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Abstract—In this paper, the measurement of event-related
brain potentials (ERP) amplitude and latency based on digital
stochastic measurement over interval (DSMI) method are
described. Different variations of the measurement system are
considered. It was found that measurement errors of amplitude
increase with the reduction of the examination time. However,
the measurement errors for ERP peak latency remain relatively
small. This makes the system wuseful for practical
implementations when the latency is the most interesting
parameter and requirements for a short measurement time are
of high priority.

Index Terms—Analog-digital conversion;  Biomedical
measurement; Brain: instrumentation and measurement;
Neuroscience; Stochastic processes.

I. INTRODUCTION

Electroencephalography (EEG) is a measurement method
used for measuring brain electrical voltage fluctuations [1].
This method is widely wused in detection of
neurophysiological phenomena of the central nervous system
(CNS). Recording of EEG signals is often used in clinical
diagnostics procedures of audio-visual tests [2] or multi-
phase detection of sleep [3]. Except of the clinical practice,
EEG is also used in many research areas [4]-[11]. EEG
signals are non-stationary and oscillatory signals [12]
originating from the brain electrical potentials, and their
amplitudes are less than 300 uV [1]. The EEG signal
spectrum ranges can be divided into five ranges: delta (from
1 Hz to 4 Hz), theta (from 4 Hz to 8 Hz), alpha (from 8 Hz
to 12 Hz), beta (from 12 Hz to 30 Hz), and gamma (>
30 Hz) [12].

The term “event-related potentials” (ERP) was used for
the first time by Herb Vaughan in 1969 [12]. Brain electrical
activities are evoked by a stimulus (evoked potentials), and
these appear during intended movements and other
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psychological processes relatively independent from
stimuli, were named by this term [12].

Nowadays, the ERP measurement method has many
various applications in the clinical practice [13], [14], in
research of the cognitive neuroscience [15]-[17], and in
research and development of Brain Computer-Interface
(BCI) systems [18]-[20].

Usual measurement of the ERP signal requires presenting
tens or thousands stimuli and the acquisition of the EEG
epochs related to individual stimuli [12]. This large number
of EEG epochs is necessary to eliminate the spontaneous
part of the EEG signal (in which typical EEG frequency
bands dominate) and to extract the ERP signal as a non-
spontaneous part of the EEG signal, through the process of
averaging EEG epochs samples [12]. There are many
research efforts directed towards decreasing the number of
required EEG epochs (even towards obtaining a single-trial
ERP measurement) based on some parametric method
approaches [20]-[22]. However, these approaches still lack
the accuracy required for practical ERP measurement tasks.

Various measurement methods based on an approach
named “digital stochastic measurement over interval” were
developed in the past. This approach has its roots in the
research of the reliable operating instruments with an
inherent random error [23], and in the research of adding a
random uniform dither to an A/D converter input [24], [25].
The evolution of these methods can be followed in [26]-
[33]. The digital stochastic measurement of signal RMS
(Root Mean Square) over interval was proposed in [26], [27]
and further improved in [29]. The digital stochastic
measurement of signal harmonics over interval was
developed and reported in [28]. The digital stochastic
measurement of a non-stationary signal over interval
emphasizing an EEG signal measurement example was
introduced in [31]. Finally, the latest achievements of the
digital stochastic measurement methods over interval were
described in [31]-[33].

Continuing with the findings in [30], in this paper,
measuring the ERP amplitude and the latency based on the
DSMI method were investigated. The possibility of reducing
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the number of epochs necessary for such measurement is
emphasized in this investigation. The research includes the
development of the concept of the digital stochastic
measurement over interval (DSMI) method implementation
in the measurement of the ERP amplitude and latency, and
the simulation of the measurement system modeled
according to this concept and implemented in MATLAB.
The input data for the simulation were selected from [34].
During the research, a possibility of reducing the number of
epochs was discovered, which results in reducing the time of
measurement.

Il. THE METHOD AND THE MEASUREMENT SYSTEM

A. DSMI Method

The DSMI method is based on using an analog adder for
adding a uniform dithering signal h(t) to the original signal

y(t) and an analog-to-digital converter (ADC) (Fig. 1) [26]-

[29].

