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Abstract. Over the past few decades, the extensive development of human-
computer interaction has greatly improved the life of human beings. As a novel
form of human-computer interaction (HCI), brain-computer interface (BCI) has
shown its potential application values in some special areas such as mental
typing, rehabilitation engineering, etc. It is known that the astronauts in space,
especially in long duration spaceflight, are always occupied to deal with many
complicated tasks. More effective HCI devices are required to aid astronauts to
fulfill their tasks with lower mental workload. The rising of new HCI tech-
nologies including BCI may provide promising solutions for this problem. We
took the advantages of China Tiangong-2 Space Lab in Nov. 2016 to carry out
on-orbit experiments to examine the usability of BCI in space and factors
influencing BCI performance. The experiment design adopted three typical
paradigms of BCI including event-related potential (ERP) based BCI, motor
imagery (MI) based BCI, and steady-state visual evoked potential (SSVEP)
based BCI. Besides, three different experiment environments: normal experi-
ment, simulated on-orbit experiment and real on-orbit experiment were con-
ducted to compare the changing of physiological responses and BCI
performance between ground and space. Thirty-five health participants took part
in the normal experiment and simulated on-orbit experiment. Furthermore, the
real on-orbit experiment was carried out in Tiangong-2 space lab in November
2016, and two crewmembers completed the tests as scheduled. The experimental
results indicated that machine noise had significant effect on performance of
P300 based BCI and MI based BCI between normal experiment and simulated
on-orbit experiment. Additionally, negative emotion had significant effect on the
performance of MI based BCI. Besides, the difference between average accuracy
of normal experiment and on-orbit experiment was not significant. From the
aspect of brain response, few differences were observed over the three BCI
paradigms in the three experimental conditions. The results suggest that BCI
technology is a very competitive ways of HCI which could be used in future
space missions, however, further improvements are needed in both BCI
hardware and adaptive algorithms for better performance.
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1 Introduction

Human-Computer Interface (HCI) focuses on developing the interfaces between users
and computers. The first known use of the term HCI was in 1975, proposed by
Carlisle [1]. Sometimes, HCI also refers to the same concept Human-Machine Interface
(HMI). Specifically, the Association for Computer Machinery (ACM) defines
human-computer interaction as “a discipline concerned with the design, evaluation and
implementation of interactive computing systems for human use and with the study of
major phenomena surrounding them” [2]. The keyboard-display is a traditional HCI
system. Printers can input command by keyboard. After receiving the command, the
operating system executes at once, and the executed result will display on the displayer.
With the rapid development of computer science, the functions of HCI system are
becoming more and more abundant, so are the interaction patterns between human and
machine.

Over the past few decades of HCI development, human beings have entered into
the world of intelligent HCI. HCI technology greatly improved the life of human
beings, especially with the birth of brain-computer interface (BCI) technology. A major
focus of BCI efforts is to allow a direct communication pathway between an enhanced
or wired brain and an external device. In detail, a BCI system can translate signals
generated by brain activities into control signals to allow commanding specific devices
that could help patients communicate with the external environment without the par-
ticipation of muscles [3]. Most widely-used BCI systems are established based on
electroencephalogram (EEG), which is mainly divided into two patterns: spontaneous
EEG or evoked EEG. From the perspective of experimental paradigm, there are mainly
three typical BCI paradigms including motor imagery (MI) [4, 5], steady-state visually
evoked potential (SSVEP) [6, 7] and event-related potential (ERP) [8, 9]. These dif-
ferent BCI paradigms have broad applications in many aspects, such as mental type-
writing, rehabilitation engineering and augmented cognition. Nowadays, the
technology of BCI is showing its enormous potential in the field of manned space.

With the steady progress of China’s manned space project, the space flight time will
continue to be extended, as well as the space mission will continue to be more complex
in the future, which makes the cooperation pattern between astronauts and external
equipment be constantly deepening. Therefore, breaking through the limitation of tra-
ditional human-computer information access and establishing new human-computer
information interaction technology will be an inevitable trend of the future manned
space development. Fortunately, the rising of brain-computer interface (BCI) as well as
some other novel interaction technologies provide a promising solution for this problem.

