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Abstract 
 Electrooculogram (EOG) analysis has been used to detect drowsiness stages, using data from 

experiments performed in the VTI driving simulator. The suitability of the existing method 
for blink detection in the EOG signal was evaluated in a preliminary study. Longer blinks 
recognized in the signal were compared to those identified in video recordings from the same 
experiment. All long blinks were not found in the signal, but still enough to consider data 
appropriate.  
 
The method to detect drowsiness is based on a linear relationship between blink amplitude 
and velocity, a method used and defined by Hargutt and Krüger. Self ratings of the 
drowsiness from the driving session, as defined into nine levels, were reduced into four. 
These were used to determine the detection boundaries for the program.  
 
The MATLAB program has shown correspondence with the converted sleepiness ratings. 
Out of six subjects, five showed a correspondence greater than 75%. This demonstrates the 
possibility of applying the amplitude- and velocity linearity on EOG data and an appropriate 
adjustment of the self ratings to the four sleepiness stages.  
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Preface 

 
 
This Master of Science thesis project is the final part of the educational program in Applied 
Physics and Electrical Engineering with focus on Biomedical engineering at the University 
of Linköping. The work was proposed by and carried out at VTI, the Swedish National 
Road and Transport Research Institute. The purpose is to perform electrooculogram 
analysis to detect driver drowsiness and to develop a system for recognition of sleepiness 
stages.  
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1 Introduction 

 
 
Many traffic accidents and fatalities are caused by sleepy drivers (Alm 1995; NSF 2000; Åkerstedt 
2000). To drive safely, it is necessary for the driver to handle the information from the surrounding 
traffic environment appropriately. This ability to perform correctly is deteriorated by drowsiness 
(Alm 1995; Bittner, Hána et al. 2000). Driving and being drowsy is sometimes compared with 
driving under the influence of alcohol or drugs, because sleepiness slows down reaction time, 
decreases awareness and impairs judgment (NSF 2000).  
 

1.1 Problem Definition 
The aim of this work was to develop and test a model for detection and categorisation of driver 
drowsiness by evaluating Electrooculogram (EOG) data from a number of test subjects, who have 
been driving during �normal� and drowsiness conditions in the VTI driving simulator. In the 
experiments, the test subjects were encouraged to focus on traffic safety. EOG data, Karolinska 
Sleepiness Scale (KSS) ratings and driving behaviour data on DVD films were available for the 
subjects. MATLAB should be used for evaluations of the data and for development of the model.  
 
The purpose was not to develop a real time drowsiness detection system since the use of electrodes 
make EOG methods less appropriate for daily use. However, the method applied to analyze EOG 
data can be used on data from video based sensors.  
 

1.2 Background 
Several scientists studying human performance believe that drowsiness is the largest identifiable 
and preventable cause of accidents in transport operations even surpassing that of alcohol 
(Åkerstedt 2000). According to an investigation made by the US National Sleep Foundation, 51 
percent of all Americans admit driving while drowsy (NSF 2000). In a survey, conducted among 
military truck drivers in Israel, approximately 40 % of the drivers reported having fallen asleep at 
the wheel at least once in the past year (Oron-Gilard and Shinar 2000). Åkerstedt and Kecklund 
estimate the number of drowsy drivers to be around 10-20 % and increasing with the level of 
fatalities (Åkerstedt and Kecklund 2000).  
 
For several reasons, it is hard to get reliable statistics of the number of accidents that are actually 
caused by drowsy drivers. Crashes caused by drowsy drivers usually tend to be severe and 
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therefore often the drivers are killed (NSF 2000). Also the fear of prosecution or simply feelings of 
awkwardness, make drivers deny drowsiness as the cause of incidents (Oron-Gilard and Shinar 
2000). The estimated number of accidents due to drowsiness also differs between countries and 
depends on the evaluation method (Hargutt 2003).  
 
It would be of interest to find a system that could detect typical symptoms of drowsiness 
progression and warn the driver before driving behavior becomes dangerous. An early detection of 
impaired driver condition due to drowsiness would probably lead to a reduction of the total number 
of traffic accidents. A lot of research in this matter has already been done but although many 
detection and prediction devices are available on the market today, the validity of most of them 
need to be demonstrated (Hartley 2000).  
 
Several car manufacturers like for example Volvo, BMW and Mitsubishi have presented systems 
preventing the driver from falling asleep at the steering wheel. Volvo has developed a method to 
detect impaired driving behavior, where the system consists of a camera mounted on the back 
mirror. The road markings are detected and a computer calculates the position and direction of the 
car. An electrical steering system brings the car back on track if necessary and the driver is 
warned. The system developed by BMW consists of a camera recording the blinks of the eyes. 
Light diodes warn the driver when the blink frequency, time between blinks, and blink duration 
increases (Andersson 2003). Mitsubishi has developed a system analyzing facial images to 
determine blinking behavior as a measure of driver alertness (Ogawa and Shimotani 1997).  
 

1.3 Overview 
The intention of chapter 2 Drowsiness, 3 EOG and 4 Blinks is to give the reader a better 
understanding of the main problems and the state of art in this research area. In chapter 5 Summary 
the main points are summarized.  
 
A description of the experimental design, data collection and processing is given in chapter 6 
Material. In chapter 7 Signal Analysis, two different methods to recognize blinks are compared 
and a model for detection of drowsiness stages is proposed and implemented.  
 
At the end of the thesis, in chapter 8, 9 and 10 the results are presented and discussed. More or less 
common words and definitions are listed in chapter 11 Words and Definitions. 
 
.
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Background Theory 

2 Drowsiness 

 
 
It is important to distinguish between fatigue and drowsy. According to the dictionary 
(EncyclopediaBritannica) fatigue is a �specific form of human inadequacy in which the individual 
experiences an aversion to exertion and feels unable to carry on�.  This means that the individual 
feels a strong unwillingness to spend any effort. This could for example be the outcome of hard 
physical work or other activities that uses the energy supply system of the body.  

Drowsiness is a state of decreased awareness or alertness associated with a desire or tendency to 
fall asleep. Drowsiness is therefore the brains last step before falling asleep. It is a normal and 
natural companion of fatigue but it does appear alone. Experts say, drowsiness during the day, 
even during boring activities, indicates a sleeping disorder (Discovery; NINDS). In this thesis 
drowsiness and sleepiness are considered synonymous.  

Sometimes the antonyms wakefulness, vigilance or alertness, are used to describe the grade of 
drowsiness. It is important to be familiar with these words since they appear frequently in the 
literature. Vigilance is a synonym for watchfulness and alertness is the same as attentiveness or 
preparedness, which indicates that somebody is prepared for quick changes (Skoldatanätet).  
 

2.1 Categorization 
Drowsiness very often leads to sleep. Five different stages of sleep can be identified, which all 
have their own characteristics (Belz 2000). A drowsy driver is most certainly in the state of 
wakefulness or in the first stage of sleep. Wakefulness is characterized by a high tonic 
Electromyogram (EMG) in the facial muscles. Rapid eye movements (REM) and eye blinks are 
present. The sleep onset occurs between wakefulness and sleep. During a few minutes the sleep is 
characterized by very light sleep with slow eye movements (SEM) that can last several seconds 
(Wierwille, Wreggit et al. 1994; Belz 2000).  
 
According to several researchers (Lairy and Salzarulo 1975; Planque, Chaput et al. 1991) SEM are 
characteristic indicators of the transition from wakefulness to sleep. Since SEM are easily 
distinguished they could in fact be a distinctive sign of drowsiness.  
 
Categorization of drowsiness is difficult. Both a driver and an observer are able to rate the 
drowsiness from experienced and observed behavior. But this judgment is subjective and not an 
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absolute method and the ratings can therefore not be put on a nominal scale. For absolute methods 
physiological measurements like for example Electroencephalogram (EEG), EMG or EOG are 
necessary (Thorén 1999).  
 