According to [26], the DSMI instrument, in its basic form,
measures the averaged value my of the signal y(t) over
interval [0, T]

ADC

Fig. 1. Input of basic DSMI instrument.

my=%xiw0xm. (1)

The dither stochastic signal h(t) is defined by Widrow’s
condition

a
0<lh|<—, 2
hl<3 @

where a is quantum voltage of ADC, and the probability
density function p of h(t) is defined with
1

a

p(h) = ©)

The averaged value of the ADC output signal for the finite
number of dithered samples N over [0, T] is
— 1
P==x)W¥. 4)
N
In [26], [27] it is described how the DSMI instrument for
measuring the effective value of signal could be designed.
The design of the DSMI instrument for measuring harmonics
of a compound signal (even when Signal-to-Noise Ratio is
very small) is presented in [27], [28]. The compound signal
s(t) with the fundamental period T can be expressed as

H H
s(t) = F,o + D Fy xcos(kayt) +Y_ Fy xsin(kayt),  (5)
a =}
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where a)0:7, k is order of harmonics, Fa is DC

component, and Fa and Fuk are cosine and sine Fourier
coefficients, respectively.

In the DSMI instrument for the harmonics measurement,
Fao, Fak, and Fpk are measured. The method of measurement
of one Fourier coefficient is illustrated in Fig. 2.

%

Fig. 2. The schematic diagram of measurement of one Fourier coefficient.

dy(t)
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The signal sa(t) is a dithered auxiliary based on the cosine
or sine function. For measuring k™ cosine Fourier
coefficient, sa(t) is

S, (1) = S,c00c (1) = RxCOS(Kavyt), (6)
and for measuring k™ sine Fourier coefficient, sa(t) is
S, (1) = S,k (1) = Rxsin(kayt), @)

where R is the amplitude of these auxiliary signals. The
probability density functions pi. and amplitudes of the
uniform dither signals d . are defined as follows

A12

1
p(dl,z) = 0£|d1,2|S_Y’ (8)
Al,Z

2

where A,, are quantum voltages of ADC1 and ADC2,

respectively.

The input s(t) and auxiliary sa(t) signals are sampled with
a sample frequency f, >2x f__,where fma IS maximum
frequency of the input signal s(t) (Nyquist sampling
criterion). In [28], it is shown that:

2% W cosk
=g
- ©)
X ink
Fbk = RS )

and the way of controlling the errors of Fa and F

measurements is described. Weosk is the averaged output of
accumulator when the cosine Fourier coefficient is

measured, and Wsink is the averaged output of accumulator
when the sine Fourier coefficient is measured.

If the DSMI instrument is designed to measure Ny
harmonics, then the instrument should have 2 x Ny + 1
multipliers and 2 x Ny + 1 accumulators. This hardware
could be very complex if the blocks from Fig. 2 were just
multiplied. However, the DSMI instrument with simpler
hardware is designed [29] based on memory for a generation
of pseudo dithered components Wa and FPGA (field
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programmable gate array) structure instead of multipliers The DSMI module from Fig. 4 has the same structure as the
and accumulators (Fig. 3). instrument shown in Fig. 3. The conditioning module from
Fig. 4 plays the role of the conditioning low-level EEG
signal to the input range of the DSMI module, and this

0 X E> module is the same as in the standard measurement system.
7,

F o e T e
/ o ’ ( Conditioning NY DSMI
i g ( * Subject }’«@ module }’( ﬂll module
MEMORY i F % \ \
t -
Fig. 3. DSMI instrument for harmonics measurement connected with PC. (, Stimuli /gpc with DSMI
/) generator software

In [30], itis ShO_W_n how the InStrument from Fig. 3_ can be Fig. 4. Block diagram of the measurement system based on DSMI method.
also used for the digital stochastic measurement over interval

of a non-stationary signal, which was elaborated with a case
of the EEG signal measurement by this instrument.
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C. Model for Simulation of the Measurement System and

Comparison

B. Measurement System Based on DSMI Method The block diagram of the model for simulation of the
A standard system for measurement of the ERP peak proposed measurement system and comparison of the

amplitude and latency demands a relatively large number of  measurement results with the referential data are shown in

EEG epochs (from 100 to 300 or even more) [12]. Usual  Fig. 5.

