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Abstract 

Abstract 

Sleep related vehicle accidents have been under publicised but remains as one of the 

main causes of road traffic accidents, as much as drink driving. This research aims to 

reduce this worldwide problem by developing a system to monitor fatigue driving. 

The thesis describes the research into the application of chromatic data processing 

techniques to detect early physiological and physical indicators of fatigue. 

Physiological factors that influence drivers are based on the duration of the drive, how 

much rest they have throughout the journey and the quality of sleep they had prior to 

the drive. The physiological indicator algorithm of the system is developed to take 

account of these factors and calculates the tiredness level. The chromatic technique is 

then used to analyse the results to establish trends and signatures of early fatigue 

situations where a warning system can be introduced. The chromatic signatures of 

fatigue have been established using results from 20 road tests conducted by 

professional drivers. 

Physical indicators such as early drowsy driving are detected by monitoring the 

behaviour of the vehicle. Micro sleep (e.g. head nodding, slow eye-blinking) can lead 

to lane drifting and vehicle swerving. These events are being regarded as early 

physical signs of sleepy driving. The main sensor for detecting the lateral yaw motion 

of the vehicle is a miniaturised gyroscope. Chromatic analysis is applied to the 

gyroscope output to identify and differentiate fatigue related events (e.g. swerves and 

lane drifting) from normal driving (e.g. left and right turning, roundabouts and bumpy 

roads) 

Combining the extracted information of the physiological and physical indicators, a 

Chromatic Fatigue Driving System can be developed as a fail safe system which 

monitors and alerts driver during critical fatigue conditions. 
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Chapter 1 

Introduction 

1.1 Research Overview 

Fatigue in the context of human behaviour is a temporary loss of strength and energy 

resulting from hard physical or mental work. Furthermore fatigue can be accumulated 

throughout the daily human activities which is also affected by the quality of sleep of 

the previous night (Gandevia et ai, 1995; Hawley and Reilly, 1997; Hagberg 1981). 

Studies of the human body biological circadian clock have shown that there are two 

dips and troughs in a 24hour clock cycle. The human body feels most tired in the 

early hours of the morning (0200h-0400h) and mid afternoon (1400h-1600h) 

(Halberg et ai, 2003). 

There is an increasing awareness in the role of human fatigue in reducing the 

effectiveness of performing everyday tasks such as vehicle driving. Drowsy driving 

encompasses several aspects; falling asleep while driving or simply not paying 

attention due to fatigue which is caused by the lack of sleep. Statistical research for 

road accidents have shown that there are at least 20% in Britain and 11.4% in Italy 

which are sleep related. (Home and Reyner, 1995; Gabarino et al, 2001; Blincoe et 

ai, 2002). Most of these sleep related accidents occurs at three major times i.e. at 

0200h, 0600h and 1600h which are related to the Circadian rhythm of the human 

body (Home, 2001). Most of these accidents are caused by men under the age of30 

(Home and Baulk, 2003). Sleep related accidents are largely dependent on the time 
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of the day and this accounts for a significant proportion of these accidents occurring 

on motorways and under monotonous road conditions [Reyner and Home 2000). 

The effect of driving while fatigued causes impainnent such as lane drifting during 

micro-sleeps. followed by vehicle lane corrections [Risser et ai, 2000; Reyner and 

Home 1998 a). Most drivers are often not motivated to take a break or have a nap 

when becoming tired. but rather prefer to engage in several activities in order to try 

and keep awake. However research has shown such activities such as opening the 

window. increasing the volume of the radio. can only postpone sleep for a few 

minutes [Reyner and Home 1998 b). On the other hand. a nap of at least 15 minutes 

is very effective and enables a driver to continue driving in an alert and vigilant 

condition for a considerable period [Reyner and Home 1997). 

Driver fatigue is recognised to be among the most important causative factors in road 

crashes. on par with alcohol. speeding and inattention [Sagberg et ai, 2(04). Also, 

most drivers are unaware of the fact that alcohol intake can exacerbate the driving 

impainnent caused by sleep deprivation [Home et ai, 2003). Other causes which can 

worsen sleep related accidents are drivers with sleep apnoea problems. Sleep apnoea 

is a medical condition characterised by temporary breathing interruptions during 

sleep. Patients with sleep apnoea may claim to have a good 8 hours sleep the night 

before. but are often have poor quality sleep due to the frequent interruptions. They 

may experience a more rapid onset of sleepiness when driving compared to healthy 

individuals falling asleep at the wheel due to sleep deprivation (Turkingtona et ai, 

2001). 

1.2 Current Research and Technologies 

Driving fatigue management system aims to improve the driver's awareness of 

driving fatigue thereby reducing driving impairment such as lane drifting and 

swerving (Dinges, 2005). Currently there is a huge need to provide assistive 

monitoring for vehicle operators to reduce these potential fatigue related accidents. 

Such monitoring system is designed to detect early warning signs of fatigue. It is 

discovered that early signs of fatigue can be identified by microsleeps [Home et ai, 
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2003). rate of eye blinking [Johns 2003b) and erratic driving behaviour [Dinges, 

2005). Incorporation of these features into the monitoring systems are required for 

early detection of fatigue driving. 

Fatigue management technologies are being increasingly developed and validated in 

controlled laboratory settings. which is the initial step of validation. Examples of 

research technologies conducted in a controlled laboratory environment include 

vehicle driving simulators [Muzet 2004; Reyner and Home 2000). 

Electroencephalogram (recording of the electrical activity of the brain) [Jammes, 

2006; Wright 2006). Electro-Oculogram (recording of the electrical activity of the 

eyes) [Johns 2003a; Evinger et ai, 1991), video image processing equipment [Home 

et ai, 2003] and Steering Entropy (measure of steering wheel outcome in driving 

perfonnance caused by microsleeps) [Sagberg, 1999; Paul et aI, 2005 a; Reyner and 

Home 1998 a). 

1.3 Research Contributions 

In this thesis. the research focuses on how to transfer these technologies to improve 

driver alertness in an operational environment such as real road conditions. A 

monitoring system is developed to improve and manage the driver alertness whilst 

driving on real road condition. To achieve this. the research acknowledges the two 

important factors in sleep research: 'Physiological' and 'Physical factors'. The 

physiological factor needs an understanding of the human biological clock which 

affects driver tiredness at various time of the day [Halberg et al, 2003). The physical 

factor is to understand the early physical indicators of fatigue build up while driving 

[Reyner and Home 2000). 

The focal point of the physiological factor is the application of circadian rhythm 

whereby time of the day can affect driver alertness. The circadian rhythm is also 

affected by other factors such as duration of the drive, road monotonousness and 

quality of sleep the previous night [Reyner and Home 2000). These factors are taken 

into consideration to develop a system to monitor the physiological areas of driving 

fatigue. The designed system is known as the 'Composite System' 
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For the physical factors, Home and Reyner have stressed that a vehicle driver in a 

fatigued state displays erratic driving behaviour [Home et ai, 2003). Paul also states 

that steering entropy is a good indicator of increasing erratic steering behaviour 

during microsleeps (Paul et ai, 2005 a). Dinges agrees and confirms that possible 

early physical indicators are lack of activity on the steering wheel due to microsleeps 

which causes lane drifting on the road followed by driver corrective reaction (eg. 

Swerve) (Dinges, 2005). Therefore the movement and patterns from the fatigue 

driving behaviour plus steering wheel activity will be the factors contributing to the 

physical aspects of the research. The system designed to monitor the early physical 

indicators of fatigue driving is called the 'Gyroscope System' 

1.4 Research Objectives and Benefits 

There is an under-development of driving fatigue management technologies other 

than in a controlled laboratory environment. Thus the main objective of this research 

is to develop such a system to operate in real road conditions which is also 

unobtrusive to the driver and the vehicle specifications (such as the steering wheel). 

The system should only act as an advisory system and not interfere with the driver 

during operation. 

The main purpose of the two systems, Composite System and the Gyroscope System, 

is to monitor the fatigue level of the driver and to detect early signs of fatigue. The 

key objectives of the research development are:-

1. Unobtrusive design to the driver and the vehicle specifications 

2. Economical cost factor 

3. Acts as an advisory system to the driver 

4. Implements both Physiological and Physical factors 

5. Live monitoring and operates in actual traffic conditions 

The two system (Composite and Gyroscope system) will produce complex data output 

which needs to be processed and represented in a simple form for easy interpretation. 

With the results output from the physiological (Composite system) and physical 
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(Gyroscope system) system there is a need to process these complex data output and 

represent the information in a simple representative approach. A novel technique 

developed by the CIMS research group in the University of Liverpool which fits this 

purpose, is called the 'Chromatic Processing' technique. This is a unique signal 

processing technique which applies three overlapping Gaussian filter and divides the 

data into three parameter; H, L and S [Jones et ale 2000). H indicates the dominant 

signal information, L indicates the strength of the signal and S indicates the spread of 

the signal [Zhang et ale 2004). With these parameters specific information can be 

characterised and identified within the data provided [Wong et al. 20(6). This key 

advantage is the early diagnosis of such fatigue events which can lead to prognosis of 

sleepy driving and with alarm indication. 

1.5 Thesis Outline 

The thesis has been structured into seven chapters. Chapter 2 discusses the 

background research of the current market systems for identifying sleepy driving and 

provides a theoretical review of chromatic methodology. Chapter 3 provides 

information on the design of the two experimental system; composite system 

(physiological indicator) and gyroscope system (physical indicator). Chapter 4 is 

about the methodology, the test procedures on how the design system operates. 

Chapter 5 displays the experimental results. Chapter 6, discusses the analysis of the 

experimental result using the chromatic processing technique. Further details on how 

the alarm system is implemented to detect early signs of fatigue are also discussed in 

this chapter. Finally the conclusion and further work, Chapter 7, summarises the work 

that has been undertaken to date and the research outcomes. It also suggests future 

areas for work development. 
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Chapter 2 

Literature review of previous work 

2.1 Introduction 

This chapter presents a review of fatigue related driving accidents, current monitoring 

technologies and scientific factors of fatigue driving. It considers physiological 

aspects such as Circadian rhythms and physical factors such as driving behaviour and 

vehicle swerving. The need for a versatile yet efficient information extraction 

approached is considered and which can accommodate both physiological and 

physical aspects. One such candidate is the chromatic monitoring approach (Jones et 

ale 2000). The nature and properties of this approach are reviewed. A miniature 

vibrating gyroscope is the main sensor applied in the system for the detection of early 

physical indicators of fatigue. The basic fundamentals of the gyroscope theory are 

also described. 

2.2 Fatigue related vehicle driving 

2.2.1 Statistical Aspects 

Respondents in a recent survey of Irish motorists were asked if they had experienced 

extreme tiredness while driving in the past 12 months [National Sleep Foundation, 

2001). Almost 2 in every 5 motorists said they had experienced driver fatigue in the 
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past year and 1 in 8 admitted to having nodded off at the wheel of their vehicle at least 

once. The report also indicated that motorists in Ireland were not aware that is a major 

cause of road accidents with only 1.5% citing it as a number one cause. The danger is 

further compounded by the fact that 3 in every 7 extremely tired drivers do not stop to 

take a break and 1 in every 3 of these take no remedial action at all. These figures are 

alarming in light of that fact that 86.9 % of motorists surveyed said they believed they 

were excellent or good drivers [National Sleep Foundation, 2001). 

According to the National Sleep Foundation's 2002 Sleep in America poll, about one

half of adult drivers - some 100 million people - admitted that they have driven 

feeling drowsy, while 17 percent. about 32 million people admitted that they had 

actually fallen asleep at the wheel. The National Highway Traffic Safety 

Administration in United States (NHTSA) conservatively estimates that 100,000 

police-reported crashes each year are the direct result of driver fatigue each year, 

resulting in an estimated 1,550 deaths, 71,000 injuries and $12.5 billion in monetary 

losses including diminished productivity and property loss [Stutts et ai, 1999). 

In the UK, the Department of Transport estimates that on average the cost of a sleep 

crash is about £1.2 million [RAe, 2003). In 1999 the Australian Transport Safety 

Bureau (ASTB) estimated that driver tiredness resulted in about 30% of all fatal 

crashes and 15% of serious injuries. The average cost of a fatality is approximately 

$1.7 million and about $400,000 for serious injury [Australian Transport Safety 

Bureau, 1996). 

Furthermore, information from the New York department of motor vehicle states that 

drowsiness and fatigue may play a role in crashes that are often attributed to other 

causes. About one million crashes annually (l in 6 of all crashes) are thought to be 

caused by driver inattention due to sleepiness. Sleep deprivation and fatigue make 

these lapses of attention more likely to occur [New York State Department of 

Motor Vehicles, 2007). 

Chromatic Driver Fatigue Monitoring System 18 



Chapter 2 - Literature Review of Previous Work 

2.2.2 Time factor effects 

The relative risk among lorry drivers to have a crash during the night hours (2000h to 

0800h) is twice the risk during daytime (0800h to 2000h). Furthermore the risk during 

the night hours increased fourfold if the driver had driven for II hours or more 

IHamelin, 1987). Thus, there seems to be a combined effect of time of day and time 

on duty where the percentage of single-vehicle crashes were at a maximum at 0400h 

and a minimum at 1900h, with a 25 times higher risk at the time of maximum risk 

compared to the time of minimum [Mackie and Miller, 1978). A comparison of risk 

at different times of the day, taking the traffic volume into account, showed the risk 

between 0300h and 0400h to be 13 times the minimum risk [Kecklund and 

Akerstedt, 1995). There is four times more risk of crashes with trucks at 0500h 

compared to 1900h [Federal Motor Carrier Safety Administration, 2(00). 

Although the risk is highest during the night, there is also a peak in sleep-related 

crashes during the afternoon. Thus from the report it can be conducted that the time

of-day variation in sleep-related crashes mirrors the well-known circadian rhythm. 

According to the rhythm, humans are naturally sleepier and have reduced alertness 

not only late at night but also in the afternoon [Home and Reyner, 1995). 

Circadian rhythms have evolved so that biological processes governing daily activities 

(like sleeping and digestion) are in the right state at the right time of day. Bright light 

(typically brighter than most artificial lighting) is the main stimulus by which the 

body clock is 'set' (eating times also have some influence). For example melatonin is 

a hormone influencing the sleep-wake cycle [A1tun, 2(07). The increase of melatonin 

level tells the body it is time to sleep. When the eye detects light, melatonin 

production is suppressed. Although artificial light and Information and 

Communication Technology (ICn allow people to work at any time, circadian 

rhythms have not changed. They take time to adapt to new routines and can adjust 

only by around an hour a day [Foster and Kreitzman 2(04). This may be why jetlag 

is associated not only with sleep loss, but with gastrointestinal problems and loss of 

appetite: different parts of the body take different lengths of time to adapt. [Postnote, 

200S) 
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2.2.3 Microsleeps 

Falling asleep while driving under monotonous driving conditions accounts for a 

significant proportion of accidents [Reyner and Home 2000). Times of day 

(circadian) effects are profound, and are as important in determining driver sleepiness 

as is the duration ofa drive [Halberg et ai, 2003, Reyner and Home 1998b). 

Microsleeps are an indicator of excessive daytime sleepiness and have been 

associated with poor simulated driving performance (Risser et aL, 2000]. The 

hypothesis is that a microsleep increases the potential for deviation from a driving 

lane because steering is temporarily neglected. This potential is especially strong 

when steering is neglected when negotiating a road curve or during periods in which 

the vehicle is perturbed by lateral disturbances, such as strong wind gusts, road canter, 

or bumps and ruts in the road surface. During microsleeps, these disturbances cause 

the vehicle to drift towards the lane edge; drivers then jerk awake and respond with a 

corrective steering action that is more aggressive than what is observed during 

wakeful driving [Paul et ai, 2005 b). Steering entropy is particularly designed to 

identify and quantify these larger and faster than normal corrective actions and is thus 

expected to provide a selective and sensitive metric to identify microsleeps and 

quantify their consequences with the lane deviation resulting from the microsleep 

(Paul et ai, 2005 a). 

A Norwegian study showed that 4 per cent of microsleep incidents result in a crash, 

most of which were running-off-the-road crashes (3.5%) [Sagberg, 1999). This is 

consistent with the finding that the most frequent non-crash consequence of 

microsleep was crossing near the side rumble strip (right edge). This occurred much 

more frequently than crossing either the lane dividing line (centre line) or the 

carriageway divider (left edge) line, as shown in Figure 2.2.3 .1. 
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Figure 2.2.3.1. Self-reported consequences of drivers falling asleep. N=I061. ISagberg, 19991 

2.3 Monitoring Strategies for Fatigue Related Driving 

1. Laboratory Car Driving Simulator 

Studying drowsy drivers in a laboratory driving environment is the preferred option 

due to safety hazard issues [Staner et ai, 2005]. The driving simulator consists of a 

real vehicle with moving platforms and produces movements similar to those of a real 

car. There is a 3-screen system which gives 120 degrees viewing angle of the 

computer simulated road conditions [Muzet, 2004]. 

It is comparatively easy in the laboratory to have sleep-deprived people, to use 

alcohol, to use medications, to shift the time for sleep period, to have people sleeping 

during the day and be active during the night [Muzet 2004; Reyner and Horne 2000, 

Horne et aI, 2003]. The driving simulator makes it possible to approach some 

particular driver states, especially those that are dangerous in real traffic. However the 

driving simulator is far from a real driving experience as it ignores effects such as 

traffic stress, weather conditions, road conditions, speed bumps and other important 

situations which will influence the fatigue level when driving. The driver may also 
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have stronger motivation to maintain vigilance during real road driving compared to 

the driving simulator. 

2. Eye and Eyelid detection. 

From research, the eye and eyelid movements act as indicators of drowsiness during 

vehicle operation [Johns 2003a; Evinger et ai, 1991). Different parameters of eyelid 

activity can be measured, and they reflect partly different phenomena and influences 

during a sleepy drive. Blinking frequency increases with time on task and decreases 

with increased alertness level [Johns 2003b]. Eye closure duration increases with 

sedating or relaxing substances and with increasing daytime sleepiness (caused by 

Circadian rhythm); there is a gradual transition to long eye closures [Johns 2003b). 

However Miles (1929) discovered that eye closure can be delayed so that drivers are 

asleep with their eyes open which casts doubts about the effectiveness of eye closure 

detectors [Miles, 1929). The rates of eye blinking are accurate in determining the 

fatigue level of a driver [Stem et ai, 1994], but driver blinking can be affected by the 

outside road lighting, sunlight, oncoming headlights, in-vehicle air temperatures and 

state of the ventilation system (Reyner and Home, 1997). 

3. ECG and EEG measures 

Electrocardiogram (ECG) is a record of the electrical activity of the myocardium 

which allows diagnosis of cardiac abnormalities [Cooper, 1986). 

Electroencephalography (EEG) is a test used to detect and record the electrical 

activity generated by the brain [Epstein, 1983]. In most sleep research institutes 

around the world, ECG and EEG equipments are used on the driving simulator during 

experimental trials. These are used to gather data online whilst driving along with the 

body temperature (Jammes, 2(06). Amongst all possible data which could be 

acquired, the EEG is an important source of data on the level of vigilance. From the 

recorded information of the EEG, there are distinct differences in the data between a 

fully awake and a fatigue driver [Jammes, 2006; Wright 2006]. 

However these systems are suitable for the laboratory environment only, there are 

many difficulties in transferring these technologies to real vehicles on the road due to 

obtrusiveness to driver, cost factor, and difficulties of usage. 
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4. Steering Entropy 

A microsleep is a period of sleep lasting from milliseconds to a few seconds. It often 

occurs as a result of a sleep debt or mental fatigue. Microsleep becomes extremely 

dangerous when it occurs during situations when continual alertness is demanded for 

instance whilst driving a motor vehicle [Risser et ai, 2000; Paul et ai, 2005 b). Paul 

defines steering entropy as the measure of steering wheel outcome in driving 

performance caused by microsleeps. The study of steering entropy is capable of 

defining decrements in driving performance caused by microsleep [Paul et ai, 2005 

a). The knowledge gained from steering entropy shows that increased erratic steering 

behaviour occurs during microsleep episodes in drivers. Paul strongly suggests that 

microsleeps can provide a real-time marker for identifying physical factors of fatigue 

[Paul et ai, 2005 a). 

Further research should address the physical driving performance which links to the 

steering wheel entropy behaviour, vehicle lane deviation and time to lane crossing 

[Sagberg, 1999; Paul et al, 2005 a; Reyner and Home 1998 a). An intelligent 

driver fatigue indicator system should be an unobtrusive monitoring system. The 

system should contain vital information such as driving patterns (lateral drifting) with 

integration of information on driver sleep (loss) status, time of day Circadian rhythm 

and monotonous driving conditions. These factors are important building blocks for 

constructing an intelligent monitoring system to provide countermeasures towards 

sleepy driving. 
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2.4 Information Acquisition from Sensing Device 

The two types of sensors commonly used for detecting physical motions of a vehicle 

are accelerometers and gyroscopes. An accelerometer is a device for measuring the 

acceleration of a body in a particular direction or linear motion [Nasiri, 2003). It is 

most commonly used as an instrument to measure the accelerations and decelerations 

generated by a vehicle [Norton 1989). A gyroscope is a device for measuring angular 

rate rotation or maintaining orientation, based on the principle of conservation of 

angular momentum [Green and Krakauer 2003; Burdess 1994). Applications for 

gyroscopes are very broad, some examples of which are; vehicle stability control, 

stabilisation in digital cameras and camcorders, motion control of hydraulic 

equipment or robots, platform stabilization in avionics and many more (Burdess 

1994; Nasiri,2003). 

In the market today there are 4 common types of gyroscope sensors for various types 

of applications:-

1. Spinning Mass Gyros~ope - A classical gyroscope, that has a mass spinning 

steadily with a free movable axis (so called gimbal) . When the gyro is tilted, a 

Gyroscopic effect causes precession (motion orthogonal to the direction of tilt) 

on the rotating mass axis, hence indicating the angle through which it has 

rotated (S~hilovsky, 1992). 

2. Fibre Opti~ Gyros~ope - Applies the interference of light to detect 

movements. Optical gyroscopes, with virtually no moving parts, are replacing 

mechanical gyroscopes in commercial jetliners, booster rockets, and orbiting 

satellites [Pavlath, 1994] 

3. Gas rate Gyroscope - Gas rate gyro sprays gas onto heated wires. When 

rotation occurs the spray is curved leading to a change in the temperature of 

the wires [Dau et al; 2005) 
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4. Vibrating Gyroscope - Utilises an oscillating mass in place of a spinning 

mass to sense angular rates. The mass oscillates back and forth through a fixed 

angle [Yang 1998). One particular fonn of vibrating gyroscope is the 

piezoelectric type, whereby the mechanical rotational movements generate an 

output voltage by the piezoelectric elements [H.Y.Fang 2000). 

