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on Rapid Serial Visual Presentation of Words,
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Abstract— Hybrid brain-computer interfaces (HBCI)
combining eye-tracker has attracted the attentions of
researchers in target recognition. However, there are
still many issues to be addressed in rapid sequence
visual presentation (RSVP) tasks, such as the effect
of presentation rates and target types on event-related
potentials (ERP) and pupillometry, synchronization
analysis of electroencephalography (EEG) and eye-
tracking, and so on. In this study, the RSVP experiments
with three different target types of pictures, words and
numbers at the presentation rates of 100 and 200 ms
were conducted. EEG data and pupillometry data were
synchronously collected from 20 university students.
The results of ERP analysis showed that, among three
different target types at the presentation rate of 100 ms,
the picture P300 component had the largest amplitude and
the longest latency. From the 100 ms presentation rates to
200 ms one for the three target types, the P300 amplitudes
became smaller, and the P300 latencies became shorter.
The results of pupillometry analysis showed that, at the
presentation rates of 100 and 200 ms, the pupil dilation
of pictures had the smallest amplitude and the shortest
latency. At the two presentation rates, no significant
differences of pupil size and latency were found for the
three target types. For the early pupil dilation within
1000 ms, the picture pupil size was significantly smaller

Manuscript received 2 November 2022; revised 20 March 2023;
accepted 26 March 2023. Date of publication 31 March 2023; date of
current version 5 April 2023. This work was supported in part by the
Key Research and Development Program of Guangdong Province under
Grant 2018B030339001; in part by the Beijing Science and Technology
Program under Grant Z201100004420015; in part by the National
Natural Science Foundation of China under Grant 61601028, Grant
61431007, and Grant U2241208; in part by the National Key Research
and Development Program of China under Grant YFB1002505; and
in part by the Fundamental Research Funds for the Central Universi-
ties of China under Grant FRF-TP-20-017A1. (Corresponding author:
Yanfei Lin.)

This work involved human subjects or animals in its research. Approval
of all ethical and experimental procedures and protocols was granted by
the Institute Review Board of Tsinghua University under Application No.
20190021.

Xi Luo, Yanfei Lin, and Rongxiao Guo are with the School of Integrated
Circuits and Electronics, Beijing Institute of Technology, Beijing 100084,
China (e-mail: linyf@bit.edu.cn).

Xiaorong Gao is with the School of Medicine, Tsinghua University,
Beijing 100081, China (e-mail: gxr-dea@tsinghua.edu.cn).

Shangen Zhang is with the School of Computer and Communication
Engineering, University of Science and Technology Beijing, Beijing
100083, China (e-mail: zhangsfphd@163.com).

Digital Object Identifier 10.1109/TNSRE.2023.3263502

than the other ones, and the picture pupil acceleration had
the largest average amplitude and the shortest latency.
These pupillometry features within 1000 ms combining
with the P300 features could be taken as the effective ones
for target classification. Through synchronization analysis
of the EEG data and pupillometry data, the effects of target
type and presentation rate on ERP and pupil dilation were
different. These results could contribute to developing
the fusion methods between EEG and eye-tracking, and
provide valuable references for the multi-target recognition
of hybrid BCI based on eye-tracking.

Index Terms— Rapid serial visual presentation (RSVP),
hybrid brain-computer interface (HBCI), electroencephalog-
raphy (EEG), P300, pupillometry.

I. INTRODUCTION

RAPID sequence visual presentation (RSVP) is to con-
tinuously present the multiple pictures to subjects in

the same spatial location at high presentation rates [1]. The
ERP components commonly analyzed in RSVP tasks are
P300 and late potentials. P300 is a positive component that
appears around 200-600 ms after the onset of target stimulus,
and is mainly concentrated in the central and centro-parietal
regions [2]. RSVP based brain-computer interfaces (BCI) is
used to target detection with a RSVP paradigm by analyz-
ing subjects’ EEG data. RSVP-BCIs have received extensive
researchers’ attentions and have broad application prospects,
such as Satellite image retrieval [3], [4], screening of targets
by supervisors [5], RSVP speller [6], [7], and so on.

Due to the low signal-to-noise ratio of single-trial EEG
data, the target recognition accuracy of single BCI systems
is low, which will affect the practical applications of BCI
systems. Recently, the concept of hybrid brain-computer inter-
face (HBCI) was proposed, such as hybrid BCI based on eye-
tracking. Previous studies demonstrated that pupil dilation was
related to target recognition. When subjects focused on targets,
the pupils dilated [8], [9], [10]. Pupil dilation is induced by the
inhibition of the parasympathetic nervous system and Edinger-
Westphal nucleus, and the locus coeruleus-norepinephrine
system (LC-NE) controls these inhibitory processes, which
dominates the regulation of attention [8], [10], [11]. Previ-
ous studies demonstrated that pupil dilation was related to
cognitive processing of visual information, such as memory,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-8874-1986
https://orcid.org/0000-0003-0499-2740
https://orcid.org/0000-0003-0272-3432


1934 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 31, 2023

attention and cognitive load [12], [13], [14]. Therefore, the
fusion of EEG and eye-tracking could improve the perfor-
mance of target recognition in RSVP tasks.