duration of one EEG measurement interval (one interval The input EEG signal is generated from the data taken

includes one epoch) lasts from 1 s to 8 s [12], so a complete  from a database, which contains records of EEG signals and

measurement can take up to 40 minutes, which is rather a  events. The recorded results are organized into parcels, and

long time. each parcel contains Ne/brsk epochs, where N is the total
We propose a system for measuring ERP peak amplitudes  number of epochs and brsk is the total number of parcels.
and latencies based on the DSMI method with the same or Samples of recorded EEG signals from the database are

reduced number of measurement epochs compared with the  stored into an Excel file and prepared for processing with
standard system. Obviously, reductions of the measurement EEGLAB [35]. EEGLAB is a MATLAB toolbox for
epochs number consequently reduce the total measurement  processing data from EEG and other electrophysiological
time. The block diagram of the system is shown in Fig. 4.  signals, and magnetoencephalography (MEG) signals.

SUBJECTS

OO0 )
v Recorded EEG signal
ch1l T& ch1 T&

e

ch1 |(§ ch1 ch1 |ﬁ ch1 |(§

ch 16 |(§ ch 16 ch 16 |(§ ch 16 |(§ ch 16 |(§ ch 16 I(E :>
epoch epoch epoch epoch epoch epoch
1 Ne/brsk Ne/brsk+1 2: Ne/brsk Ne-(1-1/brsk)+1 Ne
1. parcel 2. parcel brsk. parcel N 7
N\
' |
= Referential ERPLAB ERPLAB
Main program:
i [ Average ERP . "
DSMI implementation A;Il[)lltllfie 1 Amplit%lde and ‘ “ Processing
+ atency Hl ‘ | recorded EEG
X ]4— latency 1
final comparison

Fig. 5. Block diagram of the model of simulation and comparison.
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Fig. 6. Flow diagram of the algorithm of the main program. Blocks in the diagram are described in Table I.

The averaged ERP amplitude and latency are calculated
by ERPLAB [36] from all the epochs, thus making the
referential ERP amplitude and latency necessary for the
comparison. ERPLAB is a MATLAB toolbox for analysing
ERP data and it is tightly integrated with the EEGLAB
toolbox extending EEGLAB capabilities to provide tools for
ERP processing, visualization, and analysis.

The conditioning module and the DSMI module are
simulated by the main program (developed in MATLAB).
The comparison of the measurement results with the
referential data is performed by the main program too. A
flow diagram of the algorithm of the main program is
presented in Fig. 6 and Table I.

In the further part of this section, most important variables
and relations used in the main program are shown and
described. At first, the conditioning module amplifies the
EEG samples by factor K, thus enables better covering of the
input range of ADC1 in the DSMI module (Fig. 2). Because
each EEG sample ue is expressed in microvolts, an amplified
EEG sample prs is simply calculated from

prs = K xu, x107° V. (10)

Each epoch consists of N samples, and if one epoch
duration is T, then the sampling period Ts = T/N and the
sampling frequency fs = 1/Ts. The base frequency of
sine/cosine function is f = 1/T = 1 Hz and the auxiliary sine
signal sas, according to (7), is calculated by

sas = Rxsin(2zkfT,). (112)
The dither signal d2s is defined with
d2s =(-1) x MAXGRES2+rand x DELTA2, (12)
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where rand is MATLAB function and MAXGRES2 is
maximum of the quantization error of ADC2 (Fig. 2), which
is defined with

DELTAZ2

MAXGRES2 = (13)

and DELTA2 0.019608 V is ADC2 resolution. The
dithered auxiliary sine function xas is formed with
xas = sas +d2s. (14)

The auxiliary cosine function xac is generated in a similar
way (sac is auxiliary cosine signal):

sac = Rxcos(27kfT,),
Xac = sac +d?2s.

(15)
(16)

The input of ADCL1 is the signal rx calculated by adding a
stochastically uniform dither signal d;
d, = (-1) x MAXGRES1+ rand x DELTAL, 17

where MAXGRES1 is maximum of the quantization error of
ADC1, which is described with

MAXGRES1 = DE;TAl,

(18)
and DELTAL = 0.079365 V is ADC1 resolution. Thus, the
input of ADC1 is calculated by

rx = prs+dl. (19)
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TABLE |. DESCRIPTION OF THE BLOCKS FROM THE FLOW
DIAGRAM OF THE ALGORITHM PRESENTED IN FIG. 6.

