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ABSTRACT

Background: Considering the need for daily activity analysis of older adults, development of easy-to-use, free
electroencephalogram (EEG) analysis tools are desired in order to decrease barriers to accessing this technology
and increase the entry of a wide range of new researchers.

New method: We describe a newly developed tool set for EEG analysis, enabling import, average, waveform display
and iso-potential scalp topographies, utilizing the programming language Perl.

Results: The basic processing, including average, display waveforms, and isopotential scalp topography was
implemented in the current system. The validation was examined by making difference waveforms between the
results using the current analysis system and a commercial software.

Comparison with Existing Method(s): The current software tool set consists of free software. The scripts are easily
editable by any user and there are no black boxes.

Conclusions: The currently reported procedures provide an easy-to-begin, flexible, readable, easy-to-modify basic

Neurology

tool set for EEG analysis and is expected to recruit new EEG researchers.

1. Introduction

In the context of current data science approaches, analysis of human
brain activity during daily life requires collecting a wide range of data to
guarantee sufficient training data. This is crucial, not only for specialists,
who use advanced non-invasive brain function investigation methods,
including magnetic resonance imaging (MRI) and positron-emission
topography (PET), but also by a much wider range of researchers col-
lecting data from activities in daily life, because most of the methods are
used to collect data at specialized facilities and are limited to the labo-
ratory environment, rendering these approaches impractical for analysis
of daily life activities. Electroencephalography (EEG), which is a tradi-
tional technique used to record brain activity from the scalp in vivo,
could be a plausible data collection method for analyzing the real-world
daily activities of subjects or patients while in their home, if a mobile
recording system can be established (Lau-Zhu et al., 2019; Marini, 2019;
Byrom et al., 2018; Ries et al., 2014).

It is challenging to interpret the information processing strategy in the
brain by viewing raw EEG data. For the initial extraction of features/
characteristics from an EEG during an investigation, event-related
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potentials (ERPs) are utilized. ERPs are obtained by averaging many
trials aligned to stimulus triggers, and there are many reports of this
technique being useful in both psychological (Itoh et al., 2005; Suwazono
etal., 2000) and clinical investigations (Barcelo et al., 2000). An estimate
of the number of subjects that should be included in a single ERP
experiment to obtain a stable average was reported (Yano et al., 2019),
which encouraged researchers to apply ERPs in these investigations at a
broad range of facilities. Such advances will facilitate a detailed
comprehension of ERPs but will be constrained by the circumstances of
the restricted “laboratory environment”.

Recently, an advanced EEG analysis, utilizing artificial intelligence
and/or machine learning techniques, reported an up to 74% true-positive
rate for detecting seizure waveforms (Emami et al., 2019) or up to 88%
correct prediction of antidepressant effects in patients with major
depression (Jaworska et al., 2019). Connectivity analysis with a high
temporal resolution (milliseconds), utilized with intracranial recording,
demonstrated that inter-regional connectivity between the inferior oc-
cipital gyrus and the amygdala could be observed during face recognition
(Sato et al., 2018).
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raw EEG (binary EEG f||e) recorded with Nihon Kohden acquisition system

executed by utility supplied with the acquisition system
trigger data, input to the DC-4 channels while recording, should be included

raw EEG (ascii . m?? file)  space separated text file with 2 lines of header
epoching, according to any assigned trigger (bin1-15) with assigned analysis period
artifact rejection of each trial shown as multi-plot by visual inspection
average according to the trigger
re-baseline referring to the pre-trigger period

averaged (text) file
3 options of artifact rejection; no/assigned voltage/visually inspect each trials

averaged (text) file after low pass filter
l optionally, FIR filter (0.06-30 Hz) is applied

display averages
Visualize multichannel waveforms or iso-potential topographical maps

Figure 1. Procedures and data flow utilizing our processing system. Detailed
explanations are described in the Methods section.

These observations increased our anticipation of the ability of huge
EEG data accumulation to allow analysis of daily activity (Kanda et al.,
2014). Such studies require abundant data accumulation to obtain suf-
ficient training data to yield more accurate results.