Recently, researchers have done many EEG studies
on related parameters that could affect the performance
of RSVP-BCIs, such as presentation rates [15], button
press [16], target probability [17], image complexity [18],
target types [19], etc. For presentation rates, Sajda et al. [15]
conducted RSVP experiments at three presentation rates of
200, 100 and 50 ms. The results showed that the classification
performance of the 50 ms presentation rate was significantly
lower than those of the others, and there was no difference in
classification performance between 100 and 200 ms presenta-
tion rate. In addition, Lees et al. [19] analyzed the effect of
presentation rates on classification performance. The results
indicated that the AUC of 300-400 ms presentation rate was
significantly higher than that of 100-200 ms presentation rate,
but not higher than that of 200-300 ms presentation rate. For
button press, Gerson et al. [16] analyzed the effects of button
press and motor response on the classification performance
in the RSVP tasks. The results showed that there was no
significant difference of classification performance between
button press and no button press, and no significant differ-
ence between motor and nonmotor. For target probability,
Cecotti et al. [17] studied the effect of target probability on
the classification performance in the RSVP experiment. The
results indicated that the percentage of target stimuli should be
below 10% in RSVP paradigms, which could maximize clas-
sification accuracy. For image complexity, Lin et al. [18] ana-
lyzed the difference of P300 components under the conditions
of high, middle, low image complexities. It was found that
the higher the image complexity, the longer the P300 latency.
For target types, Lees et al. [19] detected the classification
accuracy for three different types of target image including
pictures, words and numbers. The results showed that the
classification performance of numbers was significantly lower
than that of words and pictures, and no significant difference
was found between words and pictures.

For pupillometry analysis of RSVP tasks, researchers have
analyzed the effects of button press, target probability and
information complexity on pupil dilation. For button press
and target probability, Claudio et al. [8] found that pupil
size was significantly larger with button press than without
button press in RSVP paradigm. Moreover, they also found
that the lower the target probability, the larger the pupil size.
For information complexity, Ivory et al. [10] used pupil size
to detect concealed identity information in the RSVP tasks.
The results demonstrated that the pupil size of concealed
identity information was significantly higher than that of
control information.

In summary, previous studies showed that hybrid BCI based
on eye-tracking was an effective way to improve the classifi-
cation performance of RSVP tasks [20], [21]. Although there
have been many ERP studies on classification performance
of RSVP-BCI [19], [22], [23], pupillometry analysis about
the effects of some parameters was still not explored, such
as target types, presentation rates and so on. Meanwhile,

it was necessary to synchronously analyze the characteristics
of EEG and pupillometry to investigate the fusion methods
between EEG and eye-tracking, and obtain the joint features
of EEG and eye-tracking for single-trial and multi-target
classification in RSVP tasks. In this study, the following issues
are addressed:

(i) How are the effects of target types and presentation rates
on pupil dilation in the RSVP paradigm?

(ii) What change patterns do the features of ERP and
pupillometry have with different target types at different
presentation rates, through synchronous analysis of EEG and
pupillometry?

(iii) Which effective features of ERP and pupillometry can
be combined for the target classification in RSVP tasks?

To solve these problems, EEG and pupillometry data were
synchronously collected from 20 university students in the
RSVP tasks with different target types at different presentation
rates, and then ERP and pupillometry analysis were conducted.
In the organization of this study, Section II introduces exper-
imental procedure and data processing. Section III illustrates
the results of ERP and pupillometry synchronous analysis.
Section IV presents the discussion of the results and future
work.

II. METHODS

A. Participants
Twenty right-handed university students (10 males and 10

females, 19-24 years old) participated in the experiment. All
subjects had no neurological history of disease, or mental
disorders, and had normal or corrected vision. The experiment
was carried out according to the Declaration of Helsinki, and
obtained approval from the local ethics committee. All subjects
signed the Consent Form before the experiment, and received
monetary compensation for the participation.

B. Experimental
1) Materials: There were three different target types of

pictures, numbers and words. All image stimuli were made
into videos using Adobe Premiere software, and scaled to
560 × 360 pixels (width × height). The words and numbers
stimuli had the size of 32 pixels. Pictures were from the
‘morgueFile’ database [24] (see Fig.1(a)). The target pictures
were Dalmatians and sunflowers. Numbers were in the range
of 100-999, whose images had written numbers with white
font Times New Roman centered in black background (see
Fig.1 (b)). The target numbers were ‘100’ and ‘200’. Words
consisted of common three letters, whose images had written
words with white font Times New Roman centered in black
background (see Fig.1 (c)). The target words were ‘him’ and
‘her’.

For the 100 ms presentation rate, each video had 100
images with 3 target images, and each image was presented
for 100 ms. The targets were placed after the 10th image and
before the 80th image, and the interval between targets was
at least longer than 2 s. For the 200 ms presentation rate,
each video had 50 images with 1 or 2 target images, and each
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Fig. 1. Image series of RSVP. (a) Pictures. (b) Words. (c) Numbers.