2.1.1 Sensitivity and Specificity  
When categorizing drowsy drivers, either as able to drive safely or not, there is a risk of 
misjudgment. All drowsy drivers might not be detected and some alert drivers might be warned 
without reason. This must be considered when developing a drowsiness detection system. The 
terms used in the context are sensitivity and specificity.  
 
High sensitivity implies that the system identifies all individuals able to drive safely and has the 
advantage that the risk of missing a capable driver is low. On the other hand the risk of letting a 
non capable driver pass is high. High specificity means that drowsy drivers are effectively 
distinguished, but with the risk of an increasing number of missed but capable drivers. This is 
illustrated in table 2.1 below.  
 
 Warned Not warned 
Capable of driving safely Incorrectly warned  Correctly not warned 
Not capable of driving safely Correctly warned Missed to warn drowsy driver 

 
Table 2.1: Possible result of a drowsiness detection system. 

  

2.2 Possible Measures  
There are generally four different methods used to measure drowsiness; Physiological measures, 
behavioral measures, performance measures and self-report (Sherry 2000). As the names indicate, 
the methods are of different character and their validity differs according to their subjective or 
objective nature. Since they were originally designed for laboratory environment they have varying 
application possibilities in cars.  
 

2.2.1 Physiological 
In several tests, EEG has been shown a good measure of drowsiness (Mabbott, Lydon et al. 1999; 
Belz 2000). By fixing electrodes to the scalp, alpha, beta and theta brain waves can be examined 
and the brain status from fully alert to falling asleep can be recognized. But EEG is unpractical to 
measure in the car and therefore most useful as a reference, when calibrating other measures 
(Sherry 2000).  
 
Other physiological measures are for example EOG and EMG. It seems natural to believe that 
sleep onset, the moment when a person falls asleep, is related to certain muscle activities. But 
according to Erwin (Erwin, Volow et al. 1973) muscle activity measurements offer no predictive 
information to sleep onset. Sometimes muscle activities do not change until after several minutes 
of sleep.  
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Visual information is of vital importance when driving (Knipling, Wang et al. 1996). This 
indicates that measurements of eye closure (i.e. eye lid is closed longer than one second), eye 
movements and ocular physiology are appropriate methods of detecting driver drowsiness 
(Hartley, Horberry et al. 2000). This can be measured with EOG.  
 
This correlates well to literature studies proposing blink amplitude, i.e. eyelid opening level, and 
blink duration as most usable of the eye measurements (Thorén 1999). Blink duration is the time 
between a lid closure and a lid opening, see definition of blink duration for this thesis in chapter 
7.1.1 Blink Duration. It also correlates to the statements that eyelid closure and related eye 
measures are one of the most promising and reliable predictors of drowsiness (Kircher, Uddman et 
al. 2002).  
 
PERCLOS 
One system for ocular measure of driver alertness, with increasing popularity is PERCLOS 
(Percent eyelid Closure), first introduced by Wierwille (Wierwille, Ellsworth et al. 1994). As the 
name indicates, the measuring procedure involves percentage of eyelid closure for detection of 
drowsiness. A video camera directed towards the eye of the subject records eyelid closure, rate of 
blinking and degree of closure (Sherry 2000). The system has been acknowledged as both reliable 
and valid in a study by the US Federal Highway Administration (Knipling and Rau 1998). Today 
many authors refer to PERCLOS as a standard for detection of drowsiness (Kircher, Uddman et al. 
2002).  
 

2.2.2 Behavioral 
Behavioral indicators of drowsiness, which are the same as observations of body movements, show 
two possible methods relating to driver alertness states. Body movements are measured directly, by 
a device called Actigraph or recorded by a camera. The actigraph detects activity by sensing 
motions via an internal accelerometer (Actigraph). The subject can for example wear a wristwatch 
device that detects wrist movements. Several studies have found significant relationship between 
EEG levels and the presence of sleep that has been indicated by actigraph measures (Sherry 2000).  
 
According to a study at the technical university in Prague regarding the typical course of events, 
driving is characterized by alertness and frequent looks in the mirrors at the beginning of the drive. 
This alertness is soon replaced with repetitiveness and decreased activity appears after 30-60 
minutes. At this stage the driver moves his eyes rather than turning his head when looking in the 
mirrors. When starting to feel tired the driver stretches his body and increasing feelings of 
drowsiness makes him yawn and he starts bending his head to the left or to the right. Deep breaths 
now and then are regarded as a sign of increasing drowsiness (Bittner, Hána et al. 2000).  
 
In a research report (Galley and Schleicher 2002) different behavioral indicators are put into four 
categories representing different levels of drowsiness. For example yawning is placed in the least 
severe group while having the eye lids closed for longer than 2.5 seconds is in the most severe 
group.  
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2.2.3 Self-report 
There are a few subjective sleepiness scales used today to describe the states of sleepiness. The 
three most eminent, according to Belz (2000), are listed below. These are subjective measures of 
drowsiness, and even though they are all designed to somehow detect sleepiness their focus and 
performance make them more or less useful in different situations. The main differences are the 
number of stages and how the level of sleepiness is described in the stages.  
 

•  Stanford Sleepiness Scale.  
•  Visual Analog Scales  
•  Karolinska Sleepiness Scale 

 
The Stanford Sleepiness Scale (SSS) which was developed in 1973, put emphasis on the detection 
of increasing feelings of sleepiness. The scale is divided in seven steps from awake to almost 
asleep and the object is asked to circle the number at the description that best corresponds to the 
way he feels at the moment. The SSS has been proven approachable and applicable to driving 
(Wylie, Shultz et al. 1996). 
 
The Visual Analog scales (VAS) were used as a complement to the SSS and the objective was to 
create a relative measure of drowsiness. VAS gives emphasis to various aspects influencing the 
relative experience of sleepiness. Instead of stages the rating contains three lines, from fresh to 
tired, clear headed to muzzy headed and very alert to very drowsy. The object is asked to place a 
mark at a point on each analog scale. This scale has been shown to be sensitive to the progressive 
effects of fatigue (Williamson, Feyer et al. 1994).  
 
The KSS developed by Åkerstedt and Gillberg focuses on detection of absolute levels of 
drowsiness. The scale contains nine levels from extremely alert to extremely sleepy, fighting sleep. 
Since KSS in several studies has been demonstrated to be correlated to EEG and EOG indicators 
of sleepiness (Åkerstedt and Gillberg 1990; Kecklund, Åkerstedt et al. 1994), it is an interesting 
scale for the intentions of this project. The KSS is shown in figure 2.2 below:  
 

Karolinska Sleepiness Scale 
Here are some descriptors about how alert or sleepy you might be 
feeling right now. Please read them carefully and then circle the 
number that best corresponds to the statement describing how you 
feel at the moment.  

1 Extremely alert 
2  
3 Alert  
4  
5 Neither alert nor sleepy 
6  
7 Sleepy but no difficulty remaining awake 
8  
9 Extremely sleepy, fighting sleep 

 
Table 2.2: Karolinska Sleepiness Scale (Åkerstedt and Gillberg 1990) 

 
The original KSS was modified by Reyner and Horne 1995, who added verbal descriptions to 
intermediate steps, which do not have any descriptions in the original version. This was made to 
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help the subject use all nine rating scores, since in the original KSS the subjects more often report 
scores that have verbal descriptions. The modified version of the KSS is shown in table 2.3 below 
(Horne and Reyner 1995).  
 
 
 

 

 
 
 

 
 

 
Table 2.3: Modified version of the KSS by Reyner and Horne. 