Block Description

1 Call subroutine with initial parameters

2 Start the loop through the all epochs

3 The current epoch is the last epoch?

4 The current sample is the last sample in the current epoch?

5 Load the next samples from EEG records

6 Extend the vector of amplified EEQ _samples with the

current sample amplified

7 Add the current sample to DSMI procedure

8 The end of the current epoch

9 Calculation of Fourier coefficients

10 Build the vector of measurement results in time-domain

11 The current epoch is the last one in the selected parcel?

12 Start the loop through the epochs in the parcel

13 The current epoch is the last one in the parcel?

14 Calculate next average sample

15 End the loop through the epochs in the parcel

16 Build the vector of averaged samples in the parcel

17 Find the peak and its amplitude and latency time

18 Build the vector of peak amplitudes and latency times of

the parcels

19 Store the vector into file system

20 The current parcel is the last one?

21 Build the vector of referential averaged samples

22 Build the vector of errors for all measured samples

23 Determination of referential amplitude and latency time

24 Calculate the errors of measurement of peak amplitudes and

latency times for all parcels

25 Storing the errors of measurement o_f pea!( amplitudes and
latency times for all parcels into file system

26 Display measured results vs. referential data

For each of the selected epochs, the DC component (RM)
and the cosine and sine Fourier coefficients (Fac, Fos) are
measured. The coefficients are indexed withk=1,2, ..., H
(H is the highest coefficient index included in the
measurement).

One basic measurement interval is equal to one epoch
duration T = 1s, so we can use the measured parameters
RM, Fa, and Fps as the results of the discrete Short-time
Fourier Transform (STFT) for further calculation of the
resulting time series. Thus, the measurement result in the
time domain rse(t) can be calculated by

H
rse(t) =RM + > F, xcos(2xzxkx f xT,)+...

k=1

H
ot D R xsin@xzxkx f xT,). (20)
k=1

The measurement result for one epoch is stored in a vector
variable consisting of N values. Each selected epoch has
such a vector, and all those vectors are averaged resulting in
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the vector of the averaged samples. The sample with the
maximum of amplitude ampmax presents the ERP
component peak and latmax presents the time when the peak
appeared during the basic measurement interval.

The simulation covered different cases of selected epochs,
and all the resulting peaks amplitudes and peaks latency
times are stored into vector variables MAMP and MLAT,
respectively. These amplitudes and latency times are
compared with the referential data.

The measurement errors are calculated as the differences
between the referential and the measured data. The vector of
measurement errors for peak amplitudes is calculated from

grampl = RAMP — MAMP V, (21)
where RAMP s the vector of referential peak amplitudes. The
vector of measurement errors for peak latencies is calculated
from

grlat = RLAT — MLAT V, (22)

in which RLAT is a vector of the referential peak latencies.

I1l. RESULTS

The database from [21] is used for generating the input
EEG signal. Reference [34] contains records of EEG signal
measured by 16 channels for various subjects. The input
EEG signal is generated from the recorded results of the
subject named “S;” in [34].

The input EEG signal data are divided into 256 EEG
epochs (N. = 256) recorded during one type of central
nervous system stimulation. Each epoch consists of 500
samples (N = 500), and one epoch duration is T = 1s
resulting in the sampling frequency of fs = 500 Hz (i.e., EEG
signal is sampled every Ts = 2 ms). Consequently, the total
number of samples for 16 channels is 16 x Ne x N =
2048000.

The averaged samples for all 16 channels are shown in
Fig. 7. Measurements from all 16 channels are the input
channels for simulation. However, a channel contains
measurements from PZ location, which is one of frequently
used locations for obtaining ERP components [5], and the
steps of obtaining the results concerning this location are
presented with all details. These steps are applied for all the
other channels too.

The averaged samples for channel 13 are shown in Fig. 8.
The referential values of the ERP component peak amplitude
and latency are Vi = 4.36 uV and tix = 528.72 ms,
respectively.

