through the Neuracle NeuSen W series wireless EEG acquisition
system. The experimental equipment connection setup and transmission path are shown
in Figure 2.
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3.3. Participants

The participants in this experiment are 40 students from Shanghai University, 20 peo-
ple belong to the VR group, while 20 people belong to the 2D group, and they are all
right-handed. In the 2D experiment, there are 15 boys and 5 girls, with an average age
of 23.47. In the VR experiment, there are 12 boys and 8 girls, with an average age of
22.90. Each participant has a normal or corrected vision, and no medical or mental illness.
They gave a written informed consent before the start of the experiment. All data in the
experiment are analyzed and reported anonymously.

3.4. Experiment Process

The experiment was conducted in a closed and non-interference dark environment,
and the participants sat in a comfortable posture in front of the monitor. The participants
wore 64-channel EEG caps distributed according to the international 10–20 system brain
electrodes, and then we used a conductive paste to reduce impedance. After wearing
the EEG collection equipment, participants in the 2D film group wore headphones and
watched 2D films through the LCD display, while participants in the VR film group wore
HTC VIVE and then wore headphones to watch VR films through HMD. The experimental
scene is shown in Figure 3. Whether it was a 2D or VR film, the films of the three cutting
rates were played randomly. The specific flow of the experiment is shown in Figure 4.
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Figure 4. Experiment process.

3.5. EEG Recording and Preprocessing

The EEG data were collected by Neuracle EEG Recorder v2.0.1, the sampling frequency
was 1 kHz, the electrode impedance was less than 5 kΩ and stored in a pdf format. After
that, we preprocessed the data through the MATLAB toolbox called EEGLAB. The steps
are as follows. First, we removed five useless channels. Then, we proceeded to use the
Basic FIR filter and notch filter for filtering. After that, we observed the waveform and
interpolated the bad lead, removed the bad segment, and used the method of ICA [22] to
remove the artifact component. Moreover, we completed the re-reference and removed
the baseline [23]. The above steps were all done through EEGLAB. Finally, the data were
divided into three sections, corresponding to the three cutting rates, respectively.

There were 34 cases of valid data obtained after preprocessing. After that, we used
the wavelet transform to divide the preprocessed EEG data. For each data segment
after preprocessing, the EEG signals of three different frequency bands were filtered out
respectively: Theta (4–7 Hz), alpha (8–13 Hz), and beta (14–30 Hz). We took the sum of the
squares of all points in the frequency band to represent the energy of the data segment in
the frequency band. The frequency band energy calculation is shown in Formula (1):

E(k) =
N

∑
i=1

X(k)
2

i

(1)

Among them, k represents the number of data segments, here representing the number
of trials. N represents the number of data points in each segment. The length of the film in
this study is 78 s, so here N = 78,000, and X(k)i represents the value of the i-th point of the
k-th segment of data.

After that, we performed the statistical analysis on the energy of each frequency
band, and compared the difference between VR and 2D films and compared the difference
between cutting rates.

4. Results

We used the IBM SPSS 21 software for statistical analysis. If the statistical result p-value
is less than 0.05, we will think that there is a statistical significant difference. Statistical
significance means that any difference between two groups is due to the influence of
system factors rather than accidental factors, and it represents the ability of groups to
be distinguished from each other. If there is a significant difference between the data at
different levels of a factor, it means that the factor will have an impact on the two sets of
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data. Here, we used the two-way repeated measures analysis, the intra-group factor was a
rate (fast, medium, slow) and the inter-group factor was a mode (2D, VR).

4.1. Subjective Results

The NASA-TLX questionnaire evaluates the load felt by the experimenter from six fac-
tors: Mental demand, physical demand, time demand, effort, performance, and frustration
level. Participants determine the weight of each factor through a pairwise comparison of
these six factors. The scores of the six factors are weighed according to this weight to obtain
the final total value. We analyzed the questionnaire scores of all participants who watched
the film with the same mode and the same cutting rate, then took the average of the
questionnaire scores. The average result of each group is shown in Figure 5. The statistical
results are shown in Table 1.
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Table 1. The statistical results of the load in each factor and total load of the NASA task load index (NASA-TLX).