 

2.2.4 Performance 
According to some literature the most powerful determinant of decreased performance is the time 
on task, which is also called task duration (Dinges and Kribbs 1991). Two methods used as driving 
performance measures are lateral position and steering wheel related measures. The relation to 
drowsiness originates from the observation that drowsy drivers are inattentive to the driving task 
and less sensitive to small movements, which may lead to a falling number of steering wheel 
adjustments and prolonged reactions (Wierwille, Wreggit et al. 1994).  
 

2.3 Effect on Driving 
Most people would agree that the effects drowsiness has on driving are nothing but negative. 
According to Virginia Commonwealth University, the second leading cause of distraction on the 
road is driver drowsiness, estimated to cause 12 % of the crashes related to distraction. The leading 
cause (16%) is looking at crashes, vehicles, roadside incidents or traffic. Driver distraction is 
involved in approximately 20 to 30 % of all vehicle crashes (VCU 2003).  
 
According to the National Highway Traffic Safety Administration (NHTSA) drowsiness leads to 
crashes because it impairs parts of the performance that are important to safe driving. Impairments 
like slower reaction time, reduced vigilance, deficits in information processing are also suggested. 
This corresponds with the statement that making small mistakes, called lapses, is one of the most 
likely aspects of performance by a sleepy person (Dinges and Kribbs 1991). A Canadian driver 
fatigue and alertness study (Wylie, Shultz et al. 1996) has found the following characteristic 
consequences of drowsiness: 
 

Rate Verbal descriptions 
1 extremely alert 
2 very alert  
3 alert 
4 rather alert 
5 neither alert nor sleepy 
6 some signs of sleepiness 
7 sleepy, but no effort to keep alert 
8 sleepy, some effort to keep alert 
9 very sleepy, great effort to keep alert, 

fighting sleep 
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•  Increased lapses of attention 
•  Increased information processing and decision making time 
•  Increased reaction time to critical events 
•  More variable and less effective control responses 
•  Decreased motivation to sustain performance 
•  Decreased psychophysiological arousal like brain waves and heart activity 
•  Increased subjective feelings of drowsiness or fatigue 
•  Decreased vigilance like watchfulness 
•  Decreased alertness like readiness  

 
As mentioned before drowsy driving is sometimes compared with driving under the influence of 
alcohol. Although the level of alcohol influence can be measured it is hard to exactly know when 
alcohol makes the driving dangerous. When it comes to drowsiness, it is even harder since there 
are no practical and reliable tests that can be used for example by the police at the roadside. The 
National Highway Traffic Safety Administration (NHTSA) statistical investigations and evidence 
from car crashes has been used to set up the following characteristics of a typical crash related to 
drowsiness (Wylie, Shultz et al. 1996):  
 

•  The problem occurs during late night, early morning or mid afternoon. 
•  The crash is likely to be severe 
•  A single vehicle leaves the roadway 
•  The crash occurs on a high-speed road 
•  The driver does not attempt to avoid a crash 
•  The driver is alone in the vehicle 

 
The best way to avoid the risks that are enclosed with driving in a too drowsy state is to take a 
break and sleep for a while till one feels alert again (Andersson 2003).  
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3 Electrooculogram (EOG) 

 
 
EOG is a method to record eyeball movements which uses equipment commonly used in 
psychophysiological laboratories. The basis is the electrical potential difference between the front 
and back of the eye (Andreassi 2000). EOG has been found as a possible measure method for all 
different types of eye movements except for intra ocular movements (Stern, Ray et al. 2001).  
 
According to Galley (Galley and Schleicher 2002) EOG is a suitable tool for objective 
characterization of drowsiness. One advantage of EOG in comparison to other methods is the 
possibility to use a sufficiently high scan rate which is necessary for reliable recording of lid 
closure. Another advantage is the correspondence between EOG and the saccadic eye movements, 
which are the conjugate fast eye movements from one fixation point to the other.  
 

3.1 Generation of the Signal 
The cornea in the front of the eye is electrically positive and the retina in the back is negative. This 
makes the eyeball a dipole. When electrodes are placed on the skin, any movement makes the 
poles come nearer to or farther away from those electrodes. If a person looks straight forward, a 
stable baseline potential is recorded. When the eyes move, potential changes are detected 
depending on the direction of the movements. EOG can be used to detect eye movements up to 70 
degrees from central fixation and the accuracy is better than two degrees (Andreassi 2000; Stern, 
Ray et al. 2001). Figure 3.1 illustrates the electrical potential changes when moving the eyes 30 
degrees to the right. 
 

 
Figure 3.1: Change of the electrical potential as a result of looking 30 degrees to the right (Butler). 
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3.1.1 Eye Movements 
The purpose of eye movements is to let object images fall in the region of the sharpest vision. This 
means they allow the eyes to focus on the objects of interest. The movements are controlled by six 
muscles, innervated by the third, fourth and sixth cranial nerves. These muscles are working in 
pairs, controlling horizontal (lateral and medial recti), vertical (superior and inferior recti) and 
circular movements (superior and inferior oblique), see figure 3.2 below (Andreassi 2000; Stern, 
Ray et al. 2001). Eye movements have special characteristics at different stages of alertness and 
sleepiness, but they will not be investigated in this thesis.  
 

 
Figure 3.2: The muscles controlling the eye movements (Andreassi 2000). 

 
 

3.1.2 Biological Potentials 
Biological potentials are caused by ion transport over the cell membrane. Nerve impulses and 
electrical impulses that start muscle contractions are produced by quick changes in the membrane 
potential. As the nerve and sense cells are stimulated small changes occur in the membrane 
potential. This gives rise to action potentials quickly reproducing along the axon. The nodes of 
Ranvier (see figure 3.3 below) in the myelin sheet speed up the course of events by making it 
possible for the action potentials to conduct from node to node rather than continuously over the 
entire fiber. The action potentials in the muscle fibers make the muscles contract to control the eye 
movements (Guyton 1981; Haug and Sand 1992).  
 
The blink reflex is a highly developed protective mechanism in which the eyelids drop and the eye 
globes roll up so that the cornea is taken out of harm. Regular blinks use the same neural pathways 
as the protective blink reflexes (Adinstruments 2003). This is the reason why blinks can be 
measured like biological potentials. An illustration of reproducing action potentials is shown in 
figure 3.3.  
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Figure 3.3: Reproduction of action potentials over the axon (Butler). 

 
 

3.2 Methods of Measurements 
To measure the electrical potential of the eye ball electrodes are placed on the skin around the eye. 
Before placing the electrodes on the skin some preparations are necessary. For appropriate 
conductance and reduced drift, the skin is rubbed gently with a wet towel. Since alcohol can lead 
to discomfort or damage to the eyes excess oils are removed from the skin by washing with water 
or electrode paste. (Andreassi 2000; Kircher 2001).  
 

3.2.1 Electrode Placement 
Depending on the type of eye movements to be recorded the electrodes are placed differently. For 
detection of horizontal motion there is generally one electrode in the outer edge of each eye which 
gives a binocular recording, Monocular recording is also possible and accomplished by placing 
electrodes in the inner edges as well. With electrodes above and below the eye vertical movements 
are measured. Vertical recordings are usually monocular because the eyes move synchronously 
(Andreassi 2000; Stern, Ray et al. 2001). The cables are placed so they don�t disturb the test 
person or can be ripped off unintentionally by body movements (Kircher 2001). The placement of 
electrodes for horizontal and vertical recording is illustrated in figure 3.4 below:  
 

 
Figure 3.4: Electrode placement for EOG measures (Kircher 2001). 

 

Nodes of Ranvier 
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3.2.2 Problems 
According to the literature (Andreassi 2000; Stern, Ray et al. 2001) there are very few problems 
associated with the EOG recording technique. Slow DC baseline drift appears, which means 
deviation from the horizontal line over time, but modern electrodes and amplifiers significantly 
reduce that influence.  
 
By optimizing the contact between skin and electrodes the effects of possible induced potentials 
are minimal. Head moving may otherwise cause induced potentials in the electrode cables if there 
are electromagnetic fields in the room.  
 