Out of these four types, the vibrating gyroscope is selected because of its miniature 

size. low cost factor and low power consumption. These miniatures gyroscopes are 

used to measure angular rate (The rate of change of angular displacement with respect 

to time) (Yang 1998). The vibrating gyroscope is used as a sensing device to measure 

angular rate in reference to the yaw movements in the vehicle in order to give an early 

signs of fatigue. The early signs of fatigue can be identified from erratic driving 

behaviour such as lane drifting and swerving [Paul et ai, 2005 a; Dinges,2005J. 

Low cost piezoelectric type vibrating gyroscopes have been developed for the 

automotive industry to measure the angular rate of the yaw axis (H.Y.Fang 2000). 

One example is in the vehicle braking system. Current braking systems, ABS 

(automatic braking system), rely on the equalisation of all four wheel speeds during 

braking. Under ideal conditions, this results in safe controlled braking [Masayoshi 

and Hedrick 1995). Nevertheless, it is still possible, in some circumstances, for the 

car to spin. In order to prevent the car spinning, it is first necessary to measure the 

angular rate of rotation (reference to yaw axis) and then to change the actuation 

controls to brake accordingly [Masayoshi and Hedrick 1995). The angular rate is 

measured by the piezoelectric gyroscope which helps to improve road safety in this 

particular application. 
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2.5 Sensor: Piezoelectric Vibrating Gyroscope 

Traditional mechanical gyroscopes are based on the inertia of a rotating rigid body 

where the device is a spinning wheel or disk whose axle is free to assume any 

orientation (Guobong He et ai, 1999). The advantages of the design and development 

of the vibrating gyroscope is its miniature size and low cost factor. [Apostolyuk 

2006). These miniaturized vibrating gyroscopes use vibrating mechanical elements 

(proof-mass) to sense rotation. They have no rotating parts that require bearings and 

hence they can be easily miniaturized and batch fabricated using micromachining 

techniques (Apostolyuk 2006). 

For vibrating gyroscopes, the excitation and detection of vibrations can be achieved 

via electrostatic or piezoelectric devices [H.Y.Fang 2000). Manufacturing vibratory 

gyroscopes with piezoelectric material has been a more popular choice due to the 

wide variety of piezoelectric materials available, such as quartz, PZT (leat zirconate

titanate) PVDF (polymer-film) and several others [Guohong He et ai, 1999; 

H.Y.Fang 2000). 

Piezoelectric materials have the property of producing a charge change, hence a 0 

field change in response to a mechanical strain and vice versa. Their properties may 

therefore be described by the following equations:-

where, 

T,J is the stress tensor, 

S IJ is the strain tensor, 

D, is the electric displacement vector, 

Ei is the electric field vector, 

--(1) 

--(2) 

C 1jlcJ' e Iti) and e ij are the elastic, piezoelectric and dielectric constant 
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C IJk is the permutation tensor 

u, is the mechanical displacement vector 

¢J is the electric potential 

The structures of piezoelectric gyroscopes are simple, being based upon a 

piezoelectric plate being excited in the direction of the electrical polarisation of the 

material to produce the mechanical vibration (Apostolyuk 2006]. 

Consider a piezoelectric body rotated at a constant angular rate. A reference frame is 

attached to the body and rotating with it. Piezoelectric gyroscopes undergo small 

vibrations in the rotating frame (Yang 1998]. The mathematical equations describing 

the piezoelectric effect in the rotating frame need to incorporate both Coriolis and 

centrifugal forces in the equations in the inertial frame [Yang 2000). If the reference 

frame rotates at a constant angular velocity n) = n~ J then the stress tensor 1';) and 

electric displacement vector Dj of equations (1) and (2) are given by the following 

equations: 

--(4) 

Where p is the mass density and n J is the angular velocity vector. (Superimposed dot 

indicates time derivative. Summation convention for repeated tensor indices and the 

convention that a comma followed by an index denotes partial differentiation with 

respect to the coordinate associated with the index are used). The terms involving 

n J represent the sum of the Coriolis and centrifugal forces. 0(0 2
) are due to the 

initial fields (Yang 2000]. 

Because piezoelectric gyroscopes are small (of the order of lOmm), their operating 

frequency Wo is high, usually of the order of 10 kHz or higher (Yang 2005]. 

Piezoelectric gyroscopes are used to measure an angular rate n much smaller than its 

resonant frequency Wo. In this case, the centrifugal force due to rotation - which is 
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proportional to n2 - is much smaller compared to the Coriolis force that is 

proportional to (tJo n. Therefore the effect of rotation on the motion of piezoelectric 

gyroscopes is dominated by the Corio lis force [Yang 2005) 
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2.6 Chromatic Monitoring Technique 

2.6.1 Introduction 

The 'Chromatic Monitoring' approach is concerned with the integration of data 

collection, information extraction, data presentation. The realisation of each function 

involves the use of non-collimated or overlapping procedures which are seamlessly 

matched to each other [Jones et al. 2000). The approach has also been used for data 

mining [Brazer et ai, 2001). For example, multiple sensors are often involved and 

their responsivities overlap. The data processing involves filters with overlapping 

responses in the measurement domain (which may be optical, acoustic, mass, space 

etc.). The information is then quantified in terms of various waveform attributes such 

as amplitude, dominating range and data spread [Brazer et ai, 2001). 

The present research focuses on the application of chromatic concepts for processing 

data outputted from a conventional physical sensor (a gyroscope) and empirically 

established physiological data (Le. diurnal patterns of fatigue). Information is then 

combined from each data set to give an overall quantification level of fatigue for a 

driver (Le. when driving a road vehicle). 

Another aspect of the chromatic approach may be regarded as a form of signal 

processing Le. the analysis, interpretation and manipulation of signals (James, 1996) 

which may originate from various sources e.g. ECG, Radar, etc. 

2.6.2 Review of signal processing aspects of chromatic monitoring 

The chromatic methodology may be traced back to the work of Moon and Spencer 

(1981) and further elaborated by Jones et al (2000). Processing based upon chromatic 

principles may be applied for discriminating information and to present results in a 

simplified quantitative manner [Wong et al. 2006). This approach involves filtering 

signals using a set of three filters (R, G and B) with overlapping responses. The 

output of these filters are then transformed into three chromatic parameters H, L and S 

[Zhang et aL 2004) which represents the signal defining features. The method may be 
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regarded as originating from a manifestation of a particular form Gabor Transform 

signal representation IJones et al. 2000]. 

The processmg aspect of the chromatic approach has been used for extracting 

information from complex signals, which occur in many branches of medicine and 

engineering. Such signals may occur as pulses in the circulation of blood in the 

human body [Deakin at al 2005], by faulty impeller blades on a mechanical pump 

IDeakin at al 2005] or localised faults on the rotating tyre of road vehicles [Du, 

2004] . The chromatic processing technique has advantages in using simple 

algorithms, efficient data representation to identify signatures of events [Zhang et al. 

2004] and a high level of traceability. Traceability is the ability to trace (identify and 

measure) all the stages that led to a particular point in a process [Y Hino et aI, 2007] 

For the present reseruch, the processing aspects of the chromatic approach [Jones and 

Russell, 1993; Jones et aI, 20001 are applied for extracting relevant information from 

complex data relating to both human physiological trends (circadian rhythm) and 

physical indicators required from gyroscopic signals produced by angular changes 

resulting from the yaw movements of a road vehicle. 

2.6.3 Chromatic Processing AJgorithm 

Chromabc Processing 
Technique 

Output Output 
Chromatic R, G and B Chroma 'c H. Land S 

1---+-..... Filtering t-----~~------I~ Transformalloo 

Figure 2.6.3.1 Flow chart for chromatic processing of data and signals 

Data 
Presentation 

(e.g. polar 
plot) 

The basic concept of chromatic processing involves two main procedures, which are 

chromatic filtering and chromatic transformation to yield chromatic parameters 
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[Zhang et al. 2004]. The chromatic parameters are usually presented on polar 

diagrams from which trends can be conveniently observed. A flow chart of this 

procedure is given on tigure 2.6.3.1 

2.6.3 .1 Chromatic Filtering 

The chromatic filtering involves three filters (R, G and B) with overlapping responses 

which may be Gaussian, triangular etc in nature [Zhang et al. 2004]. A data set or 

signal having a complex structure can then be conveniently defined by only three 

parameters determined from the outputs of the three filters (R, G and B). Figure 

2.6.3.1.1 shows three time based filter responses, each Gaussian in nature and 

overlapping at half width at maximum magnitude for all three processors R, G and B 

[Wong et al. 2006]. All three processors have equal width (w). 

I 
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Figure 2.6.3.1.1 Overlapping responses of three filters with equal width (Rw, Gw and Sw) 
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These three over-lapping filters are superimposed onto a signal for analysis. Signals 

may be analysed either in the time domain as on figure 2.6.3.1.1 or frequency domain 

(horizontal axis) (Du, 2004). The vertical axis parameter of the signal can be 

represented as voltage, current, capacitance, flow rate, depending on the application. 

Before such signals are chromatically processed, they need to be normalised onto a 

common range from 0 to 1 (Zhang, 2004). Normalisation is a mathematical process 

that adjusts for differences among data from varying sources in order to create a 

common basis for comparison (James, 1996). One form of normalisation is given by 

the following equation:-

N onnalisation Parameter= ____ Am-.,;P:....litu_· _de_o_f....;p~ar_am_eter_at_on_e_in_st_an_c_e ___ _ 
Maximwn amplitude of p arameter over entire signal duration 

Following normalisation the signal is chromatically filtered (figure 2.6.3.1.1) to yield 

outputs from each filter according to [Wong et ai, 2005] :-

r = ~Rw(/).W 
Icl 

g = ~ G w (/).w ------------------ Eqn 2.6.3.1.1 

Where Rw (t), G w (t) and Bw (t) are the filter responses at time t and filter width (w). 

The data amplitudes are summed with respect to time for each of the filters (R, G and 

8) giving only a single output per filter [Zhang, 1004; Wong et al, lOOS). 

2.6.3.2 Chromatic Transformation 

The chromatic transformation (Zhang, 2004; Wong et a., 200s) involves converting 

the r, g and b values to the chromatic parameters H. L and S according to the 

following formulae. 
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H= 

g-h 
60 ., if r = max 

max(r,g,h) - mm(r,g,h) 

[ 
h-r ] 60 2 + ,if g = max 

max(r,g,h) - min(r,g,h) 

[ 
r-g ] 60 4 + ,if h = max 

max(r,g,h) - min(r,g,h) 

L = max(r,g, h) + min(r,g,h) 

2 

s = max(r,g,h) - min(r,g,h) 

max(r,g,h) + min(r,g,h) 

(£qn-2.7.2.2) 

(£qn - 2.7.2.3) 

(£qn - 2.6.3.2.1) 

The chromatic parameter H represents the region on the horizontal axis of figure 

2.6.3.1.1 (i.e. time, frequency, etc) which dominates. Chromatic L represents the 

nominal signal strength. The larger the amplitude the a higher the L value. Chromatic 

S is a measure of the spread of the signal, a larger spread produces a lower S value 

and vice versa. [Jones et ai, 2000; Zhang, 2(04). When chromatic filtering is applied 

to continuous signals in the frequency or time domain, the parameters HLS have 

appropriate meaning in relation to the application [Wong et ai, 2(05). 

2.6.3.3 Chromatic Data representation 

The values of the chromatic parameters can be represented via the coordinates on 

two-dimensional chromatic polar diagrams of H-S and H-L with H the azimuthal 

angle, S or L the radius (.9 = H E [0° ,3600 ],r = S E [O,I],r = L E [0,1]) (Jones et ai, 

2000). The chromatic boundary encompassing all signals remains fixed as a circle of 

unity radius. An important property of such signal representation on the chromatic 

polar diagrams is that the relationship between two signals is easily visualized. The 

superposition of the two complex signals can also be conveniently determined using 

simple moment equations (Jones et al, 2000). 
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Max S = 1.0 Max L = 1.0 

2700 

H-S Plot H-L Plot 

Figure 2.6.3.3.1 Cbromatlc mapping witb: H-S and H-L polar diagrams IZbang.2(04) 

2.6.3.4 Example of the application of the method 

An example of the chromatic processing approach and signal representation on two 

polar diagrams is given using two types of signals. This also illustrates the 

interpretation and meaning of the infonnation represented by the values of the H. L 

and S parameters. The two example signals are shown on figure 2.6.3.4.1, where 

signal X has a higher amplitude and a wider spread compared to signal Y. The three 

overlapping Gaussian filters (R, G, and B) are applied as shown on the diagram 
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Figure 2.6.3.4.1 Chromatic processing of two signal A and 8 and their representation on 

chromatic polar diagrams H-S aDd H-L. 

The parameter H represents the time region in which the signal is dominant. For 

signal A, H=105° and for signal B, H=80o. Signal X is maximum at filter R and 

minimum at filter B. Signal Y is maximum at filter R and minimum and filter G. 
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The chromatic parameter L represents the nominal strength of the signal. The value of 

L for signal A is 0.89 and 0.45 for signal B, which means that signal A has a higher 

nominal strength than B. 

The chromatic parameter S represents the spread of the signal. S has a value of 0.35 

for signal A and 0.82 for signal B. Signal B has a higher S value than signal B 

because it has a smaller spread with respect to time. 

2.6.4 Continuous type data 

2.6.4.1 Time Stepping 

It has been explained in the previous section, that the application of one set of three 

overlapping filters (R, G and B) will only output one set of chromatic parameter 

values (H, L and S). Generally the filter width (w) is chosen depending on the 

application. A process called 'Time Stepping' [Jones et ai, 2007] may then be 

implemented in order to address the long-term continuously varying signal with the 

overlapping ROB filters (figure 2.6.4.1). The step size may be set, for example to be 

equal to the filter width. Infinite length time stepping is usually deployed for live

monitoring systems. As a result there is a sequence of chromatic parameter values 

produced corresponding to each time step. These values may then be displayed on H

L, H-S polar diagrams to track changes in the time varying signal (figure 2.6.4.2) 

Time-Step 

T 

R G B 

/ ....... 
'\ 

'\ 

" , 
Time 

Figure 2.6.4.1 Filters time stepped with a step period T 

Chromatic Driver Fatigue Monitoring System 36 



Chapter 2 - Literature Review of Previous Work 

2.7 Summary 

This chapter has reviewed a number of aspects which relate to the monitoring of 

fatigue suffered by vehicle driver. There is statistical evidence for the serious effects 

of fatigue in causing road vehicle accidents. From the literature review it is 

Wlderstood that driving at different times of the day has an effect on the human 

circadian rhythm which contributes to fatigue driving. Microsleeps is a clear indicator 

of fatigue driving which can result in erratic driving behaviour such as lane drifting 

and vehicle swerving on the road due to lack of attention to the steering wheel 

orientation. 

There have been several methods discussed for monitoring a driver's susceptibility to 

fatigue and micro sleeps, which include eye and eyelid detection, ECG and EEG 

measurements and steering entropy. The latter appears to be a more promising 

approach since it reflects the effect of microsleeps on the actual vehicle movements. 

An important need is to be able to extract relevant fatigue level indicators from the 

complex signals produced by the monitors utilised. The difficulty is exasperated by 

the need to incorporate both physiological (Circadian rhythm) and physical (lateral 

vehicle movement) components into the decision-making. 

The miniature piezoelectric vibrating gyroscope measures the angular rate on a body 

to which it is attached. This is the preferred gyroscope because of its miniature size 

and low power consumption. The gyroscope is implemented into the design of a 

monitoring system as the main sensing device to detect angular rate changes with 

reference to the yaw movement on the vehicle. With the yaw or lateral motion of the 

vehicle, erratic driving can be identified when a driver is fatigued. 

The processing aspect of the chromatic methodology involves two steps, chromatic 

filtering and chromatic transformation. The chromatic filtering involves applying 

three over-lapping filters to sample the signal followed by the chromatic 

transformation to yield the chromatic parameters (H, L and S). H represents the signal 

dominance on the three filters, L is the strength of the signal and S indicates the 

spread of the signal over the parameter space. 
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Chapter 3 

Experimental Systems 

3.1 Introduction 

In this chapter, the experimental systems are described. These include the various 

sensors and components selected to integrate the system. There are two designed of 

experimental systems which have been designed for the development of the driver 

fatigue monitoring system, the 'Composite System' and the 'Gyroscope System'. The 

composite system is designed to capture fatigue driving infonnation based on 

physiological factors such as the quality of sleep, influence of the circadian rhythm, 

duration of the drive and monotonous road conditions [Halberg et al, 2003; Reyner 

and Home, 1998b). The system consists of a microprocessor unit containing a 

complex algorithm which calculates the physiological factors indicating the fatigue 

level of the driver. 

The gyroscope system is designed to gather fatigue driving information based on the 

physical aspects. These aspect encompasses the erratic driving behaviours such as 

lane drifting and road swerving (Salberg, 1999; Paul et al, 2005 a; Reyner and 

Home 1998 a). The driving behaviours are used to identify early driving fatigue 

before situations becomes worse (Dinles, 2005). The gyroscope system design is 

based on a vibrating gyroscope sensor to monitor the angular rate of the vehicle 
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reference to the yaw motion. The gyroscop detects the angular rate depending on 

where the sensor is installed on the vehicle. This system has been further applied in 

two different applications. The first application was a dashboard implementation 

whereby the system was installed on the front of the vehicle dashboard to detect 

lateral or yaw motion of the vehicle. The sec nd application involved installing the 

gyroscope on the steering wheel to capture angular rate of the steering wheel itself. 

3.2 Composite System (ASTiD) 

3.2.1 Introduction 

The omposite system d sign is mainly based on the physiological research conducted 

by the leep Research entre at Loughborough University. he abbreviation ASTiD 

is an acronym for ' Advisory ystem for Tired Drivers' whereby the system was 

designed to act as an advisory system to warn drivers of possible high fatigue 

situations (rernix 2005) . 

3.2.2 Overview of the omposite ystcm 

r 
1. 

2. 
Gyroscope 

~l -'fle' Sensor 

~ 

3. Driver's 
4. 

~ .. Circadian 
Input 

Rhythm 

.. 

~ 
5 . Microprocessor :r 

y" 

--J 6 . LCD Display 
Unit 

L 

.----

... 7 . Speaker Buzzer 

8 . LED Traffic 
light box 

Figure 3.2.2.1 - Ov rview of thc componcnt tructurc and n or u cd for th ompo itc 

y tcm (A TiD) 

The structure of the comp site ystem i hown in figure 3.2.2. 1. The main sensor 

us d in the sy tern is a vibrating gyroscope which detect lateral changes f the 

vehicle movement. This helps to identify if the vehicle is travelling on monotonous or 

non-monotonous r ad conditions only. The driver is requjred to input information of 
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quality of sleep (shown on figure 3.2.2.3; good, poor and bad night sleep) before start, 

to generate the circadian rhythm for the particular driver at the time. The 

microprocessor contains the algorithm which analyses the infonnation and outputs the 

tiredness result onto the LCD display, speaker and the external LED output. 

I. Gyroscope Sensor 

The gyroscope model is the NEC Tokin (CG-L43) miniature piezoelectric gyroscope. 

Its dimensions are only 8x 15.5x5mm. Its advantages are:- a low power consumption 

and high sensitivity at 0.66m V /Degs/s. However the gyroscope is sensitive to 

temperature with a -15 to +5% change per degree. 

CG-l43 (l), CG-LS3 (R) 

Ceramic Gyro Ceramic Gyro 
CG-L43 CG-LS3 

Dimensions (mm) aX lS.SXS 6.0X1Ox2.5 

Oscillator dimensions (mm) q,1.SX13 q,O.82x9 

Supply voltage (V) 3 3 

Sensitivity (mV/deg/s) 0.66 0.66 

Output voltage at zero angular -5 to +75 -S to +75 
rate (mV) 

~ 
Temperature characteristICS of -15 to +5 -15 to +5 
sensitivity (%) 

Figure 3.2.2.2 Specifications of the ceramic gyroscope 

2. Amplifier 

The output voltage of the gyroscope ranges from -5mV to +75mV (figure 3.2.2.2). 

Since the output voltage is small, an operational amplifier is used to increase the 

output voltage up to a maximum value of 5 volts. 

3. Driver's Input 

The driver infonnation required for the processing is:-

a) Driver's ID 

b) Quality of Sleep 

c) Confinnation of Date and Time 
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4. Circadian Rhythm 

Figure 3.2.2.3 shows a typical Circadian Rhythm [Horne, 2001) covering a period of 

24 hours. This takes the form of a tiredness score as a function of time from which a 

cyclical pattern is apparent. A maximum period of tiredness at night time (0200h-

0400h) is followed by a maximum period of wakefulness (0900h-llOOh), then a 

further tiredness peak (1500h) and a wakeful period (I 730h-2000h). The absolute 

level of the Circadian rhythm decreases with the quality of sleep leading to the three 

curves of figure 3.2.2.3 

Daytime Alertness After: Good, Poor & Bad Night's Sleep 

Neither 

1-------------------------------------

Alert 

1--···----------- ---------------------------
Very Alert 

.c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .c:. .s::: 
0 "" co N <D 0 "" co N <D 0 "" co N <D 0 "" co N <D 0 "" co N <D 0 V co N <D 0 
0 "" N ~ Ii) "" N 0 Ii) '" N 0 "" '" ~ 0 "" N ~ IL) "" N 0 Ii) '" N 0 "" '" ~ 0 
0 0 ~ N N '" "" IL) IL) <D ..... co co 0> 0 N '" '" "" IL) <D <D ..... co 0> 0> 0 ~ N 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ N N N 

Time (24 H) 

[- Good Night Sleep - Poor Night Sleep - Bad Night Sleep] 

Figure 3.2.2.3 - Circadian Rhythm default plot for various sleeping conditions 

The quality of sleep judgement (b) "Good", "Poor", "Bad" is inputted into tbe ASTiD unit by the 

driver prior to commencing the drive. This identifies the appropriate Circadian Rhythm curve 

(figure 3.2.2.3) to be applied by the unit for that particular journey (Horne, 20011· 

5. Microprocessor 

The microprocessor is used to perform arithmetic, logic and control operations, with 

the assistance of an internal memory of 512kb. The memory was designed to store a 

maximum of 3 to 4 days of the latest driving data and information. 

Chromatic Driver Fatigue Monitoring System 41 

.s::: .c:. 