The parameters of the simulated measurement system are
shown in Table Il. The variable number of the measured
harmonics covered the values from the set of 2 values {30;
15}, and the variable number of the epochs included in the
measurement covered the set of 4 values {256; 32; 25; 16}.
Consequently, the simulation covered 2 x 4 = 8§ different
designs of the measurement system.
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Fig. 7. The averaged samples of ERP at various locations. Deviant stimuli ERP samples (which are always in focus of ERP method) are presented in red
colour.

From those results, it can be concluded that the

measurement errors decrease with the extension of the

ERP peak measured harmonics number. Moreover, the relative error is
s lower for the peak latency measurement comparing to the

. f\ peak amplitude measurement.
5~

©

CH13 voltage (uV)

RTIAN
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—~ 3t
Fig. 8. The averaged samples of channel 13 (PZ location) with marked Al
ERP peak. ’>" \ 2
| f . 5
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TABLE Il. THE PARAMETERS OF THE MEASUREMENT SYSTEM. S i HAU, Voo M\VN ’H {u /2
Parameter Value s \N ]\ ) ll \ 1.*‘! L
Input channel 13 (P2) § i 1 _jl;“‘e,n‘ix ) “\ fl
Epoch duration - T (s) 1 4l V)l l\‘“"-""‘i' \ “J{/
Number of samples per epoch — N 500 A W\f W
. . 1 Wi
Sampling period - T, (ms) 2 2t "
Sampling frequency - T, (Hz) 500 3 i ) ) \ . . . L ) )
Conditioning module gain - K 10° sl TR L I T T A

Auxiliary signal amplitude - R (V) 1 Time (s)

Input range of ADC1 and ADC2 [25V,+25V] Fig. 9. Averaged measured samples vs. averaged referential samples (PZ
___ Total number of epochs - Ne i 256 location). Number of measured harmonics is H = 30, and measurement
Variation of the numberl_?f measured harmonics £30: 15} included all the epochs.
Variations of the:1 number of epochs included in £256; 32: 25; 16} i _
the measurement — Averaged measured samples / '\,‘
4L — —  Averaged referential samples ) _“,“. \
The results of the design with 30 harmonics (DC 0
component, 30 sine coefficients, and 30 cosine coefficients °r fih J N p
. . 'y"b \ \ X/ 2k N
are measured) and all the epochs included are presented in Al s A Al
Fig. 9. In this design, the measurement error of the ERP N P . TR 'f \
peak time latency, relative to the referential latency time, is 2 AL AN ! \ Kl &
) \ g ; W/ \
1.51 % (Table I1). The measurement error of the ERP peak gh \ ‘,‘f s "ot
amplitude, relative to the signal range, is 12.34 %. E "1\ I
The results of the design with 15 harmonics and all the \ /!
epochs included are shown in Fig. 10. In this design, the W
measurement error of the ERP peak time latency, relative to
referential latency time, is 1.52% (Table IlI). The 32 01 0 01 02 03 04 05 o6 o7 os

measurement error of the ERP peak amplitude, relative to
the signal range, is 13.62 %. Table IV summarizes
measurement errors for all other channels/locations (from
Fp1 t0 Heog).

Time (s)

Fig. 10. Averaged measured samples vs. averaged referential samples (PZ
location). Number of measured harmonics is H = 15, and measurement
included all the epochs.
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In Tables IV-VI, the results for both designs (30 and 15
harmonics measured by DSMI module) are presented, but
with the reduced number of epochs, included into the
measurement. They result in reducing the total measurement
time.

This reduction is numerically described with the ratio of
the measurement time reduction, which is calculated as a
ratio between the total measurement time when all epochs
are included and a ratio when the reduced number of epochs
is included into the measurement.

The new measurement system includes a DSMI module
and DSMI software instead of a typical digital measurement
module and typical measurement software. A simulation
model, for investigating the measurement system, has been
developed. This model simulates the functioning of the
measurement system and compares the measurement results
with the referential data.

TABLE IV. MEASUREMENT ERRORS FOR H =15 AND H =30
WHEN ALL EPOCHS ARE INCLUDED IN MEASUREMENT
(LOCATIONS: FP1, FP2, FZ, F3, F4, F7, F8, CZ, C3, C4, P3, P4, A2,
VEOG, AND HEOG).