3.3 Blink Pattern 
Vertical recording is used for blink detection with EOG. The waveform of a normal blink in an 
alert state has a sharp rise and fall and a short duration (Andreassi 2000). There is no explanation 
for this appearance in the signal when blinking. Therefore, sometimes the blinks are called blink 
artifacts. Why the signal noise disappears when blinking is also unknown.  
 
Typical parameters for detection of drowsiness in the EOG are blink amplitude, blink duration and 
blink frequency. In a �normal� state the amplitude is high and the duration short because of the 
sharp rise and fall. The frequency is low in �normal� state. This means that the eyelids are far apart 
before they close for a tiny moment and that this procedure is repeated with long intervals.  
 
As a person gets tired the amplitude lowers, the duration gets longer and the frequency increases. 
Typical samples of blink pattern describing the course of events from an alert state with short 
blinks to a very drowsy characterized by longer flat blinks are shown in figure 3.5 below. The 
appearance of the long flat blinks often makes it hard to distinguish them from the saccades, 
compare figure 3.1. Blinks lasting longer than 0.5 seconds are difficult to detect.  
 
 
 

 Awake  Very drowsy 
Vertical 
recording 

 

 
Horizontal 
recording 

 
 
Figure 3.5: Different EOG blink pattern for both vertical and horizontal recording originating from an alert state at the 
left and a very drowsy state at the right (Kircher 2001).  
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3.4 Sleep Stages in EOG 
Since SEM is typical for drowsy wakefulness and the onset of sleep, it is interesting to know their 
characteristic pattern in the EOG signal, although SEM will not be investigated further in this 
thesis. According to Wierwille, Wreggit et al. (1994), SEM are represented by slow deflections 
lasting more than a second. These are seen in the two uppermost signals representing the stage of 
wakefulness and the first stage of sleep in table 3.1 below. The entire table represents all sleep 
stages from wakefulness to REM.  
 
The amplitude of the EOG is initially normal, see Wakefulness, but with the degree of drowsiness 
it increases, Stage 1. In the second stage of sleep, Stage 2, when the SEM has stopped, the 
amplitude of the signal is very low and hard to see. As the REM starts the fast eye movements are 
recorded and the EOG pattern changes in nature again.  

 
Sleep stage Electrooculogram 

Wakefulness 
 

Stage 1 
 

Stage 2  
Stage 3 

 
Stage 4 

 

REM 
 

 
Table 3.1: Sleep stages and their corresponding EOG. The source is a report by Belz who has adapted 

and matched the information from both Carscadon and Dement as well as Moorcroft (Belz 2000). 
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4 Blinks 

 
 
A blink is defined as a temporarily hiding of the eye because touching of the upper and lower lid 
(Andreassi 2000). At first this sounds like a logical and unambiguous explanation. But blinks need 
to be separated from eye closures, which is accomplished by measuring the time from lid closing 
to lid opening. Therefore a blink is generally defined as a lid closure followed by a lid opening 
within one second and any longer closure is defined as an eye closure (Quartz, Stensmo et al. 
1995). For more special descriptions of blink durations and definition of eye closure in this thesis 
see chapter 7.1.1 Blink duration.  
 

4.1 Physiological Function of Blinks 
According to the dictionary (EncyclopediaBritannica) closure of the eye lids is achieved by 
contraction of the orbicularis muscle. This muscle is described as �a single oval sheet of muscle 
extending from the regions of the forehead and face and surrounding the orbit into the lids�. It is 
divided into an orbital and a palpebral part, and it is basically the palpebral part, that causes lid 
closure.  
 
The primary functions of the blinks are to keep the corneal surface from getting dry and to protect 
the eyes from dirt or other possible damage. This is accomplished by three different kinds of 
blinks. One is voluntary and two are involuntary. The voluntary blinks are logically the result of 
the decision to shortly close the eyes. The involuntary blinks are divided in two sub groups. The 
first contains blink reflexes to protect the eyes from any possible harm and the second contains 
reflexes to maintain corneal moisture (Andreassi 2000).  
 

4.2 Factors Affecting Blink Behavior  
According to some researchers, (Stern, Boyer et al. 1994; Andreassi 2000),  the blink frequency is 
strongly correlated to psychological factors like mood state and task demands. The typical blink 
frequency is about 15-20 times per minute in a stress-free state, but can go down to three per 
minute during reading. There are also large individual variations. The decrease in blink frequency 
appears for example when a task requires close attention. During time pressure or stress, when 
close attention also is required, the blink rate increases.  
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Blink frequency has also been shown to be influenced by time on task, which means that a 
distinction of alert and drowsy blink rate can be made. With the success of the PERCLOS system 
it is clear that a frequent closure of eye lids is a sign of severe driver drowsiness (Galley and 
Schleicher 2002). The two other measures that were found to be the best indicators by the same 
investigation were the increasing delay in lid opening and the increase in blink duration. Increasing 
blink duration has been demonstrated as a reliable indicator of a lowered level of alertness in other 
investigations (Stern, Boyer et al. 1994; Andreassi 2000).  
 
According to Stern and coworkers (1994) as well as Andreassi (2000) there is a notable connection 
between blink amplitude and performance errors. Demonstrations have shown that blink 
amplitude, the eyelid opening level, decreases with the increase in performance errors, which is 
also related to the time on task. As the time progresses the subject gets more tired and the eyelids 
partly close. The blinks are then smaller in amplitude than those originating from wide open eyes. 
(Stern, Boyer et al. 1994; Andreassi 2000) 
 

4.2.1 Drowsiness Stages Based on Blink Behavior 
In a study made by Hargutt and Krüger changes in eyelid movements were demonstrated to be 
characterized by two different processes. First a change of blinking frequency related to the 
changes of attention and secondly a change of blinking duration connected with the development 
of drowsiness.  
 
The velocity of blinks (velocity of eyelids when blinking) was also demonstrated to be controlled 
by its amplitude and the relationship was found linear. This makes it possible to calculate an 
expected blink velocity for each blink when knowing the amplitude. Since the duration is the time 
required for the eyelid to move a particular distance, also the expected blink duration can be 
measured. The study resulted in four stages of drowsiness presented in table 4.1 below (Hargutt 
and Krüger 2000).  
 

Stage Blink characteristics  
Awake Long blinking pauses and short blinking durations 
Low vigilance Short blinking pauses and short blinking durations 
Drowsy Long blinking durations 
Sleepy Very long blinking durations and/or single sleep events and

a low eyelid opening level 
 

Table 4.1: Drowsiness stages by Hargutt and Krüger. 
 
Long blinking pauses is equivalent to low blink frequency. Sleepy is used for the state more often 
called the onset of sleep. In the sleepy state the low amplitude can make it rather difficult to detect 
blinks. It is possible that this complication itself could be a measure of drowsiness and thus turn in 
to something constructive, but this will not be treated in this thesis. 
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5 Background Summary 

 
 
Both eye movements and blink behavior can provide an appropriate and reliable measure of 
drowsiness. The best indicators of a decrease in alertness are increasing blink duration and 
increasing blink frequency followed by eye closures. The falling blink amplitude which comes 
together with lower blink velocity is also typical. Slow eye movements are known to be 
characteristic for the sleep onset.  
 
EOG is a suitable physiological measure for eye movements as well as blinks, even though the 
method is not so practical for use in cars. The important indicators mentioned above can be 
recognized in the measured signal and their variation over time analyzed. The most complicated 
but also most essential part is to find the special characteristics before sleep onset. This makes the 
finding of SEM less interesting.  
 
Knowing the blink characteristics of the four stages of drowsiness should make it easier to find 
relations between changes in blink behavior and severity of drowsiness. The linear relationship 
between the blink amplitude and the blink velocity is very interesting as well. By studying both the 
changes in blink frequency and the differences between expected and found blink duration, the aim 
is to set up a model for detection and categorization of drowsiness.  
 