"" co 
"" N 
N '" N N 



Chapter 3 - Experimental Systems 

6. ASTiD front panel 

The LCD display unit infonns the operator of the current status of tiredness level 

which is output from the algorithm for the specific driver. The clock is also found on 

the LCD display with the tiredness score level on the right. 

Figure 3.2.2.4 - Composite system displaying the tiredness level of 5/6 (warning level) 

A small buzzer is incorporated in the unit (figure 3.2.2.1) to alert the driver if the 

tiredness level reaches a critical level. The data port helps to transfer infonnation such 

as driver change, alarm triggered, tiredness level for the journey and the time. 

7. LED external display 

This is an external display fitted at the drivers eye-level on the dashboard which is 

also unobtrusive to the driver' s road vision. It contains 6 different LED colours:-

• 3 green - indicating normal safe level 

• 2 amber - indicating warning levels of tiredness 

• 1 red - indicating a critical level of fatigues - which blinks simultaneously 

with the buzzer alarming 

6 different led 
indicators 

Figure 3.2.2.5 - The LED unit with the 6 different LED indicators 
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3.2.3 Installation of the composite system 

(REO) PelTT\llneflt 
Supply 9-28V 

(BLACK) Ground 

(BLUE) Swtched 
Supply 9-28V 

Signal name Colour 

I , ,H UP' S.Jpply '~·2BV L RED 
Q\..!.J "ul be Lor trolled b, 

e ... e"'.cie 1,.1 " 0r" S\~ t .... h 

V@l c e Clr )und {JV, BLACK 

'='".I..:"'.!d Slo~'ply C)-2'lV Ol BLUE, 
( I J" be (or e( lel' v <l vet ,.1 
'1' 110r c;v,,·c.t., 

CurrentConsumphon 

30Pl1\ :Norrr til 
.. nA '.'\,·lIllnq 

12JrnA IAI,1'm 

Figure 3.2.3.1 - Diagram showing the rear view of the composite unit with the power supply 

cables. 

The composite system reqUIres a supply 

voltage of 9-28volts from the vehicle battery. 

This should not affect the battery supply of 

the vehicle as the power consumption of the 

composite unit during the vehicle resting 

mode is lOrnA (this is required by the unit's 

clock). The composite system is designed to 

fit into the universal dim-slot of the vehicle 

front dashboard (similar to a radio). The 

system is required to be placed on a flat 

surface finnly for the gyroscope to operate 

robustly. 

Figure 3.2.3.2 - Showing an ASTiD unit installed 

onto the universal dim slot of the dashboard. IPernix, 20051 

3.3 Gyroscope System 

3.3.1 Introduction 

The mam sensmg device used in the design of the gyroscope system is the 

piezoelectric vibrating gyroscope. It is the same piezoelectric gyroscope used for the 
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composite system and its specifications can be found figure 3.2.2.2. This type of 

gyroscope was selected due to its low power consumption and miniature size. The 

purpose of the gyroscope in this system is to detect the angular rate of the vehicle, 

leading to the detection of possible early fatigue events such as lane drifting and 

swervmg. 

The sampling rate for the gyroscope system is 15Hz (this was the optimal frequency 

reported during road trials). A sampling rate of 15Hz provides a sufficient resolution 

for data representation. A higher sampling rate would mean an unnecessary increase 

in the amount of data. At this sampling rate the gyroscope system is capable of 

gathering detailed information about any angular change of the vehicle. 

3.3.2 Overview of the Gyroscope system structure. 

Sensing Unit Data Acquisition 

GymscqJe Senser 

I 
USB-1200FS 

I 
I lJv8.MOntIDmg I ----0 I Moniter I Conlroller ----< SoftWare 

Ampll1led Filter 

Figure 3.3.1.1 - Overall structure of the Gyroscope system 

The overall designed structure of the g)'Toscope system is shown in figure 3.3.1.1. The 

main sensing unit contains an op-amp for voltage amplification. The raw data from 

the gyroscope is acquired by a USB I208FS controller. This is an interface between 

the sensor and the computing unit which transmits the raw data to the computer for 

instantaneous processing. The result is then displayed on the visual unit for further 

observation. 

3.3.3 Data Acquisition 

The hardware used to transfer information from the system to the computer is the 

USB-I208FS. The USB-I208FS is a USB-based device that sets a new standard for 

low-cost, PC-based analogue and digital vo. It provides 8 single-ended inputs with 

II -bit resolution or 4 differential inputs with I2-bit resolution. The unit offers sample 
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rates up to 50 kilosamples/sec with 8 software selectable input ranges. The unit also 

provides 2 channels of l 2-bit analog output, one 32-bit counter and 16 bits of digital 

110. It has a low power consumption where the power is drawn from the USB channel 

of the computer. 

3.3.4 Software Development 

Input Data 
(from sensor via 

USB1208fs 
controller) 

DAS 
IMzard 

... Microsoft Excel , 

Figure 3.3.4. 1 - Flowchart of the gyro cope system oftware 

... Output Data 

Figure 3.3.4. 1 shows the structure of the real-time monitoring software when the data 

is directly inputted into the system. The gyroscope software system utili ses two 

separate software components simultaneously to capture and analyse the input data 

information. 

I. DAS-Wizard 

DAS-Wizard is an add-in for the Microsoft xcel program that controls the 

Measurement Computing U B-1208FS board and places measurements directly into 

the cell s of an Excel workshe t. A simple dialog box enables the setting of the board 

to be configured to the range of cells in which to place measurements. DAS-Wizard 

provides seamless integration. The data can be in the format of ND counts, volts, or 

temperature. AID counts may b converted into any type of engineering units using 

xcel formu lae. 

2. Microsoft Excel 

Microsoft xcel is a spreadsheet program which enables spreadsheet to be created 

and edited. These are used to store information in columns and rows that can then be 

organized and/or processed 
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3.4 Sensor Deployment 

The 2 different applications of the gyroscope: 

I. Dashboard implementation - a gyroscopic sensing system that detects the yaw 

movements of the vehicle independent of the travelling speed of the vehicle and is 

unobtrusive to the driver. 

2. Steering Wheel Deployment - a gyroscopic sensing system which is installed on 

the steering wheel of a vehicle in order to detect the angular movements and 

displacements of the steering wheel itself. 

3.4.1 Dashboard Implementation 

Figure 3.4.1.1 shows the installation of the gyroscope system onto the dashboard of a 

vehicle. The power requirement of the system can be satisfied by a 9 volt supply, 

from the power outlet of the vehicle. 

Figure 3.4.1.1 - Implementation of the gyroscope system on the dashboard of a vehicle 

IKoh et al1.0071 

The positioning of the gyroscope unit is an important consideration during the 

installation process as this affects the data outputted by the gyroscope. The system 

needs to be placed on a flat surface on the dashboard at approximately 0 degrees 

(±5- 8 degrees) across the horizontal surface. 
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Yaw angle of the Vehlde 

.. 

(a) (b) 

Figure 3.4.1.2 - Mounting of a gyroscope on a vehicle dashboard 

(a) Overllead view of vehicle with the gyroscope placed horizontally 

(b) Front view of vehicle with the gyroscope detecting the yaw angle of the vehicle 

Figure 3.4.1.2 shows the positioning of the gyroscope system on a vehicle. The 

purpose of the horizontal position is to detect the yaw angle movement of the vehicle. 

3.4.2 Steering Wheel Deployment 

For deployment on the steering wheel , the gyroscope element (figure 3.3.2.2) IS 

removed from its enclosure box and attached directly onto the steering wheel. It 

remains connected electrically to the monitoring electronics via an insulated cable of 

sufficient length to allow an unrestricted full rotation of the steering wheel. 

Figure 3.4.2.1 - Gyroscope installation on a laboratory based steering wbeel 
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Steering Wheel 

Gyroscope on 

Steering column 

~) (~ 
Figure 3.4.2.2 - Mounting of a gyroscope onto a vehicle steering wheel 

(a) overhead view of the steering wheel with the gyroscope system 

(b) Front view ofthe steering wheel with the gyroscope system attached 

rate 

The figure 3.4.2.2 shows the positioning of the gyroscope on the steering wheel 

column from which the gyroscope is able to measure the angular rotation of the 

steering wheel. 

3.5 Video Capturing System 

For experiments on roads, a video capturing system was used to capture the steering 

wheel activities and the driver. The video capturing system was installed on the top of 

the dashboard in the vehicle without obstru~ting the driver's view of the road. It 

consists of a mobile phone camera with video capturing software. This camera was 

capable of capturing VGA resolution video at 30 frames per second with sound. A 

512mb memory card was available for video recording of up to 3 hours. The 

advantage of a video phone camera system was that it operated from a battery, was 

self contained and therefore convenient to install on different vehicles. The camera 

model used was a 'Sony Ericsson K800i' 
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Figure 3.5.2 - Diagram shows 4 frame shot of turning on the steering wheel 

Diagram 3.5.2 shows 4 frame views of the driver at the wheel from a video camera 

installed on the dashboard. This feedback information can be further used to analyse 

the information of the steering wheel angle to determine different activities. 

3.6 Summary 

The structures of two systems which have been used (composite and gyroscope 

systems) have been described. The composite system utilised the Circadian rhythm 

and other factors to determine the driver's fatigue score. The gyroscope system 

obtained information from the gyroscope directly to determine the angular rate of the 

vehicle yaw motion. Two deployments of the latter have been described, the 

' Dashboard Implementation' and the 'Steering Wheel Deployment'. The installation 

of the dashboard implementation has been shown to be unobtrusive to the vehicle and 

the driver. The system was accurately positioned to measure the horizontal yaw 

movements only. The steering wheel deployment was with the gyroscope mounted on 

the steering wheel to measure it's the angular movements. 
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Chapter 4 

Experimental Methodologies 

and Tests Procedure 

4.1 Introduction 

Experimental methodologies and tests with the two systems, composite and gyroscope 

system, are discussed in this chapter. The composite system has been designed to 

monitor the physiological factors during sleepy driving. The composite system 

depends on different inputs to calculate the fatigue level of the driver. Experimental 

tests with this system were undertaken with professional logistic truck drivers (eg. 

TNT and Christian Salvesan) operating the vehicle during their work shift where a 

physiological tiredness score (PTS) was continuously being monitored. 

The two gyroscope systems (the Dashboard implementation and the Steering Wheel 

deployments) were tested separately despite using the same sensing unit. The 

gyroscope system experimental tests may be categorised into nonnal driving and 

simulated fatigue related driving manoeuvres. The normal driving manoeuvres 

contain driving exercises such as left and right tum, accelerating, roundabout, etc, 

which a driving operator would perform on any regular session. The fatigue related 

manoeuvres were simulations of sleepy driving situations such as lane drifting and 

swervmg. 
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4.2 Composite system (ASTiD) 

4.2.1 The Experimental methods 

a. Circadian 
Rhythm 

b. Quality of 
Sleep 

c. Duration 
of drive 

d. Gyroscope , 
ouput 

Composite 
System 

Physiological 
Tiredness 

Score 

• 
Feedback Loop 

. ~ 

Alarm Alert 

• 
Yes 

Alert Level 
Threshold 

No , 
No alarm 

Figure 4.2.1.1 - Overall structure of the te t procedure for the Compo ite sy tern 

The instrumentation used consisted of an Advisory ystem for Tired Drivers (ASTiD) 

[Pernix, 2005]. This advisory system utili sed four sets of data [Reyner and Horne, 

t 9981 which are:-

a. The ircadian rhythm representing diurnal variation in human tiredness 

b. A driver's input about the quality of sleep before driving 

c. A tiredness fact r which incr ases with the continuous period f driving 

d. A gyroscope output which indicates the driving condition to be monotonous or 

non-monotonous. 

a. Circadian rhythm and quality f sleep 

The first component for the compo ite system is the ircadian rhythm (a) of the driver 

which varied with the time of day (figure 4.2.] .2). It is an important physiological 
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factor as described in chapter 2.2.2 and the graph shown on figure 3.2.2.3. Figure 

4.2.1.2 is a revised version of figure 3.2.2.3, where the y-axis is changed and 

quantified to the 'Physiologica1 Tiredness Score' (PTS) indicator. A threshold set at 

0.95 will trigger the alarm if the PTS is greater or equal to this value. The circadian 

rhythm (Horne, 2001] shows a daily cyclical pattern (figure 3.2.2) with a maximum 

tiredness at night time (0200h-0400h) followed by a maximum period of awakeness 

(0900h-l100h), a further tiredness peak (1500h) and a wakeful period (1730-2000h). 

The absolute level of the Circadian rhythm decreases with the quality of sleep leading 

to the three curves. 
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Figure 4.2.1.2 - Figure shows the various circadian rhythms in relation with the quality of sleep 

on previous night. The y-axis shows the physiological tiredness score against time of day for 24h 

clock cycle. Alarm threshold is set at 0.95 indicated in red dotted line. 

b. Duration of drive 

1:. 
0 
0 
N 
N 

Component (c) is the component accounting for the increase in tiredness as the 

duration of the drive progresses [Reyner and Horne 1998 a). The table 4.2.1.1 shows 

the score added per minute depending on how long the driver has been driving (1 hr, 

2hrs or more). The score given also takes into account the monotonity of the driving 

conditions, i.e. driving vehicle is being driven in town (non-monotonous) or 
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motorway (monotonous) mode. For example, if the driver is driving on the I S
\ hour of 

the journey a score of 0.63 x 10.3 is added per min for town mode and 1.25 x 10-3 per 

minute for motorway mode. After every hour the score added per minute increases 

according to table 4.2.2.1 belowo 

Time of driving (in 
hours 

2" hr 

4 
5 
6 
7 

Town Mode 
Non-monotonous 

2.50x 10-
3.13 x 10° 
3.75 x 10° 
4.38 x 10-

Table 4.2.1.1 Figure sbows tbe score added per minute (or tbe town and motorway mode driving. 

Depending on wbicb bour tbe driver is in different score level will be added to tbe PTS. 

Time of driving for the Stop Mode 
first '1:' minutes 
15 2.50 x 10-

j 
per min 

20 5.00 x lO-j per min 
25 7.50 x lO-j per min 
30 10.5 x 10--' per min 
35 12.5 x 10--' per min 
Table 4.2.1.2 Figure sbows the score reduction per minute accordiDI to the duration the vehicle is 

in Stop mode 

Regular rest and stops of a minimum of 15 minutes decreases the tiredness score 

IReyner and Horne 1997). A rest of 60 minutes removes the tiredness score 

completely. Table 4.2.1.2 shows the score reduction according to the duration of time 

the vehicle is stationary whereby there is no output from the gyroscope (stop mode). 

c. Gyroscope Mode Base driving 

The gyroscope component (d) plays a role in differentiating the driving mode of the 

vehicle from monotonous and non-monotonous driving conditions. Monotonous 

driving conditions are normally found on motorways and non-monotonous type 

conditions are normal town type driving (more information can be found in section 

4.3.4). When the gyroscope detects regular manoeuvre movements then the driving 

mode is classified as non-monotonous driving. Monotonous driving mode is when the 
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gyroscope output is low indicating minimal regular movements. When there no 

movement detccted by the gyroscope, it switches to the stop mode. 
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Figure 4.2.1.3 shows the vehicle driv n from motorway mode to lown mode. The graph is plott d 

for gyro cope output again t time. 

Figure 4.2. 1.3 shows the difference in the gyrose pe output b tween t wn mode and 

motorway mode. This output data has been RM transformed and normalis d. The y

axis represents the gyroscope output and the x-axis represent the time in seconds. The 

driving mode is determined by averaging the gyroscope utput data for the previ us 

one minute. 

Driving Mode 

Motorway Mode 

Stop Mode 

Table 4.2.1.3 Different mode 

Average gyro cope output for previou 

1 minute 

Gyro Output>0.25 

0.00» yro Outpu 0.025 

Gyro Output<O.OO I 
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d. Physiological tiredness score (PTS) 

The four components (a), (b), (c) and (d) are combined by the mathematical algorithm 

to calculate the physiological tiredness score. There is a threshold level of 0.95 for the 

critical tiredness score level, which triggers the alarm to alert the driver to this 

dangerous situation. 

PTS (t) = C SQ (t) + 0 dm (t) -Dr (t) ----------------Eqn 4.2.1.1 

Where, 

PTS (t) = Physiological Tiredness Score 

C SQ (t) = Circadian based on sleep quality wrt time 

D dm (t) = Duration of drive base on driving mode wrt time 

Dr (t) = Duration of rest wrt time 

4.2.2 Experimental Tests 

The first set of tests was with commercial trucks driven by professional drivers on shift duty. 

Experimental tests were performed with the composite system appropriately mounted on the 

dashboard of the commercial vehicle (figure 3.4.1.1) which was in routine use on normal 

roads. During such tests there were changes of drivers, rest periods and extensive road 

driving. 

The overall output of the composite system was recorded as a function of time along with 

notes of major events such as time of start of driving, rest period, change of driver etc. The 

composite system also had inputted each driver's estimate of the quality of sleep prior to 

driving. Consequently test data could be retrieved after each test in the form of the time 

variation of the overall output of the composite system based upon the sum of the Circadian 

Rhythm curve appropriate to each driver, the fatigue increase with longer duration of drive in 

monotonous road conditions. 

Table 4.2.2.1 presents a list of experimental tests conducted using the composite 

ASTiD unit. The types of vehicles used vary from commercial articulated trucks, van 

and mining trucks (caterpillar). These experimental tests were conducted during the 

course of the commercial vehicles undertaking their normal duties. 
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List of Data 

Date Vebicle code - Vebicle Type Duration of 

Journey Journey 

1 19m April 04 TNT(NG) - Driver 2 Articulated Truck 5 hrs 

2 19th April 04 TNT(NG) - Driver 3 Articulated Truck 3 hrs 

3 23 rd March 04 TNT{AJ) - Articulated Truck 5hrs 

Menalesham 

4 30tn March 04 TNT{AJ) - Newsfast Articulated Truck 4 hrs 

3 I 8t March 04 Glasgow 3 hrs 

5 20th January 04 TNT{AJ) - Thetford Articulated Truck 3 hrs 

21 s\ January 04 3 hrs 

26th January 04 4hrs 

27th January 04 3 hrs 

30th January 04 6hrs 

6 21 st February 04 Caterpillar 797 - Mining Tuck 7hrs 

22nd February 04 Chile 7hrs 

7 0200 February 05 Ford Van Commercial Van 2 hrs 

04th February 05 2 hrs 

3 I s\ March 05 2 hrs 

8 I ) th August 04 Christian Salvesan Articulated Truck 24 hrs 

12th August 04 (multiple driver 24 hrs 

8th February 05 change) 24 hrs 

9th February 05 18 hrs 

II th February 05 24 hrs 

Table 4.1.1.1 - Summary of tests conducted with the composite system (ASTID). 

4.3 Gyroscope System - Dashboard Implementation 

4.3.1 The methodology of the system 

The purpose of the dashboard implementation was to directly monitor and gather 

information of the angular rate with reference to the yaw motion of the vehicle. The 

main objective was to detect fatigue related manoeuvres. Fatigue related manoeuvres 

can be in the form of lane drifting and swerving which would not occur during normal 

driving circumstances (Paul et a., 2005 a; Dial~ 2(05). 
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The positional installation of the gyroscope was important. The gyroscope is required 

to be positioned horizontally on the dashboard to measure the angular rate with 

reference to the yaw or lateral movements. From the dynamics of motion, yaw is the 

left/right rotation around the vertical axis of the vehicle. The sampling rate of the 

gyroscope system was set at 15Hz which provided a good resolution for fatigue 

manoeuvres to be recorded. 

In order to understand the yaw motion of a vehicle under real road conditions via the 

dashboard gyroscope system, driving manoeuvres were divided into two categories. 

They were the normal driving manoeuvres and fatigue related driving manoeuvres. 

The data collected can be compared with one another in order to identify the 

difference in the driving characteristics. 

4.3.2 Normal Driving Manoeuvres 

Normal driving manoeuvres are a series of driving manoeuvres which drivers of any 

type of vehicle need to pertorm in order to run a vehicle normally on a journey. They 

can be classified according to the angle of change of the vehicle from its original 

position. The manoeuvres include:-

1. Vehicle Left or Right Turning 

2. Parking and Handling of vehicle 

3. Roundabout 

4. Speed bumps and other types of road indicators 
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(a) 

Pitch Movement 

Front 

(c) 

I 

(d) 
Figure 4.2.2.1 - Normal Vehicle Manoeuvres 

(a) Left and right turning examples 

(b) Car-Parking examples 

(c) Vehicle negotiating a roundabout 

(d) pitch and roll movement of a vehicle 

Chromatic Driver Fatigue Monitoring System 
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I. Left or Right Turning 

The left or right turn manoeuvre (figure 4.2.2.la) is the most commonly used 

manoeuvre on the road. This particular manoeuvre can range from turning at a 

junction to accelerating and decelerating. This would involve a vehicle to be 

travelling at more than 20 to 30 mph on average. 

2. Parking and Handling of Vehicle 

During a parking and handling manoeuvre (figure 4.2.2.lb), the vehicle may 

experience both forward and reverse movement depending on the situation. During 

this phase the average speed of a vehicle should be below lOmph when the vehicle 

will conduct wide angle movements 

3. Roundabout 

The roundabout manoeuvre (figure 4.2.2.1c) would be similar to parking and handling 

because the angular displacement would be more than 45 degrees. However the 

average moving traffic speed on a roundabout is between 15-3Omph on average 

4. Speed bumps or other types of road indicators 

Driving over a speed bump on the road does not in general require any change in the 

angular displacement of the steering wheel or the vehicle. This would only affect the 

pitch movement of the vehicle. Pitch is the dynamic motion (figure 4.2.2.1d) where 

thenose of the vehicle experience an up and down motion (Stengel, 1(04). 

Other types of road conditions include rumble strips, pot holes and cat's eyes. These 

also do not affect the angular displacement of the vehicle but may affect the dynamic 

roll motion of the vehicle. Roll motion (figure 4.2.2.1d) is the rotation around the 

longitudinal axis (Stengel,l004). 

4.3.3 Fatigue-related driving manoeuvres 

The research into fatigue and sleep shows that an early indicator of driver tiredness is given 

by a finite number of reactions resulting in particular corrective steering actions by the driver 

(Sagberg, 1999; Paul et ai, 1005 a; Reyner aDd Horne 1998 al. There is a need to 
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better understand the capabilities of such fatigue monitoring systems with respect to their 

operation under real conditions. 

