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h  i g  h  l  i g  h  t  s

• We  present  a novel  method  for  detecting  specific  event  related  potential  (ERP)  components  from  single  trial  EEG  data.
• We  provide  evidence  that  wavelet  asymmetry  is  unique  for  a  specific  ERP  component  and  hence  can be  used  for detecting  it  in single  trial  EEG data.
• Our  results  indicate  high  detection  accuracy  in  offline  mode  and we  discuss  a few of the  method’s  potential  applications.
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a  b  s  t  r  a  c  t

Event  related  potentials  (ERPs)  are  very  feeble  alterations  in  the  ongoing  electroencephalogram  (EEG)
and  their  detection  is  a challenging  problem.  Based  on the  unique  time-based  parameters  derived  from
wavelet  coefficients  and  the  asymmetry  property  of  wavelets  a novel  algorithm  to separate  ERP com-
ponents  in  single-trial  EEG  data  is  described.  Though  illustrated  as a specific  application  to N170  ERP
detection,  the algorithm  is  a generalized  approach  that  can  be  easily  adapted  to  isolate  different  kinds
of  ERP  components.  The  algorithm  detected  the  N170  ERP  component  with  a  high  level  of  accuracy.  We
demonstrate  that  the  asymmetry  method  is  more  accurate  than  the  matching  wavelet  algorithm  and
t-CWT  method  by  48.67  and  8.03  percent,  respectively.  This  paper  provides  an  off-line  demonstration  of
the algorithm  and  considers  issues  related  to  the extension  of the  algorithm  to real-time  applications.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The ability to detect single-trial event related potentials (ERPs)
in real-time EEG signals has many clinical and research applica-
tions, particularly in the field of brain computer interfaces (Barrett,
2000; Birbaumer et al., 2008). ERPs appear as dynamic alterations
in ongoing EEG frequency components that are very feeble signals
compared to background EEG and have low signal-to-noise ratio
when recorded from electrodes attached to the scalp. Detection
of ERP components from real-time EEG is therefore a challenging
problem.

Studies based on unique ERP features (Wilkinson and Seales,
1978) and conventional anomaly detection algorithms like filtering
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(Cong et al., 2011) and matching pursuit have given limited success
for the detection of ERPs (Rondik and Ciniburk, 2011). However,
use of a band-pass filter specifically tuned for EEG/ERP frequencies
improves signal to noise ratio. While Thesasiri et al. (2008) have
shown that linear FIR filters may  not perform optimally, filters tailor
made for the particular ERP, such as Woody filters and matched
filters provide better detection accuracy (Ford et al., 1994; Serby
et al., 2005). Also Ciniburk and Mautner (2008) have shown that
the Hilbert–Huang transform (Huang and Shen, 2005) could further
improve the discrimination power of filter based approaches. But
these filtering variations are limited in their success rate with real
time signal detection.

The joint time-frequency analysis of signals is a solution to over-
come the limitations of conventional filtering techniques. Wavelets
can be used for the joint time-frequency analysis of EEG signals and
they provide more robust measures for the detection and analysis
of ERP components (Blanco et al., 1998).

Samar et al. (1999) and Quian Quiroga et al. (2001) have pre-
sented evidence that wavelets may  improve the extraction and
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Fig. 1. (a) and (b) The flat response of the Haar wavelet which is a symmetric filter. Db4 is an asymmetric filter whose phase delay and group delay are shown by (c) and (d).
Since  the wavelet filter is not symmetric, the filter responds with time delays.

analysis of ERP waveforms. The applications of wavelets to ERPs
are broad ranging, including joint time-frequency analysis of ERPs
(Samar et al., 1992), artifact removal (Jiang et al., 2007) and event
detection (Demiralp et al., 1999; Samar et al., 1995). Furthermore,
features derived from wavelet coefficients (Merzagora et al., 2006;
Trejo and Shensa, 1999) perform well in preprocessing (Kalayci
et al., 1994) stages of classification problems using statistical learn-
ing algorithms (Abootalebi et al., 2006; Browne and Cutmore,
2002).

A variety of wavelet based methods have been used to study
different aspects of EEG/ERP signals. Methods based on the dis-
crete wavelet transform (DWT) (Burger et al., 2007; Herrera et al.,
2000) and continuous wavelet transform (CWT) (Bostanov and
Kotchoubey, 2004), in combination with other statistical measures
(Lim et al., 1995), have been tried for the detection as well as
the analysis of ERPs. Variable threshold schemes (Fatourechi et al.,
2004) and wavelet packet analysis (Graimann et al., 2004) have
shown reasonable results when there is no background noise. A
more accurate method proposed by Chapa (1995) and Chapa and
Rao (2000) for the detection and multiresolution analysis of ERPs
is computationally expensive and at times gave unbounded errors.

We propose a generalized, yet simple and powerful scheme
using wavelets to detect specific ERP components from EEG data.
The algorithm makes use of a less-used asymmetry property of
wavelets along with time base properties of the target ERP com-
ponent. Asymmetry is associated with the observed phase shift of
wavelet coefficients when the wavelet transform is performed on
a signal. The amount of phase shift produced by a wavelet for a
specific ERP is unique and can be used for its detection. A detailed
description of wavelet asymmetry is given in Section 2.

Our method can be used to detect different ERP components
by changing the wavelet basis function and time base parameters.
It is also automated with self-correction and validation mecha-
nisms using wavelet features and time-based properties of the ERP

components as a guide. This paper outlines the general approach,
provides an off-line demonstration of the detection performance
of the algorithm using the N170 component of ERPs to ‘face’ versus
‘non-face’ stimuli, and considers issues related to the extension of
the algorithm to real-time applications.

2. Asymmetry in wavelets

When the phase difference between the input and output signal
is zero, the corresponding digital filter is said to be linear. Linear
filters are symmetric. Wavelets behave exactly like filters and a
wavelet function   when convolved with an input signal f(t) will
project the signal onto an orthogonal subspace � as f̂ (�). In terms
of symmetry, a wavelet filter with coefficients an is linear if the
phase of the function a(�) =

∑
nanein� is a linear function of � for

some l ∈ Z (Daubechies, 1992). This essentially means that the filter
delays each frequency in the input signal in equal amounts at the
output. The phase delay and group delay of such filters will have a
flat profile for all the input frequencies similar to the one shown in
Fig. 1a and b.

When the filter response is non linear, which means different
frequencies are shifted by different amounts at the output, the fil-
ter is said to be asymmetric. The phase delay response and group
delay response of asymmetric filters will not have a flat profile. An
example is shown in Fig. 1c and d where each frequency component
of the signal is shifted by a specific number of samples.

2.1. Asymmetry as a measure

Filter phase response is quantified in terms of group delay �(ω)
which is given as

�(ω) = −d�(ω)
dω

(1)
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