Fig. 2. Experiment procedure.

image was presented for 200 ms. The targets were placed after
the 5th image and before the 40th image, and the interval
between targets was at least longer than 2 s. Picture, number
and word stimuli contained 15 videos for each presentation
rate, respectively. The target probability was 3% for each target
type in RSVP tasks. For each video, each image stimulus was
strictly presented for 100 ms or 200 ms, respectively. And each
image stimulus was validated by photocell in each video.

2) Experimental Procedure: Subjects sat on a comfortable
chair in a soundproof room. For each block, a target prompt
was first presented in the center of Virtual Reality (VR) for
2 s, and then a white cross ‘+’ was shown for 200-300 ms.
Next, a video stimulus was displayed for 10 s, and the video
was played randomly. During this time, subjects were required
to avoid blinking. If they detected target images, they were
required to press the button as quickly as possible to maintain
attention [16], [19]. After that, a black screen was kept for
2 s. And then next block entered. As shown in Fig.2, total
3 sessions were conducted in this experiment. Each session
had 30 blocks. For all 90 blocks, all videos were not reused.
For every 5 blocks, subjects had a rest for 3 min. For every
session, subjects’ rest lasted for 10 min.

C. Data Recording and Processing
1) EEG Recording and Pre-Processing: EEG data were

recorded using Neuroscan Inc. Synamps2 system. All
electrodes were distributed according to the international
10-20 system, and the reference electrode was located at the
left mastoid. The sampling rate was 1000 Hz. During this
experiment, electrode impedances were kept below 10 K�.
EEG data were first filtered using a filter with bandwidth of
0.3-30 Hz, and a 50 Hz notch filter. And then EEG data were
re-referenced offline to the average of the right mastoid. EEG
epochs were extracted from 200 ms before the target onset
to 1000 ms after the target onset, and the average amplitude
from -200 to 0 ms was used to baseline correction. The data
contaminated by ocular movements or other artifacts were
eliminated manually.

Fig. 3. Behavioral results. The error bars stand for the standard
deviations.

2) Pupil Recording and Processing: Pupillometry data were
recorded by an embedded infrared eye-tracking module:
aGlass DKII [25]. The sampling rate was 120 Hz. According
to the previous studies [8], [26], pupillometry epochs were
extracted from 1000 ms before the target onset to 2500 ms
after the target onset, with the time window of 1000 ms
before the target onset as baseline. The time windows of pupil
dilation, pupil velocity and pupil acceleration for analysis were
determined by a certain period before and after their latencies.
The right and left pupillometry data were averaged. Fewer than
2% of pupillometry data contaminated by head movements
and excessive blinking were removed manually. The partial
missing pupillometry data in a trial caused by blinks and other
artifacts were filled with previous data [27], [28].

In this study, triggers were sent by stimulus program through
the parallel port, and were synchronously recorded with EEG
data using the amplifier. After stimulus program sent triggers,
the indexes were added in the beginning of pupillometry
data. Thus, the synchronous acquisition of EEG data and
pupillometry data could be guaranteed.

Repeated-measures analysis of variance (ANOVA) was uti-
lized to analyze the behavioral, ERP and pupillometry results.
Pairwise comparison was tested using Least Significant Differ-
ence (LSD). The Greenhouse-Geisser correction was applied
to the approximation of non-sphericity.

III. RESULTS

A. Behavioral Results
Fig.3 shows that the recognition accuracy at two different

presentation rates with three target types of pictures, numbers
and words. Repeated measures ANOVA of presentation rates
(2 levels) × target types (3 levels) results showed that there
was a main effect on the recognition accuracy with three target
types (F (2,72) = 8.593, p = 0.000). There was an interaction
between target types and presentation rates (F (2,72) = 7.351,
p = 0.001), and a significant difference of the recognition
accuracy at presentation rates (F (1,36) = 50.26, p = 0.000).
At the presentation rate of 100 ms, pairwise comparisons
showed that the picture accuracy was significantly higher than
the others (ps < 0.05), and no significant difference was found
between words and numbers (p > 0.05). It was revealed that
the cognitive difficulty of pictures was lower than that of words
and numbers for subjects. At the 200 ms presentation rate,
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Fig. 4. Grand average ERPs of pictures, numbers and words at two
different presentation rates. (a) FCz, (b) Cz, (c) CPz.

Fig. 5. Topographic maps of P300 in the time window of 200-600 ms
with three target types at two presentation rates.

no significant differences were found among the three target
types (ps > 0.05). It was indicated that there was no difference
of the cognitive difficulty for three target types. In addition,
the recognition accuracy at the 200 ms presentation rate was
significantly higher than that at the 100 ms presentation rate
for the three target types. It was indicated that it was easier to
recognize targets for subjects at the lower presentation rate.

B. ERP Results
Fig.4 presents the grand average ERPs of FCz, Cz and

CPz electrodes for all subjects at two presentation rates with
three target types of pictures, numbers and words. It was
showed that the picture P300 amplitude was higher than the
other two at the 100 ms presentation rate, and the word
P300 amplitude was lower than the other two at the 200 ms
presentation rate. For the three target types, the P300 amplitude
of the 100 ms presentation rate was higher than those of
the 200 ms presentation rate, and the latencies of P300 at
the 100 ms presentation rate were longer than those at the
200 ms presentation rate. Fig.5 shows topographic maps of
ERPs plotted in the time window of 200-600 ms. It was
illustrated that the P300 activities were mainly concentrated
in the central and centro-parietal regions.