During a road experimental test, a series of simulated fatigue-related driving manoeuvres can 

be conducted to gather lateral yaw movement information. Simulated fatigue driving 

manoeuvres include the following: -

I. Lane drifting correction 

2. Swerving 

1. Lane drifting correction 

Vehicle on lane 

Vehicle Drifting towards rumble strip 

Vehicle alerted by rumble strip 

Quick swerve to 
get back to lane 

Figure 4.3.3.1 - Vehicle movement when alerted by rumble strip 

During normal driving, an alert vehicle driver would voluntarily try to make small 

adjustments on the steering wheel to maintain a steady alignment along the road. 

When a vehicle driver starts to feel tired, these corrective activities reduce 

involuntarily, as the human body relaxes. This is an early indicator of fatigue, seconds 

or minutes before the driver becomes drowsy and head nodding commences, 

depending on the situation and individual drivers [Horne and Baulk, 2003; Paul et 

aI, 2005 a]. 
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Lane drifting correction is an on road experimental test simulation where the steering 

wheel is left unattended while driving at a constant speed, which causes the vehicle to 

drift out of lane. This can be caused by either the uneven camber of the road or the 

alignment of the vehicle wheel [Horne and Baulk, 2003; Paul et ai, 2005 a). When 

the driver is aware of the lane drifting, the driver will try to correct the movement to 

revert back to its normal road alignment. 

The rumble strip was designed to alert any vehicle driver that the vehicle was too 

close to the hard shoulder [Paul et ai, 2005 a). Running the vehicle over the rumble 

strip would cause loud repetitive noise via the wheel of the vehicle. lbis should alert 

the driver instantly and cause the driver to swerve back into lane. 

During a road experiment, the vehicle was deliberately positioned to run on the 

rumble strip for several seconds before swerving back into the correct lane alignment. 

2. Swerving 

A road test simulation of this condition involves a driver deliberately swerving to the 

left, right or both. This is a sharp manoeuvre when a driver experiences micro-sleep 

and awakes seconds later [Paul et ai, 2005 a; Risser et aL, 2000). Upon awakening, 

the driver would most likely be shocked to find himself heading towards an obstacle 

or going into another lane thereby overcompensating with a violent swerve. 

Chromatic Driver Fatigue Monitoring System 61 



Chapter 4 - Experimental Methodologies and Tests 

Vehicle performing a left and right 
swerve 

Figure 4.3.3.3 - Diagram shows the vehicle swerving from left to right. 

4.3.4 Mode base driving 

From sleep research studies, it is known that road vehicle drivers are most likely to 

become drowsy during a long monotonous journey [Reyner and Horne 1998 a) . 

Monotonous driving conditions occur when a vehicle is travelling at a fairly constant 

speed on a long road with a lack of manoeuvre activities (left, right turn, roundabout, 

traffic lights, etc.). 

This type of road is normally found on motcrways where there are no traffic lights, 

speed bumps, etc. Fatigue driving manoeuvres like lane drifting and swerving are 

most likely to occur during these monotonous conditions. Non-monotonous roads are 

town based driving where there are plenty of road manoeuvre activities (left-right 

turning, traffic stops, etc.) which require a certain level of alertness. Therefore the 

gyroscope system needs to be designed to differentiate between the 3 driving modes:-

1. Motorway Mode (M) - Monotonous road conditions where activities on the 

steering wheel are at minimum levels due to long lengths of straight road 
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ahead. These are mostly found on motorways and dual carriageways. The 

maximum speed limit on these roads are nonnally 60-70mph (Pemix 2005) 

2. Town Mode (T) - Town mode driving is on non-monotonous roads where 

there are traffic lights, speed bumps and roundabouts. This type of road is 

nonnally found in built-up areas and single carriageways. The average speed 

on these roads is between 30-40mph (Pema 2(05) 

3. Stop Mode (S) - Stop mode is when a vehicle comes to a complete stop. In 

this mode the gyroscope output is zero. If the vehicle is stationary for a long 

period, the implication is that the driver is resting. That is when the period 

alert system ceases to increase the tiredness factor (section 4.2.1 d). If the stop 

mode is only for a short duration this would indicate that the driver is at the 

traffic lights, in a traffic jam, or parking. This may be used as a transition from 

the 'M' to 'T' mode or vice versa. (Perna 2(05) 

4.3.5 Experiments Conducted 

Experimental data was gathered with different vehicles driven by different drivers, of 

different genders under different weather and traffic conditions. The participants were 

volunteer drivers with at least 3 years of driving experience but were non-professional 

drivers. There was only one professional driver participant when experiments using an 

articulated truck were conducted. To ensure that the data could be used for cross 

comparison, the same route was used each time to gather the data. Driving at different 

times of the day was also undertaken to ensure exposure to various traffic densities. 

The different experiments were conducted to show how the dashboard system adapted 

to different environments and other varying situations. 

The route was an approximately 34 miles return trip shown in figure 4.3.5.1. This 

involves various driving modes (section 4.2.4), whereby the first 10 minutes of the 

route was in the town mode driving. The town mode had various "obstacles" such as 

traffic lights, turning junctions and heavy traffic conditions through out the day. The 

conditions of the road surface included potholes and speed bumps which enabled the 
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effect of vibration on the dashboard gyroscope system to be checked. The average 

speed for these roads was 10 to 30 mph. 
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Figure 4.3.5.1 - Map shows the route (blue route) from the starting point (A) and finishing point 

(8). 

After approximately 10 minutes the route continued onto a motorway where there 

were more lanes to accommodate the traffic and the speed limit of the motorway was 

70mph. For these experimental tests, fatigue-related manoeuvres would only be 

conducted in the motorway-driving mode when fatigue driving most commonly 

occurs in monotonous road conditions (based on the research by Loughborough 

University) rReyner and Horne, 1997]. 

The route was selected to include all three kinds of mode driving for the driver to 

perform various normal and fatigue-related manoeuvres. The particular route (map 

figure 4.3.5.1), was selected to keep consistent road conditions and distance for each 

experiment. Results were collected and then used for comparison and deduction. 
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4.3.6 Summary of Test Conditions 

There were a total of 16 experiments conducted for the route identified on figure 

4.3.5.1. Different drivers were selected to conduct the experiments,S male candidates 

and 2 female candidates over 16 experiments. 

There were 4 different types of vehicles used throughout the experiments: Hatchback 

car, van, saloon car and an articulated truck. During the experiments the weather 

conditions and traffic conditions varied. The weather conditions have been classified 

into sunny, cloudy and rain. Traffic densities have been classified into light, medium 

and heavy traffic conditions. 

For the experiments, the candidates were healthy and awake for the duration of the 

experimental drive on the fixed route (figure 4.3.5.1). No candidate was sleep 

deprived because it far too dangerous for experiments on real road conditions. 

The main objective of these experiments was to gather information for normal and 

simulated fatigue related manoeuvres using the dashboard gyroscope system. As for 

the simulated fatigue related manoeuvres, candidates were asked to simulate lane 

drifting and swerving as shown in section 4.3.3. 

A summary table of the experimental test can be found in section 5 (table 5.3.5.1) 

4.4 Gyroscope System - Steering Wheel Unit 

4.4.1 Experimental methods of the steering wheel system 

The steering wheel unit was the second deployment of the gyroscope system whereby 

the miniaturised gyroscope alone was installed on the steering wheel. The purpose of 

this implementation was to gather possible fatigue related features from the driving 

signals of the steering wheel. 

When the gyroscope is correctly installed on the steering wheel (as shown in section 

3.4.2), output signals will be produced when the steering wheel is rotated either 

clockwise or anticlockwise. Therefore the output of the gyroscope would be zero if 
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there is no activity on the steering wheel. The various types of manoeuvres which 

occurred under different situations led to two categories of operation for the steering 

wheel : -

I. Normal Driving - The angular rotation situation is regularly changing. This 

driving mode consists of much non-monotonous driving. (e.g. turning, 

parking, etc.) 

2. Fatigue Related Driving - This usually happens during the monotonous driving 

mode, when steering wheel movements are a minimum during a journey. 

4.4.2 Normal Driving 

Normal driving consisted of left and right turns, parking and handling, and negotiating 

roundabout. (Section 4.2.2). 

Max up to 
540 

degrees 

Chromatic Driver Fatigue Monitoring System 

left or Righttumlng at 
approximately 90 degrees 

(8) 

(b) 
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Roundabout turning 
between a to 45 degrees 

(c) 
Figure 4.4.2.1 Front views of the steering wheel movements 

(a) Left or right turn (---90,,} 

(b) Parking and handling of vehicle (0-360°, max 540,,} 

(c) Negotiating roundabout (maintained at - 45"} 

1. Left or Right Turning 

The left or right turning manoeuvre involves the steering wheel angle rotating up to 

approximately 90 degrees. TIUs normally occurrs at a junction (with of without traffic 

lights) on non-monotonous type roads 

2. Parking and Handling of Vehicle 

The parking and handling of a vehicle is classified as a steering wheel angular 

displacement of more than 90 degrees up to 540 degrees at an average speed of less 

than 10mph. This would often occur during a car parking routine. Also when a vehicle 

was travelling at 10mph or less, a left and right turn will require a larger angular 

displacement for the vehicle to complete the turn. 

3. Roundabout 

During a roundabout manoeuvre the steering wheel needs to be turned through and 

maintained at approximately 45 degrees depending on the roundabout exit. 
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4.4.3 - Fatigue-Related Driving 

Fatigue-related driving occurs during prolonged monotonous driving. The two key 

factors associated with fatigue driving under monotonous conditions which can be 

observed via steering wheel monitoring are lane-drifting and reaction (swerve). These 

early signs of fatigue occur during sleep attacks and when alert control of the steering 

wheel deteriorates. Sleep attacks are micro sleeps experienced by a driver when 

he/she feels tired tRisser et al., 2000). 

de =the small 
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Figure 4.4.3.1 Fatigue related driving wheel rotation 

(a) comparison of angular changes for alert and fatigue cbanges 

(i) alert (ii) fatigue 

(b)Swerve Reaction 
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1. Lane Drifting 

When a driver is alert, there will be small angular changes on the steering wheel. 

These changes are voluntary actions by the driver to maintain a steady control of the 

vehicle on the road. When fatigue increases these small angular changes will reduce. 

Eventually the vehicle would start to drift across the road whilst the steering wheel is 

neglected due to micro sleep (Paul et ai, 2005 bl. Figure 4.4.3.1 (a) shows that the 

changes in the angular displacement of the steering wheel for the alert driver is greater 

than the angular change for the fatigue driver. 

2. Steering Swerving (reaction) 

Vehicle swerve is a fatigue-related reaction where the driver rapidly pulls the steering 

wheel to readjust the vehicle to align with the road. In this situation the rate of angular 

change is more rapid than normal turning. 

Figure 4.4.3.l(b) shows the movement ora steering wheel during a swerve. This is an 

example of a swerve where the vehicle may have drifted towards the right side of the 

road. The reaction of the driver pulls the steering wheel at d9, and is then followed by 

d92 to realign the steering wheel back to its original position. 

4.4.4 Experiments Performed 

The steering wheel gyroscope system were assessed both in a lab on a laboratory 

bench steering wheel unit and under real road conditions mounted on 8 vehicle's 

steering wheel. The experiments performed were:-

1. Normal Driving Manoeuvres 

a. Left and Right Turning 

b. Parking and Handling 

c. Roundabout 

2. Fatigue related Manoeuvres (Simulation) 

8. Lane Drifting 

b. Swerving 
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4.4.5 Summary 

This chapter has explained the experimental methodology and test procedures for the 

three experimental systems: composite system, dashboard unit and the steering wheel 

gyroscope. For the Composite system, professional drivers performed the experiments 

during actual working hours to gather real fatigue data for long duration journeys. The 

system operated on both physiological and physical factors. 

The gyroscope system was considered in two parts; the Dashboard Unit and the 

Steering Wheel gyroscope. The gyroscope unit was used to detect the vehicle yaw 

movements and steering wheel movements respectively. The objective of using this 

system was to detect simulated fatigue related driving events For the dashboard unit, 

experiments were planned and conducted on real road conditions where different 

drivers, road and weather conditions could influence the experiments. The steering 

wheel system tests were conducted under both laboratory and real road conditions. 

Comparisons of both systems are presented in the analysis section. 
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Chapter 5 

Experimental Results 

5.1 Introduction 

In this chapter the results collected from the two systems developed, composite and 

gyroscope systems will be presented. A series of graphical results will be provided to 

demonstrate the operations of the systems during an experimental test. The first set of 

results is for the Composite System (ASTiD). The tests were conducted by 

professional drivers and the results consist of several activities such as rest and stop 

breaks, driver change and fatigue alann triggered on high physiological tiredness 

score (PTS). 

The next system is the dashboard monitoring unit which is based on the gyroscope 

system. For the dashboard unit the experimental results for normal driving manoeuvre 

and simulated fatigue-related driving manoeuvre were collected to understand the 

system response. The following sets of experiments were conducted to test the 

performance of the system with different drivers, different vehicles, different weather 

conditions and traffic densities. These sets of tests were performed on the same route 

each time and for the same duration to maintain the consistency of the experiments. 
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The second deployment of the gyroscope system was installed on a steering wheel. 

The experimental test results for the steering wheel system are divided into two parts, 

laboratory test and road test results. Normal driving and simulated fatigue related 

manoeuvres were conducted for both the laboratory and road tests for comparison of 

the performance in different environments. 

5.2 Composite System Results 

5.2. t Introduction 

Results from a typical 24 hour test involving the driver changes obtained with the 

composite system are shown on figures 5.2.2.1, and 5.2.2.2 corresponding 

respectively to the physiological tiredness score (PTS) and the duration tiredness 

score (DTS) without the circadian contribution. 

5.2.2 Unprocessed Data Results 

The experimental results presented on figure S.2.2.1 are for the experiment conducted 

on the 9th February 2005, using a Christian Salvesan articulated truck. The duration of 

the experiment is for the entire day (24hrs drive) conducted by 4 professional drivers 

on different shifts. The change in shift is indicated by the red triangle on the figure 

5.2.2.1. 

The graph on figure S.2.2.1 shows the physiological tiredness score (PTS) plotted 

against time over the duration of 24 hours. 1be output result of the PTS shown is 

based on the mathematical algorithm equation 4.2.1.1. The calculation of the PTS is 

based on the four factors: quality of sleep, circadian rhythm, duration of drive and 

monotonous road conditions. For the experimental results on figure 5.2.2.1 all four 

drivers have register good quality of sleep before the operation. A change of driver is 

accompanied by the system resetting itself to the relevant point on the circadian 

rhythm. Likewise a driver resting reduces the tiredness score (section 4.2.1). 

Based upon the Sleep Research conclusions of the University of Loughborough 

IReyner and Horne 1998 al a PTS of 0.95 is regarded as the threshold for an 

Chromatic Driver Fatigue Monitoring System 72 



Chapter 5 - Experimental Results 

unacceptably high tiredness level. This is shown as a horizontal dashed line on figure 

5.2.2. 1. ]n practice when T.S. ~ 0.95 an alarm is triggered to advise the driver to stop 

driving. 

PTS 
A B c D 

1 .. 4---_. ! :4 
t1 -_ ..•. 

0.8 

0.6 

0.4 

0.2 

4 

5 

o ii i i ! 
~#~~~~~'~~~~~##~ ~ #~##~4~~##~~~ #~~~~~#~~~~~~~~~~~~~$~~~~~~~o/ 

Time of the Day I hours 

Figure 5.2.2.1. Typical Output of the ASTin system from a typical 24 hour period test with 

several changes in drivers. (A, 8, C, 0 different driver and shift periods). These output results 

are calculated from the mathematical formula equation 4.2.1.1 IKoh et a12007) 

The results shown on figure 5.2.2.1 above are subdivided into driver A, B C and D 

The four driver changes which occurred during different shift periods were at 

0330h(A),0846h(B), 1230h(C) and 2255h (D). The driving duration for driver A was 

from 1200h to 0330h. At approximately 0300hrs the driver's physiological tiredness 

score was high and was close to triggering an alarm. Rest was immediately taken and 

later driver B took over from 04100h to 0846h. During the rest it is shown on the 

graph that there is a reduction in PTS (explained in section 4.2.1 b) since the rest is 

more than 15 minutes [Reyner and Horne 1997). After the driver, change the PTS 

score was resets according to the circadian rhythm based on the driver B' s quality of 

sleep. 

The graph shows that for driver B the PTS reduces over the duration of the drive, this 

is due to the human circadian rhythm. The driver alertness should have been improved 

during that time of the day [Reyner and Horne 1997]. Driver C took over from 
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0846h to 1230h and the PTS result is the lowest compared to the other drivers 

throughout the duration of the drive. 

Driver D took over at 1230h and drove for a total duration of 10 hours. Driver D 

rested only rested once at 1830h for approximately 30 minutes, therefore there was a 

drop in PTS score. There was an a1ann triggered at 2233h indicated by orange 

diamond on the graph where the PTS score exceeded 0.95. The driver eventually 

stopped driving 10 minutes after the a1ann. 

5.2.2 Duration data results 

The circadian rhythm component (figure 4.2.1a) may be removed from the 

physiological tiredness score (PTS) (figure 5.2.2.1) in order to observe the effects of 

the other factors. The formula for removing the circadian rhythm component is:-

DTS (1) = PTS (t) - C so (t) -------------Eqn 5.2.2.1 

Where. 

DTS (t) = Duration Tiredness Score 

PTS (t) = Physiological Tiredness Score 

C SQ (t) = Circadian based on sleep quality wrt time 

Subtraction of the circadian rhythm component from the composite system output 

signal leads to the time varying difference DTS shown on figure 5.2.2.2. This graph 

shows that with a fresh driver (A, S, C, D figure 5.2.2.1) the tiredness score resets to 

zero. During the final phase of the day (Sector D figure 5.2.2.1) there was no driver 

change therefore the tiredness score remained accumulative for prolonged periods 

(approx. 10 hours) of driving with the alarm eventually triggered at 22.33 hours. 

Five time sectors of increasing tiredness can be identified on figure 5.2.2.2 which are 

designated by 1, 2. 3, 4, and 5. Each refers to a different driver apart from 4 and 5 

which refers to a single driver D who reset at 18.20 hours so reducing the tiredness 

level (from 0.6 to 0.4) yielding the two regions of tiredness 4 and S. 
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Difference graph of Raw Data 