There are several excellent commercially available software systems,
such as EMSE Suite (https://cortechsolutions.com/emse/) or MatLab
(https://www.mathworks.com/products/matlab.html), that  have
proved to be useful for sophisticated and advanced analysis. An example
using the latter is EEGLab (Delorme and Makeig, 2004), which utilizes
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scripting tools to provide a very powerful analysis and visualization
system. Nevertheless, there is a paucity of free analysis software in the
field of EEG analysis. There are several methods to view raw EEG data
using free software, including EDFbrowser (https://www.teuniz.net/ed
fbrowser/, see also Suwazono, 2017; this minor technical report gener-
ated more than 2500 page views, suggesting a clear need for EEG viewer
applications). The availability of inexpensive hardware and software
systems is essential in order to increase the use of EEG analysis in
research, and subsequently to collect huge data as required for data sci-
ence. One example of free EEG analysis software is MNE-Python
(Gramfort et al., 2013, 2014; Jas et al., 2018). This software includes a
powerful set of tools for advanced examinations, including connectivity,
inverse modeling, and artifact removal by independent component
analysis. However, this software lacks flexibility for averaging. Another
available candidate tool is the R-based analysis system. The R system is a
statistics software tool (www.r-project.org) that also provides impressive
visualization tools. However, these tools are not currently commonly
used, and commercially available software can be expensive. More op-
tions for analysis software could be a valuable resource for users who are
not familiar with the above techniques based on the expensive com-
mercial software.

We here report a newly developed free software tool set to epoch/
average EEG files aligned with trigger data recorded by the Nihon Koh-
den EEG acquisition system (Shinjuku, Japan). Every script is a light-
weight text file written to work with the programming language Perl
(www.perl.org) and there is no blackbox (binary utilities). The software
works with all existing operating systems (including Mac OS X, Unix, and

} header

-1.87 104005.49 109864.96 113527.13 111696.04 2635 0
3.13103273.06 107667.66 111696.04 108400.09 27.52 0
4.36 103273.06 106935.23 110597.40 11279469 2532 0O
1.83 104005.49 108400.09 108766.30 109498.74 19.15 0
0.56 105836.57 106202.79 106935.23 10913253 1406 O
0.69 101808.19 104737.93 108400.09 10766766 11.36 0O
3.50 104005.49 109132.53 107301.44 10730144 11.96 O
5.90 103273.06 103273.06 108033.87 108033.87 1395 0

EEG

-8.64 1854
338 -1273 1811
-4.05 -20.17 14.47
-6.37 -23.00 1398
-6.08 -22.27 14.47
-4.17 -19.32 17.03
-246 -16.29 1881

Figure 2. The format of the input EEG file. The first 10 lines of an input EEG file, consisting of 26 channels (including 4 trigger channels), which was exported from
the Nihon Kohden EEG machine as a text file. The initial 2 lines describe general information, including the sampling interval, gain (vertical resolution), and channel
names. This information is stored in the header hash used by the current analysis system. The DC0O3 (22°H-DCO5 (24™) channels include trigger information (4-bit)
from another personal computer used for stimulus (visual or auditory) presentation; these data will be analyzed later to judge the onset time of stimulus presentation.
Any text data with this format can imported/analyzed with the current system. “BN” stands for the balanced non-cephalic reference electrodes (Stephenson and Gibbs,

1951), which are routinely used at our facility.

Table 1. AVERAGER.pl. The Perl script file, describing all steps necessary to make an average file.

use erp;

my $infile = $ARGV[0]; my $outfile = $ARGV[1]; my $bin = $ARGV[2]; my $ar_ method = $ARGV[3]; my $ar_threshold = $ARGV[4]; my $verbose = $ARGV[5];

#H#HHHH R AR ##### fixed values for this average ##H##HHHH#H#HHH#H#H#H#HH#HH#H

my @ana_periods = (100, 900);# pretrigger, analysis_period
my @samplings = (1000, 1);# sampling freq, sampling period
my $trigger channel number = 4; my $trigger start channel = 22;

my $least_trigger dur = 7; ## trigger should keep pulled voltage for this period at least (ms);
my $trigger_interval = 50; ## trigger pulses should apart (if too close, the latter is rejected)

my @trigger = ($trigger_channel number, $trigger start channel, $trigger_interval, $least_trigger_dur);

my $tgt ChNum=22; my $BP_ChNum=24;