Dimension Mode Rate Mode*Rate

mental demand
F (1, 35) = 6.04
p = 0.019 < 0.05

VR > 2D

F (2, 70) = 8.204, p = 0.001
fast > slow (p = 0.001) \

physical demand
F (1, 34) = 76.915
p = 0.003 < 0.05

VR > 2D

F (2, 68) = 9.053, p < 0.001
fast > slow (p = 0.004 < 0.05)

medium > slow (p = 0.004 < 0.05)
\

temporal demand \
F (2, 70) = 24.214, p < 0.001

fast > middle (p < 0.001)
medium > slow (p = 0.015 < 0.05)

\

effort slow: VR > 2D
(p = 0.002)

2D: Fast > slow (p < 0.001)
2D: Medium > slow (p < 0.001) p = 0.047 < 0.05

performance \
F (2,60) = 4.393, p = 0.024 < 0.05
fast > medium (p = 0.031 < 0.05)

fast > slow (p = 0.022 < 0.05)
\

frustration level fast: VR > 2D
(p = 0.007 < 0.05)

VR: Fast > medium (p = 0.026 < 0.05)
VR: Fast > slow (p = 0.002 < 0.05) p = 0.049 < 0.05

total value \
F (2,64.639) = 17.597, p < 0.001

fast > medium (p < 0.001)
fast > slow (p < 0.001)

\

In terms of human subjective perception, different viewing modes have statistical
significance in the load of mental demand, physical demand, effort, and frustration level.
The load brought by VR films is greater than that of 2D films significantly. Moreover,
different rates have a statistical significance in the load of mental demand, physical demand,
time demand, performance, frustration level, and total value. Films with fast cutting rates
bring more load than films with slow cutting rates significantly. In particular, with regard
to the total value, in the 2D film group, films with the fast cutting rate bring a much higher
load than the medium and slow cutting rates, compared to the VR film group.

4.2. EEG Results
4.2.1. Statistics of Alpha, Beta, and Theta Waves

We analyzed the alpha, beta, and theta frequency bands of EEG in 2D and VR visual
modes at three cutting rates. The mean value is shown in Figure 6, and the statistical results
are shown in Table 2.
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Table 2. Statistical results of the energy sum of alpha, beta, and theta waves.

Wave Mode Rate Mode*Rate

alpha
F (1, 30) = 10.357
p = 0.003 < 0.05

VR > 2D
\ \

beta
F (1, 30) = 29.424

p < 0.001
VR > 2D

\ \

theta \ 2D: Medium < slow
(p = 0.001 < 0.05) p = 0.047 < 0.05

In the alpha wave frequency band, the main effect of the mode is significant, F (1, 30)
= 10.357, p = 0.003 < 0.05, partial η2 = 0.257, the alpha wave energy of the study subjects
in the VR film group (343,116.288 ± 30,593.623) is significantly greater than that of the 2D
film group (343,116.228 ± 30,593.623). Therefore, the statistical results show that the mode
factor does affect the level of alpha wave energy in the brains of experimental participants,
and the alpha wave energy of VR films is higher.

In the beta wave band, the main effect of mode is significant, F (1,30) = 29.424,
p < 0.001, partial η2 = 0.495. The beta wave energy of the study subjects in the VR film
group (962,273.461 ± 88,606.353) is larger than that of the 2D film group (282,550.901 ±
388,606.353) significantly. Therefore, the statistical results show that the mode factor does
affect the beta wave energy of the experimental participants’ brains, and the beta wave
energy of VR films is higher. The results of the topographic map also indicate the difference
between the VR and 2D film groups intuitively.