DTS 
A B c D 

Alarm Threshold 

~------------~.~; .~------~~ . ----- ------r------- --- : ------t-·-- -

0 .8 

0.6 

0.4 

0.2 5 

4 

o 
~~~~~~~~~~~~##~~~~##~~~~##~~~ 
##~##~###~#$~~~~~~~~~~~~~~~~~ 

Time of the Day I hours 

Figure 5.2.2.2. Difference graph of the raw data (Figure 5.2.2.1). 

(Difference Graph = Raw Data - Circadian Rhythm). 

(A, B, C, 0 - Drivers. 1, 2,3,4, 5-sectorial regions of increasing tiredness) 

(Koh et a12007) 
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5.3 Dashboard Unit Results (Gyroscope System) 

5.3. t Introduction 

The experimental results of the dashboard unit involved the unprocessed signal from 

the gyroscope sensor which recorded the angular rate with reference to the yaw 

movement of the vehicle. In this section the experimental results are divided into four 

different sections:-

I. Normal driving manoeuvre results 

2. Results for simulated fatigue-related driving 

3. Mode based driving results 

4. Further experimental results (with respect to different) 

a. Drivers 

h. Vehicles 

c. Weather conditions and Traffic density 

For the gyroscope output results, there will be an offset of 0.5 on the y-axis from the 

origin. This is a normal feature since the gyroscope output has been purposely 

configured to settle on 0.5 to indicate centre positioning of the gyroscope. 

For all the graphical results, the y-axis will represent the voltage of the processed 

gyroscope output from 0 up to 1. The horizontal x-axis represents the time in minutes. 

5.3.2 Normal driving manoeuvre results 

The list of monitored nonnal driving manoeuvres bas been given in chapter 4.2.2. The 

results for these manoeuvres are presented in this section where the sampling rate of 

the gyroscope was selected as 15Hz. 

I. Parkin" and Handlina with Left and Rilzht tumina 

This section presents results for the parking and handling of a vehicle with left and 

right turning. The vehicle used during this experiment was a ~ and the experiment 

was conducted at a car park from which the vehicle was driven onto a road with 

normal road traffic conditions. 
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f- igure 5.3.2. 1 shows test results from the g r c pe of the hicl during start-up 

~ lIowed by the vehicle leavi ng the parking bay and sub. equently turning left and 

right. The gyroscope output was O.5V when chicle wa stati nary ( eetion 5.3. 1). 

Start 
Englno 

1 

0.9 
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~ 0.4 
>. 

C) 0.3 
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:outot 
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Normal Driving - Parking and Handling with Left and Right turn 

Par1<lng nd H ndUng 

movement and h ndllng out ot carparll 

tumoutot 
periling 
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0.5 1.5 2 2.5 

TIm lmlnut I 

Figure 5.3.2.1. G ro op output 11 0\ ing ignal t tur of 2 din r ot m r : P rking and 

Hand ling (0-1.5mln) & Left nd right turning 1.5-3min) 

After the parking and handling -1.5min ra king th hicle und r t k rie f 

left and right tum n th r ad 1.5-3min . Wh n the hicle turned left th utput f 

the gyroscope was in the range between .5- 1 V and wh n th chi Ie turned ri ght the 

output f the gyroscop was .5V - V. As the ehi I tum d left the gyr pIC 

output initially in r a fr m . V. hereafl r th utput hanged fr m .SV-

0.1 V indicating a m vement f the ehicle in the pp it er th turn. he 

process i rev r d fI r the ehicle turning t wards the right djr tj n. 

h ws the ehi Ie neg ti ling r unda ut. Initially the 

t the traffi juneti n fI r ab ut half minute Amin befi re 

proce ding 1 the 1 t r und b ut aft r whi h 1-1.6mi it p cc nd 

r undab ut ( I .6-2.2min . he appr ximate time t n g ti t each r undab lit i 

15 c nds. 
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5.3.3 Re ul ts for fatigue r Intcd driving 
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Fatigue·related manouvre (lane DrIftIng and Swerving) 
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Test Driver VehideType Weather Trame Density Simulated 
No. (M=Male) Conditions (Light, Fatigue 

(F=Female) (Sunny, Medium, event 
Cloudy, Heavy) 
Rainy) 

I Hatchback Car Cloudy Medium 4 
2 Hatchback Car Cloudy Medium 3 
3 M-I Van Sunny Medium 3 
4 Van Sunny Light 7 
5 Van Cloudy Medium 8 
6 Hatchback Car Rainy Medium 5 
7 M-2 Van Rainy Medium 3 
8 Van Rainy Heavy 7 

9 
M-3 

Hatchback Car Sunny Medium 6 
10 Van Sunny Light 7 

I I M-4 Saloon Car Rainy Medium 9 

12 
Articulated 

Rainy Heavy 4 
Truck(Loaded) 

M-5 
13 

Articulated 
Sunny Medium 4 Truck(Unloaded) 

14 F-I 
Van Sunny Heavy 1 

15 Van Sunny Hea~ 4 

16 F-2 Van Sunny Medium 4 

Table ~.3.~.1 - Summary of tbe dasllboard i.plHleatatlotl tall (sa .. roate) 
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5.4 teering Wheel Re ult 

5.4.1 Introduction 

The output signals from the gyr e p sy tern in talled n the t ering whe I ar 

p esented in thi seeti n. Two differ nt type f te t w r e nduct d: the ab rat ry 

steering wheel test and an actu I r ad te t n a ehi Ie te ring wheel. 

5.4.2 Laboratory te ring Wheel re ult 

figure 5.4.2. 1 show the gyro c p output result f th lab rat ry t ering wheel 

test. The xp rimentaJ t t P ri d i di id dint 5 sub ceti n 

of on minute duration and e vering a different man euvre set. 
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Chapter 5 - Experimental Results 

S.4.3 V chicle Steering Wheel results (Road test) 

For the road test, the experimental journey followed the same route as that described 

in section 4.2.5.1.During the test phase, both the steering wheel and dashboard 

systems were used simultaneously to gather results which could by synchronised. 

These two sets of results are presented. 

Gyroscope output for the Dashboard Unit - Road test Experiment 
Number of Events ,. 9 

Edge Lane (Town Mode) Motorway 
09 

51 54 55 02 03 D4 

08 

07 

03 01 

52 53 

02 

01 

o ~ ------.-----------~-~----
1526 1527 1529 1531 1532 1534 1536 1537 1539 1541 1542 1544 1546 1547 1549 1551 1552 1554 1556 1557 1559 1601 

TlmeJ24hr 

(a) 
Gyroscope output for the Steering Unit - Ro,d tut Experiment 

Edge Lane (Town Mode) 
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(b) 
Figure 5.4.3.1 -Gyroscope output signals:-

(a) The Dashboard unit (experimental no 8) 

(b) The steering wheel system 
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Figure 5.4.3.I(a) shows the results for the dashboard unit (expt 8) with a van where 

nine fatigue related events were simulated of which five were swerving activities and 

four were lane drifting manoeuvres. Figure 5.4.3.I(b) presents the gyroscope output 

from the steering wheel system during the experimental drive. The vehicle used for 

this task was the van. Comparing the experimental results for the two different 

systems, there is more background noise seen on the steering wheel system result. 

This is because the gyroscope on the steering wheel experienced more angular rate 

rotation on the steering wheel. 

5.5 Summary 

The gyroscope output (V) which measures the angular rate for the composite system, 

dashboard unit and the steering wheel system obtained from the respective road tests 

have been presented. The composite system measures the physiological information 

from the Circadian rhythm, length of driving, quality of sleep and the driving 

behaviour. The experimental results presented show the physiological tiredness score 

of four different drivers on a 24 hour driving shift. Since driver D covered the longest 

night shift and drove for more than 10 hours. his PTS triggered the alarm advising the 

driver to stop driving. 

The dashboard unit was built to collect real time driving infonnation such as nonnal 

and fatigue driving manoeuvres. From the signals gathered it is not apparent that 

distinguish between nonnal driving and simulated fatigue related driving manoeuvres 

can be distinguished. Also it is difficult to classify the transition of a vehicle changing 

from town to motorway mode. This is important since monotonous driving (motorway 

mode) infonnation is required to eliminate the possibility of a fatigued driver. Further 

experiments were conducted for different drivers, vehicles, weather conditions and 

traffic conditions to investigate the performance of the dashboard system 

The steering wheel system used the same principles as the gyroscope system~ for 

detecting steering wheel motion. As for the dashboard experimen~ nonnal and 

fatigue driving exercises have been conducted for both the laboratory and the vehicle 

units for road test. The actual road driving test results contained additional 
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information such as road conditions. vibrations and traffic conditions compared to the 

laboratory steering wheel test results. Comparison of the experimental results between 

the dashboard unit and steering system showed that the steering wheel system results 

have more background noise and also higher angular rate detected. 
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Chapter 6 

Chromatic Analysis and Discussion 

of Results 

----------~------- -

6.1 Introduction 

The analysis of results involves the application of the chromatic processing technique 

to the experimental results presented in chapter 5. The processing aspects of the 

chromatic methodology assist in reducing the complexity of an unprocessed raw 

signal produced by the monitoring system. The information may be further analysed 

to discriminate critical incidents from normal events. This can provide an early 

indication of the onset of driving fatigue. 

For the composite system, the chromatic processing technique is applied to help 

classify and efficiently represent the data of the output signal. For this analysis, 

chromatic polar diagrams will be used to efficiently classify tiredness information. 

Details about the application of chromatic processing are discussed. The three 

overlapping chromatic filters are configured to identify the trend of fatigue over the 
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entire time period during which a vehicle is driven. These fatigue trends are the driver 

physiological indicators obtained from the respective circadian rhythm patterns. 

The gyroscope system has been deployed in two different monitoring systems. The 

chromatic processing is applied to both the dashboard unit and the steering wheel 

system. The analysis of results shows how the fatigue related manoeuvres are 

discriminated from normal driving conditions. Mode based driving is an important 

element in the algorithm to minimise false positive event. 

6. 2 Chromatic Analysis of the Composite System Signal 

6.2.1 Introduction 

The composite system is designed to monitor the physiological conditions of a road 

vehicle driver. The physiological factors are taken into account by combining the 

information from the circadian rhythm, quality of sleep, duration of the drive and 

monotonous driving conditions (section 4.2). The experimental results presented in 

section 5.2 are for an articulated vehicle driven by 4 different shift drivers over a 24 

hour period. There were two results presented, the first was the physiological 

tiredness score (PTS) over the 24 hour period and the second is the difference 

tiredness score (DTS) over the 24 hour period (circadian rhythm absent). 

The purpose of applying the chromatic processing technique is to classify and 

differentiate the tiredness information (e.g. driver alert and driver tired). In this 

section the details of how the chromatic processing technique is configured to this 

particular application is described. This is followed by the analysis and discussion of 

the results 

6.2.2 Application of tbe Cbromatic Processial tecbaiqae 

The chromatic processing technique explained in section 2.6 involved two steps: 

chromatic filtering and chromatic transformation. 
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6.2.2.1 Chromatic Filtering 

There are two steps involved in the chromatic filtering: selection of optimum filter 

size and time stepping. For the first step, an optimum filter size was selected to 

identify the trend of tiredness. The optimum size of the chromatic filter selected for 

this analysis had a width of 75 minutes for each filter and 150 min (due to the 

overlapping) for all three filters shown on figure 6.2.2.1. This selected filter size was 

found (from the 20 experimental results) to be optimal for detecting relevant changes 

in the signals [Koh et ai, 2007]. 
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Figure 6.2.2.1 Deployment ofthe chromatic RGB filters onto the Composite system output results 

of figure 5.2.2.1. (Filter is configured at 75 mins time stepped I minute). IKoh et 8120071 
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Figure 6.2.2.2 4 different forms of signals for the composite system 

(a) Increasing tiredness 

(b) Decreasing tiredness 

(c) Resting trough 

(d) Peak tiredness 
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There are four major forms of signals found on the experimental results which 

identify the changes of the tiredness score. The four forms of signals are shown on 

figure 6.2.2.2 (a). (b). (c) and (d) where the gradient of each signal is different from 

one another. Figures (a) and (b) show positive and negative gradients which indicate 

increasing and decreasing tiredness for the driver respectively. Figure (c) shows that 

the gradient reaches a minimum level which indicates that the driver is resting or that 

there is a decreasing circadian rhythm. Figure (d) shows the gradient increasing to a 

peak and then decreasing thereafter. which indicates that the tiredness reaches its 

maximum peak before gradual decreasing. From the experimental output results 

(figure 6.2.2.1). the gradient of the time variation of the signal can be used to identify 

the tiredness trend of the driver. 

With an optimal filter size selected. a time stepping method (section 2.8.4) is required 

to analyse the signals for the entire time span on the data. The time stepping technique 

(section 2.8.4.9) is applied using a time step of 1 minute yielding a sampling rate for 

the composite system of 1 data point per minute. With this time stepping technique. a 

chromatic output is processed for each of the time steps from the experimental data 

received. 

6.2.2.2 Chromatic parameters representation 

From each chromatically filtered time step. there is a set of outputs produced, r. g and 

b (equation 2.6.3.1.1). Applying the chromatic transfonnation fonnula (equation 

2.6.3.2.1) yields three chromatic output parameters H, L, and S which have 

appropriate meanings in relation to the application which serves the purpose for the 

information extraction (Wong et al, 20051. 

The chromatic parameters H, L and S in this case have the following meanings. 
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1. Interpretation of H 

~. 12~ 
Peak Tiredness / 

180 

° 

Increasing Tiredness 2400 

Hue_ngle 

Resting Trough 

Figure 6.2.2.2.1 - Correspondence between seeton or a H-L dlqra. aad the type or linearity or 

.Iilaa. 

The purpose of the chromatic H parameter is to identify the dominant signal on the 

respective R, G and B filters (Jones et a., 2000; Zhana, 2004). With the selection of 

the filter size shown on figure 6.2.2.2, the chromatic output H may be interpreted as a 

tiredness trend as follows 

lSI sector (H=O°-600), 

2nd sector (H=60° -180'1, 

3rd sector (H=1800-240'1, 

41h sector (H=2400-360'1, 

2. Interpretation of L 

L = max(r,g,b) + min(r,g,b) (Eqn - 2.1.2.2) 
2 

Decreasing tiredness 

Peak tiredness 

Increasing Tiredness 

Resting trough 

The chromatic output L is defined as the nominal strength of the signallJOIIeI et ... 

2000; Zhang, 2004). Considering a linearly increasing signal amplitude (figure 

Chromatic Driver Fatigue Monitoring System 96 



Chapter 6 - Chromatic Analysis and Discussion of Results 

6.2.2.2.2) the output of each processor R, G, B increases as the area beneath the signal 

curve increases leading an increase in the value of L. A similar argument applies to a 

negative gradient signal. 
Q) 
"0 

.~ 
a. 
E « 

R G B Signal 

Lightness == Effective signal strength Time 

Figure 6.2.2.2.2- Effect of increasing signal amplitude gradient upon the outputs of R, G, B. 

The larger the area under the signal amplitude: time (6.2.2.2.2) curve the higher the 

lightness value (6.2.2.2.3). 
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Figure 6.2.2.2.3- H-L diagram showing the effect of increasing signal gradients 

It has already been shown (figure 6.2.2.2.1) that the H values within the 1 sl sector of a 

H-L polar diagram represent a decreasing tiredness regime whilst the yd quadrant 

represents an increasing tiredness regime. Therefore to interpret the physical meaning 

of the chromatic L parameter, attention is focused upon the first and thirds sectors. 

For the 1 sl sector (figure 6.2.2.2.3) the L values indicate the rate at which the tiredness 

level decreases i.e. a lower L means decreasing tiredness. Therefore it is a region of 
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decreasing concern. Extending the argument to the third sector which correlates with 

increasing tiredness, the higher the L values in this region the more rapid the increase 

in tiredness. This shows that the magnitude of L indicates the tiredness level being 

linked to the strength of the signal. 

3. Interpretation of S 

The chromatic formula for calculating Saturation is: 

,,=max(r,g,h)-min(r,g,b)E -2723 .. , qn ... ) 
max(r,g,h) + min(r,g,h) 

Chromatic S is the spread of the signal. More widely spread signals will result in a 

low S value and vice versa. IJones et ai, 2000; Zhang, 20041. Chromatic S in this 

case is an indication of the fractional change in signal distribution in a finite time 

compared with a norm. A low saturation indicates smaller changes in the signal 

distri bution. 

When used in small scale time stepping mode the S parameter does not appear to 

yield useful information about changes in tiredness level compared with longer 

deviation physiological trends. Therefore the chromatic S parameter is not used for 

addressing the composite system. 

In conclusion, it is only the H-L polar diagram which is used to extract the tiredness 

information so that the transformed information can conveniently highlight trends and 

also be in a form for amalgamation with information derived chromatically from 

physical measurement with a gyroscope. 

6.2.3 Chromatic Analysis of the Composite System 

Chromatic analysis has been used with two experimental resul~ physiological 

tiredness score plot (PTS) (figure 5.2.2.1) and difference tiredness score (OTS) plot 

(figure 5.2.2.2) shown in section S. 
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6.2.3.1 Chromatic analysis of the Physiological Tiredness Score (PTS) 

Applying chromatic processing to the physiological tiredness score graph of figure 

5.2.2.1 yields the H-L polar diagram of figure 6.2.3.1.1. The chromatic H represents 

the nature of the gradient (e.g. increasing or decreasing) of the physiological tiredness 

score. The chromatic L shows the magnitude of the physiological tiredness score. 

Data for each driver, designated by A-D as on figure 5.2.2.1, is distinguished by 

different symbols. The polar plot is divided into 4 sectors of different tiredness level 

regimes. Arrows are used to show the time progression. 

b 
Peak Tiredness 

Level 

1800 
-. 

Increasing Tiredness 
Level 

H-l Polar 
Plot 

.00 

.08 

o Driver A A Driver B 

t~ ~ 
Decreasing 

Tiredness Level 

Driver C x Driver D 

Reduce 
Impact 

Resting trough 

Figure 6.2.3.1.1 - Chromatic polar- diagram H-L for the overall output signal of Figure 5.2.2.1. 

(Different symbols corresponds to various drivers A-D, figure 5.2.2.1) (Koh et 8120071 

The 1 st sector (H=Oo -60~ shows the decreasing tiredness level for all 4 drivers (A-D) 

where there is a presence of decreasing gradient in the physiological tiredness score. 

From the result for driver B (green) the L values were tending towards zero, 

indicating that the driver was driving at the time of day when the circadian rhythm 

was decreasing i.e. between 0400h to 0900h. The results for driver D (blue) also 
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shows the L values tending towards zero, where there was a decrease in physiological 

score between 1500h and 1800h again due to the circadian rhythm. The decrease in 

circadian rhythm indicates that the alertness of the driver is improving which is 

between 0400h - 0900h and 1500h-1800h (Home, 20CH). 

In the 4th sector (H=3000 -3601) the physiological tiredness score is at its lowest. For 

this sector the only data is from driver C. This corresponds to a maximum 

wakefulness period where the circadian rhythm is at its lowest throughout the day 

(1730h-2000h) (Home, 2001). This physiological tiredness score is the healthiest in 

this sector. 

The 3rd sector (H=180o-240l) shows an increasing gradient for the physiological 

tiredness score. The higher the L the worse the physiological score. Driver A and D 

have the highest L values of 0.77 and 0.80 respectively. Driver A has high L values 

because the time of day during the drive is between 0200b and 0400b during which 

the circadian rhythm indicates most tiredness. Driver D has a very high L of 0.8 

which also triggered an alann. This is because of the time of the day and the 

lengthened duration of the drive. An alann which was triggered at 2233h (figure 3) 

has H, L coordinates 210°, 0.8. To reduce the physiological tiredness score the driver 

should be taking more rest breaks of least 15 minutes to regain alertness. 

When drivers A and D experienced peak tiredness. both took action to cease driving 

and rest immediately. The 2nd sector (H=60°-180~ is the region where the 

physiological tiredness score reaches its peak and COIDlllCllCeS to decrease. Drivers A 

and D show high L values in this sector. The reason for this is because the 

physiological tiredness score is decreasing after the peak in the 3n1 sector. 

This analysis of the physiological tiredness score shows that different sectors of the H 

scale indicate the tiredness level of a driver with respect to the circadian rhythm. 

Chromatic L shows the level of the tiredness where higher L indicates greater 

tiredness. 
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6.2.3.2 Chromatic analysis of the Duration Tiredness Score (DTS) 

Applying the chromatic analysis to the data of figure 5.2.2.2 yields the H-L polar 

diagram of figure 6.3.3.1. In this case the five different time stages of figure 5.2.2.2 

(1-5) are distinguished by different symbols. These results correspond to the case 

whereby the circadian rhythm factor is removed from the score. 

With the description of different levels of tiredness being categorised for the 4 

separate sectors, trends of tiredness progression become more apparent. Chromatic H 

represents the sense of the gradient (eg. increasing or decreasing) of the duration 

tiredness score. Chromatic L shows the length of the driving duration, the longer the 

duration of the drive (high L), the more tired the driver. 
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Figure 6.3.3. L Chromatic polar-diagrams of H-L for the difference data of Figure 5.2.2.2. 

(Different symbols indicate different stages of figure 5.2.2.2) (Koh et a120071 

The L values decrease in the order stage 5 (red), stage 4 (blue), stage 1 (pink), stage 2 

(green) and stage 3 (orange). Thus driver C at stage 3 has the shortest duration of 

driving overall. The duration of driver D is divided into two stages - stage 5 (red) with 

the highest tiredness score and followed by stage 4 (blue). 
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The 4th sector (11=300°-360\ shows that there is only stage 4 (driver D) values where 

the driver D rested for a period of time. The values for drivers A. Band C are because 

there was no rest during duties and the tiredness score is reset once the next shift 

driver is registered. 

An alarm was triggered at 2233h (figure 6.3.3.1) when the H, L coordinates were 