TABLE Ill. PZ LOCATION MEASUREMENT ERRORS FOR H = 15 Number of Relative _
AND H = 30 WHEN ALL EPOCHS ARE INCLUDED IN harmonics Measurement error of Relative error
MEASUREMENT (THERE IS NO REDUCTION OF MEASUREMENT measured by location latency time of amplitude
TIME COMPARING TO STANDARD MEASUREMENT METHOD). H DSMI module (%) (%)
IS THE NUMBER OF HARMONICS MEASURED BY DSMI MODULE.
Measurement errors by number of harmonics 15 FP1 1.51 13.85
H=15 30 FP1 1.48 13.75
Relative error of latency time (%) 1.52 15 FP2 1.54 14.29
Relative error of amplitude (%) 13.66 30 FP2 151 12.24
H=30 15 Fz 1.55 14.55
Relative error of latency time (%) 151 30 FZ 154 11.76
Relative error of amplitude (%) 12.47 15 F3 1.60 14.63
] 30 F3 1.58 12.58
From last results, it can be concluded that measurement 15 Fa 157 1455
errors decrease with the increase of the number of the 30 Fa 156 12.29
measured harmonics too, but also that the measurement 15 - 129 T
errors increase with the increase of the reduction ratio. 30 7 148 1241
However, the measurement errors for the peak latency times 1 - 1'50 12'74
are relatively small comparing to the measurement errors for ' '
. . : . 30 F8 1.48 12.15
the peak amplitude, thus making this approach appropriate 5 = L5 1270
for practical implementations when latency is a more -~ c : . : s
interesting parameter than the amplitude and the z 15 114
requirements for a short measurement time are of high 15 c3 153 14.35
priority. 30 c3 1.50 11.43
15 c4 1.54 13.06
IV. DISCUSSION 30 c4 1.54 10.09
15 P3 1.53 14.30
A new system has been presented for measurement of 20 - e 30
ERP amplitude and latency time based on the digital 15 o4 1'55 14'25
stochastic measurement over interval. 20 o4 1'55 12'43
Previous research on the DSMI method showed that the 5 o 1'53 13'31
basic DSMI instrument could be extended for the p~ o 1'50 11'82
measurement of one Fourier coefficient. Furthermore, it : :
leads to the development of very accurate instruments for 15 VEOG 152 14.19
measuring various stationary and non-stationary signals 30 VEOG 151 12.45
using FPGA structures and memory instead of auxiliary A/D 15 HEOG 1.56 1271
converters. 30 HEOG 1.54 11.38

TABLE V. MEASUREMENT ERRORS AND REDUCTION OF MEASUREMENT TIME WHEN REDUCED NUMBER OF EPOCHS IS INCLUDED
IN MEASUREMENT (THERE IS REDUCTION OF MEASUREMENT TIME COMPARING TO STANDARD MEASUREMENT METHOD). H IS THE
NUMBER OF HARMONICS MEASURED BY DSMI MODULE (LOCATIONS: PZ, FP1, FP2, FZ, F3, F4, F7, F8, AND CZ).

Standard
Number of . Average Standard . -
. Ratio of - o Average relative deviation of
Measuremen harmonics Number of relative error deviation of - -