T
A

my ($lgth, $nl, $r_pot, $r_header) = &erp::NihonKohden READ(Sinfile, $verbose);

L1l b b At A A A
ik ki ki ki ki

my ($r_trg, $r_hdr)=&erp::NK_ EXTRACT TRIGGER PUREBIN($lgth, $nl, $r_pot, $r_header, \@trigger, $bin, "+", $verbose);

my $hdr AR;

if($ar_method =~ /[VV][1i][Ss]/ || $ar_method eq "V" || $ar_method eq "v") { $hdr AR = &erp::NK_MANUAL _AR23ch2($r_pot, $r_hdr, \@ana_periods, "1"); }
elsif($ar_method =~ /[Nn][Aa][Rr]/ || $ar_method eq "N") { print "Your average will be made with NO artifact rejection ... \n" if($verbose); $hdr_ AR = &erp::NK_NAR23ch($r_pot, $r_hdr,

\@ana_periods, "1");}

elsif($ar_method =~ /[Tt][Hh][Rr][Ee][Ss][Hh][Oo][L1][Dd]/ || $ar_method eq "Th") {print "Your average will be made with $ar_method at $ar_threshold uV ... \t" if($verbose);

$hdr AR = &erp::NK_TH_AR23ch($r_pot, $r_hdr, \@ana_periods, $ar_threshold, $verbose); }
else { die ("Oops, parameter assignment is out of range for $0, quits... \n"); }

my ($r_avg, $r_hdr4) = &erp::NK_ AVERAGER($lgth, $nl, $r_pot, $hdr_AR, $r_trg, \@ana_periods, \@samplings, $verbose);
my ($r_avg2, $r hdr5) = &erp::NK_BASELINE_CORRECTION($1gth, $nl, $r avg, $r_hdr4, $verbose);

&erp::NK_WRITEOUT HEADER DATA2($r_avg2, $r_hdr5, $bin, $outfile, $verbose);
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—— Window A (receive assignment - accept or reject) —

Stimulus
@ 10_erp.pm — perl5.22.1 averager.pl 20190518tm_vn.raw target.erp 2 VIS — 136x33 tric
(base) mbp17-2: 18_erp. pm gooshs perls. 22,1 averager.pl 20199518tm_vn. raw target.erp 2 VIS rigger
Reading 28190518tm_vn. raw ->slice(NihonKohden ASCIT file) ... Reading text file:20198518tm_vn.raw ... Donel (target
Searching Trigger MAXMIN ... 21... 22 ... 23 ... 24 ... Done! stimulus)
Your BIN pure_selection: 2, searching TAKEOFFs at 22 th channel, @ erp::NK_EXTRACT_TRIGGER PUREBTN ... to positive direction ... Bonel
«. Bot =113- takeoff peints for 22 chan @ erp::NK_EXTRACT_TRIGGER_PUREBIN ...
Looking around other trigger channels to decide pure 2 timing ... Done!

Artifact Rejection NK_MANUAL_AR23ch
5138 63558 694B9 71778 77743 B1518 B5244 103171 118989 123754 127238 140378 153427 158255 161997 169182 175313 183483 197885 219566 2256
31 230526 237727 249739 253164 264926 270974 279228 207565 305859 315182 318841 321347 323619 326075 341412 345907 351955 354394 361712
364151 366390 371302 375011 378369 386739 391668 393987 397449 481258 404984 418201 426574 436181 442162 445888 448411 453256 460574 467
925 471450 477481 481007 483379 486954 489461 491833 501222 567120 509376 512784 521355 523761 526166 528522 532198 542085 555454 568508
564192 578857 573649 577257 583138 508486 599712 618732 615811 631667 634822 641123 650813 658831 668604 662943 671363 677294 679583 68

. Searching trigger at 22 Ch... total 112 events : 2927 8086 23861 26217 33318 43088 50226 52799 5

— Window B (displays single trial waveforms) —
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5548 689324 693849 718976 726715 731560, ..
Examine TRG:22<BC84>, Event#:d,POINT: 2027 ... BIN:2, TRGI22 <DC@4>, : Evium @, 3826, points:2927
press a<accept>/r<reject>/b<back>/q<quit>/e<else> followed by return key for this figure:

If pressing “a”, this epoch is marked as “Accepted”
(— included in the average)

If pressing “r’, this epoch is marked as “Rejected”.
(— not included in the average)

These judgement information will be stored in the header hash

W i
T i 13,0 P

WWMW WIWW MWHW WHMM MWW _J__
' /

Button press

\

Users can decide if the trial should be included in the average, by visually inspecting multi-channels’ waveforms, trial by trial

Figure 3. Artifact rejection using the option of visual inspection of each trial. For artifact rejection procedures, the current analysis system allows users to review/
inspect each trial to accept/reject inclusion of that trial in the final average file. 2 windows are used: Window A (left panel) receives the user's decision as “accept” (by
pressing the “A” key of the keyboard), or as “reject” (by pressing the “R” key of the keyboard), while Window B (right panel) displays a single trial. Once the user's
choice has been entered in Window A (by pressing the “A” or “R” key), the waveforms displayed in Window B immediately changes to those of the next trial. These

procedures are repeated for all subsequent trials with the same stimulus triggers.

Windows) that have Perl available. To the best of our knowledge, no EEG
analysis software using Perl has been reported to date.

2. Materials and methods

We developed a new script tool set utilizing Perl (www.perl.org) to
import and analyze EEG data recorded by a Nihon Kohden EEG machine.
An overview of the data flow is given in Figure 1.

Exporting text files from original binary EEG files after the recording
is enabled by features available with the EEG machine (Figure 2). The
procedures employed thereafter are described in a script file, average.pl
(Table 1). The actual command should be typed as “perl input.eeg.file-
name output.average.filename TriggerNumber artifac-
tRejection_Method,” where the trigger number is a number from 1 to 15
(4-bit). The artifact rejection method indicates the options explained in

the previous paragraph, 1 of NAR/Th/Vis. In the case of “Th,” the
threshold value for artifact rejection should follow, e.g., 100 for 100 pV,
or 80 for 80 pV. If any point within the analysis period exceeds this value,
the trial will be rejected and not included in the average file.

The first step is importing the text file, which is executed with the
subroutine NihonKohden_READ. If text file export is not implemented in
the recording system, the current software systems cannot be utilized. In
order to obtain averages, the trigger onset timings need to be determined,
which is achieved by the subroutine NK_EXTRACT TRIGGER _PUREBIN.
Since the Nihon Kohden EEG machine can record 4-bit digital triggers
simultaneously in EEG channels, this subroutine distinguishes the trigger
timing of 4 channels and stores this information in a hush, which is later
utilized during averaging.

The next step for obtaining a good average is the artifact rejection
procedure. There are 3 options available in the analysis procedure. The

Bu¥ssaoididnd

Figure 4. Average multi-channel waveforms obtained. Neurosurgeons' view of the averaged responses (including 3 eye channels), calculated from 47 trials after
artifact rejection, following target stimuli in a novel auditory paradigm (70% standard stimuli, 10% novel stimuli, button press task to 20% targets), recorded from a
young normal subject. Waveforms on the left panel represent those before filtering, and the low-pass filtered (FIR, 30 Hz) responses (green: standard stimuli, cyan:
novel stimuli, red: target stimuli) are superimposed in the right panel. All responses are baselined based on the average of the 100-ms pre-stimulus period.
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Figure 5. Iso-potential topographical maps. The panels on the left side show selected target responses at midline electrodes from the data in Figure 4. In the right
panels, linearly interpolated iso-potential topographical maps, generated by the current analysis system, are shown at 2 latencies; 116 ms (at which N1 peaks at Fz),
and 341 ms (at which P3b peaks at Pz). Color scaling of the maps can be changed according to the maximum/minimum value of each component's voltage.
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Figure 6. Validation: Comparison of average waveforms of dummy data. Dummy raw EEG data were generated and averaged by commercial software as well as by the
current analysis system. The difference waves between the 2 were completely flat.
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Figure 7. Flexible band pass filtering is implemented in the current system. Two filters were applied to the original average (A): 1-8 Hz (B) and 20-60 Hz (c), utilizing
the fast Fourier transform library (Math::FFT) for Perl. The original averaged data were obtained as target responses from a young normal subject while executing the

visual novel P3 paradigm.