In the theta wave band, the interaction between the mode and rate is significant,
p = 0.047 < 0.05, partial η2 = 0.210. The simple effect analysis shows that the theta wave
energy of the study subjects in the medium cutting rate group (252,331.257± 102,676.03826)
was significantly lower than that of the slow cutting rate group (290,321.198± 113,635.16960)
in the 2D film group, p = 0.001 < 0.05. Therefore, the statistical results show that the mode
and the cutting rate will affect the brain theta wave energy of the experimental participants,
and the slow cutting rate has a higher theta wave energy than the medium cutting rate in
the 2D film group.

4.2.2. EEG Topographic Map

Figure 7 is a brain wave topographic map based on the average energy of all the
subjects who watched 2D and VR movies. Throughout the map, red represents the higher
wave activity, while blue represents the less brain wave activity. The VR film group is
higher than the 2D film group generally, especially in the frontal lobe and the occipital lobe
of the alpha wave, the frontal lobe of the beta wave, the frontal lobe, the occipital lobe, and
the central area of the theta wave.
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5. Discussion
5.1. Load and High Frequency Alpha, Beta, and Theta Waves

Previous research often interprets alpha waves as relaxation, imagination, visualiza-
tion, memory, learning, and concentration. Beta waves are related to logic, critical thinking,
stress, anxiety, and restlessness. Theta waves are related to mental fatigue and mental
workload. The theta spectral power will increase with the increase in the demand for
cognitive resources [24].

In terms of modes, the EEG analysis results and topographical maps show that the
energy of the alpha, beta, and theta waves of the VR film group is higher than that of the
2D film group. The NASA-TLX results also show that the subjective load of the VR film
group is higher than that of the 2D film group. The high alpha energy of the VR film group
indicates that when watching VR movies, participants are more likely to focus on watching
the film. However, the alpha wave activity, especially in the higher frequency range
(10–13 Hz), is related to semantic information processing, especially searching, accessing,
and retrieving information from long-term memory. Traditional theories are mainly aimed
at verbal or image-based visual spatial task types, and whether new media forms such as
virtual reality films are applicable remains to be further studied. In terms of beta wave
activities, the energy of the VR film group is much higher than that of the 2D film group.
We think that this is probably due to the fact that the panoramic frame of VR is larger
than that of desktop 2D, and the viewing methods and equipment of helmet-mounted VR
and desktop 2D are different, and the visual presentation of participants is different, as
well. For the subjects, VR images will generally produce a strong stimulation in the brain.
In terms of theta wave activities, the average power of the VR film group is higher than
that of the 2D film group, which shows that VR films will bring more cognitive resources
to the subjects. Moreover, due to the long duration of the experiment, the subjects may
experience mental fatigue. The fatigue state is related to the length of time to complete
the task (TOT) [25]. Usually, as the TOT increases, a person’s performance decreases and
mental fatigue begins. In the long-term fatigue process, the PSD of alpha and theta wave in
the occipital lobe and frontal lobe area was observed to increase significantly [26,27]. The
result of the topographic map in Figure 6 accords with this conclusion.

In order to verify whether the VR headset will affect the EEG, we analyze the resting
state data in the two modes. At this time, the participants in the VR film group wore the
VR headset but did not watch the VR film. The statistical results show that in the alpha,
beta, and theta bands, the difference in energy between the VR film group and the 2D film
group is not statistically significant (p > 0.05). Therefore, VR helmets will not affect the
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results of EEG, and the effect of wearing VR helmets on EEG can be ignored. The statistical
results refer to Table 3 and topographic maps refer to Figure 8.

Table 3. Statistical results of the energy sum of alpha, beta, and theta waves in the resting state.

Wave 2D VR t sig

alpha 3153.691 3928.887 −0.972 0.346

beta 5895.521 4890.963 0.821 0.425

theta 4216.904 4050.844 0.253 0.804
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In terms of the cutting rate, in the 2D film group, the average power of the alpha wave
is the lowest when the cutting rate is medium, and the highest when the cutting rate is
slow. The average power of beta wave is the lowest when the cutting rate is slow, and
the highest when the cutting rate is fast. The theta wave is lowest when the cutting rate
is medium, and highest when the cutting rate is fast. In the VR film group, the average
power of the alpha and beta waves are the lowest when the cutting rate is medium, and
the highest when the cutting rate is slow. The theta wave is the lowest when the cutting
rate is slow, and the highest when the cutting rate is fast.