i measurement - error of amplitude | relative error

t location measured by epochs time reduction of latency relative error (%) of amolitude
DSMI module (%) of latency (%) ° (30)
32 8.00 4.21 5.33 38.62 25.29
30 25 10.24 5.49 5.34 46.05 33.27
p7 16 16.00 6.37 5.59 76.15 51.82
32 8.00 4.45 5.70 40.79 271.77
15 25 10.24 5.98 6.01 56.09 38.47
16 16.00 7.86 6.37 84.68 53.05
32 8.00 4.15 3.95 37.19 26.12
FP1 30 25 10.24 5.10 5.38 45.59 32.96
16 16.00 6.19 6.30 74.18 49.28
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Standard
Number of . Average Standard . -
Measuremen harmonics Number of Ratio of relative error deviation of Average rela_tlve deV|_at|0n of
: measurement - error of amplitude | relative error
t location measured by epochs time reduction of latency relative error (%) of amplitude
DSMI module (%) of latency (%) (%)
32 8.00 4.38 431 40.22 27.72
15 25 10.24 5.73 5.79 58.22 39.34
16 16.00 7.32 7.45 87.31 50.86
32 8.00 3.92 4.18 39.49 25.11
30 25 10.24 5.05 4.98 46.05 34.52
Fp2 16 16.00 5.87 6.11 73.40 53.69
32 8.00 4.03 4.01 40.53 27.52
15 25 10.24 5.57 5.76 57.81 39.89
16 16.00 7.49 7.85 83.49 52.21
32 8.00 3.99 3.99 39.74 24.30
30 25 10.24 5.36 5.42 45.91 31.90
F7 16 16.00 5.87 5.78 79.66 52.09
32 8.00 424 4.38 41.17 27.10
15 25 10.24 5.46 5.93 57.97 37.15
16 16.00 7.16 7.33 82.97 53.07
32 8.00 4.03 4.01 37.67 25.54
30 25 10.24 4.94 5.37 46.28 34.79
F3 16 16.00 6.34 6.07 74.70 50.78
32 8.00 4.19 4.27 40.52 28.41
15 25 10.24 5.50 5.88 55.07 39.65
16 16.00 7.61 7.79 85.66 55.20
32 8.00 412 4.06 40.19 25.68
30 25 10.24 4.99 5.46 47.27 33.20
Fa 16 16.00 5.75 5.82 79.77 53.98
32 8.00 4.26 4.27 40.26 28.86
15 25 10.24 5.62 5.51 57.41 36.92
16 16.00 7.79 7.54 81.14 53.36
32 8.00 4.00 4.11 37.71 24.28
30 25 10.24 5.11 4.95 46.09 33.17
7 16 16.00 5.74 6.21 72.37 51.65
32 8.00 4.22 4.34 40.99 28.87
15 25 10.24 5.69 5.59 56.10 38.96
16 16.00 7.54 7.48 82.37 53.26
32 8.00 4.19 4.05 39.88 26.16
30 25 10.24 4.96 5.34 47.83 33.38
F8 16 16.00 5.79 5.84 78.88 49.62
32 8.00 441 4.18 39.33 28.14
15 25 10.24 5.51 5.87 57.50 40.21
16 16.00 7.86 7.37 81.68 52.04
32 8.00 3.83 4.07 37.83 26.51
30 25 10.24 5.45 5.03 44.36 32.48
cz 16 16.00 5.92 6.16 76.59 51.37
32 8.00 4.14 4.16 39.28 26.56
15 25 10.24 5.73 5.49 57.36 40.09
16 16.00 7.63 7.86 83.35 52.51

TABLE VI. MEASUREMENT ERRORS AND REDUCTION OF MEASUREMENT TIME WHEN REDUCED NUMBER OF EPOCHS IS INCLUDED
IN MEASUREMENT (THERE IS REDUCTION OF MEASUREMENT TIME COMPARING TO STANDARD MEASUREMENT METHOD). H IS THE
NUMBER OF HARMONICS MEASURED BY DSMI MODULE (LOCATIONS: C3, C4, P3, P4, A2, VEOG, AND HEOG).

Number of Ratio of Average Standard ?:IZ:?\?: Standard
Measurement harmonics Number of measurement | relative error deviation of deviation of
- - . error of -
location measured by epochs time of latency relative error of amplitude relative error of
DSMI module reduction (%) latency (%) (%) amplitude (%0)

C3 32 8.00 3.81 3.93 39.96 25.69
30 25 10.24 5.34 5.14 47.09 32.52

16 16.00 5.93 5.90 76.85 49.85

32 8.00 4.38 4.23 40.22 26.39

15 25 10.24 5.43 5.44 58.80 39.04

16 16.00 7.17 7.46 83.19 50.70

C4 32 8.00 4.15 3.86 39.49 24.32
30 25 10.24 5.30 5.16 48.12 34.31

16 16.00 5.78 6.20 74.09 50.61

32 8.00 4.23 4.34 42.62 27.39

15 25 10.24 5.75 5.67 53.80 38.70

16 16.00 7.50 7.71 88.29 52.87

P3 32 8.00 4.15 3.95 37.56 26.23
30 25 10.24 5.18 5.43 48.05 34.24

16 16.00 5.95 5.81 78.36 49.73

15 32 8.00 4.15 4.37 39.21 27.56

25 10.24 5.83 5.79 53.91 40.33
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Average