210°,0.8 and the driver tiredness level was reaching the threshold. The high tiredness 

factor was due to the duration of the drive with the driver driving continuously for 

more than 10 hours without sufficient rest to regain alertness. 

6.2.3.3 Comparison between the chromatic analysis of PTS and DTS 

The above analysis shows that there are two important sectors on the polar plot in 

detennining the tiredness level of the driver. The 1 It sector (H=O° -60'1 with low L 

values represents the decreasing tiredness level. The 3rd sector (H=1800.240') with 

high L value indicates the high tiredness level when the alann triggers at H=2100 and 

L=0.8. 

The physiological tiredness score calculates the driver's tiredness level including the 

circadian rhythm, quality of sleep factors and duration of the drive under monotonous 

road conditions. The duration tiredness score only includes the duration under 

monotonous driving conditions. Driver A only drove for a duration less than 4 hours 

compared to driver D who drove for a duration of approximately 10 hours in total. For 

the DTS chromatic analysis, the maximum L values (tiredness score) of driver 0 is 

more than twice that of driver A in the 3rd sector. Considering the circadian rhythm, 

the PTS chromatic analysis shows a similar maximum score of L= 0.78 (driver A) to 

0.8 (driver D) on the 3rd sector. This shows that the tiredness level is as high for 

driving during the early hours in the moming (between 0200-0400h) for a shorter 

duration compared to a driver driving for a longer period during the evening (1730h-

2000h) (Horne, 1(01)). 

An advantage of the chromatic polar diagram analysis is its capability for classifying 

the period of tiredness according to the values of H which determines the dominance 

of the tiredness score, and L, which determines the magnitude of the tiredness score. 
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Representing both these aspects on the chromatic H-L polar plot provides a 

convenient means for visualising and comparing trends. 

6.3 Chromatic Analysis of the Dashboard System Signals 

6.3.1 Introduction 

The design of the dashboard unit was based on the gyroscope system to monitor the 

angular rate reference to the yaw motion of the vehicle. The system provided a means 

for monitoring the physical indicators of driving fatigue, such as swerving and lane 

drifting manoeuvres. The experimental results for the dashboard system. gyroscope 

output (V) against time, have been presented in section 5.3. In this section, chromatic 

processing is utilised to analyse the gyroscope output signals in order to extract and 

detect the fatigue related events (lane drifting and swerving) from other normal 

driving manoeuvres (e.g. roundabout. left and right turning) 

6.3.2 Application of Chromatic analysis 

The chromatic analysis described in chapter 2.6 has been used to analyse the 

experimental results (section 5.3) for both gyroscope systems. Details of the 

chromatic filtering and chromatic transformation steps are presented. 

6.3.2.1 Chromatic Filtering 

There are two steps involved in the chromatic filtering: selection of optimum filter 

size and time stepping (section 2.8). For the first step. an optimum filter size was 

selected to identify and discriminate fatigue related driving from normal manoeuvres. 

Table 6.3.2.1.1 shows the data collected from the experimental results for normal 

driving and fatigue related manoeuvres. The table compares the time taken for the 

complete manoeuvre in seconds and the gyroscope output range in volts. 

Comparing normal driving and fatigue related manoeuvres; there is a distinct 

difference between the times taken to complete each manoeuvre. The time taken to 
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complete the fatigue related manoeuvres ranged from 1.00s to 1.65s. The times taken 

for nonnal driving type manoeuvres were all greater than 4s. Figure 6.3.2.1.1 shows 

examples of how three overlapping R, G and 8 filters were deployed onto time 

varying signals. Three examples are given which are swerve (1 (a», left turn (1 (b» 

and roundabout (2 (c» from the table 6.3.2.1.1. Using the tabulated results, the filter 

widths selected were 0.66s or 1.32s for all three overlapping R. G and 8 filters (figure 

6.3.2.1(a». This range was selected because the filter width cover the whole time 

range of the events and aids the discrimination of the swerve and lane drifting events 

from other nonnal driving manoeuvres. 

Time taken for event (a) -.' .....~UiM 

Nonnal Manoeuvre 
Left tum 1 4.70 0.84 
Left tum 2 5.70 0.67 
Right tum 1 6.70 0.47 
Right tum 2 5.40 1.00 
Roundabout 1 10.50 0.12 
Roundabout 2 12.40 0.10 
Speed bump1 5.50 0.03 
Fatigue related Manoeuvre 
Swerve 1 1.00 0.56 
Swerve 2 1.20 0.72 
Swerve 3 1.50 0.48 
Swerve 4 1.35 0.60 
Swerve 5 1.15 0.35 
Swerve 6 1.36 0.88 
Lane drifting 1 1.20 0.33 
Lane drifting 2 1.30 0.44 
Lane drifting 3 1.65 0.45 
Lane drifting 4 1.20 0.46 
Table 6.3.1.1.1 List ror normal manoeuvres and ratia_ related ..... vres wlda tl.e duration or 

events and IYnJICOpe oatput (v) rro.ledIoII5.3 

The gyroscope system output signal was sampled at 15Hz to capture the driving 

intonnation at a sufficiently high level of resolution. 1bc time step (scc:tion 2.8.4) for 

the filters was 1 step @ 1115 to maintain the resolution of tile data. 
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Figure 6.3.2.1.1 Deployment ofthe three overlapping filters (R, G and B) each with a width of 

O.66s and a total time window of 1.32. 

(a) fatigue related event (sl) from figure 5.3.3.2 (a) 

(b) Left turn 1 from figure 5.3.2.1 

(c) Roundabout 2 from figure 5.3.2.2 

6.3.2.2 Chromatic Transformation 
The second part of the chromatic analysis involves the chromatic transformation. The 

output values, r, g and b, from the chromatic filtering are used to calculate the 

chromatic parameters, H, Land S, using equation 2.6.3.2.1. 

With a selected filter size of 0.66s for each filter, the chromatic filtering enables the 

fatigue related event to be detected and discriminated from other manoeuvres and 

enables values of the chromatic parameters to be determined. For this application only 

the L and S and not the H parameters are used. This is because the H parameter does 

not provide any useful information to detect the swerve and lane drifting manoeuvres. 

Therefore it is preferable to use Cartesian diagrams of L, S against time rather than 

polar diagrams ofH-L and H-S (section 2.6.3.2) [Jones et aI, 2000; Zhang, 2004]. 

For the dashboard unit application, the gyroscope output signal gave the angular rate 

associated with the yaw motion of the vehicle. Therefore the chromatic parameter L 
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The graph on figure 6.3.2.3.1 (a) shows that for the angular rate changes of the 

vehicle, (L) varied within the range of 0.18 to 0.52 whereas when negotiating a 

roundabout the range was 0.11-0.14. Thus the angular rate of the vehicle produces 

lower L values for roundabouts compared to left and right turning. For acceleration 

and deceleration over speed bumps the maximum L level was less than 0.05 (figure 

6.3.2.1 (a)). These values are the lowest compared to the other manoeuvres because 

there is little change on the yaw rotation during these types of bump based 

manoeuvres. For the fatigue related manoeuvres (lane drifts and swerves), the L 

ranged from 0.13 to 0.27. This shows that there is an indicative mid range for both the 

swerving and lane drifting actions. 

The right and left turning exercises yielded a S range of values between 0.2 to 1 

(figure 6.3 .2.3.1 (b)). There was a larger spread in the signal for these manoeuvres 

compared to the roundabouts, speed bump, acceleration and deceleration which only 

have S values in a range less than 0.09. The fatigue related types of manoeuvres yield 

S values above 0.22. 

Chromatic L comparison for different driving manouvre 

06 
Normal driving Manouvre Fatigue Related Manouvre 

05 

0 4 

. 
~ 03 1r---~--~--~--------------~------------------------------~ 
..J 

0.2 

01 L-______________ ~~ ________ ~----------------------------~ 

(a) 
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08 
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• .. 
"iii 
> 

'" 
04 

02 

0 

Chromatic S comparison for different driving manouvre 

Normal driving Manouvre Fatigue Related Manouvre 

DIfferent Manouevre types 

(b) 

Figures 6.3.2.3.1 Chromatic parameter values for different types of manoeuvres 

(a) Chromatic L comparison for different manoeuvres 

(b) Chromatic S comparison for different manoeuvres 

These comparisons, suggest that there are regimes for L and S within which fatigue 

signals reside identified by the colour zones on figures 6.3.2.3.1 (a) and (b) L 

comparison (Pink zone), S comparison (blue zone). Table 6.3.2.3.1 summarises the 

fatigue boundaries for S and L 

Threshold level for detecting fatigue related driving 

manoeuvre (maximum values only) 

L (angular velocity) 0.07 :s L :s 0.3 

S (angular acceleration) 0.22 :s S :s 0.9 

Table 6.3.2.3.1 Threshold levels for the fatigue related manoeuvres 

The threshold information given on table 6.3.2.3.1, shows that both the L and S 

conditions for the threshold level need to be satisfied in order to classify the 

manoeuvre as a swerve or lane drift during a road drive. i.e. it is necessary to satisfy 

an L criterion of 0.07 to 0.3 and an S criterion of 0.22 to 0.9. 
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The next step is to apply this threshold level of L and S to the further road test 

experiments described in section 5.3.5. The list of the experiments can be found on 

table 5.3.5.1. 

6.3.3 Chromatic Analysis of the Dashboard unit System 

In this section, the chromatic analysis is applied to the road test results of section 

5.2.3. A list of 17 experimental tests, conducted on the same route which lasted for 

approximately 40 minutes per experiment was presented on table 5.3 .2.1 . During 

these tests various drivers and vehicles were used. Also various types of weather 

conditions and traffic conditions were recorded as well as the specific days. 

The main purpose of these experiments was to apply the chromatic analysis technique 

(section 6.3.2) and the threshold levels (table 6.3.2.3.1) to detect for simulated fatigue 

related manoeuvres (lane drifting and swerving) on real road conditions. There was 

also a need to understand the performance of the dashboard gyroscope system under 

different conditions (driver, vehicles, traffic and weather). The performance was to be 

considered in terms of how well the system detected the simulated fatigue related 

driving events under different conditions. 

Figure 6.3.3.1 shows a flow chart for the detection of fatigue related events using the 

chromatic threshold levels defmed by table 6.3.2.3.1. In addition to the factors 

described above there is also an element, "Driving mode" which checks whether the 

vehicle is moving and not idling and if so whether it is being driven on busy roads or 

a monotonous motorway. 

Chromatic 
Processing 

Stop Mod. 

Figure 6.3.3.1 Flow chart for the real time fatigue event detector 
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6.3.3.1. Analysis for detection of event using the chromatic threshold level 

Three experimental test have been selected from the results oftable 5.3.5.1 illustrating 

the chromatic analysis procedure. The three test are tests 2, 3 and 7. The experimental 

results can be found in section 5.3.5. Data from the tests have been chromatically 

processed to obtain values of the parameters L and S (section 6.3.2) to which the 

threshold levels (figure 6.3.3.1) can be applied to test for fatigue events. This also 

enables the accuracy of the system to be assessed under these various conditions. 

The time variation of chromatic L and S during a journey may be displayed 

graphically as shown on figure 6.3.3.1.1 (a) (b) (c). The chromatic parameter L is 

shown in red and S in blue. The detection of an event is flagged up as a yellow line to 

indicate the time at which it was detected. The events detected along with the 

corresponding L and S values are summarised on table 6.3.3.1.1. 
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S-Swerve 
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+-----+ ••• -----------------------+ 
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Figure 6.3.3.1.1 Chromatic of Land S as functions of journey time for the table 5.3.5.1 

(a) Test 2 

(b) Test 3 

(c) Test 6 
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Driver Events Detected ChrolDatic L ChrolDatic S 

M-l False Positive 1 0.15 0.22 

Hatchback Car False Positive 2 0.23 0.43 

(Test 2) SI 0.09 0.34 

S2 0.07 0.27 

01 0.08 0.28 

M-l SI 0.10 0.44 

Van S2 0.12 0.45 

(Test 3) 01 0.11 0.31 

False positive I 0.14 0.22 

01 0.07 0.29 

SI 0.08 0.46 

M-2 S2 0.08 0.22 

Hatchback Car S3 0.07 0.25 

(Test 6) 02 0.()9 0.23 

False Positive 1 0.15 0.22 

False Positive 2 0.25 0.28 

Table 6.J.J.l.l Sum mary of event detected durinl test 1. 3 aad 6. ne tv_t deteeted eoaailts of 

swerves, lane driftial and false pMItlyes. 

On this table the events are described either as swerv~ lane drifting or false 

positives. A false positive is dermed as a test result which incorrectly implies that an 

event occurred. The event in this case was an indication of a fatigue reaction when 

none was deliberately simulated at that time instant. 

The real events detected in test 2, include both swerves and lane drifting. However 2 

false positives were also detected during the town mode in the first part of the journey 

when there were non-monotonous driving activities negotiating junction turnings, 

roundabouts and traffic lights. For the fust false positive 1 result the S value is 0.22 

which is barely over the threshold value. The false positive 2 was due to a bottle neck 

junction during road works where the vehicle moved into the next lane. 
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For test 3 all fatigue related events were registered by the system, but one false 

positive occurred towards the end of the journey. The S value is 0.22 which is the 

minimum level of the threshold. 

For test 6, all the fatigue related events were detected but 2 false positives were also 

recorded. The first false positive recorded occurred during lane switching on a 

roundabout manoeuvre. The second false positive occurred during a parking 

manoeuvre into a parking bay. 

It would be possible for the lower threshold of S (0.22) to be increased to exclude the 

above false positives. However this would also affect the actual fatigue related events 

such as swerve 2 of test 6 which would not have been detected. The results shows that 

all the false positives detected occurred only with non-monotonous driving i.e. town 

mode. 

Table 6.3.3.1.2 shows the analysis of the results of the 16 experiments conducted 

(Table 5.3.5.1). The table shows results of the fatigue events simulated. events 

detected and the events missed by the system. From all 16 tests only during test II 

was a fatigue related event missed. The chromatic output for this experiment II are, S 

= 0.45 and L = 0.018. The event was not detected by the system because the 

chromatic L value did not exceed the lower threshold level of 0.2. All the fatigue 

simulations in the remaining 15 experiments were detected. 

However there are numerous false positive events which occurred during 10 of the 16 

tests. Thus although 15 out of 16 experiments detected 100% fatigue related swerves, 

the false positive events detected could cause the system to be less efficient and 

produce discrepancies. False positives occur more commonly under non-monotonous 

driving conditions such as parking and in slow moving traffic (vehicle changing lanes 

erratically during a traffic jam). However from the sleep research studies by Home 

and Reyner, statistically fatigue related type accidents are most likely to occur during 

motorway or monotonous type driving (Horae ad ileyJIer, 1997). 

Chromatic Driver Fatigue Monitoring System 114 



Chapter 6 - Chromatic Analysis and Discussion of Results 

Test Driver Vehicle Type Simulated Events Detected Events 
No. (M=Male) Fatigue Missed 

(F=Female) event 

I Hatchback Car 4 
5 

0 
(I False Positive) 

2 Hatchback Car 3 
5 0 

(2 False Positive) 

3 M-I Van 3 
4 0 

(I False Positive) 

Van 7 
8 0 

4 (1 False Positive) 

Van 8 
9 0 

5 (1 False Positive) 

Hatchback Car 5 
7 0 

6 (2 False Positive) 

M-2 Van 3 
3 0 

7 (0 False Positive) 

8 Van 7 
7 0 

(0 False Positive) 

9 Hatchback Car 6 
8 0 

(2 False Positive) 
M-3 

9 0 
10 Van 7 i2 False Positive) 

M-4 Saloon Car 9 
8 I 

11 (0 False Positive) 
Articulated 

4 
5 0 

12 Truck(Loaded) (1 False Positive) 
M-5 Articulated 4 0 

13 Truck(UnJoaded) 4 iO False Positive) 

14 Van 1 1 0 
(0 False Positive) F-I 

15 Van 4 4 0 iO False Positive) 

16 F-2 Van 4 5 0 
(I False Positivel 

Table 6.3.3.1.1 Summary events detected, r.1Ie poIltives.1Id eYtlltI.laed ror.U 16 tlperl ... b 

rrom t.ble5.3.5.1 

6.3.3.2. Mode based driving effects. 

As indicated in the introduction to section 6.3.3 in relation to figure 6.3.3.1, there 

were three different driving modes of interest. namely town. DlOtorway and stop 

mode. Town mode driving involved several normal driving manoeuvres such as 

handling and leaving (including left and right turning), speed bumps. and roundabout 
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negotiation which are considered to be non-monotonous. Motorway mode driving 

involves fewer driving manoeuvres examples of which are, acceleration, deceleration 

and braking. Other motorway manoeuvres are vehicle over-taking, leaving or joining 

a slip road. These types of manoeuvres (motorway mode) do not induce much lateral 

changes to a monitoring gyroscope and the average output values are generally lower 

than the town mode based driving manoeuvres. For a stationary vehicle, the output of 

the gyroscope is approximately zero. Gyroscope outputs which are typical for each of 

these three modes are summarised on table 6.3.3.2.1 

Driving Mode 

Town Mode 

Motorway Mode 

Stop Mode 

Average gyroscope output for previous 

t minute 

Gyro Output>0.25 

O.OOl >Gyro Output>O.025 

Gyro Output<O.OO 1 

Table 6.3.3.2.1 Average gyroscope outputs for different driving modes 

To take account of the different driving modes a further decision making flow chart 

needs to be introduced and is shown on figure 6.3.3.2.1. The thresholds for L and S 

shown on table 6.3.3.2.1 are used in conjunction with the mode based driving shown 

in the flow-chart (figure 6.3.3.2.1). Thus the fatigue decision making described in 

section 6.3.3 .. 1 is only implemented if the driving mode is identified as being the 

motorway mode. 

Town 
Mode 

$tOl>Mode 

No 

Figure 6.3.3.2.1 Flow chart for the real time fatigue event detector with mode ba e driving. 
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This procedure enabled many false positive identification to be eliminated. For 

example, there may be non-fatigue events that might qualify on the basis of the L and 

S thresholds. But if the system only detects that the vehicle is driving in a non

motorway mode (monotonous type driving) then the false positives could be removed. 

This mode base driving has been implemented and the results of the 16 experiments 

from table 6.3.3.1.2, reanalysed to give the results summarised on table 6.3.3.2.1. 

Test Driver Simulated Events Detected Events Detected 
No. (M=Male) Fatigue event Without Mode With Mode Base 

(F=Female) base driving driving 

1 4 5 4 
(1 False Positive) (0 False Positive) 

2 3 5 5 
(2 False Positive) (0 False Positive) 

3 M-l 3 
4 3 

(1 False Positive) (0 False Positive) 

4 7 
8 7 

(1 False Positi ve ) (0 False Positive) 

5 8 
9 8 

(1 False Positive) (0 False Positive) 

6 5 
7 5 

(2 False Positive) (0 False Positive) 

7 M-2 3 
3 3 

(0 False Positive) (0 False Positive) 

8 7 
7 7 

(0 False Positive) (0 False Positive) 

9 6 
8 6 

(2 False Positive) (0 False Positive) 
M-3 

to 7 
9 7 

(2 False Positive) (0 False Positive) 
8 9 

11 M-4 9 (0 False Positive) (0 False Positive) 
(1 Event Missed) (1 Event Missed) 

12 4 
5 4 

(1 False Positive) (0 False Positive) 
M-S 

13 4 4 4 
(0 False Positive) (0 False Positive) 

14 I 
1 1 

F-I (0 False Positive) (0 False Positive) 

15 4 
4 4 

(0 False Positive) (0 False Positive) 

16 F-2 4 
S 4 

(1 False Positive) (0 False Positive) 

Table 6.3.3.1.1sboWl tlte comparlsoa 01 tile res .... ol.ode .... drh'llll18trodllClld 
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This system of mode base driving effectively removes the entire false positive event 

for all 16 experiments. The reason is because the events detection has been disabled 

for town mode or non-monotonous driving conditions. All tests apart from test II 

have detected all events successfully. This is because the simulated fatigue related 

events have not qualified because of the predefined event detection threshold. 

The 16 tests with the dashboard gyroscope system involved different driver gender, 

vehicle, weather and traffic conditions. The same chromatic algorithm, event 

detection and mode base driving parameters have been applied to all 16 tests. A total 

of 79 fatigue related events have been simulated on real road conditions with 78 

events correctly detected. From this analysis successful detection by the system 

fatigue events could be determined to an accuracy of is 98.7%. Within the scope of 

these tests fatigue driving type manoeuvres appear to be similar for different vehicles. 

drivers, weather and traffic conditions investigated. 

The results have shown that the chromatic analysis dashboard gyroscope system has 

been effective in detecting fatigue related driving manoeuvres (swerving and lane 

drifting) on real road conditions. However there are three recommendations for future 

research and experiments:-

I. More experiments for statistical comparisons. E.g. 50-100 experiments 

2. Wider range of vehicles, different drivers and different countries 

3. Experiments with drivers who are really fatigued under real road conditions 

(but in safe environments) 
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6.4 Chromatic Analysis of the Steering Wheel system 

This section covers the analysis of the experimental results (section 5.4) of the 

steering wheel monitoring system. The chromatic processing analysis is similar to that 

applied to the Dashboard monitoring system and has been described in section 6.3.2. 

This is because both the dashboard and the steering wheel monitoring systems utilise 

the same principles as the gyroscope system. 

Both laboratory and the road test results are analysed. Normal and simulated fatigue 

based driving manoeuvres were conducted for comparison in the analysis of both 

laboratory (section 6.4.1.1.1) and road (section 6.4.1.2.1) tests. The results of the 

steering wheel system may therefore be compared with those of the dashboard system 

in order to explore the implications of test results relative to the latter. 

6.4.1.1 Analysis of the laboratory steering wheel results 

The analysis of the laboratory steering wheel results has been undertaken with the 

same chromatic algorithms, event detection and town mode driving threshold levels 

which were applied to the dashboard unit (section 6.3). 

Results for the time variation of L and S during a test are given on figure 6.4.1.1.1. 

The L variation is shown as a red curve, the S as a blue curve. Events detected are 

identified by dotted orange lines, and false positives are indicated by solid yellow 

lines. A total of 6 fatigue driving events were simulated on the laboratory steering 

wheel. The results of figure 6.4.1.1.1 show that a total of 9 events were detected of 

which 6 were false positive and 3 actual events detected. The 3 valid events detected 

were all during the Sth minute of the driving test when the swerves were simulated 

with a preceding lapse in concentration. Another 3 swerves during the 4th minute were 

not detected but indicated as false positives. The reason for this is because the swerve 