Fig. 6. The P300 peaks, average amplitudes and latencies in the time
window of 200-600 ms. (a) Peak, (b) Average amplitude, (c) Latency.
The error bars stand for the standard deviations.

The P300 components was analyzed in the central-parietal
region (FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, and CP2 elec-
trodes) in the time window of 200-600 ms. The P300 peaks,
average amplitudes and latencies with three target types at
two presentation rates are shown in Fig.6. At the 100 ms
presentation rate, the P300 latencies for pictures, words and
numbers are 539 ms, 465 ms, 494 ms, respectively. At the
200 ms presentation rate, the P300 latencies for pictures,
words and numbers are 406 ms, 375 ms, 409 ms, respectively.
Repeated measures ANOVA of presentation rates (2 levels) ×

target types (3 levels) ×electrodes (9 levels) showed that there
was a main effect on the P300 peak with three target types
(F (2,648) = 40.119, p = 0.000). There was an interaction
between target types and presentation rates (F (2,648) =

27.889, p = 0.000), and no significant difference of the
P300 peak at presentation rates (F (1,324) = 50.26, p =

0.068). At the 100 ms presentation rate, pairwise comparisons
revealed that the P300 peak evoked by pictures was signif-
icantly higher than that of the others (ps < 0.05), and no
significant difference was found between numbers and words
(p > 0.05). At the 200 ms presentation rate, the picture P300
peak was the highest, and the word P300 peak was the lowest
(ps < 0.001).

Repeated measures ANOVA of presentation rates
(2 levels) × target types (3 levels) × electrodes (9 levels)
showed that there was a main effect on average amplitude with
three target types (F (2,648) = 78.805, p = 0.000). There
was an interaction between target types and presentation rates
(F (2,648) = 36.071, p = 0.000), and a significant difference
of average amplitude at presentation rates (F (1,324) =

25.075, p = 0.000). At the 100 ms presentation rate, pairwise
comparisons revealed that the average amplitude of picture
P300 was significantly higher than those of the others (ps <

0.001), and there was no significant difference between words
and numbers (p > 0.05). At the 200 ms presentation rate,
the average amplitude of word P300 was significantly lower
than those of the others (ps < 0.001), and no significant
difference was found between picture and number (p >

0.05). In addition, the average amplitudes at the 200 ms
presentation rate were significantly smaller than those at
the 100 ms presentation rate for the three target types
(ps < 0.001).

Repeated measures ANOVA of presentation rates
(2 levels) × target types (3 levels) × electrodes (9 levels)
showed that there was a main effect on P300 latency with three
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Fig. 7. Grand average pupil dilation with three target types. (a) 100 ms
presentation rate, (b) 200 ms presentation rate.

Fig. 8. The peaks, average amplitudes and latencies for pupil dilation
in the time window of 500-2000 ms at two presentation rates. (a) Peak,
(b) Average amplitude, (c) Latency. The error bars stand for the standard
deviations.

target types (F (2,648) = 15.96, p = 0.000). An interaction
was found between target types and presentation rates
(F (2,648) = 20.404, p = 0.000), and there was a significant
difference of latency at presentation rates (F (1,324) =

42.239, p = 0.000). Subsequently pairwise comparisons
showed that the picture latency was significantly longer than
the other ones at the presentation rate of 100 ms (ps <

0.001), and the word latency was significantly shorter than
the other ones (ps < 0.05). At the 200 ms presentation rate,
there were no significant differences of latency among the
three target types (ps > 0.05). In addition, the latencies at
the 200 ms presentation rate were significantly shorter than
those at the 100 ms presentation rate for the three target types
(ps < 0.01).

C. Pupillometry Results
Fig.7 shows pupil dilation for all subjects at two presen-

tation rates with three target types of pictures, numbers and
words. The pupil sizes of pupil dilation with three target types
are significantly higher than those of non-target types. At two
presentation rates, the amplitude of pupil dilation induced by
pictures is smallest, and the picture latency of pupil dilation
is shortest.

Fig.8 shows the peaks, average amplitudes and latencies for
pupil dilation in the time window of 500-2000 ms with three
target types at two presentation rates. At the 100 ms presenta-
tion rate, the latencies of pupil dilation for pictures, words and
numbers are 1157 ms, 1485 ms, 1571 ms, respectively. At the
200 ms presentation rate, the latencies of pupil dilation for

Fig. 9. The peaks, average amplitudes and latencies for pupil velocity
in the time window of 500-1300 ms at two presentation rates. (a) Peak,
(b) Average amplitude, (c) Latency. The error bars stand for the standard
deviations.

pictures, words and numbers are 1291 ms, 1403 ms, 1477 ms,
respectively.