The changes in blink behavior can also be compared to the subjective ratings made by the drivers. 
Even though they are not absolute measures it would be interesting to evaluate if there is a 
correspondence and how strong it is. Since it has been suggested that blinking frequency is related 
to changes of attention and blink duration to development of drowsiness, it would be of great 
interest to consider at which blink duration and blink frequency the subjects rate themself as most 
drowsy.  
 
. 
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Material and Methods 

6 Material 

 
 
The material used in this thesis was EOG data collected at VTI in October 2002 using the driving 
simulator and the VITAPORT II which is a portable digital recorder with eight channels for 
physiological measures (Temec). Electrocardiogram (ECG), vertical EOG and horizontal EOG 
were recorded. A marker signal was used to synchronize the documented data with data from the 
simulator. The physiological data was stored in split ASCII format where each channel was stored 
in a separate file. The parameters set when recording were sampling rate (512 Hz), limits for high- 
and low pass filter along with the amplification.  
 

6.1 Data Collection 
The heavy truck simulator at VTI was used for the experiment and ten professional truck drivers 
acted as test drivers. The driving task was divided in two parts, both performed on a motorway and 
lasting for two hours. One driving session began in a fully awake condition after the subject had 
slept all night while another was performed in the night after being awake all day. Half of the 
subjects started with the alert condition session and the other half with the drowsy condition 
session. The task was designed to be extremely boring and monotone with no other traffic and only 
performed on a straight motorway.  
 
During the experiment the test persons rated their own sleepiness on the modified KSS, see chapter 
2.2.3 Self Report. The subjects rated their sleepiness every five minute, reminded by a request on 
the screen. The KSS ratings were stored in excel files.  
 
The test persons were video recorded during the drive, which made it possible to afterwards see the 
cause of events during the experiment. The film was also used by Siemens to detect blinks with an 
ELS camera, see chapter 7.1 Comparison of Blink Data.  
 

6.2 Data Processing 
Data was processed before used in this project. A MATLAB program, originally created by 
Thierry Pébayle at CEPA- CNRS and modified by VTI, was used to identify start-, peak- and stop 
positions in blink complexes in the EOG signal. However all data was visually examined and 
corrections were made for false detections and blink complexes missed out on. How the blink 
duration was measured is described in 7.1.1 Blink Duration. The program identified peaks in the 
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EOG signal as positions of local maxima that were higher than a variable but preset threshold 
value. This was obtained by a low pass filtration of the EOG curve and shifting it in positive 
direction. The threshold curve and the low pass filtration were set manually.  
 
In the program, start- and stop positions were defined as the locations closest to the peak value, 
below the threshold curve, where the slope of the EOG curve was minor or equal to a predefined 
value. This value was specified in the program and could not be set manually.  
 
These data positions were stored in text files with four columns containing start-, peak- and stop 
position along with duration for each blink complex identified in the EOG signal. The KSS ratings 
were stored in excel files.  
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7 Signal Analysis  

 

7.1 Comparison of Blink Data 
After the driving simulator experiments were finished, the blinks in the data set were detected by 
two different methods. One method, used at VTI, investigated the EOG data and recognized the 
blinks with signal analysis, as described in chapter 6.2 Data Processing. The other method 
developed by Siemens identified the blinks by post processing of video recordings with a special 
camera called Eyelid sensor (ELS). A comparison was performed to see how well the two methods 
correlated, i.e. if both found the same blinks or if either method missed out on some blinks with 
certain characteristics.  
 

7.1.1 Blink Duration 
Since it is well documented that the blink durations become longer and longer as a function of task 
time (Stern, Boyer et al. 1994; Andreassi 2000), the time when the blinks occurred was not taken 
into consideration. The blink duration was measured in the EOG signal as the sum of half the rise 
time and half the fall time, see figure 7.1.  
 

 
Figure 7.1: The blink duration is defined as the sum of durations in 

half the rise part and half the drop part of the blink amplitude. 
 



Chapter 7- Signal Analysis 
 

22 

This way of measuring blink duration results in a different definition of eye closures than the one 
introduced earlier, established on a duration measured from blink start to blink stop. Eye closures 
are now classified as blinks with duration longer than 0.5 seconds.  
 
To compare the number of blinks with certain durations found in the EOG data and the ELS data 
respectively, the blink data were first sorted in ascending order of duration and then sorted into 
intervals to survey the distribution. The comparison was based on data from three test subjects in 
their tired condition, chosen for their good data quality. For the outcome of this comparison, see 
chapter 8 Results. 
 

7.2 Model for Categorization of Drowsiness 
From the outcome of the literature review a model for analysis of drowsiness stages in individual 
subjects was constructed, see flow chart in figure 7.2 on the next page. On the basis of the linear 
relationship between the blink amplitude and the blink velocity made by Hargutt and Krüger, see 
table 4.1, the difference between expected and found blink duration is calculated.  
 
Since the two first stages of drowsiness include short blinking durations and the remaining long 
blinks, this is the first criteria used to analyze the signal. The blinks with �normal� durations 
should then be checked for high or low blink frequency where the first indicates a state of 
wakefulness and the latter a condition of low vigilance.  
 
If the blink duration is considered as longer than normal there is a check for appearing eye closures 
and low eye lid opening level. If none of them come into view the subject is stated as drowsy but if 
either of them is present this can be an indication of sleep onset. In a real time system this would 
be the moment when the driver should be warned.  
 

7.2.1 Boundaries 
There are some boundaries needed to be defined for the model described above. The first is the 
minimum difference between desired and found blink durations that should indicate a too long 
blink. Allowed deviations from the subject�s �normal� blink frequency and blink amplitude need 
to be determined as well. The normal values are chosen as mean values in alert state.  
 
Eyelid closures, that together with low amplitude indicate sleep onset, are already defined in 
chapter 7.1.1 Blink Durations as blinks with duration longer than 0.5 seconds.  
 
The mean values and standard deviations of the variables in an alert state as well as the subjective 
ratings made by the test persons were used for determining these boundaries. The standard 
deviation is a good reflector of the individual variation and the significant difference has been 
evaluated with t-tests, since that is a suitable statistic method to compare mean values, see A1 T-
test.  
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Figure 7.2: Flow chart of the model for categorization of drowsiness. 
 

7.2.2 Drowsiness Stages in KSS 
The results presented by Hargutt and Krüger, see chapter 4.2.1 Drowsiness Stages Based on Blink 
Behavior, was used as a basis for applying the four stages of sleepiness to the KSS, see table 7.1. 
This adjustment is only a suggestion based on the description of the stages in their results.  
 
According to their study the development of drowsiness is characterized by two different 
processes. At first there is a change in attention between awake and low vigilance which ought to 
agree with the difference between the alert and rather alert state in the KSS. The next process is 
connected with the development of drowsiness and therefore drowsy is matched with the states of 

Calculate expected velocity 
for every blink amplitude 

Determine allowed deviation 
for normal duration 

Calculate expected duration 

Check difference between 
expected and found duration 

Check if duration > 0.5 s and 
low eyelid opening level 

Find personal normal blink 
frequency 

Determine allowed deviation 

Check if high, low or normal 
blink frequency 

Normal 

Difference 

Sleep onset Drowsy Low Vigilance Awake 

High Normal or low None Either 

Find constant for relationship 
between amplitude and 
velocity in alert state 
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sleepy in the KSS. Sleep onset, when one cannot control sleepiness anymore is in line with the last 
level of the KSS, fighting sleep.  
 