However, the environment in space is so severe that the application of BCI in space
environment will face great challenges. Specifically, weightlessness will cause bone
loss and muscle atrophy; hypoxia will cause fatigue and even nausea and vomiting; and
the change of space pressure makes the movement of astronauts become inconvenient.
Different kinds of machine noise, as well as the negative emotion [10] of the astronauts
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themselves will also have interference on the task performance [11]. Thus, whether the
BCI technology on ground still works in the space needs to be verified by experiments,
while no related study has been reported so far. Aiming at this problem, this study
implemented three typical BCI paradigms including ERP- BCI, MI-BCI and SSVEP-
BCI, and explored the distinction of BCI between ground and space from the per-
spective of system performance and EEG responses.

2 Materials and Method

2.1 Participants

Thirty-five healthy participants (23 aged 25–33, and 12 aged 36–50) that owns the
similar age and education level with astronauts of China took part in the normal
experiment and simulated experiment. Additionally, two Chinese astronauts took part
in the real on-orbit experiment. All of the participants and the two astronauts had
normal hearing and normal or corrected-to-normal vision. All the participants and the
two astronauts are novices of BCI.

2.2 Experimental Paradigm

In this study, three widely-used BCI paradigms described above were adopted. The
three paradigms were implemented in the same software platform, as shown in Fig. 1.

Specifically, a P300-Speller proposed by Farwell and Donchin in 1988 [12] was
taken as ERP-BCI. In this paradigm, a 6 * 6 character matrix was presented on the
screen, with a random sequence of 12 flashes consisting of 6 rows and 6 columns that
constitutes an Oddball-Paradigm [13]. The participants were required to sit in a
comfortable state, and attending to the target character on the screen. Thus, when
subjects caught the target stimuli, a P300 response emerged. In a word, this paradigm
recognized the selected character of participants by distinguishing the difference
between target and non-target stimuli.

 A. Interface of MI-BCI        B. Interface of ERP-BCI       C. Interface of SSVEP-BCI 

Fig. 1. The interface of the Experimental software platform
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SSVEP is a characteristic potential produced by modulation of the periodic visual
stimuli. Specifically, when the subjects received a periodic flicker stimulation, the
corresponding frequency modulated signal is generated in occipital region. Generally,
visual stimuli frequency of 6–50 Hz could be used to induce SSVEP response. The first
SSVEP-based BCI system was proposed by Gao et al. [18]. SSVEP-BCI technology
aroused wide concern because of its high information transfer rate (ITR). Recently,
SSVEP-BCI has been widely applied to the mental typewriting [19], intelligent
wheelchair control [20] and computer games [21]. In this study, four squares flashing at
7 Hz, 9 Hz, 13 Hz, 15 Hz respectively were used as the SSVEP stimuli.

MI-BCI is based on sensorimotor rhythms (SMRs). SMRs was the fluctuation of
the electromagnetic field recorded in the sensory motor cortex (posterior frontal and
parietal lobe) [14–16]. The typical SMRs signal can be divided into three main bands:
alpha/mu (8–12 Hz), beta (18–30 Hz), gamma (30–200 Hz or more). Previous
researches had proved that SMRs changed with the change of motor behaviors.
Specifically, the power of mu rhythm will weaken during the motor behaviors. This
phenomenon was called event-related desynchronization (ERD) [17]. Besides, the ERD
happened while participants are imagining the movements as well. MI-BCI was pro-
posed based on this principle. In current study, left hand and right hand imaging were
adopted as two MI commands.

2.3 Experimental Procedure

As mentioned above, three different experiments including normal experiment, simu-
lated on-orbit experiment and real on-orbit experiment were implemented in this study
in order to compare the difference of BCI system performance and EEG responses
between ground and space. In detail, normal experiment means the general experiment
on the ground; simulated on-orbit experiment is carried out on the ground space
capsule, which introduced the interference of machine noise and negative emotions. In
addition, the noise used in the simulated on-orbit experiment was acquired from
Tiangong-1 in real space, and the intensity of the recorded noise was about 60 dB. The
negative emotions were induced by negative videos. Real on-orbit experiment was
carried out in Tiangong-2 in November 2016. Note that, Tiangong-1 and Tiangong-2
are the first target spacecraft and the first space laboratory of China respectively.