Repeated measures ANOVAs of presentation rates
(2 levels) × target types (3 levels) for peak, average
amplitude and latency were analyzed. The results showed
that there were significant effects on the pupil dilation
peak, average amplitude and latency with three target types
(Peak: F (2,76) = 79.882, p =0.000, Average amplitude: F
(2,76) = 29.311, p = 0.000, Latency: F (2,76) = 51.745,
p = 0.000).There were no interaction between target types
and presentation rates (Peak: F (2,76) = 0.326, p = 0.723,
Average amplitude: F (2,76) = 2.058, p = 0.135, Latency:
F (2,76) = 2.661, p = 0.076), and no significant differences
were found at presentation rates (Peak: F (1,38) = 0.326,
p = 0.574, Average amplitude: F (1,38) = 0.412, p =

0.525, Latency: F (1,38) = 0.656, p = 0.423). At the two
presentation rates, pairwise comparisons revealed that the
peak and average amplitude of the picture pupil dilation
were smallest (ps < 0.001), and the picture latency was
shortest (ps < 0.05). For two presentation rates, no significant
differences of peak, average amplitude and latency were
found between words and numbers (ps > 0.05), except a
significant difference of average amplitude between word and
number at the 100 ms presentation rate (p < 0.01).

Fig.9 shows the peaks, average amplitudes and latencies for
pupil velocity in the time window of 500-1300 ms with three
target types at two presentation rates. At the 100 ms presenta-
tion rate, the latencies of pupil velocity for pictures, words and
numbers are 1046 ms, 1241 ms, 1228 ms, respectively. At the
200 ms presentation rate, the latencies of pupil velocity for
pictures, words and numbers are 900 ms, 1022 ms, 1079 ms,
respectively.

For the peak and average amplitude of pupil velocity,
repeated measures ANOVAs of presentation rates (2 levels) ×

target types (3 levels) showed that there were no significant
effects on the peak and average amplitude of pupil velocity
with three target types (peak: F (2,76) = 0.112, p = 0.885,
average amplitude: F (2,76) = 1.520, p = 0.225). There was
no interaction between target type and presentation rate (peak:
F (2,76) = 1.956, p = 0.149, average amplitude: F (2,76) =

2.058, p = 0.135). No significant difference of peak was
found at presentation rates (F (1,38) = 0.007, p = 0.935),
and a significant difference of average amplitude was found
at presentation rates (F (1,38) = 8.657, p = 0.006). Pairwise
comparison revealed that the average amplitude of 100 ms
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Fig. 10. The peaks, average amplitudes and latencies for pupil
acceleration in the time window of 400-1300 ms at two presentation
rates. (a) Peak, (b) Average amplitude, (c) Latency. The error bars stand
for the standard deviations.

presentation rate was significantly smaller than that of 200 ms
presentation rate (p < 0.05).

Repeated measures ANOVA of presentation rates
(2 levels) × target types (3 levels) showed that there
was a main effect on latency of pupil velocity with three
target types (F (2,76) =17.184, p = 0.000). There was
no interaction between target type and presentation rate (F
(2,76) =1.988, p = 0.144), and a significant difference of
latency at presentation rates (F (1,38) = 36.205, p = 0.000).
Pairwise comparison revealed that, the picture latencies were
significantly shorter than the others for the two presentation
rates (ps < 0.05), and the latencies at 100 ms presentation rate
were significantly longer than those at 200 ms presentation
rate for the three target types (ps < 0.01).

Fig.10 shows the peaks, average amplitudes and latencies
for pupil acceleration in the time window of 400-1000 ms
with three target types at two presentation rates. At the
100 ms presentation rate, the latencies of pupil acceleration
for pictures, words and numbers are 715 ms, 873 ms, 933 ms,
respectively. At the 200 ms presentation rate, the latencies of
pupil acceleration for pictures, words and numbers are 561 ms,
646 ms,693 ms, respectively.

For peak and average amplitude, repeated measures ANOVA
of presentation rates (2 levels) × target types (3 levels) showed
that there were main effects on the peak and average amplitude
of pupil acceleration with three target types (peak: F (2,76) =

30.605, p = 0.000, average amplitude: F (2,76) = 13.522,
p = 0.000).There was no interaction of peak between target
type and presentation rate (F (2,76) = 0.355, p = 0.702), and
an interaction of average amplitude between target type and
presentation rate (F (2,76) = 9.809, p = 0.000). Meanwhile,
no significant differences of peak and average amplitude were
found between the two presentation rates (peak: F (1,38) =

0.002, p = 0.965, average amplitude: F (1,38) = 0.063, p =

0.803). For the three target types at the 100 ms presentation
rate, pairwise comparisons revealed that the picture peak and
average amplitude were significantly higher than the others
(ps < 0.01), and the number peak was significantly lower than
the others (ps < 0.01). In addition, for the three target types at
the 200 ms presentation rate, pairwise comparisons revealed
that the picture peak was significantly higher than the others
(ps < 0.05), and the number peak was significantly lower than
the others (ps < 0.001).