 
Rate Verbal descriptions Sleepiness Stage 

1 extremely alert Awake 
2 very alert  
3 alert  
4 rather alert Low vigilance 
5 neither alert nor sleepy  
6 some signs of sleepiness  
7 sleepy, but no effort to keep alert Drowsy 
8 sleepy, some effort to keep alert  
9 very sleepy, great effort to keep alert,

 fighting sleep 
Sleep onset 

 
Table 7.1: The four Sleepiness stages applied to the KSS. 

 
 

7.2.3 Drowsiness Program 
The program for detecting stages of sleepiness is built up by several programs, solving or 
structuring parts of the main problem, see functions and relations in figure 7.3. The first program, 
Find Peak, finds blinks in the signal and gives the start-, stop- and peak positions. This procedure 
is performed both in the alert and drowsy state and therefore data from both states are needed. A 
sample output is shown in A2.1 Blink Positions.  
 
Constant is the next program, which calculates the constant for the linear relationship between 
amplitude and blink velocity, using the blinks found in the first ten minute interval of the alert state 
signal. The constant is individual, but the linearity is noticeable, see A2.2 Constant Figures.  
 
A small program, Boundaries, determines the boundaries from the mean values and standard 
deviations of the blink amplitude, blink frequency and the difference between expected and found 
blink duration in the alert state. The expected blink duration for each blink is calculated using the 
constant and the position of the start-, stop- and peak in the blink complex.  
 
The Drowsiness Program calls the constant program and also calculates expected blink durations 
for all blinks using the calculated amplitude from the start,- stop- and peak positions. The blink 
frequency is also measured and the eye closures are recognized from the definition in 7.1.1 Blink 
Duration. All blinks are examined looking at ten blinks at a time. Then the window is moved one 
blink forward looking at the next ten blink interval. The conditions for categorisation of the 
intervals are described in table 7.2 below. The stages are listed in order of priority, since the 
program first examine if the blink behaviour indicate sleep onset. See next chapter for description 
of how the threshold values were determined. 
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Level Condition for ten blink interval 
4 Sleep onset Half of the blinks contain an eye closure or a low  

eyelid opening level 
3 Drowsy Difference between expected and found duration is 

exceeding the boundary for more than a third of the 
blinks 

2 Low vigilance Exceeding frequency appears 
1 Awake No other condition fulfilled 

 
Table 7.2: Conditions for categorisation of blinks in ten minute intervals. 

 
Convert is a program converting the KSS rating into the four sleepiness stages described in table 
7.1. Finally the Drowsiness Program Interval is used to detect stages of drowsiness for every five 
minutes of the signal and the diagnosis is compared to the converted KSS rating, see table 7.1. The 
result contains numbers where 1 is awake and 4 is sleep onset.  

 

 
 
 

Figure 7.3: Program Structure. 
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7.2.4 Chosen Boundaries 
A correspondence of 75 % between KSS ratings and drowsiness level from the program was 
considered satisfying. This implies that when comparing the data from a two hour session, at least 
18 of 24 intervals must agree. Running the drowsiness program and comparing the results between 
sessions has shown best correspondence with the boundaries presented in table 7.3 and the number 
of allowed blinks exceeding boundaries described in 7.2.3 Drowsiness Program.  
 

Variable Boundary 
Amplitude M - 3σ 
Differing durations M + 2σ 
Frequency M + σ/2 

 
Table 7.3: Chosen boundaries for the variables where  

M is the mean value in alert state and σ is the standard deviation 
 
The goal was to find boundary and threshold values so that the algorithm would classify the level 
of drowsiness in good correspondence with the converted self ratings as possible. This was largely 
done by trial and error. By adjusting the values and running the program several times, the results 
from different sessions could be analyzed. The numbers of blinks with certain characteristics and 
the boundary values above have been found simply by running the program repeatedly and 
comparing the results. No other recommendations have been found in the literature. However there 
is a scientific background in for example assuming that longer blinks indicate an increased level of 
drowsiness. The first boundaries tested were mean value plus one standard deviation for the 
differing duration and blink frequency along with mean value minus one standard deviation for 
blink amplitude.  
 
Data from two of the subjects used for the comparison of blink data were used for finding 
boundaries of the program that lead to satisfying correspondence. With the chosen boundaries 
above, their correspondences with the KSS ratings were 92% and 75% respectively. This signifies 
that the diagnosis and the converted self ratings gave, for the two subjects each, the same result in 
22 and 18 of total 24 intervals. The subject with the least correspondence had a data reduction of 
ten minutes, meaning two intervals contained no blinks. The validation of the program and 
resulting boundaries are described in 8.3Validation and Modifications.  
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8 Results 

 

8.1 Observations in data 
For subject number two approximately four times as many blinks were found with the method 
analyzing the EOG than with the one recognizing blinks from the video recordings. The latter one 
contained only 800 blinks with duration shorter than 0.2 seconds, while the first included 6200 
such short blinks. On the contrary the ELS data included 986 blinks with duration longer than 0.2 
seconds and the EOG data only 573. The correspondence of number of blinks with the same 
duration is highest between 0.31 and 0.75 seconds.  
 
Even EOG blink data from subject number six included four times as many blinks as ELS blink 
data. This huge difference originates in the large number of short blinks found in the EOG data, 
1300 below 0.1 seconds compared to 60 in the ELS data. Furthermore ELS data contains 15 long 
durations over 0.5 seconds and the EOG data included none. The correspondence of number of 
blinks with the same duration is highest between 0.16 and 0.50 seconds.  
 
For subject number nine the difference was less, but still EOG data contained twice as many blinks 
as ELS data. Once again this originates from the large number of short blinks discovered by the 
first method. For example the shortest blink detected with ELS was 0.082 seconds and there were 
580 blinks with shorter duration found in the EOG data. In conformity with data from both prior 
subjects ELS data also contains numerous longer blinks than EOG data. The correspondence of 
number of blinks with the same duration is highest between 0.16 and 0.45 seconds. Blink 
histograms of the durations from the two methods are shown in figure 8.1 a-c.  
 

8.2 Statistics 
The t-test showed significant differences between the alert and drowsy state for the three 
parameters used in the drowsiness program. This indicates that mean value and standard 
deviations are appropriate as initial boundary assumptions. See A1 t-test for tables.  
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Figure 8.1: Blink histograms for three subjects from the EOG and ELS respectively. 
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8.3 Validation and Modifications of the Program 
Four additional subjects were used for validation, number 3, 4, 6 and 10. These were selected for 
their data quality which was complete and without disturbances. According to chapter 7.2.4 
Chosen Boundaries, the results shown in table 8.1 below were only satisfying for two subjects.  
 
 

Subject Number of corresponding  
five minutes intervals (Max 24) 

Correspondence 
% 

3 20 83 
4 5 21 
6 18 75 
10 13 54 

 
Table 8.1 Results from running the drowsiness program. 

 
After a few modifications involving changing the boundary of the duration to mean value plus one 
standard deviation and only allowing two exceeding durations before the diagnosis drowsy is set, 
the results were satisfying for all four of them.  
 
Test person number four had very little correspondence between the diagnosis and the self ratings, 
which gave no signs of getting any better even with radical changes. The possible reasons for that 
are discussed in chapter 9 Discussion. 
 

8.4 Second Validation 
After the modifications the program was retested on the original test persons used for finding the 
boundaries. The results were still agreeable even for them. Se table 8.2 for total results from the six 
subjects evaluated by the drowsiness program.  
 

Subject Number of corresponding  
five minutes intervals (Max 24) 

Correspondence  
% 

2 20 83 
3 20 83 
4 4 17 
6 19 79 
9 18 75 
10 22 92 

 
Table 8.2 Results from running the drowsiness program after modifications. 

 
A second validation needs to be made on another group of test persons. This is not possible in this 
thesis project since all subjects with complete data have been used in the development of the 
program. These results will be considered satisfying until there is a chance of making further 
validations.  
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8.4.1 Final Boundaries and Criteria’s 
Table 8.3 shows the final boundaries for the variables after modifications in the program. Only the 
boundary of differing duration has been changed, compare 7.2.4 Chosen Boundaries. 
 