Number of Ratio of Average Standard relative Standard
Measurement harmonics Number of measurement relative error deviation of deviation of
- - - error of -
location measured by epochs time of latency relative error of amplitude relative error of
DSMI module reduction (%) latency (%) (%) amplitude (%0)
16 16.00 7.69 7.33 88.63 54.88
P4 32 8.00 3.98 3.93 39.26 26.17
30 25 10.24 5.46 5.05 43.80 32.47
16 16.00 6.33 5.75 74.47 49.49
32 8.00 4.30 4.05 42.61 27.83
15 25 10.24 5.85 5.68 53.40 36.72
16 16.00 741 7.64 88.00 52.18
A2 32 8.00 3.90 4.07 38.49 24.38
30 25 10.24 5.02 5.48 47.54 33.53
16 16.00 6.23 6.13 72.45 51.31
32 8.00 4.23 4.26 41.93 29.06
15 25 10.24 5.96 5.79 55.31 38.65
16 16.00 7.14 7.25 85.26 52.84
VEOG 32 8.00 3.95 4.14 39.50 26.36
30 25 10.24 5.10 5.36 45.03 33.62
16 16.00 5.82 6.23 74.93 50.40
32 8.00 4.41 4.06 40.36 26.71
15 25 10.24 5.80 5.80 58.60 36.65
16 16.00 7.61 7.81 86.52 55.50
HEOG 32 8.00 4.13 4.16 38.81 24.67
30 25 10.24 5.08 5.32 44.66 32.59
16 16.00 6.21 5.81 79.68 53.07
32 8.00 4.21 4.32 42.47 28.35
15 25 10.24 5.88 5.45 58.72 38.15
16 16.00 7.11 7.41 88.49 55.30
TABLE VII. AVERAGE MEASUREMENT ERRORS OF ALL CHANNELS.
Standard
Number of N Ratio of Average Standard deviation | Average relative deviation of
- umber of ) - -
harmonics measured epochs measurement relative error of of relative error of error of relative error
by DSMI module time reduction latency (%) latency (%) amplitude (%) of amplitude
(%)
32 8.00 4.03 4.11 38.84 25.43
30 25 10.24 5.18 5.26 46.23 33.31
16 16.00 6.01 5.98 76.03 51.17
32 8.00 4.26 4.33 40.78 27.77
15 25 10.24 5.71 5.72 56.63 38.68
16 16.00 7.49 7.48 85.06 53.11
The model is primarily based on a MATLAB Although the measurement errors increase with the increase

implementation of a DSMI module and software, but also
includes EEGLAB [35] and ERPLAB [36] tools for
obtaining the referential data from a referential database.
The main simulation program enables simulations of
different designs of the measurement system by varying the
number of the measured harmonics and the number of EEG
epochs included in the measurement.

V. CONCLUSIONS

In the performed simulations, [34] is used as the source of
the referential database. Simulations covered 8 different
designs of the measurement system. In those designs, the
implemented number of measured harmonics was 15 or 30,
and the implemented number of epochs included in the
measurement was 256, 32, 25 or 16.

The results from Table 111 show that the developed system
can be used primarily for measurement of the peak latency
time. However, it can be used for measuring the peak
amplitude only if the requirements for the measurement
accuracy are not of high priority.

In Table VII, it is shown how the average relative error of
latency increases with the increase of the reduction ratio.
These results indicate probably the most interesting
characteristics of the developed measurement system.
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of the measurement time reduction ratio (which is the
indicator of shortening the total measurement time), the
measurement errors for the peak latency times are relatively
small, thus making this system useful for practical
implementations when latency is the most interesting
parameter and the requirements for short measurement time
are of high priority.

The total measurement time for measurement of the ERP
peak amplitude and latency based on a standard
measurement system equals the number of epochs multiplied
by the duration of one epoch. In a referential experiment,
where the number of epochs is 256 and the duration of one
epoch is 1 s, the total measurement time equals 256 x 1 s =
256 s. With the new measurement system, this time can be
reduced down to 16 seconds with the average relative error
of latency equaling 6.01 % and the standard deviation of this
error equaling 5.98 %.
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