is registered as town mode driving and therefore does not satisfy the conditions (Table 

6.3.2.2.1) for events detection. There are also 3 actual false positives detected during 

the 3 rd and 4th minute intervals. 
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lat Minute 2nd Minute 

Panting and handling town mode dnlllng 
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False POSitIve - 6 
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False Positive Event Detected 2 --- Saturation --- lightness 

Figure 6.4.1. I.I Events detection for the test results of figure 5.4.2.1 

6.4.1.2 Discussion of the road test result 

Both the dashboard and steering wheel systems were used in real road tests in order to 

capture the outputs from both systems simultaneously under the same conditions. The 

result of the analysis for the dashboard and steering wheel systems are shown 

respectively on figure 6.4.1.2.1 (a) and (b). 

Comparison of the chromatic L and S results for the two systems shows that the 

steering wheel system results have higher amplitude excursions than the dashboard 

system. The implication is that the angular rate detected by the gyroscope on the 

steering wheel system is higher. This is because the gyroscope installed on the 

steering wheel experiences more rotational displacement around the steering colwnn 

during manoeuvres compared to the dashboard unit. 
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Chromatic Analysis - Gyroscope output for the dashboard unit 
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Figure 6.4.1.2. t - Time variation of chromatic analysis parameters for the test results of figure 

5.4.3.1 

(a)Dashboard Unit (expt no. 8) 

(b) Steering Wheel System 
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1. Swerving activities (S 1) 

Figure 6.4.1.2.2 shows a comparison of the swerve (S 1) for the dashboard (figure 

6.5.3.2(a)) and steering wheel systems (figure 6.5.3.2(b)). The maximum (L, S) values 

for the dashboard system (figures 6.4.1.2.2(a)) is (0.10, 0.21) whilst for the steering 

wheel system they are (0.14, 0.26). This shows that there is more activity observed on 

the results from the steering wheel system. 
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Figure 6.4.1.2.2 - Comparison ofthe chromatic results for swerve (SI) from figure 6.4.1.2.1 

(a)Dashboard Unit (expt no. 8) 

(b) Steering Wheel System 
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2. Lane Drifting 

Figures 6.4.1.2.3 (a) and (b) show a comparison for lane drifting (01) from fi gure 

6.4.1.2.1 for the dashboard and steering wheel units respectively. The maximum (L, 

S) values for the dashboard system (a) are (0.09, 0.26) and for the steering wheel 

system (0.35, 0.68). 
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Figure 6.4.1.2.3 - Comparison of the chromatic results for lane drifting (01) from figure 6.4.1.2.1 

(a)Dashboard Unit (expt no. 8) 

(b) Steering Wheel System 
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Also indicated on figure 6.4.1.2.3 (a) and (b) are the time period immediately prior to 

the lane drift which should correspond to a lapse phase. The lapse phase is a period 

during a driving fatigue event when there is a lack of activity on the steering wheel. 

This causes the vehicle to lane drift or wander away from the road. I Home and 

Reyner, 1997). For the present tests, the steering wheel was left unattended for 9 

seconds to allow the vehicle to drift before the pull back swerve. A comparison of the 

figures 6.4.1.2.3 (a) and (b), shows that there are distinct differences in the response 

of the two monitoring systems during the lapse phase. For the dashboard (a) unit. the 

lapse and non-lapse periods appear similar with average lightness values of less than 

0.05. For the steering wheel system (b) the lightness values for the lapse phase are 

less than 0.05, whilst the value for the non-lapse period is greater than 0.05 i.e. the 

steering wheel system is capable of detecting the lapse period of fatigue driving. 

It may thus be concluded from this analysis that although it is more difficult to detect 

fatigue related events using the steering wheel system compared to the dashboard 

system, nonetheless the steering wheel system is capable of detecting the lapse period 

before the lane drift. 
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6.5 Combination of physiological and physical factors. 

In this chapter, the chromatic analysis of results from two different systems 

(composite and gyroscope system) have been discussed separately. The composite 

system is concerned with physiological indications of driving fatigue based on 

infonnation such as the human circadian rhythm and involving quality of sleep and 

duration of driving with emphasis on monotonous driving conditions. Application of 

chromatic analysis to the results of the composite system algorithm assists in 

identifying regions of fatigue (H) and magnitude of tiredness (L) based on chromatic 

polar diagrams (figure 6.3.3.1). 

The gyroscope based systems are intended for the detection physical effects produced 

fatigued driving. Chromatic analysis of results from the two deployments of the 

gyroscope system, shows that the dashboard unit system is capable of detecting 

simulated fatigue related driving manoeuvres. The results have demonstrated that the 

chromatic analysis assists in discriminating between simulated fatigues induced lane 

drifting and swerving and nonnal driving manoeuvres. The analysis is capable of 

detecting simulated fatigue related events under various conditions such as different 

drivers, vehicles, traffic and weather conditions. 

Home and Reyner have suggested that if 3 fatigue events are detected within a span of 

15 minutes, this indicate that the driver is fatigued (Horae aDd Reyaer, 20061. More 

than 3 fatigue event detected in the span of 15 minutes suggests that the tiredness 

level of the driver is critical and it is advisable to cease driving (Horae aad ReyDer, 

2006). This assists in furthering the design of an alarm raising capability of the 

dashboard gyroscope system. 

Table 6.5.1 shows an alarm raising system based upon the nwnber of events detected 

in the span of 15 minutes. For every event detected there is an increment of 0.1 in the 

value of a "Physical Tiredness Factor". If the registered fatigue event passes the 15 

minute mark, there will be a reduction of 0.1 from the total score. There is no alarm 

action if only two or less events are detected within a 15 minute period. However 3 

swerves in the span of 15 minutes produce a warning. If a fourth event is detected an 
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alarm will be raised indicating that the critical fatigue level of the driver based on the 

physical indication has been exceeded. 

Fatigue Even~ Physical Tiredness Factor Alarm Action 
Detected (Dashboard System) 

Duration of 15 minutes 

0 0 No 

1 0.10 No 

2 0.20 No 

3 0.30 \\ aming 

4 0.40 Yes Alarm 

5 0.50 Yes Alarm 

Table 6.S.1 Quantification of Physical Tiredness Factor based upon the number of events 

detected by a gyroscope and showing the various alarm levels. 

The composite system (figure 4.2.1.2 based upon physiological factors has a separate 

alarm raising capability which is based upon a PTS threshold and 0.95 being 

exceeded. 

6.5.2 Combination of Physiological and Physical Alarm system. 

There is a need for combining the physiological and physical parameters to form an 

overall driving fatigue management system. In this section the combination of the 

composite system and dashboard unit are presented followed by a set of results. 

The Chromatic Driving Fatigue Monitoring System consists of Physiological and 

Physical indicators in combination. Each indicator utilises Chromatic analysis 

differently. The main goal for the system is to be able to combine the information 
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from these two sub systems to yield a 'Total Tiredness Factor' (TTF) so that an alarm 

can be triggered above a threshold level. 

Both the Physiological and Physical indicators may be regarded as semi-independent 

of each other. which implies that the alarms can be triggered based upon individual or 

combined threshold levels. With the combination of the composite and gyroscope 

(dashboard unit) analyses it is possible to form a fatigue management system that has 

been tested for real road conditions. The composite system contributes by identifying 

human physiological factors such as circadian rhythm based on the quality of sleep. 

The dashboard unit contributes by detecting fatigue related driving events such as 

swerving and lane drifting. A mathematical formula for the combination of the 

information from the two systems may be proposed as follows; 

T.T.F = P.T.S + P.T.F ---------eqn 6.5.2.1 

Where: 

T.T.F is the total tiredness factor 

P.T.S is the physiological tiredness factor 

P.T.F is the physical fatigue detected by the dashboard gyroscope system 

Table 6.5.2.1 provides a summary of the proposed values for the two terms of 

equation 6.5.2.1 and the manner in which they could be considered to give an overall 

integrated alarm level. 

Table 6.5.2.1 shows two semi-independent sets of alann. The 'Total Tiredness Factor' 

alarm and the dashboard unit alarm. The threshold for the TTF alarm is set at 0.95 

which is similar to the PTS alarm. Basically the TTF is an addition of the PTS 

(Physiological factor) and PTF (physical factor) values according to equation 6.S.2.1. 

The second alarm is the PTF alarm where this is independent of the physiological 

factor. As shown on table 6.5.2.1, a warning alarm is given when 3 events are 

detected and a full alarm when more than 4 fatigue related events are detected. 

Table 6.5.2.1 shows the alarm criteria which can be used when combining 

information from both indicators. If the physiological indicator is at a minimal level. 

it will need a finite number of swerves (4) within IS minutes to trigger the Dashboard 
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unit to initiate the alarm. Alternatively if the physiological indication is for critical 

tiredness, it will only require 1 swerve to trigger the total tiredness factor alarm. Using 

the semi independent alarm method helps to provide a fail safe margin for the system 

under different conditions. Examples of these conditions are:-

1. Driver experiencing jet-lag in a different time zone/country 

2. Sleep apnoea patients 

3. Drivers driving during dangerous Circadian periods (0200-0400hrs and 1400-

1600hrs) 

tphysiologicallndicators iPhysicallndicators Semi-Independent Alarm 

KComposite System) (Dashboard Unit) 

rrotal Tiredness Dashboard 

~actor Alarm Unit Alarm 

Minimal Tiredness 4 events in last 15 mins No Yes 

(PTS = 0) (PTF = 0.40) (TIF = 0.40) (PTF = 0.40) 

Low Tiredness 4 events in last 15 mins No Yes 

(PTS = 0.30) (PTF = 0.40) (TIF = 0.70) (PTF = 0.40) 

Moderate Tiredness 3 events in last 15 mins Yes 1 n 

(PTS = 0.65) (PTF = 0.30) (TIF = 0.95) (PTF = 0.30) 

High Tiredness 2 events in last 15 mins Yes No 

(PTS = 0.75) (PTF = 0.20) (TIF = 0.95) (PTF = 0.20) 

Critical Tiredness 1 events in last 15 mins Yes No 

(PTS = 0.85) (PTF = 0.10) (TIF = 0.95) (PTF = 0.10) 

Table 6.5.2.1 Combination of physiological and physical indicators or driving fatigue 

6.6 Summary 

This chapter has described the chromatic analysis of the experimental results of 

chapter 5 for both physiological and physical systems followed by a discussion of 

their implications. The physiological indicators are based on the composite system 

results where the chromatic parameters H and L are used to detennine the critical 
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tiredness level. Various H sectors on a H-L polar diagram (section 6.2.3) represent 

different tiredness situations with the critical tiredness level being in the 3 rd sector 

(180° to 240°). The L parameter represents the tiredness level whereby the higher L 

values indicate a more tired driver. 

The physical indicator is based on the chromatic transformation of the gyroscope 

output signals. The gyroscope system has been deployed either on the vehicle 

dashboard or on the steering wheel. The dashboard implementation provides 

chromatic L and S values corresponding to the gyroscope output signal and whereby 

L is associated with the strength of the gyroscope angular rate and S with the spread 

of the signal. With the chromatic L and S values gathered for normal and simulated 

fatigue related manoeuvres, the threshold level for fatigue driving can be categorised. 

This can be further used tor the detection of driving fatigue events to be identified 

autonomously. Initially the results detected numerous a false positive events which 

undesired effect was overcome through introduction of a mode based driving 

algorithm. 

Analysis of the result for the steering wheel gyroscope was incapable of 

distinguishing the fatigue related simulated events as accurately as the dashboard 

gyroscope. This is because the gyroscope installed on the steering wheel experiences 

more rotational displacement around the steering column during manoeuvres 

compared to the dashboard unit. Therefore the magnitude of the output was higher 

which made it difficult to distinguish between nonnal and fatigue driving 

manoeuvres. 

Finally the possibility has been addressed of combining the physiological and the 

physical factors from the chromatic analysis to provide a holistic means for 

identifying levels of driving fatigue. This is based upon combining the physiological 

tiredness score with the events detection (physical factor) to output the total tiredness 

factor alarm which triggers at a threshold level of 0.95. It is also important to include 

the physical factor independent to the physiological factor. Hence the system triggers 

the alarm when there are 3 or more fatigue related events regardless of the 

physiological factors such as circadian rhythm, quality of sleep and duration of the 

drive. 
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Chapter 7 

Conclusions and Future Work 

7.1 Conclusions 

The main objective of this research was to develop a driving fatigue monitoring 

system which could be installed on a real vehicle operating on real roads. The system 

should be able to detect early signs of fatigue and advise the driver to cease driving 

when a tiredness threshold was approached. From knowledge of previous research. 

the driving fatigue monitoring system was based on both physiological and physical 

indications. With the application of a novel chromatic processing analysis, it has been 

possible to extract the required information (fatigue related conditions from normal 

driving) and also represent it in a simplistic form (chromatic polar diagrams). 

Two separate systems have been designed to yield the physiological and physical 

indicators of fatigue. The two systems are:-

Composite System (Physiological Indicator) 

The composite system was designed to detect early signs of fatigue from 

physiological factors such as the human circadian rhythm with regards to quality of 

sleep, the duration of driving and emphasising monotonous driving conditions. The 

composite system algorithm accumulates these factors and provides as an output a 
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'Physiological Tiredness Score' (PTS). An alarm threshold is implemented to trigger 

when the PTS exceeds a value of 0.95, indicating that the driver is over-fatigued and 

is advised to rest. 

With the help of the chromatic analysis, data from the system output can be presented 

in a simplistic manner and divided into different categories of tiredness. . The 

Chromatic parameters H and L represent respectively the category of tiredness and the 

tiredness level. Four categories of tiredness have been identified on a H-L chromatic 

polar diagram from the 20 experimental tests conducted with professional drivers. The 

Chromatic physiological signatures which have been established are:-

• 1 st Sector (0-60°) - represents a decreasing tiredness level. This region 

indicates the resting point of the driver when L, the tiredness level, reduces. 

• 2nd Sector (60°_180°) - represents the peak tiredness level. This region shows 

the tiredness level reaching its peak and then slowly reducing. The region 

usually indicates the effect of the circadian rhythm causing the driver to 

become more alert due to the time of day. 

• 3rd sector (l800-240~ - represents an increasing tiredness level. An L value of 

more than 0.8 in the 3rd sector represents a high level of tiredness experienced 

by the driver and this will initiate an alarm to advise the driver to cease driving 

for an immediate rest 

• 4th Sector (2400-360~ - indicates rest periods where the PTS has minimal 

values. 

Gyroscope System (Physical Indicator) 

The gyroscope systems have been adapted to detect physical signs of driving fatigue. 

The physical indications of fatigue are erratic type driving during early stages of 

fatigue with the influence of such driving appearing via the steering wheel. The main 

sensor employed was a miniature vibrating gyroscope (Tokin NEe) which measured 

the angular rate of a moving body. The first system used a dashboard mOWlted 

gyroscope whereby the gyroscope was installed to detect the angular rate of the 

vehicle with reference to the yaw motion. The second system used a steering wheel 
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mounted gyroscope to measure the angular rate of the steering rotation. An analytical 

comparison of the two systems indicated that the dashboard gyroscope was able to 

distinguish simulated fatigue related events than the steering wheel gyroscope. The 

dashboard unit was tested and optimised to detect all fatigue related events accurately 

in 15 out of 16 experiments. Introducing a mode base driving consideration enabled 

all the false positive events which occurred during the non-monotonous driving 

conditions to be eliminated. It has been confirmed from previous research that driving 

fatigue is most likely to occur during monotonous driving conditions (Home and 

Reyner, 1997). 

Outputs from the gyroscope system have been chromatically analysed for 

distinguishing driving fatigue from normal driving manoeuvres. The chromatic 

parameters L and S represent the signal strength of the angular rate and spread of the 

signal respectively. 

Chapter 6.6 discussed the possibility of combining the physiological (composite) and 

physical (dashboard unit) system information. The method is based on two semi

independent alarms, the Total Tiredness Score (TIS) alarm and the Physical 

Tiredness Factor (PTF) alarm. The TIS alarm is based on the combination of the 

physiological parameters and the detection of events to gives for early warnings of the 

onset of fatigue. The threshold of the alarm is 0.95. The PTF alarm gives physical 

indications of fatigue in the absence of the physiological parameters. More than 3 

swerves detected in 15 minutes indicate that the driver is highly fatigued regardless of 

time of the day (Home and Reyner, 2006]. Therefore the PTF alarm should trigger 

when more than 3 swerves are detected in a span of 15 minutes. 

This thesis has concluded that it is possible to design a monitoring system based on 

both the physiological and physical parameters for the detection of early signs of 

fatigue. More importantly this research has demonstrated that the experimental 

systems can operate under real road conditions and that the systems are unobtrusive to 

the vehicle and the driver during operation. An alarm system design has been 

discussed where the monitoring unit would act solely as an advisory system for the 

driver of the vehicle indicating high fatigue level. The cost of the system is 

economical whereby only a low cost sensor (gyroscope) and components are used. 
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7.2. Future Work 

The experiments conducted with the gyroscope system are based on simulated driving 

fatigue manoeuvres conducted by non-fatigued drivers. This was done to ensure that 

there were no safety threats since experiments were conducted on real roads for the 

purpose of accommodating real environmental influences such as traffic, road and 

weather conditions. Future research (Section 6.3.3.2) should conduct experiments 

with fatigue or sleep deprived drivers on real road conditions, provided safety 

conditions are prioritised. 

Circadian rhythm and duration of sleep requirements varies from one person to 

another. The current system only allows the driver to choose between 'Good', 'Bad' 

and 'Poor' quality of sleep the night before. Recently an American based company 

called 'Sleeptracker' [Sleeptracker) has developed a watch which stores information 

on previous sleep quality. The innovative product records the number of times a 

person is awake during the night and the average time between those moments. It also 

records the duration of sleep and compares the data from different nights to observe 

the restlessness during each night's sleep. 

Future work on the physiological indicators needs to improve the quality of sleep 

estimate using information from such devices as the Sleeptracker [Sleeptracker) 

watch. 

There is also the possibility of detecting driving effects other than those related to 

sleep. For example driving under influence of excess alcohol etc could be 

investigated. Clearly there would be a need to extrapolate the chromatic analysis to 

accommodate these other conditions. 
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Effect of chromatic filter characteristics in 
quantifying complex data 

A. Koh, E.M. Dean, J. Zhang, G.R. Jones, J.W. Spencer 

Centre of Intelligent Monitoring Systems (CIMS), Department of Electrical 
Engineering and Electronics, University of Liverpool, Brownlow Hill, Liverpool, L69 

3GJ, UK 
ABSTRACT 

The use of chromatic processing is 
discussed for extracting information 
from the complexity of modulated 
pulsatile signals, which occur in many 
branches of medicine and engineering. 
A brief indication of the effect of 
changing the form of chromatic filters 
is given, followed by examples of the 
deployment of the method for yield ing 
the signatures of some pulsatile 
signals. 

1. INTRODUCTION 

This contribution is concerned with the 
extraction of information from a 
complicated set of data representing a 
pulsatile condition. Such signals may 
occur as pulses in the circulation of 
blood in the human body, by faulty 
impeller blades on a mechanical pump 
or localised faults on the rotating tyre 
of a road vehicle. One approach for 
extracting information from pulsatile 
signals is to convert the signal from 
time variation into the frequency 
domain using Fourier based 
techniques. However the resulting 
frequency domain signal of such 
pulsatile signals is often as 
complicated if not more so than the 
original time domain signal. If in 
addition there are continuous periodic 
signals superimposed upon the 
pulsatile signals the Fourier 
transformed signals become even more 
complicated. An example of such a 
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signal in the time domain and when 
Fourier transformed is shown on 
figures I(a) and I(b) respectively [2]. 
This shows that although the 
continuous signal frequencies are well 
below those of the pulsatile 
components, non-the less the pulsatile 
components are accordingly modulated 
complicating signal recognition. 

. . . . ,. ~ .. -.. · .. r ~. ...~!.. ~" •• : 
: : : : " .. ~ ... ·t· .. 

, , ,a ,. t . t • ... 

Figure 1: (a) Example of Complex Pul atile 
Signal time varying ignal (b) Fourier 

Transform of figure l(a) 

Clearly additional techniques are 
needed to attempt to extract the 
information in an a similable form. 
One method is based on chromatic 
processing which differs 
fundamentally from the Fourier 
approach in being non-orthogonal in 
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nature [1]. One way of implementing 
the approach is to chromatically 
process, the Fourier transform of the 
signal. This involves sampling the 
Fourier transform signal with non
orthogonal (overlapping) filters to 