Repeated measures ANOVA of presentation rates
(2 levels) × target types (3 levels) showed that there

Fig. 11. The average amplitudes for pupil dilation at two presentation
rates in the time windows of 500-600 ms, 500-700 ms, 500-800 ms,
500-900 ms and 500-1000 ms, respectively. The error bars stand for the
standard deviations.

was a main effect on latency of pupil acceleration with
three target types (F (2,76) =36.057, p = 0.000). There
was no interaction between target type and presentation rate
(F (2,76) = 1.108, p = 0.366), and a significant difference
of latency between the two presentation rates (F (1,38) =

76.365, p = 0.000). Pairwise comparison revealed that,
for the two presentation rates, the picture latency was
significantly shorter than the others (ps < 0.001), and no
significant differences of lantency were found between words
and numbers (ps > 0.05). And for the three target types, the
latencies at 100 ms presentation rate were significantly longer
than those at 200 ms presentation rate (ps < 0.01).

D. Pupil Dilation Within 1000 ms
In order to utilize the respective advantages of EEG and

pupillometry for fusion classification within the same time
window, discriminative features of pupillometry were needed
to be found out within 1000 ms. Fig.11 shows the average
amplitudes of pupil dilation in the time windows includ-
ing 500-600 ms, 500-700 ms, 500-800 ms, 500-900 ms,
500-1000 ms. Repeated measures ANOVAs of presentation
rates (2 levels) × target types (3 levels) showed that there
were main effects on average amplitude of pupil dilation with
three target types in the five time windows (500-600 ms: F
(2,76) = 52.593, p = 0.000, 500-700 ms: F (2,76) = 53.649,
p = 0.000, 500-800 ms: F (2,76) = 55.276, p = 0.000,
500-900 ms: F (2,76) =59.087, p = 0.000, 500-1000 ms:
F (2,76) = 62.026, p = 0.000). There were no interactions
between target type and presentation rate in the five time
windows (500-600 ms: F (2,76) = 0.144, p = 0.866, 500-
700 ms: F (2,76) = 0.143, p = 0.867, 500-800 ms: F
(2,76) = 0.131, p = 0.877, 500-900 ms: F (2,76) =0.084,
p = 0.919, 500-1000 ms: F (2,76) = 0.112, p = 0.894), and
significant differences of average amplitudes between the two
presentation rates (500-600 ms: F (1,38) = 9.012, p = 0.005,
500-700 ms: F (1,38) = 19.044, p = 0.000, 500-800 ms:
F (1,38) = 23.224, p = 0.000, 500-900 ms: F (1,38) =

21.110, p = 0.000, 500-1000 ms: F (1,38) = 15.409, p =

0.000). Pairwise comparisons revealed that, at two presentation
rates, the picture average amplitude of pupil dilation were
significantly smaller than the others (ps < 0.01), and no
significant differences between words and numbers were found
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Fig. 12. The AUC values of EEG features, pupillometry features and
fusion features at two presentation rates for picture, word and number
target types. The error bars stand for the standard deviations.

(ps > 0.05). And for the three target types, the average
amplitudes at the 200 ms presentation rate were significantly
higher than those at the 100 ms presentation rate (ps < 0.05).

E. Fusion Classification Performance of EEG
and Pupillometry

Fusion classification performance was analyzed using EEG
and pupillometry features. The average P300 amplitudes of
the central-parietal regions (FC1, FCz, FC2, C1, Cz, C2,
CP1, CPz and CP2 electrodes) were used as EEG features
in the time window of 200-600 ms. The average amplitudes
of pupil dilation in the five time windows (500-600 ms,
500-700 ms, 500-800 ms, 500-900 ms and 500-1000 ms)
were used as pupillometry features. Non-target trials were
randomly selected, whose trials number was the same as the
target trials. 50% trials were used for training and the last
trails for testing. The features were normalized using mini-
max method before fusion, due to different scales between
EEG and pupillometry. The features of EEG and pupillometry
were cascaded and then classified using logistic regression.
Fig.12 shows the classification performance of EEG features,
pupillometry features and fusion features at two presentation
rates.

Repeated measures ANOVA results showed a significant
effect on AUC values among these features with three targets
at 100 ms presentation rate (F (8,152) = 28.172, p = 0.000).
Pairwise comparisons revealed that the picture AUC value of
fusion features was significantly higher than those of EEG
and pupillometry features, respectively (ps < 0.001). And
the word and number AUC values of fusion features were
significantly higher than those of pupillometry features (ps <

0.001). Furthermore, the word and number AUC values were
significantly higher than the picture ones (ps < 0.05).

In addition, repeated measures ANOVA results showed a
significant effect on AUC values among these features with
three targets at 200 ms presentation rate (F (8,152) = 33.533,
p = 0.000). Pairwise comparisons revealed that, the word
and number AUC values of fusion features were significantly
higher than those of EEG and pupillometry features, respec-
tively (ps < 0.05). And the picture AUC value of fusion
features was significantly higher than that of pupillometry

features (ps < 0.001). Furthermore, the picture and word
AUC values were significantly higher than the number ones
(ps < 0.05).