P3b amplitude (uV)

1st10 2nd10 3rd10 last6 all36

Figure 8. Partial averages. In panel A, the average of all 36 artifact-free target trials (green), the averages from odd trials (red), and the average from even trials (blue)
are superimposed at 3 channels, recorded from one subject using a visual novelty P3 paradigm. In panel B, partial averages obtained averaging responses to the 1st 10
(green), the 2nd 10 (red), the 3rd 10 (blue), and the last 6 (yellow) stimuli were respectively calculated. The largest amplitude of P3b (mean of 460 + 5 ms decided by
the total average on A) is noticed in the average of the 3rd 10 trials (D). For better visibility, 4 partial averages were low pass filtered (30 Hz) using the fast Fourier

transform library (Math::FFT) for Perl (C).

first is an average of all trials associated with the triggers of interest,
without any rejection, which is executed by using the subroutine
NK_NAR23ch, where NAR stands for “no artifact rejection.” The second
option, which is most frequently selected in previous studies, is executed
with the subroutine NK_TH_AR23ch, which rejects trials that include any
sample within the analysis period for any channel exceeding an assigned
threshold. For example, 100 pV, which can be changed according to the
user's input. The third option is to inspect individual trial waveforms
visually and assign an accept/reject mark, which is executed with the
subroutine NK_MANUAL_AR23ch (Figure 3). This procedure is highly
effective for excluding trials that present definite artifacts with a low
voltage, e.g., eye movement artifacts with a lower voltage than the
regularly used threshold, from the final averages. During this step,
Window B pauses showing the single trial multichannel waveforms until
the user decides to accept or reject the trial by inputting keypress “A”, for

accept, or “R”, for reject. Once the user inputs a selection, Window B
changes the contents to the waveforms of the next trial among the trials
associated with the trigger of interest.

After the trials are selected, averages can finally be obtained using the
subroutine NK_AVERAGER, followed by baseline correction for each
channel, using the subroutine NK BASELINE_CORRECTION. The final
average file is written as a readable text file by the subroutine NK_ WRI-
TOUT_HEADER _DATA2. If filtering is needed, finite response filtering is
available by using the library of Perl Data Language (PDL, pdl.perl.org),
PDL::DSP::Fir::Simple (https://metacpan.org/pod/PDL::DSP::Fir::Si
mple), or using a fast Fourier transform algorithm (Math::FFT, https
://metacpan.org/pod/Math::FFT), with a flexible filter setting enabled
according to those libraries.

Once the averaged data array is exported into a text file, any drawing/
graphing tool can be utilized to visualize the data, including some
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spreadsheet applications. Alternatively, the following 2 methods can be
used, employing cross-platform utilities:

A) The averaged waveforms can be visualized as images with a multi-
channel plot, using the graphics library PGPLOT (http://
www.astro.caltech.edu/~tjp/pgplot/) via binding with Perl
(https://metacpan.org/pod/PGPLOT) (Figure 4).

B) The linearly interpolated iso-potential scalp topography can be
generated as images, using the graphics library GNUPLOT (htt
p://gnuplot.sourceforge.net/), via binding with Perl and PDL
(https://metacpan.org/pod/PDL::Graphics::Gnuplot) (Figure 5).

Text exporting of amplitude can be performed at any point or for any
latency range at any channel. This also means any single trail can be
visualized according to each user's requirement.

The averaged results were validated by examining the difference
between the results obtained by the current analysis system, and the
average calculated by using commercial software for EEG analysis
(EMSE, https://cortechsolutions.com/emse/). A dummy EEG file (text
file) was generated by the current software, and that EEG file was
imported and processed to produce averages by both systems. Aver-
aged files were exported as text files, and difference waveforms be-
tween these text files were calculated by means of the current software
system.

The present study was approved by the institutional review board of
the National Hospital Organization Okinawa National Hospital (#2020-
4). The scripts used here are uploaded (https://github.com/ShugoS
UWAZONO/ERP.pm). Access to this script is available from the author
upon request.

