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a  b  s  t  r  a  c  t

Electroencephalogram  (EEG)  data  is  an  effective  indicator  to evaluate  driver  fatigue.  The  16  channels
of  EEG  data  are  collected  and  transformed  into  three  bands  (�, ˛, and  ˇ)  in  the current  paper.  First,  12
types  of  energy  parameters  are  computed  based  on the  EEG  data.  Then,  Grey  Relational  Analysis  (GRA)
is  introduced  to identify  the  optimal  indicator  of driver  fatigue,  after  which,  the  number  of significant
electrodes  is  reduced  using  Kernel  Principle  Component  Analysis  (KPCA).  Finally,  the  evaluation  model
for driver  fatigue  is  established  with  the  regression  equation  based  on  the  EEG  data  from  two  significant
electrodes  (Fp1  and  O1).  The  experimental  results  verify  that  the model  is  effective  in  evaluating  driver
fatigue.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Drowsiness is a significant risk that substantially contributes
to the increasing number of motor vehicle accidents each year
[3]. Statistics show that traffic accidents caused by driver fatigue
account for about 20% of the total number of accidents, and more
than 40% of serious traffic accidents [13]. Thus, the immediate and
efficient detection of driver fatigue is important.

Although several methods can be used to evaluate driver fatigue,
electroencephalogram (EEG) signal is one of the most predicative
and reliable indicator because it directly measures brain activity
[11]. Lal and Craig showed that significant EEG changes of the four
bands occur during fatigue [12]. Waard and Brookhuis found that
the relative energy parameter (˛+�)/  ̌ of the driver decreases as
the driving task continues [15]. Hong et al. showed that ˛, ˇ, ˇ/˛,
and (  ̨ + ˇ)/� of the EEG signal show significant difference in the
driving periods based on the eight channels of EEG within 50 min
of continuous recording [6].  Jap demonstrated that (  ̨ + ˇ)/�, ˛/ˇ,
(�+˛)/(  ̨ + ˇ), and �/  ̌ of the EEG signal can indicate driver fatigue
[8]. Based on the four sites on the scalp (P3, P4, F3, and F4), Mark
found that the overall value for ˛ activity indicates an increasing
pattern for repeat compared with driving, and the EEG changes are
consistent with the idea of overall reduction in attention during the
latter laps [14].

Although many EEG-based ratio indices have been proven to be
indicators of driver fatigue, the optimal indicator has not yet been
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determined. Furthermore, the high cost of electroencephalograph
EEG with more electrodes usually restricts its application in the
evaluation of driver fatigue. Using the data from 20 subjects, the
evaluation model for driver fatigue was  developed with the fewest
electrodes. The aims of the present study are as follows: (1) to deter-
mine the optimal indicator of driver fatigue from EEG-based ratio
indices and (2) to reduce the number of significant electrodes to
expand the application of EEG in the evaluation of driver fatigue
based on its optimal indicator.

2. Materials and methods

2.1. Driving simulator

A self-developed driving simulator (Fig. 1) was  introduced to
evaluate the driver fatigue level. The hardware of the driving sim-
ulator consisted of the Logitech steering wheel called MOMO  force
feedback racing wheel and a Logitech camera. The software of the
driving simulator was  composed of the scene-rendering system,
the audio rendering system, and the automobile dynamics model.
The Logitech camera was  installed on the dashboard to collect the
facial expression of the driver at the wheel.

2.2. Subjects

Twenty healthy male drivers ranging from 22 to 32 (25.6 ± 2.56)
years of age took part in the driving experiment. They all had legal
driver’s licenses and normal sleep-wake habits. They must have
had more than 7 h of sleep prior to the experiment. In addition,
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Fig. 1. The driving simulator.

the drivers had no physical barriers to successfully complete all the
driving tasks.

2.3. Experiment and data collection

2.3.1. Experimental procedure
The experiment was divided into three periods: dawn

(02:00 am–05:00 am), noon (13:30 pm–16:30 pm), evening
(19:00 pm–22:00 pm). The drivers were instructed to drive no
more than 120 km/h in a straight line section and 60 km/h in a
curved section. The drivers were required to complete all the tasks
and ensure safe driving. Prior to the experiment, the drivers famil-
iarized themselves with the operation of the driving simulator and
the completion of the driving tasks.