IV. DISCUSSION

A. ERP Analysis
This study showed that the picture P300 component had

the largest amplitude and the longest latency at the 100 ms
presentation rate. The results were consistent with those in
previous studies [20], [21], [29], [30]. Tempel et al. [29] found
that the P300 amplitude evoked by pictures was higher than
that by words in a valence judgment task, because human
brain required more cognitive capacity for the processing of
pictures than for that of words. And the picture latency of P300
was slower than the word latency, because the picture stimuli
were relatively unfamiliar for subjects compared with the word
stimuli in this experiment, and then human brain needed rela-
tively long time to process the picture stimuli. Lin et al. [18]
demonstrated that high complexity images induced smaller
P300 amplitude and longer P300 latency, because human brain
required more cognitive loads and longer time to process
high complexity images. In a study by Gomarus et al. [30],
subjects were required to memorize 3 letters which contained
all the same (‘load1’) or all different (‘load3’). The results
showed that load3 induced smaller P300 amplitude than load1,
in which load3 was more difficult for subjects to memorize
and more cognitive loads were required. Lees et al. [19]
proposed that the P300 amplitude of numbers was significantly
lower than those of pictures and words in PSVP tasks. In this
experiment, the pictures and words (mother tongue) were
easier to recognize for subjects compared with numbers, so the
number stimuli needed higher cognitive loads to induce lower
P300 amplitude.

As mentioned above, it was confirmed that a higher cog-
nitive load could reduce P300 amplitude, and higher level
cognitive processes could slow P300 latency [18], [19], [30].
In this study, behavioral results showed that the recognition
accuracy of pictures was significantly higher than those of
the others, which revealed that picture stimuli were easier to
recognize and lower cognitive burden was required, compared
with word and number stimuli. Therefore, the picture P300
amplitude was higher compared with words and numbers.
Since the high complexity of pictures required higher level
cognitive process, the picture latency was slower than the
others.

At the 200 ms presentation rate, the P300 peak and average
amplitude decreased, and the P300 latency shortened com-
pared with 100 ms presentation rate. The behavioral results
showed that the recognition accuracy of 200 ms presentation
rate was significantly higher than that of 100 ms presenta-
tion rate for three target types, which indicated that human
brain processed target stimuli more easily and accurately at
200 ms presentation rate. For the slow presentation rate, the
brain could mobilize and integrate more cognitive resources
for high-level cognitive processing, and accelerate processing
speed, which would lead to smaller amplitude and shorter
latency of P300 component [19], [30].
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In addition, the P300 amplitude induced by words was
significantly smaller than others at the 200 ms presentation
rate. Since it was difficult for native Chinese speakers to
maintain English words in working memory compared with
the pictures and numbers, and then a higher cognitive load
was required for words, and a smaller P300 amplitude was
obtained. In this study, the classification performance showed
that the word target achieved a high AUC value, which was
consistent with Lees’ study [19].

B. Pupillometry Analysis
In this study, the pupil dilation of pictures has the smallest

size, and the shortest latency compared with numbers and
words at the 100 ms presentation rate. The explained reasons
were consistent with those in previous studies [11], [31],
[32], [33], [34], [35], [36], [37], [38], [39], [40], [41]. Many
studies showed that pupil dilation was related to cognitive load,
and pupil size increased as the cognitive load increased [11],
[31], [32]. For the digit span task in previous studies, pupil
dilation increased with an increasing number of digits [33],
[34], [35]. And Granholm et al. [36] measured pupil size
using with 5 (low load), 9 (moderate load), 13 (excessive
load) digits per string in a span recall task. The results
further showed that pupil size increased with the increasing
cognitive load, but not for more than moderate load. For the
n-back task, some studies showed that pupil dilation increased
with the increasing n [37], [38], [39]. For the Stroop task,
Steenbergen et al. [40] proposed that pupil dilation increased
for incongruent trials compared with congruent trials. For
the sentence comprehension task, Just et al. [41] found that
more complex sentences produced larger pupil size and longer
latency.

In this study, behavioral results showed that the recognition
accuracy of pictures was significantly higher than that of words
and numbers at the 100 ms presentation rate. Compared with
pictures, the recognition task of words and numbers were more
difficult, and more cognitive resources in processing were
required. Thus, the pictures induced smaller pupil size and
shorter latency than the words and numbers.

In the early five time windows of 500-600 ms, 500-700 ms,
500-800 ms, 500-900 ms and 500-1000 ms, the average
amplitudes of pupil dilation at 200 ms presentation rate was
significantly higher than those at 100 ms presentation rate. The
possible explanation was that, pupil dilation was induced by
inhibition of the parasympathetic nervous system and Edinger-
Westphal nucleus, and the inhibition was controlled by the
LC-NE system [8], [10], [11]. At the early stage within
1000 ms, the activation intensity of the LC-NE system at
200 ms presentation rate might be greater than that at 100 ms
presentation rate, thus the size of pupil dilation at 200 ms pre-
sentation rate was higher than that at 100 ms presentation rate.
For the three target types, there were no significant differences
in pupil size and latency between the two presentation rates
in the time window of 500-2000 ms. During the whole time
window, the pupil changes included dilation and contraction,
and the extent of pupil change was limited, so there was
no significant difference of the average pupil size for pupil
dilation between the two presentation rates. According to