Flight related experiments have proved that the power of alpha wave drops and the
power of theta wave rises as the load increases [28]. Therefore, according to the results of
the alpha wave in the experiment, whether in the 2D film group or VR film group, the load
caused by watching the film is the highest when the cutting rate of the film is medium, and
the lowest when the cutting rate of the film is slow. According to the results of the theta
wave in the experiment, in the 2D film group, the load caused by watching the film is the
highest when the cutting rate is fast, and the lowest when the cutting rate is medium. In
the VR film group, the load caused by watching the film is the highest when the cutting
rate is fast, and the lowest when the cutting rate is slow.

That is, the result of alpha wave shows that the load brought by the medium cutting
rate is the highest, while the result of theta wave shows that the load brought by the fast
cutting rate is the highest. There is a difference between the two results. We proposed
that the possible reasons were: (1) The too large unevenness between the subjects, and
the not very sufficient sample size; (2) two factors that promote the increase and decrease
of theta wave energy. It is worth noting that the stimulation of the medium cutting
rate of the 2D film group is less than the slow cutting rate in the theta frequency band,
which is inconsistent with the subjective data analysis results. On the one hand, the
enhancement of theta wave is related to sustained attention, increased cognitive control,
and working memory load [29,30]. Watching a film with a faster cutting rate requires a
certain understanding and cognitive ability, as well as stronger attention, which is related
to the working memory [31]. We can speculate that the theta wave energy should be
significantly higher than the slower cutting rate under this condition. On the other hand,
Gartner found that the energy of theta wave would be suppressed significantly due to
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acute stress [32]. In this experiment, the subjects need to complete the task of watching
the film within a limited time. In the PANAS emotion questionnaire before and after the
experiment, the negative level of some items in the medium cutting rate is higher than
that of the slow cutting rate, as shown in Figure 9. In the process of watching the film,
the subjects reported that they were in a high psychological state of pain, tension, and
upset and felt a certain degree of psychological pressure. Therefore, we think the needs of
attention and cognition strengthen the theta waves, while the acute psychological pressure
weakens the theta wave at the same time. The combined effect of the two makes the theta
band energy still higher than the medium cutting rate when the cutting rate is slow, which
is the dual processing process of the cerebral cortex for acute psychological stress and tasks
related to the working memory [33]. Therefore, the experimental results of this article do
not indicate that the cutting rate will affect the human load.
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Figure 9. Values of negative emotion items for medium and slow cutting rates in the 2D film group.

5.2. Subjective Perception of Load Is Related to Cutting Rates

Although the EEG results cannot indicate the correlation between the load and cutting
rate, subjectively, the total load and the load of the six factors of NASA-TLX are significantly
different caused by different cutting rates. We think that people’s subjective load may be
more sensitive. The growth rate of the total load is obviously caused by the fast cutting
rate in the 2D film group, which is much higher than the level of the medium and slow
cutting rates. This kind of cutting rate, called one-second-one-cut, is the cutting rate used
by some traditional 2D films to create a tense and exciting atmosphere. The experimental
results in this article also prove that this fast cutting rate does bring a larger load to the
audience subjectively.

6. Conclusions

In this article, we studied the impact of 2D and VR films on the participant load at
different cutting rates. The subjective results show that whether it is a 2D film or VR film,
the faster cutting rate will cause the participants to feel a higher load. The analysis results
of alpha, beta, and theta frequency bands show that in the alpha and beta waves, there are
obvious differences between VR and traditional 2D films, and VR films bring a stronger
stimulation to the viewer. Therefore, in the future of VR film editing, if you want to create
a comfortable experience, the cutting rate should not be too fast. The results of this article
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are only derived from the experimental materials we selected, using the EEG spectrum
analysis for the whole brain area. Future research can further explore specific brain areas
and try to explain the principle of brain processing the VR information and cutting rate.
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