The experimental paradigm was developed by C# and MATLAB. Participants were
instructed to sit in a comfortable position and keep their eyes staring at the center of the
screen, with minimum eye movements or any other muscle artifacts throughout the
whole experiment. The experiments are carried out in both offline and online, but only
offline data was analyzed. The whole experiment procedure was indicated in Fig. 2.
There were four groups of experiments in total, and each group mainly consisted of
three parts: P300-BCI, SSVEP-BCI and MI-BCI in time order. In P300-BCI section,
five characters were chosen, and each character should repeats 10 times. then the
SSVEP-BCI was implemented. After one minute of relax, 16 motor imagery instruc-
tions (8 left and 8 right in random sequence) were carried out. Each group lasts about
10 min, with 1 min for relax between groups. The experiment lasts 46 min in total. In
addition, the experiments repeat four times, with a control-experiment on ground
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before the astronauts step into the space, and three on-orbit experiments on the 3rd day,
13th day and 23rd day on orbit.

2.4 Data Acquisition and Processing

The EEG signals were recorded from 11 Ag/AgCl scalp electrodes placed according to
Fig. 3, and amplified by a B-Alert X10 amplifier with a sampling rate of 256 Hz.
During the data acquisition, all channels were referenced to the average of electrode
REF1 and REF2. Electrode impedances were kept below 40 KX during data
acquisition.

For ERP-BCI, the data were filtered with a 0.5–15 Hz band-pass filter. Following
each flash, a time window of 700 ms of EEG data, was obtained from each of the 9
electrode channels and down sampled to a rate of 20 Hz. The down sampled features
were concatenated across the channels to obtain a feature vector as the input of a linear
discriminative analysis (LDA) classifier.

Fig. 2. Experimental procedure
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For SSVEP-BCI, the data were filtered with a filter bank of 10 band-pass filters
(4–80 Hz, 11–80 Hz, 18–80 Hz, 25–80 Hz, 32–80 Hz, 39–80 Hz, 46–80 Hz, 53–
80 Hz, 60–80 Hz, 67–80 Hz). Data of 5 s after the stimulus onset were taken as the
features. A canonical correlation analysis (CCA) algorithm was used to recognize the
target frequency.

For MI-BCI, the data were filtered with an 8–30 Hz band-pass filter. Data of 4 s
after the cue onset were taken as the features. A common spatial pattern (CSP) filter
was adopted to enhance the features and the new features were classified by a support
vector machine (SVM).

3 Results

3.1 Normal Experiment vs Simulated on-Orbit Experiment

The comparison results between normal experiment and simulated on-orbit experiment
are summarized as follows:

For ERP-BCI, the classification accuracy is 0.75 in the normal experiment condi-
tion, 0.71 in the simulated on-orbit experiment with the machine noise, and 0.70 with
the negative emotion. Furthermore, for comparison between normal experiment and
simulated on-orbit experiment with machine noise, t-test result indicates that the dif-
ference of classification accuracy is significant: p = 0.03 < 0.05; for comparison
between normal experiment and negative emotion introduced simulated on-orbit
experiment, t-test result indicates that the difference of classification accuracy is not
significant: p = 0.85 > 0.05. T-test results of P300 amplitude and latency in either
comparison between normal and simulated on-orbit experiment with noise or com-
parison between normal and negative emotion introduced simulated on-orbit experi-
ment were not significant.

Fz

CzC3 C4

POz

P3 P4Pz

Oz

REF2

REF1

Fig. 3. Channel location and the real EEG cap
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For SSVEP-BCI, the classification accuracy is 0.70 in the normal experiment
condition, 0.73 in the simulated experiment with noise, and 0.69 with negative emo-
tion. Furthermore, for system performance, t-test results demonstrate that neither the
effect of noise nor negative emotion was significant (p > 0.05). Moreover, for signal to
noise ratio (SNR), t-test result indicates no significant difference as well (p > 0.05).