Variable Boundary 
Amplitude M - 3σ 
Differing durations M + σ 
Frequency M + σ/2 

 
Table 8.3: Final boundaries for the variables where M is the  

mean value in alert state and σ is the standard deviation 
 

The number of blinks exceeding the boundary is individual for each blink characteristic suggesting 
a new stage of sleepiness. The stages have priority from most severe, sleep onset, till awake. In the 
ten blink interval the criteria�s for setting the diagnosis are as shown in table 8.4. 
 

Level Condition for ten blink interval 
4 Sleep onset Half of the blinks contain an eye closure or a low  

eyelid opening level 
3 Drowsy Difference between expected and found duration is 

exceeding the boundary for more than two of the blinks 
2 Low vigilance Exceeding frequency appears 
1 Awake No other condition fulfilled 

 
Table 8.4: Final conditions for categorisation of blinks in ten minute intervals. 

 
There is a very small chance of getting the diagnosis awake. The consequences of that are 
discussed in chapter 9 Discussion.  
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9 Discussion 

 

9.1 EOG versus ELS 
The difference in the number and type of blinks found by the two methods originates from several 
circumstances. Longer blinks are hard to find with EOG analysis because their characteristics are 
more complicated to separate from the rest of the signal. For example gazes on the back central 
mirror causes similar pattern in the EOG as long blinks. The filtration of the DC signal also 
increased this complexity.  
 
According to Alain Giralt at Siemens the ELS missed blinks mainly because of noise and 
disturbances (shadows and movements) in the image. Difficulties in recognizing blinks in specific 
head positions and detecting particular blink pattern (i.e. many fast blinks after each other) are also 
known. In addition, there was a problem of sensor resolution when the images came from a video 
tape (Giralt 2003).  
 
Giralt himself was not totally convinced about the quality of the results from the ELS. According 
to him, in general, the ELS miss more long blinks than short ones. The false detection rate of long 
blinks is normally relatively high because the ELS can interpret looking at the dashboard as long 
blinks (Giralt 2003). This indicates that EOG analysis did not necessarily miss as many long blinks 
as it first appeared but certainly still several.  

 

9.2 Quality of EOG Data 
The comparison of blink data can be seen as a qualitative check for quality of EOG data. Even 
though the EOG analysis did not find all the longer blinks, studying the interval of highest 
correspondence would lead one to suggest that most blinks with duration of less than 0.5 seconds 
were recognized. Since the most interesting aspect in this thesis was the time before eye closures, 
as the drowsiness is regarded as to become most severe for driving, the EOG data was considered 
most useful for further analysis.  
 
The main improvement, needed to be made in the EOG data, for better quality of the analysis is to 
emphasize a higher percentage of the longer blinks are found in the signal. A possibility, to 
achieve this could be to reduce the high pass filtration so that longer blinks are not unintentionally 
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filtrated out. This of course could lead to some false detection as well, since longer blinks are 
indeed more cumbersome to detect in the signal.  
 

9.3 Drowsiness Program 
To set the diagnosis low vigilance, only one blink pause exceeding the boundary is required. This 
leads to very small possibilities of getting the diagnosis awake. This boundary might show up as a 
too restricted limit if the evaluated material has subjects being very alert. But since the main topic 
of this program is to detect driver drowsiness and high specificity is preferred over high sensitivity, 
no further investigation has been made in that area. In tested data material the subjects were too 
drowsy and therefore the self ratings did not include any awake.  
 
Data from subject number six was also meant to be used for developing the program, but was 
excluded from further analysis when it appeared he was not drowsy in the night session. The self 
ratings indicated that he did not feel drowsy at all. Data was used for validation instead and the 
correspondence with the KSS ratings was 79% as described in the previous chapter.  
 
Test person number four is the one with the least correspondence. The program categorizes him as 
drowsy (stage 3) for the whole two hour session, whereas the majority of his self ratings contains 
number four. Already after 40 minutes of the driving task he rated his sleepiness a nine on the KSS 
scale, believing himself to be very sleepy, giving great effort to keep alert and to be fighting sleep. 
It is hard to believe that somebody rating himself that drowsy was able to carry on driving for one 
hour and twenty minutes more. A possible explanation is that he reached the end of the scale too 
soon and then realized that he could get even drowsier before he would fall asleep. However it is 
interesting that the level of drowsiness calculated by the program was constant and so were the 
KSS ratings.  
 
The model was built on results by Hargutt and Krüger and adjusted to the EOG method. It is likely 
that the results would have been different if the level of drowsiness from the program had been 
compared to EEG instead, as was done in the Hargutt and Krüger study. The linear relationship has 
been shown and the high correspondence of the results with the KSS ratings points at a successful 
application. The number of test persons was too low for any reliable validation of the method, but 
the results indicate that the program is worth using and testing in further drowsiness studies.  
 

9.4 Future Possibilities 
EOG is not a suitable method for daily use and as mentioned in the introduction the purpose was 
not to develop a real time drowsiness detection system based on EOG data. Future possibilities are 
for example a transformation of the method to a video based system and applying the results on 
recorded data from video based sensors. The method can also be used in research situations where 
drowsiness needs to be measured.  
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10 Conclusions 

 

10.1 Comparison of Blink Data 
The program analyzing the EOG detects a larger amount of occurring blinks than the one 
investigating the data from the ELS. The main reason seems to be that the latter does not find 
shorter blinks with duration below 0.1 second. The ELS data does indeed include more of the 
longer blinks, but they are a great deal fewer in total.  
 
From the observations it could consequently be concluded that the method for EOG analysis is 
more useful for identification of blinks with shorter durations and the method for recognition of 
blinks from ELS is more suitable for detection of blinks with longer ditto. This would indicate that 
the latter method better can detect drowsiness since the blinks with longer duration is a sign of a 
more severe state and therefore of greater importance to identify. A method missing long blinks is 
not reliable, but it is still important that the shorter blinks are detected. With some improvements 
like adjusting the filtration, the EOG method could be found more useful also for longer blinks.  
 

10.2 Drowsiness Program 
It has been found that the model for categorization of drowsiness presented by Hargutt and Krüger 
can be adjusted for analysis of EOG data. The drowsiness program constructed from this model 
has shown convincing correspondence with the KSS for the subjects tested in this thesis.  
 
The linearity between blink amplitude and blink velocity is apparent and the characteristics of the 
four drowsiness stages defined are agreeable with the changes in blink behavior recognized in the 
EOG signal.  
 
The attempt to adjust the KSS ratings to the drowsiness stages has been successful since the result 
is reasonable for the majority of the test subjects. The low correspondence appearing for one 
subject should not originate from the adjustment of KSS since level nine in the KSS is directly 
converted to level four in the sleepiness stages.  
 
With more EOG material and some modifications in the drowsiness program, this could be 
improved to be more general and applicable. A great advantage is that corrections are easily made 
in the program and their consequences can be observed without difficulty.  



 
 

34 

 

11 Words and Definitions 

 
 
This is a list of strange words and definitions occurring in this thesis. They are listed in 
alphabetical order and there are references to every definition taken from any other study.  
 

  
Alpha wave Large slow waves in the EEG (Andreassi 2000) 
ASCII American Standard Code for Information Interchange (Ascii)] 
Baseline drift The baseline deviation from the horizontal line (HPLC) 
Betha wave Small quick waves in the EEG (Andreassi 2000) 
Biological clock Regulating human physiology in the variation between high metabolism at 

daytime and low metabolism at night (Åkerstedt and Kecklund 2000).  
Blink amplitude The voltage amplitude of the EOG signal as a result of a blink 
Blink duration Sum of durations of half of the amplitudes in the rise part and drop part of the 

blink. 
Blink frequency Blinks per time unit 
Blink velocity Velocity of eyelids when blinking. Normally mean value of mean opening and 

closing velocities. In the program, since only the constant is interesting, 
calculated as the quota between blink amplitude and blink duration, which is 
actually half the blink velocity. 