2.3.2. Data collection
NicoletOne Ambulatory EEG is one of the smallest and light-

est ambulatory recorders, which can record 16 channels of EEG
data with robust signal quality for a wide range of recording needs,
allowing drivers more flexibilities in driving without missing any
data [18]. Sixteen channels of EEG data were recorded following
the international 10–20 Montage system covering the major areas
of the brain. The sampling frequency of NicoletOne is up to 200 Hz.
However, the required frequency is from 0.3 Hz to 20 Hz. The EEG
signal is usually divided into four bands: ı (0.3–3.5 Hz), � (4–8 Hz),

 ̨ (8–13 Hz), and  ̌ (13–20 Hz) [11]. As the band of ı usually appears
in the state of deep sleep, it was not analyzed in the current paper.

2.4. Method

2.4.1. EEG preprocessing
Muscle noise, heart signals, and eye movement usually produce

artifacts in EEG raw data. The efficient elimination of artifacts is very
important, both in visual and in quantitative EEG analysis because
artifacts can mimic  almost any kind of EEG pattern. Moreover, the
artifacts included in the automated analysis can seriously affect
efficiency [1].  The EEG raw signals larger than 50–70 �V are usu-
ally treated as artifacts [10,16].  However, many artifacts cannot be
identified if their amplitude is lower than 50 �V, according to the
present inference. The extended Independent Component Analy-
sis (ICA) was introduced to isolate and remove a wide variety of
EEG artifacts by linear decomposition caused by eye movement,
blinking, and so on [9].

2.4.2. The computation of ratio indices
In the present paper, A1–A2 was  chosen as the reference elec-

trode. The six types of ratio indices were computed from the power
spectrum of EEG data in the three bands (Eq. (1)).⎧⎪⎪⎨
⎪⎪⎩
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where A� , A˛, and Aˇ are the mean power spectra of �, ˛, and
ˇ, respectively (i.e., A� = �fi × Pi/�Pi; fi is the whole number fre-
quency in the � band and Pi is the absolute power obtained using
the Fast Fourier Transform in the � band); A�/ˇ, A˛/ˇ, A˛/� , A�/(˛+ˇ),
A(�+˛)/ˇ, and A(�+˛)/(˛+ˇ) are the ratio indices, respectively; and k is
the number of electrodes.

The six types of ratio indices were grouped with the time interval
of 60 s. The mean value and mean square error (MSE) of the ratio
indices were computed (i.e., the mean value and MSE  of A(�+˛)/ˇ can
be computed as Eq. (2)).⎧⎪⎪⎪⎪⎪⎨
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where A(�+˛)/ˇ,M and A(�+˛)/ˇ,S are the mean value and MSE  of
A(�+˛)/ˇ, respectively, in each group; and e is the total number of
EEG data in one group (time interval). The other types of energy
parameters can be computed in the same way.

3. Results

3.1. The optimal indicator of driver fatigue

Twelve types of energy parameters were computed, and the
optimal indicator was  determined to immediately and efficiently
evaluate driver fatigue. Multiple-attribute decision making was
required, which involved multiple objectives and criteria. In the
current paper, Grey Relational Analysis (GRA) was  introduced
to determine the relative optimal indicator from the alternative
indicators of driver fatigue. GRA is a geometric proximity analy-
sis among the different discrete sequences used to compute the
weights in the criteria [7].  The grey relational grade indicates the
relationship between the reference sequences and the compared
sequences. The larger the grey relational grade of the compared
sequences, the better the result [5].

The grey relational grade can be computed as follows:{
X0(t) = {x0(p)|p = 1, 2, . . . , n}
Xs(t) = {xs(p)|p = 1, 2, . . . , n}

(3)

where X0 (t) is the reference sequence, and the driver fatigue level
is chosen as the reference sequence (alert state is assigned to 1 and
drowsy state is 2); Xs (t) is the compared sequence (12 types of
energy parameters of EEG signal); s is the number of the compared
sequences; and p is the number of samples in a compared sequence.

The grey relational coefficients between reference sequences
and compared sequences were computed as Eq. (4):
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