For MI-BCI, the classification accuracy is 0.87, 0.84 and 0.83 corresponding to the
3 experiments respectively. Furthermore, for comparison between normal experiment
and simulated experiment with noise, t-test result indicates that the difference of
classification accuracy is significant: p = 0.02 < 0.05; for comparison between normal
experiment and negative emotion introduced simulated experiment, t-test result is
significant as well: p = 0.03 < 0.05. However, no significant difference was observed
from the aspect of brain response.

It can be inferred that the machine noise and negative motion have little effect on
the selected three typical paradigms of BCI. The usability of BCI for on-orbit was
preliminarily proved. However, whether the three paradigms are usable in zero-gravity
environment or not still needs the verification of experimental data in Tiangong-2.

3.2 Normal Experiment vs Real Experiment on-Orbit P300-BCI

Figure 4 shows the change of average recognition rate with the number of repetitions.
The left part of Fig. 4 represents the experimental result of astronaut 1, and the right
represents astronaut 2. As depicted in Fig. 4, the recognition rate increased with the
rising of the repetition number for both astronaut 1 and 2. In detail, for astronaut 1, the
classification accuracy on ground was 1.00 when the repetition times was ten. The
classification accuracy of the experiment on orbit was 0.90, 0.95 and 0.95 for the first,
second and third experiment respectively. For astronaut 2, the classification accuracy of
the experiment on ground was 0.90 when the repetition times was ten. The classifi-
cation accuracy of the experiment on orbit was 1.00, 1.00 and 0.95 for the first, second
and third experiment respectively. We can conclude that the average system perfor-
mance for experiment on ground and orbit are 0.95 and 0.96 respectively. The system

Fig. 4. Average recognition rates with changing repetition times. A1 and A2 are the
experimental results of astronaut 1 and 2 respectively. Ground, Orbit-1, Orbit-2 and Orbit-3
represent the experiment on the ground, experiment on the 3rd day on-orbit, experiment on the
13th day on-orbit, experiment on the 23th day on-orbit respectively.
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performance of BCI between ground and orbit shows little difference. It demonstrates
that P300 based BCI can be applied to on-orbit environment.

Figure 5 shows the amplitude and latency of P300 component in ERP. According
to the figure, main conclusions can be summarized as follows: From the aspect of P300
amplitude, no obvious regularity was observed for astronaut 1 or 2. Besides, compared
with that of astronaut 2, the P300 amplitude of astronaut 1 showed weak variety. From
the aspect of latency, no obvious regularity was observed as well. Specifically, latency
of astronaut 1 decreases at first, and then increases. While latency of astronaut 2
increases for a little bit and then decreases continuously.

3.3 MI-BCI

Figure 6 displays the experiment result. The left part of Fig. 4 represents the experimental
result of astronaut 1, and the right represents the experimental result of astronaut 2. For
astronaut 1,MI accuracy on ground is 0.88, which is a little bit higher than that of the three
on-orbit experiment: 0.74, 0.84 and 0.87 for the 3rd day on-orbit, 13th day on-orbit and
23rd day on-orbit respectively. Besides, the MI accuracy increases with the extension of
on-orbit time. For astronaut 2, MI accuracy on ground is 0.79, which is lower than that of
the three on-orbit experiment: 0.86, 0.84 and 0.85 for the 3rd day on-orbit, 13th day
on-orbit and 23rd day on-orbit respectively. Whereas, MI accuracy on-orbit shows no
obvious regularity compared with that of astronaut 1. In a word, MI accuracy of exper-
iment on ground and on-orbit is very close. Thus, the effectiveness of MI-BCI applied to
on-orbit environment was verified initiatively.