CD-ROM Compact disk read only memory 
DC Direct current, which is the baseline level 
EEG Electroencephalogram: measures the electrical activity in the brain (Andreassi 

2000) 
ELS Eyelid sensor 
EMG Electromyogram: measures the electrical muscle activity (Andreassi 2000) 
EOG Electrooculogram: measures the electrical potential differences in the eye 

(Andreassi 2000) 
Eye blink Lid closure followed by an opening within one second (Quartz, Stensmo et al. 

1995)  
Eye closure Lid closure with a duration longer than one second (Quartz, Stensmo et al. 1995) 

With the current definition of blink duration that is 0.5 seconds.  
PCMCIA Personal Computer Memory Card International Association. Standard memory 

card for portable computers [29] 
SGS Steering grip with integrated pressure sensors 
Sleep onset The moment one is actually falling asleep 
Theta wave Less common slow brain wave with varying amplitude occurring during for 

example drowsiness (HPLC; Andreassi 2000)  
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Appendices 

A1 t-test 
T-test was used to test the significant difference between the alert and drowsy state for the 
differing duration, frequency and amplitude respectively. N is the number of blinks, df means 
degree of freedom and the variable are named as follows: 
 
DIFF_2_P = Difference between expected and found blink duration for subject number 2 in the 

alert state.  
DIFF_2_T = Difference between expected and found blink duration for subject number 2 in the 

drowsy state.  
FREQ_9_P = Blink frequency for subject number 9 in alert state.  
FREQ_9_T = Blink frequency for subject number 9 in drowsy state.  
PEAK_2_P = Blink amplitude for subject number 2 in the alert state.  
PEAK_2_T = Blink amplitude for subject number 2 in the drowsy state.  
 
 

A1.1 Duration 
 Paired Samples Statistics 
 

 Mean N Std. Deviation Std. Error Mean 

Pair 1 DIFF_2_P .027 3623 .028 .001 
 DIFF_2_T .072 3623 .045 .001 

Pair 2 DIFF_9_P .082 4151 .096 .002 
 DIFF_9_T .214 4151 .155 .002 

 
 Paired Samples Correlations 
 

 N Correlation Sig. 

Pair 1 DIFF_2_P & DIFF_2_T 3623 ,041 ,015 
Pair 2 DIFF_9_P & DIFF_9_T 4151 ,071 ,000 

 
 

A1.2 Frequency 
 One-Sample Statistics 
 

 N Mean Std. Deviation Std. Error Mean

FREQ_2_P 299 .909 .940 .054 
FREQ_2_T 6714 1.15 .647 .008 
FREQ_9_P 299 1.05 1.00 .058 
FREQ_9_T 5336 1.15 .869 .012 
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 One-Sample Test 
 

 Test Value = 0 

 t df Sig. (2-tailed) Mean  
Difference 

95% Confidence Interval of the 
 Difference 

     Lower Upper 

FREQ_2_P 16,71 298 ,000 .909 .802 1.02 
FREQ_2_T 145,0 6713 ,000 1.14 1.13 1.16 
FREQ_9_P 18,16 298 ,000 1.05 .939 1.19 
FREQ_9_T 96,92 5335 ,000 1.15 1.13 1.18 

 
 

A1.3 Amplitude 
 One-Sample Statistics 
 

 N Mean Std. Deviation Std. Error Mean

PEAK_2_P 33 97.36 18.92 3.29 
PEAK_2_T 6715 48.25 16.54 .201 
PEAK_9_P 44 77.93 15.88 2.39 
PEAK_9_T 5337 29.04 19.04 .261 

 
 One-Sample Test 
 

Test Value = 0 

95% Confidence Interval of 
Difference 

 

t df Sig. (2-tailed) Mean  
Difference

Lower Upper 

PEAK_2_P 29,56 32 ,000 97.4 90.6 104 
PEAK_2_T 239,10 6714 ,000 48.2 47.9 48.6 
PEAK_9_P 32,56 43 ,000 77.9 73.1 82.7 
PEAK_9_T 111,4 5336 ,000 29.0 28.5 29.5 
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A2 Drowsiness Program figures 
This appendix includes figures illustrating how the program finds the peaks and calculates the 
constant.  
 

A2.1 Blink Positions 
The figure below is a sample of how the blink positions are found in the signal. The positions 
marked with a circle are used in the program to calculate the constant and to establish 
characteristics of the blinks.  
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A2.2 Constant Figures 
The figures below show the linear relationship between the blink amplitude and blink velocity 
from the blinks found in the first ten minutes of the alert state for test person number two and nine. 
The reason there are no units on the axes is that the amplitude has no proper unit. However the 
amplitude unit is uninteresting since it disappears when calculating the duration in the program.  
 

 
 

 

y = p1*x1+p2 
 
coefficients: 
p1 = 8.63 
p2 = 100 
 
norm of residuals = 2954.2 

y = p1*x1+p2 
 
coefficients: 
p1 = 4.73 
p2 = 234 
 
norm of residuals = 2011.8 
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A3 User instructions 
In this appendix the requirements and alternatives for the program are described and a sample 
running is presented.  
 

A3.1 Data needed 
To run the drowsiness program the following data is needed: 
 

•  EOG data in binary form for alert state and evaluation state. The values must be stored as 
short integers.  

•  Text files with four columns containing the start- , peak- and stop positions as well as the 
durations for the blinks for �normal� state and evaluation state.  

•  Excel files containing time and KSS ratings for evaluation state. First column contains time 
and the second self ratings.  

 

A3.2 Running the Program 
The Drowsiness Stage Interval is called by: 
 
[drowsiness_level,selfrating_drowsiness,correspondance] = 
drowsiness_stage_interval(fname1,fname2,fname3,fname4,num1,num2,f,kss)  
 
Input arguments are besides data and sample frequency two chosen numbers; Time of whole 
session and time session for the alert state. Both are given in minutes.  
 
The output arguments are written out for inspection. The first is the mean results of the drowsiness 
program for every five minutes and the second is the self ratings converted to a four value scale. 
The third output is the number of corresponding positions.  
 
Below a sample running is presented: 
 
 
 
 
EDU>> EDU>> drowsiness_interval( 

'C:\Eget\EogData\bindata\10_p.bin', 
'C:\Eget\EogData\awakedata\10_p.txt', 
'C:\Eget\EogData\bindata\10_t.bin', 
'C:\Eget\EogData\awakedata\10_t.txt', 
120, 
10, 
512, 
'C:\Eget\EogData\KSS\KSS_fp10_fatigue.xls'); 
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drowsiness_level = 
 
  Columns 1 through 14  
 
     3     3     3     3     3     3     3     3     3     3     3     3     3     3 
 
  Columns 15 through 24  
 
     3     3     3     3     3     3     3     3     3     3 
 
 
selfrating_drowsiness = 
 
  Columns 1 through 14  
 
     2     2     3     3     3     3     3     3     3     3     3     3     3     3 
 
  Columns 15 through 24  
 
     3     3     3     3     3     3     3     3     3     3 
 
 
correspondence = 
 
    22 
 
 

A3.3 Alternatives 
Part programs building up the Drowsiness Program can be run separately after tiny modifications. 
Input arguments in binary form need to be read and txt files loaded. Simply add a few lines or 
uncomment if they are already there. See example from below:  
 
fid = fopen(fname1,'r'); 
eog_data_awake = fread(fid,'int16'); 
mat2 = load(fname2); 
 
By uncomment a few lines in the code in the m-file the programs can also present the results in 
plots or write them to files.  
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