TABLE I
THE STATISTICAL RESULTS OF PEAKS, AVERAGE AMPLITUDES

ANDLATENCIES OF P300, PUPIL DILATION, PUPIL VELOCITY

ANDPUPIL ACCELERATION WITH THREE TARGET TYPES AT TWO

PRESENTATION RATES.THE UP ARROW (↑) INDICATES THE LARGEST

VALUE. THEDOWN (↓) ARROW INDICATES THE SMALLEST VALUE.
THETILDE (∼) INDICATES NO SIGNIFICANT DIFFERENCE

the behavioral and ERP analysis, the brain could mobilize
and integrate more cognitive resources as the presentation
rate changed from 100 to 200 ms. Although the increase
of cognitive resources was not enough to make significant
changes in the pupil size, it resulted in higher amplitudes of
pupil velocity, and the shorter latency of pupil velocity and
acceleration. In summary, the increase of cognitive resources
from 100 ms to 200 ms presentation rate could affect the pupil
velocity and acceleration, but not the pupil size.

C. Synchronous Analysis of EEG and Pupillometry
The results of synchronous analysis of EEG and pupillom-

etry are summarized in Table I. There were different change
patterns between ERP and pupil dilation with three target
types at two presentation rates. At the 100 ms presentation
rate, the picture P300 had the largest peak, average amplitude
and the longest latency. Meanwhile, the picture pupil dilation
had the smallest pupil size and the shortest latency. The picture
pupil velocity had the shortest latency, and the picture pupil
acceleration had the largest peak, average amplitude and the
shortest latency.

As the presentation rate increased from 100 ms to 200 ms,
the P300 amplitude decreased and the P300 latency became
shorter. Meanwhile, no significant differences of pupil size and
latency were found for the three target types. And the latencies
of pupil velocity and acceleration were shortened.

As a whole, P300 and pupil dilation had opposite responses
to the recognition tasks of the three target types at 100 ms
presentation rate. In addition, at the 200 ms presentation
rate, the P300 features had some changes, but the features
of pupil dilation had no significant changes. Therefore, the
fusion of EEG and eye-tracking would provide more effective
information to improve the classification accuracy.

D. Effective Features of ERP and Pupillometry Fusion
Most EEG epochs were extracted within 1000 ms, but the

latencies of pupil dilation and pupil velocity were more than
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1000 ms. These might affect the classification performance of
the synchronous fusion of EEG and eye-tracking. Therefore,
it was necessary to find out the other pupil features in the
early stage for the fusion classification of EEG and eye-
tracking. As shown in Fig.11, the average amplitudes of pupil
dilation for pictures were significantly lower than those for the
others in the five time windows of 500-600 ms, 500-700 ms,
500-800 ms, 500-900 ms and 500-1000 ms. At the same time,
pupil acceleration had earlier latency about 561-933 ms for
the three target types. It was indicated that the pupil was
in the dilation period within 1000 ms, and the pupil change
was relatively sensitive due to the control of LC-NE system.
Therefore, the average amplitude of pupil dilation in the time
window of 500-1000 ms, the average amplitude and latency of
pupil acceleration within 1000 ms, combining with the peak,
average amplitude and latency of P300 in the time window
of 200-600 ms, could be taken as the effective features of the
fusion of EEG and eye-tracking for classification.

E. Future Work
In this study, there is still some work to be further studied

for hybrid BCI based on eye-tracking in the practical appli-
cation. First, more presentation rates needed to be considered
to investigate whether there was a best presentation rate to
improve classification performance of the hybrid BCI. Second,
using the effective features of ERP and pupillometry, the
best fusion methods between EEG and eye-tracking needed to
be further studied for single-trial target classification. Third,
the online performance of hybrid BCI based on eye-tracking
needed to be tested for RSVP tasks. Finally, in this study, EEG
and pupillometry features were cascaded and classified using
LR to verify the effectiveness of the features. In future work,
more effective classification and fusion methods will be further
studied. These studies could provide valuable references for
the practical applications of hybrid BCI based on eye-tracking,
such as RSVP speller [6], [7], Satellite image retrieval [3], [4],
screening of targets by supervisors [5], and so on.

V. CONCLUSION

In order to provide useful references for hybrid BCI based
on eye-tracking, this study synchronously analyzed ERP and
pupillometry in the RSVP tasks with three target types at
two presentation rates. The results showed that, at two pre-
sentation rates, the picture P300 component had the largest
amplitude and the longest latency, and the pupil dilation of
pictures had the smallest size, and the shortest latency. As the
presentation rate changed from 100 ms to 200 ms, the P300
amplitude became smaller, and the P300 latencies became
shorter. Meanwhile, no differences of pupil size and latency
were found in pupil dilation with three target types at the two
presentation rates. The pupil features including the average
amplitude and latency of pupil acceleration within 1000 ms,
and the average amplitude of pupil dilation in the time window
of 500-1000 ms, combining with the P300 features could be
taken as effective ones within 1000 ms for the classification
of hybrid BCI. And the synchronous analysis of EEG and
pupillometry could be helpful to develop the fusion methods of

EEG and eye-tracking. These findings could provide valuable
references for multi-target recognition of hybrid BCI based on
eye-tracking.
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