Fig. 5. The P300 amplitudes and latencies of the two astronauts. A1 and A2 represent the
amplitude of astronaut 1 and 2 respectively. B1 and B2 represent the latencies of astronaut 1 and
2 respectively. Ground, Orbit-1, Orbit-2 and Orbit-3 represent the experiment on the ground,
experiment on the 3rd day on-orbit, experiment on the 13th day on-orbit and experiment on the
20th day on-orbit respectively.
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3.4 SSVEP-BCI

Figure 7 shows the experiment result. The left part of Fig. 7 represents the experi-
mental result of astronaut 1, and the right part represents the result of astronaut 2. For
astronaut 1, the total accuracy of the experiment on ground is 0.81, which is much
lower than that of the experiment on-orbit: 0.96, 1.00 and 0.96 for the 3rd day on-orbit,
13th day on-orbit and 23rd day on-orbit respectively. For astronaut 2, the total accuracy
of the experiment on ground was 0.89, which is much lower than that of the experiment
on-orbit: 1.00, 1.00, 0.96 for the 3rd day on-orbit, 13th day on-orbit and 23th day
on-orbit respectively. Besides, the accuracy of the experiment on ground is much lower
compared with that of experiment on-orbit for both astronaut 1 and 2. Therefore, we
can conclude that SSVEP based BCI can be applied to on-orbit environment because of
the better system performance.

Fig. 6. Accuracies of the two astronauts of MI-BCI. A1 and A2 are the experimental results of
astronaut 1 and 2 respectively. Ground, Orbit-1, Orbit-2 and Orbit-3 represent the experiment on
the ground, experiment on the 3rd day on-orbit, experiment on the 13th day on-orbit and
experiment on the 20th day on-orbit respectively.

Fig. 7. Accuracies of the two astronauts for SSVEP-BCI. A1 and A2 are the experimental
results of astronaut 1 and 2 respectively. Ground, Orbit-1, Orbit-2 and Orbit-3 represent the
experiment on the ground, experiment on the 3rd day on-orbit, experiment on the 13th day
on-orbit, and experiment on the 23rd day on-orbit respectively.
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4 Discussion and Conclusion

This paper carried out three different experiment including experiment on ground,
simulated on-orbit experiment and real on-orbit experiment.

In the comparison between the experiment on ground and simulated on-orbit, we
have observed some significant differences in offline accuracy, but the differences are
small. The small differences might be attributed to the negative effects of noise and
negative emotions on attention processes. Some studies have shown that the top-down
mechanism is crucial to BCI performance. The ability to keep the attention filter active
during the selection of a target influences performance in BCI control [22].

Although the simulated experiment cannot simulate the effects of weightlessness, it
excludes the effects of two major factors that may affect the performance of the BCI
systems.

The results of experiment on-orbit suggests that the performance of the selected
three paradigms on-orbit were close to that of experiment on ground. However, the
experimental results were different between the two astronauts. For instance, astronaut 1
performed poorer on P300 and SSVEP based BCI than astronaut 2, but a better per-
formance on MI-BCI.. This could be due to that astronaut 1 has a higher age compared
with astronaut 2, which might have diminution of vision ability which is important in the
P300 and SSVEP based BCI experiment.

Furthermore, we could find out that the two astronauts perform better on orbit than
on ground in most cases. Two reasons may account to this phenomenon. First, the
proficiency of astronauts becomes better as the number of times participating the
experiment increases. Second, the zero-gravity might put some positive impact on the
rhythm of EEG oscillation [23, 24]. As we have only two astronauts involved in the
on-orbit experiments, the samples are apparently not enough. These hypotheses need to
be further verified. In addition, it should be noted that according to the reports from the
two crewmembers in Tiangong-2, some of the BCI parts were not so easy to use.
Preparation time of on-orbit tests may be longer than that on ground.

In conclusion, although on-orbit environment had some effect on the brain response
of the three selected BCI system. The performance of on-orbit experiment was close to
or higher than that on ground. The results show that the BCI technology could be a
promising HCI in further manned space mission, however, further improvements are
needed in both BCI hardware and adaptive algorithms for better performance.
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