3. Results

By using the newly developed EEG analysis system, well-defined clear
average waveforms were obtained and visualized as images (Figure 4).
Data (single trial or averaged) can be exported to a text file, and the
linearly interpolated iso-potential scalp topography was visualized
(Figure 5). The correctness of the averaged result generated using our
analysis system was confirmed by examining the dummy (simulated)
data with triggers. We averaged data using both our analysis system and
the commercial software, and the difference waveforms were zero for all
channels during the analysis period (Figure 6) (Suwazono and Arao,
2010).

Using this processing system, user defined filtering of any type (low
pass, high pass, or band pass) can be applied to single trial data or

trigger A trigger B

| |

trigger A
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averaged data (Figure 7). Very flexible partial averaging can be executed,
enabling comparison among selected averages (Figure 8).

4. Discussion

We here report a new analysis tool set for averaging/displaying ERPs
utilizing the programming language Perl. Although there is an extensive
list of open software for human electrophysiology studies (Donoghue,
2018), the resources on the list do not use the programming language
Perl, which allows greater flexibility.

An advisory report about changing laboratory software was recently
released (Wessel et al., 2019), which discussed the motivations, merits,
and costs of such change. It would be beneficial if researchers had more
options for implementation. The current system consists of light-weight,
text-based scripts, providing flexible averaging options. Every analysis
step is transparent (as it is described by a text script) and no binary
utilities are needed. For instance, it is possible to convert variable anal-
ysis periods from a long period, including many triggers, to a short
analysis period (Figure 9). Other examples of flexible averaging are the
ability to make waveforms consist of the initial 10 (20) trials vs the last
10 (20) trials, or odd versus even averages, or user-assigned averages.
Another advantage of utilizing the scripting language Perl is that these
tools should work on many operating systems. An additional example of
the flexible averaging option is the one-by-one (single trial) assessment
that allows inclusion/exclusion of each trial via visual inspection. Many
EEG analysis systems employ a policy that any trials with a sample dis-
playing an amplitude larger than a threshold (such as 100 pV), are
considered contaminated by muscle or eye movement artifacts, and those
trials are excluded from the averages. This frequently used method is also
implemented in the current analysis system, but we also provide a more
detailed analysis method. Eye-related artifacts can occur with lower
voltages, such as 20 pV, and these trials would be included in the aver-
ages, if inclusion/exclusion is based on a simple amplitude value. During
trials, some subjects have a tendency to blink when they feel they have
made a mistake. In these cases, detailed discussion is required to deter-
mine if those trials should be included or excluded, and flexible trial and
error might be needed. It may not be optimal to exclude trials simply
based on amplitude criteria, and although it is a time-consuming method,
visual inspection of each trial remains one of the best methods to obtain a
good average.

There are other analysis systems that could be compared with the
current system. MNE-Python (Gramfort et al., 2013, 2014, Jas et al.,
2018) provides a graphical user interface-rich environment and
detailed analyses, including connectivity, inverse solution, and other
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Figure 9. An example of flexible analysis using the current system. Procedures to make new averages with a shorter analysis period from the original long analysis
period by re-splicing. This facilitates “n” back or “n” post analyses, or masking/priming effects.
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beneficial features. In contrast, our software tools use mainly com-
mand line processing, while maintaining flexibility during the analysis
process (Figures 7, 8, and 9). A comprehensive and detailed review of
analysis systems/software combinations has been published previously
(Michel and Brunet, 2019), which describe advanced generator source
analysis. These software systems have contributed to many studies,
including a framework for big data analysis (Pedroni et al., 2019).
However, most of these systems are expensive and complicated to use
for new researchers.

In summary, our proposed analysis system provides an easy and
affordable way to compute ERPs for beginners. This hands-on analysis
system that can be used in any context without being limited by a
laboratory's existing system or budgets and utilizes a non-blackbox
approach for experienced researchers, enabling them to reveal out-
comes that may not be apparent when using the default settings in
other platforms. Moreover this is an open-source/multi-operating sys-
tem platform for future development without prerequisite expensive
software. In order to encourage the wider use of EEG analyses,
establishing easy data collection and pairing it with an easy-to-use
analysis software system is essential. While the former will mainly
be accomplished by hardware improvement, the latter can be
addressed by software development. The current system is expected to
impact the latter issue.
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