yield three parameters, which then 
define the signal. The effect of the 
nature of the non-orthogonal 
processors on the signal defining 
parameters is considered before giving 
cxamples of the deployment of the 
approach for providing signatures of 
pulsatile signals 

2. EFFECT OF FILTER 
PROPERTIES 

This section discusses the manner in 
which different deployment of 
tristimulus filters (RGB) on the 
parameter axis translates into HLS 
space representation [2]. For clarity the 
input signal is assumed to be 
monochromatic (i.e. all values zero 
apart from a single parameter) so that 
S= 1 and the performance can be 
tracked in terms of Hue. The manner in 
which the three filters are deployed 
will establish the region of overlap of 
the tristimulus filters, which in turn 
will determine the response of the 
system to the input signal. 

2.1 Tristimulus filters at Half Height 

Figure 2(a) shows a typical Blackman 
filter triplet, spanning the frequency 
range 0-22.5kHz. By tracking a series 
of monochromatic signals across this 
frequency range and calculating the H, 
L and S parameters in each case the 
variation of H with parameter (in this 
case frequency) for S=1 can be 
determined. The resulting variation is 
shown on figure 2(b). In this case, each 
of the chromatic filters overlapped at 
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their half height values, the width and 
height of each fi Iter being identical. 

Figure 2. Half height overlapping filters 
(a) Response of filters (b) Hue: parameter 

characteristic 

The result given on figure 2(b) shows 
that a H response is only obtained for 
the range of frequencies over which 
there is an overlap of the filter 
responses (i.e 5- 17kHz). In between 
these limits H varies monotonically but 
in a non-linear manner with a reduced 
sensitivity in the range 10 - 12.5 kHz 
(the region where the R, B filter have 
minimal response) and the highest 
sensitivity where the filter overlap with 
a maximum rate of change (- 8, 14kHz) 

2.2 Widely 
filters 

paced Tri timulus 

If the range of overlap of the filter 
responses is reduced as shown on the 
figure 3(a) a H: frequency 
characteristic of the form shown on 
figure 3(b) is obtained. This 
characteristic has an exaggerated non
linearity compared with figure 2(b) 
having a highly insensitive region (0.8 
- 1.4 x t 04Hz) due to the low level 
overlap of the R and B filters in that 
range. However there are two narrow 
regions either side of the insensitive 
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regions either side of the insensitive 
region that are highly sensitive. 
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Figure 3: Filters with overlapping tails 
(a) Response of Filters (b) Hue: parameter 

cha raderistics 

2.3 Truncated Triangular 
Tristimulus filters 

A number of other filter arrangements 
can be envisaged. As an example a 
case is considered where the shape of 
the filter response is different and there 
is a truncation once the centre filter 
rcsponse reduces to zero. The filter 
shape is assumed triangular and the 
ovcrlap is at half-height. 

" _ _ T~T"'" 

. - l - _ ... --f-- ·-----~- ... --- .. --.. 1----.. 
i 

.. k' 

r i- ~ ---- ·;~:·l ::.:: ~: + ·:~r .. 
~~-..~. __ -+.~~~-4 __ ~ • .... 

Figure 4. Truncated triangular filters 
(a) Response of filters (b) Hue: parameter 

characteristics 
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The resulting Hue: frequency 
characteristic in this case (figure 4) is 
highly linear extending throughout the 
range covered by the three-filter 
responses. Tests show that the best 
linearity occurred when the individual 
filters were spaced 2r apart (r=half 
width of filter) with the filter crossing 
points located at 0.07 of the maximum 
height. Filters implemented in this way 
give a result that is unconditionally 
linear throughout the entire frequency 
range, with no ambiguities. 

2.4 Practical Considerations 

The disadvantage of the triangular 
filter lies in the need for large kerne Is 
to accurately represent the 
discontinuit ies in the filter response. 
This can lead to greatly increased data 
processing. 

In practise. this optimised filter is ideal 
for the processing of chromatic results 
from discrete data sets where a 
component of the data can be 
independent from another data point. 
On the other hand for continuous data , 
three Gaussian of the [orm shown in 
figure 2 are more practical because 
filter arrangements ean be tailored to 
discriminate the data more at the centre 
of the Gaussian with less emphasis on 
the tail region. 

Finally the information extracted in 
terms of H, L, may be presented as 
each of two points on two polar maps 
in which I I is the azimuthally angle 
and L, S are the radius respectively. An 
example of uch a polar map 
representation of three monochromatic 
signals is given on figure 5. The 
chromatic filters are shown on figure 
5(a) along with three monochromatic 
signals at frequencies of 150 221 and , 
332kHz. The location of the chromatic 
point corresponding to each signal is 
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shown on a H-L map (figure 5(b)) 
r each signal having S= 1 because of 
their monochromaticity but with a 
different I I. respective ly 30°. 120°. 
240°] 
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in which L increases as the number of 
monochromatic signals increases. 
(Lightness Increases from 0.55 to 0.87) 

l![_[ -, ~ 
'. .- -- -- -- -- -- -- -_ ... ~,_ ... 0..0 
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Figure 5 chromatic mapping 
(a) Frequency domain signals (b) Chromatic 

domain representation 

3. APPLICATION TO COMPLEX 
MONOCHROMATIC SIGNALS 

3.1 Superposition Of Monochromatic 
Signals 

Figure 6(a) and (b) show respectively 
two and three monochromatic signals 
superimposed on and coupled by the 
same three chromatic filters. In figure 
6(b) an additional monochromatic 
signal (308kHz) has been added to the 
two monochromatic signals (150kI Iz 
and 250kHz) of figure 6(a) 

A single, two and three superimposed 
signals are represented on the H-S and 
H-L chromatic maps of figure 7(a) and 
(b) respectively. Fig 7 (a) shows how 
the saturation reduces from 1 for the 
monochromatic signals to 0.78 for the 
two signals and 0.11 for the three 
signals. Figure 7(b) shows the manner 
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Figure 6. Superposition of monochromatic 
ignal 

(a) 2 superimposed monochromatic signal\; 
super imposed monochromatic signals 

." 
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Figure 7. Chromatic maps of the 
monochromatic signal figure 6 

(a) H-S polar map (b) H-L polar map 
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3.2 Amplitude variation of the 
composite monochromatic signal 

3.2.1 Tristimnlus Gaussian filters 

figure 8 shows thc thrce 
monochromat ic signals using 
tristimulus Gaussian filters of figure 
5(a) each with three different 
amplitudes forming three separate sets. 
Set A corresponds to the amplitudes 
set 1, 0.75, 0.5 for 150, 250 and 
308KHz respectively; set B 0.5, 0.75, 
1: Set C 0.75, 0.5, 1. This section 
c~nsiders the manner in which H, L 
and S values change with the relative 
amplitudes of the monochromatic 
signals. 
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Figure 8. Three superimposed 
monochromatic signals with three varying 

amplitude using tristimulus Gaussian filters 
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Figure 9. Chromatic maps of signal for fig. 8 
(a) H-S polar map (b) H-L polar map 
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The three sets A, Band C of 
superimposed signals shown on figure 
8 are represented on the H-S and H-L 
chromatic maps of rigure 9. figure 
9(a) shows saturation values of 0.39, 
0.72. 0.46 for Sets A. [3 and C 
respectively. Figure 9(b) shows 
lightness values of 0.05. 0.22. 0.10 
again for Sets A, Band C respectively. 
Thus Set I3. has the highest saturation 
and lightness values and Set A, has the 
lowest saturation and lightness values 

The Hue angles for Sets A, [3 and Care 
64, 2 10 and 240 respectively. These 
resu Its show that the difference in J I. L 
and S values between each set A, B 
and C is sufficient for uniquely 
distinguishing between sets. 

3.2.2 Tristimulus Triangular Filters 

,.. ................ :..1 ..... . 

ISO. 251...._a. 
I, 

I I '1 I 
rSelA , \ I 

• Sot I 

\ $oo e 

'j I ,. Y 
tl 

I 
I 

I: 

Figure 10. Three superimposed 
monochromatic signals with three varying 

amplitudes using tristimulus triangular 
filters 

Figure 10 shows the three 
monochromatic s ignals similar to 
figure 8 however the filters used in this 
case are triangular filters . 

The three sets A, Band C of 
superimposed s ignals shown on figure 
10 are represented on the H-S and H-L 
chromatic maps of Figure 11. Figure 
II (a) shows saturation values of 0.41, 
0.71, 0.41 for Sets A, Band C 
respectively. Figure 9(b) shows 
lightness values of 0.06, 0.24, 0.11 
again for Sets A. [3 and C respectively. 
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Thus Set B. has the highest saturation 
and lightness values and Set A. has the 
lowest saturation and lightness values 

The IIue angles for Sets A, B 
and Care 83,198 and 212 
respectively. These results show that 
the difference in H, Land S values 
between each set A, Band C is 
sufficient for uniquely distinguishing 
between sets. 

• • Soo C 

. :... c 

Figure II. Chromatic maps of signal for 
figure 9 

(a) H-S polar map (b) H-L polar map 

3.2.3 Comparison of the two 
different filters configurations 

The results for the different filters 
configurations Gaussian (fig. 8) and 
Triangular (fig. 10) are worth 
comparing. Firstly there is a large 
difference in the Hue angle results, 
where the discrimination for the 
Gaussian filters, figure 9, is greater 
than the triangular filters, figure II. 
Thus hue angle results for Set A and 
Set 13 with the Gaussian filter has a 
difference of 210 - 64 - 146. whereas 

Chromatic Driver Ii'atigue Monitoring System 

for the triangular filters is only 198 -
83 - 115. With regard to Lightness the 
relative difference are 0.24 - 0.06 = 

0.18 for the triangular filter and O.~~ -
0.05 = 0.17 for the Gaussian filters i.e. 
similar differences. The saturation 
values are 0.72 - 0.39 = 0.33 and 0.71 -
OAI = 0.30 which are similar. 

4. CONCLUSIONS 

This contribution has shown how the 
form of the three chromatic filters 
affects the variation of the chromatic 
parameters for a given data set. For 
example a truncated tristimulus 
triangular filter produces uniformly 
linear response throughout the entire 
parameter range, with no ambiguities . 
However for many practical 
application::. a half height Gaussian can 
be arranged to discriminate data in the 
centre region and with less emphasis 
on the tail regions. 

Examples of the deployment of 
the filters to discriminate between 
pulsatile signals with superimposed 
continuously periodic signal are given. 
Comparing the output of the Gaussian 
and Triangular filters shows that in this 
case the triangular filters give higher 
hue discrimination mid range due to 
their better linearity. 

Varying the relative amplitudes 
of the three chromatic filters can also 
be used to tune the chromatic response. 
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Ab!.tract 
The probkm of extmcting qusntificd infornution from physio logic .... and 
physical indicators of Ihe fatiguc I~I of a vehicle driver is addressed. 
A chromatic appro.tCh has been us<:d for processing (he physiological and 
physical OUlputs from a driver f:lIi~ue monitoring system, Ihe physic.ru 
indicator bang in the form of gyroscopic ~i£TI3ls produced by the l.tt~rn l 
movements of a vehick. Sont<: prdimirntry moult> an: presenled ",hich 
show how the chronutic signalures of the physiological and physical 
indica~ can be used 10 id~ntify fatigue thresholds and provide a moA:' 
optimized cstirrute of liredn~ss. 

K~"'(Jf'ds: chro matic proce~ing. driver fatigue. cUb analysis, advisory 
system.. ciocadian rh)'thm, gyroscope. Gaussian. moniloring. physiol.opcal. 
ciredness 

(Some fi£.uA:'s in Ihis article arc: in colour only in Ihe e1oclronic ~~rsion) 

1. Introduction 

'There i, !Ill iocreuing SWaI\mi!lJ of !he role or C~ue 
in rf'ducing !he eff~i~~est of ew~ lasks such IS 
vehicle driving. lAO"")' driving enoo~ uveral aspect'. 
including WlinS asleep while drivia!, or simply n<:C p.t)iag 
allenliOll due to fatigue CI' lad: of sletp. 1bere Is m.nfore 
a neoM 10 provide ~ssisdve rnookoring foe ,. bicle driwn 10 

rMuOl Pcc,ibI.e 4ocideob ele, ~hlch cn!gtJt lit caasedby Ovtr
fatigued driving. Socb rnoakoring needs 10 like account of 

bah person bued ~ttributes and fbyslc41 tecbaology bssa1 
indicators of fatigue. R~ardlog the .fonner lbere Is a lleOO 
10 respecc Ibe bUllltlO blol~1 dock ",bk:h determines the 

fatigueness ud Is called 'clrcadIm rhythm' (1 .2\ . 
Tbl're are a m.mbilr of methods whicllluve btea proposed 

foe mooiloriog sigas of fatigue of an indl.vldul whil'l driving 
s whicle. ~e include the detactloo or the driwr', eye 
mm-emeot (3, 41. EEG (eI«Iroi!oorptu.loyam) and EOG 
(electro-<ndogam) (5, 61 ele. ~IS socb metk 
are being ~ed at lmaatory lewl. Chel.r reliability IIld 
implemeotaliOIl in real ro.'Id cualiem remains 10 be PTolen 
and Ib«e ~re potential impedimmIJ rudI lU COil I0Il che 
oomplexity of the equiprneallo be ~ 
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AoodIer approach Is to have a IIlemJ whldt bridgn Ibe 
t.'P beN.wn physiolor,ical atlribuln md techoicalladieatOl'S. 
One such I)'$(em I, lbe ASTiD (advisory system for tired 
driV\'!n) (71 system wbicb Is already in aJli! on a OUO'lber of 
volbicles. This system ~rl'W!S its output from c~e mooner 10 
w.ftIcb a whlcle Isdrh a .lopalCedcbla by lhedm-er ud dille 
of day related 10 rcadiso rbyt~rn . 1be mailer in ~ich tbe 
" blcle Isdriwo Is~t milled from 11» wbicleNSpOOSe wblch 
IJ monitorro In Ih~ 'ystem from be ootpal ol gyro».::ope 
arnoged to indicate !he lat ral CClOWIUenl.S or tbe ide. lb 
r_U'eh into raflgue and Itep shO\1I1 clul ., u .rty indic3tor 
of ~'er Ill\!doess is gjY\!ll by a linite number or reactiom 
rewldng In r-tlcul.ar OOfrec:tiwllemng aclioa.s by !he dri~r 
121. ne lJaOON1tobec.tetuoderst4odl.e IUesoflUCtl 
sys&enIS ...,jib rnpect 10 lheir opi'f4don o~ condit IS. 
'This OOIItribJtioo _Its to aa~ t~ adpat sigalls from 
an ASTiD syslenl . A dlronufic ~slns technique [8,9) 
is uSid Cor euJ'acling M<Y.1I1 Inrocm.rJoo Crom 11» COlllplex 
d.tt.t OOfJlUC reI.,tlllg 10 botb tbe humso pbyslologl.cal trends 
and Iboge frcm t e wblcla response. 

[t Is sbown tJu( a ckanlltlc lI'IIMfonnatloo or tbe moos 
d.tt. IS (lD eo4bl siglltkaot p patterns 10 blldeolified 
(or provi.di .. & ., 1ns11:1l1 into I m<r r/&orout.~ Cor 
uli~iog phy1toIoPcaIlIld phyrical tn:ticati<:N of fatigue. 

7 .. 7 
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A KctJ (r .:.' 

~~"~~" .... 'I>0~'" .ti~ <Ii'" ~~O<!>'i*' <I'~O.(>~ ...... ~ ..... "' ..... 'i*' ... W<l> ..... 'i*' ..... ~ ~~ .~ ..... '" "'", .... 'i*' <f>'i*'.~ 
Tlmo(7,611) 

.'i$tUr. l. Ciradian rbye ... deblllt plot b ,·.nov •• 1~i.8 co.dlt .... 

2. Te~t in'itrumentation 

1lle illStfUl1h.>ntatlon 11>000 coosist .. d of aD ASTID (:ld.villory 
~t .. m for tired drivers) (21. This :ld.VI1IOry system lItilizeos 
four ~s of dalA ... hieb a(\> 

(a) Ihe circadl3.n rhythm representinJ!; dlllnllli var-iation In 
human tin!dnns; 

( b) a dd~~r's Inpllt about the q'1.'tiity or sleep before dn~ing: 
(c) a tiredness f.1ctcr ~hich Incr .. aSIi!s ""lh the continuolls 

~nod of drhmg; 
(dl a gyR~ope output .... hidl indical<i'S bh!nJl 1nQ"\lt1Ient of 

tbe ,,-elude b.-ing driven. 

1lle clCCadian rbytllDl cornpoooot (a) is deri,,«1 UOIlI sleep 
r .. search information from the Unr ..... t'SIty of l.ou~Nrough. 
St .. ep R"8i!8TCh CentN ( I J and b emb.-dded WIthin a 
micropro,,",,1i1ior in the ASTiD unit. FiguN I shows the d3t3. 
for dlurn.sl variation in alert ... " ror diffK\'nt lewis of st .. ep 
quality ""hich is embO'dded in the ASTID lDlil. 

The quality of sleep jOOgement (b) • good'. ·pocc·. 'b:ld.' is 
inputt .. d into the ASTID unit by the drive, prior- to COllI m .. ncmg 
10 dn "e. Th HI ebOOlle5 the apfl"prist" cin:adi.so rhythnt CUfV" 
(figure I ) to be applied by the unil fcc that p3J"ticubr JOUrney. 

The qumtificallon of the ricedo"s1i (acror (cl is 
dete£OllOOO from studin OIl fatigue change>! at the Un",·er.<ity 
of Lougllboroug/l and is a~11t embedded 'IVIthio the 
mtcropro"","oc in tilt ASTiD UoiL TIIis yi~1ds the etUent 
10 ~"hich al ... noess d;>cr~ Mth the dur3tioo of doving. and 
incn>a5et witb period of reltiog from driving. 

Wlltr .. as (a), (b). (c) are a P'W" determined 
phytiolo~cal indic.aton approxiOUlely quantified. (d) IJ a 
direct m. .. 3Sucement of a ...... hicle response 10 the driver's 
c .. "clions. As such il fcrms Ih .. linlt b.-lwHn !he physiological 
dcrnain and r .. at fbysical effects . Thill is achiO!ved \lIS 

a gyroscop.' em~ within Ibe ASTlD unit ",bleb is 
appropriately mounted wtlbio the ... ~hide :lnd firmly tachoo 
to th" dmhboard in 1iUcII a maooer Ibat th~ gyroscope ~nds 
predominmcly ooly to I enl 0101_ of the ~ t 
(figurt 2). Tht output Qf !he ~oop.' ls IIl8Inly FUtsatile 
in n:lll! A' and is fed inlo the ASnD ~mbedded mtcroprooellor. 
1lle numb.-r and etU"ot of thO' pulutioos af\> used In 
oonjoKfioo lVilb the phy1iiologi.allodi.<:atccs (a), (b), c) to 
indicate !he lewl of faligue 10 order 10 alert ~lIen excessive 
thNsholds are approached. 

748 
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"1f',U1\' 2. SI\o1Ino Ibe AS1U)1I)- IlI<MIIlIaI 001 rb .. <bJihbo cd of a 
"ebide. 

The fatJ~ue indicatioru from each of Ib" abow 
compooonts (a), (b), (cl, (d) m y be ltDeMly sumnvd 10 ~,,~ 

an o" .. ro11 tiA'dOellS score (TS)~" n by 

n ~ C· R(t) + D + (<J,&(th - DlS('b) + OJ E P (l) 
... 

.. iIere 

• <. R(tl ~ the tim .. ...tO'pendent cr adum rhythm lJrOOn~ 
sccce(a)(ti~ 1); 

• D is lie driwr esrimsl .. of 1il .. ep qualilY ~ ... '<NI (b) 
(tipe I ); 

. 0,"(')1 IS th", tune aocumul ·ng. ticednHs caused by 
coodnuous dn .. "ing for • tim.e inlerval 6(1 )" 0, ~iot, 
coost:JDt (e); 

• <»:"(th is Ibe time ;:cumulatiot, r_llIg. O'ff.-cr .net" 
dcr."in~ "",,sllatioo ~ a time lot?!"" I 6(1)!. o! b.-iot, 
caulant (c); 

• ~ L ... P is tH rum or the 80IplJfudes P of the OUlpUI 
putses~ mtho! gyroecopedurlo~lhedrh1Og.time window 
", and o~ IS a numft1~1 coo.rSJlt; 

• tistUIV. 

When tbe ticecJntJ8 .core (nj ~eds a thresbold 
predO'termined frem Sletp R_arcll rudie. ( II the driwr i1i 
alenNi. 1be I}'sto!m at present yields II rail safe thnl hold WIth 
agood~n.Am fUclsefttim."o(the p~lot~ .. 
r lil1uetlnsboldm~tbolacllj~bybettet"c<rroet3Uoaoft~ .. 
dat (rem lh r2ti~e iodic l:rs (a). (bl, (cl abo" ... . 
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0.6 

0.6 

0.2 

O~~~~~r----------p~~--~~----------~L---------4-~ 

r~re ~ lYpl~"1 OQIV"I of Ib! ASTIO J)'SIem (rOOl typInl2.t b pmru I<!III ... 1Ib wwr41 <~ of dm.<.D (A B C, 0 dlffn 1\ dm.oy 
Joj sb Ifl I""'n<xb I 

Oltr ........ I'.'" <11 ~w ~a 

r~re ~ Dlfft'{~lw" tl:l,ll Qf IN Dwdatl (igoue 31, (Dlffnd"~ ,ra.,. = I'ft' Uti (If&lOO rII!1bcn I (A. B. C. [)........tri> 
>~onJ! re,.:m of iDnoMSlll8 rS'edMI. ,) 

U,3,~, 

1'0-'0 different selS o( teslS h.tVe been ~Qnnoo, The first set 
"''a> WIth 4 comme~ whlc~ in routine uw IOd dn~-en by 
professional drr. .... rs wilk III ASTIO urnl opo!r iog ro.llnely, 

The lII'OQOO $li'l was With a .ebi<:1e III ""llIcb the OUIput 0 the 
ASTID ~..-a,; ~ .... ilcred d~ly. 

3 1 .-tST;D Wilt OiJtPiJt un 

E:<f"nmmrol leas were perfaTllOO ",ilia Ibe ASnO mil 
appropnat('ly momtoo en the dMhboard of a ecmm«a 
,,'chicle (fi~ 2) which "'mJ In roatioe uw co IOITUII'\..'\Sds , 

snd whm Ihere w«e changes of dri ...... n. Nil p.>riods IIld 

extenshe rosd dthin~ 
o.nng su.:h rHts ltv O\owan outp411 of \be ASTID mIt ~v. 

rt'OOlded selllCliOllofliDle along. "ith OOles of IDAp ~s 
sucb as time of 111Ft of driviqg. rur period., cbllll,e of dm .... rele. 

The ASllD mil 4150 I13d iopelled('a.:;h driwr's sU013Ie oflhe 
quabtysleeppmrlodnvi0t, AlsoltvoUrputsoflheQlr"08Cope 
as a flWldlOO of lime oou&d be aoc-oo utrosp«.1i\o\!ly from 
lhe microprooHS<W embeddNt wilhia the ASllD WIl . 
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COII9N:(UHtly I<1ISt <bu cook! ha M.w.>Nt .~T uch -
III I~ fonn of ltv time v ' '«1 ot m. owrall output of Ike 
ASTID anit bssed UfXlo the sun of fie c a:tiMI rh)tbm C\A"\oot 

appropri.e to ed dri .. ec. \be r.,~ IllCINU daring a drivinl!
SltSSion ani the rllw f,)TClK:opt OUIpuI (~all:n (I)) . 

Te<s1J "'-eN a~ uod..>ttakotD wbM>by ooly lhe OIlP'I of Ibe 
gyrOl~ IpprQpri 'fly 1IlOII1Ic..'<J on lb. d.I~ of II 
wbicle was ..... .:<Wded 'r ;:tly io Illot ableOOl' of tbe Cm::adWl 
rbythna (.) md 8OCUIllu1aU ...... Cali «bl:od (ell 0UIpu5 
Ounnl!- tIvse leas.. n!C<)(ds of dtt.kld ot&>o'llUQlS of dltre«m 

dnviDS condIlIOIIS (.", diffeNllt ~ (\.'\Sd e Jruoos elc) 
...... rt ctuinfd by a!""'fn «in the tU ~ Q r a limittd lim. 
IIlk'IVai (e.g. () raiA) . o.rillf, suctI )ltv dstatJlOrhng r. e 
wu)'2Hz 

4.. [~rim ntal rt"ildt 

Results from a typic I 204 II test .. ,tl drrver C~'" ctumotd 
.. -itb the AsnD systft1l (ti,ur 2) •• 1bo-.-.. 10 6~. 3 • .00 
fi~ ~ Ccm!lllpOlldIO'; respotcti ...... 1y 10 tbe O\o\tul Ilredllftt 
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A Kc!J ((.1.' 

f ... ~ Oto1.econda 'ibrlNldillt't •• ". A-..g. 1 ....... , ·'_Cl.~ . ""' .... 

lJ ..... ~ 
••.• . .,.; ~,).~ ... 1' 

so..ve (..-quatiCCl ( I)) ud !he tiredness score wilKMlt the 
cin:a:ti.sn ooatritutioo. Men detsil~d restllb for a g)TOI9COp4! 

lest .:~ sho .... n 10 figur~ 5 . 

1lw o"<l!'311 omput from the ASTID unit (ftgu~ 31 m(1.l.'J , 
oompt.ex .. ·.m3IKO ()( TS wicb tilD<' . TIt~re ... ~ rea.hdy slow 
variAtiom du~ 10 tll~ciradi3ll rbythm«a) tecdOCl 2) combined 
v.itb tilt cootillQOUS driVIng factor (b ~ 1bet'e are also ~ff~ 

due 10 a lotal of four driwr dl.&nges v.bicll 0CC\II:'rnd durin,; 
different shift ptriab 0llOOly033O (A), (l/ .46 (8),1230 (0 
lod 2255 (D) bours. A cbMlge of 00"« Is ~ed by 
the S)"StOOI r~trog itself to tbe Rlevn pOUlt on !be a.rc.td1311 
rbythm LJtoo.·is<l4 driwr resting redu.::es lhe tiredllt>ft !ICON. 

Sup~rirnf'---.-I Qp:m ~ slov.w 'IS "·4I1Ilion. Sf1t .h«t 
durtltion fU~ whicll are tile rJPid respoege of the gyroscope 
to driwc-in<bJed I3Iersl mowmmt of the wIIklA!. 

Ibsed upoo the Sleep Rewarch cooclusioos of the 
Un ... ·ersily of Lougnborougb [ I ] a 'IS of 0 .95 II II!l;lIfded as 
the tlngl<.ld foe 80 ~y hi£tl tJcedooss lewl. nit Is 
dIown as a dashed line ia tir;.re J . In pr4CtJ.oe wlt~n 'IS ~ O.9S 
:In sUm1 is triggen>d to advise tbe d,hw to Slop driving. 

Tbe cin:adi.1.n rhytbm oomp:ment (fir;ure I , (aI, (b), 
~tk'l1 2) m..y be rem<J'oo'o!d fllXTl tile O'O .... calJ TS i. order to 
oc.er,·e the effects of Cbe Olher (octon, i.e. fatis;ue incJene 
'Witb durAtion of dcillillg «c) ~ioll 2) md gyrose ourpol 
«d) ~ctim 21. 

n .. cin::adtm rhythm [11 sIIows a daily cyclICal rsuen 
(figur" I ) witll. a ma.xlmum tiredntn at lli~llt tlOlt (03.~ 
0500 houn) ro1l~ by a maximUCII period of ~ 
(09.00-1 LOO hours). a further tlredllt>ft peak (1500 hO\n) 

and I wsuful period (17 .3~20.00 boors). 1be ab!olul8 level 
of !he ClrCMt3ll d1ythm decreases .tll1lbe qulity of steep 
leading 10 Ihe Ib~e curves of Ilpre 1. 

Subtrnction of ~ circ9di.sn rhylhrn oompon~OI from the 
ovelllll AS1lD cutprt tigpal (equation ( I)) leads 10 I~ lima 
vuylar; djtf~moe TS sI10MI in /igore 4. Thls~.l(lh sIlows 
tbal1Vitb fresh drivE'13 (A, B, C, D ftr;me 3) the tinldlln.lOOre 
resElt 10 zero. Durillg!be fio3l ~ of the day (sectOl' D 

figlB"e 3 ). Ihere .... as no arwr cbnge ~~foro'! tht' ~ 
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i 
i 
i 

- ~-

900£ .. r~ouUlOO .tcc"lUl.3uve r<ll p"00xI 00 p..n.o.:is (appro'l-
10 hI o{ drivinr; with e'<\lIllWilly lilt a11111l tving UIg,gec .. ~ • 

22J3houn. 
F ...... Ume .ecton of IlKr.-tng IIcedlll'u can be ldelll:lfiM 

10 figure 4 whidlllfed .. sj~1U1o.'d by 1,2, 3, 41md 5. Each Men 
10 a different drlwr apa1 fran 4 and 5 wbldi refers to. sill~l ... 
driver D ",ho r~t t 18 .20 hO\n 90 reduciog 1M tiredDHS 
l~olI (Ceara (' 6 tQ 0 ."\ >, .. ldlllg lilt two r~ s of Ctrdwss .. 
.md 5. 

4 ~ G!1Q"<'i'~ 0ilT'p1i1 Q.r.,J 

R~IJ for ~ time \;lIristioo of only Cbe culf'll frem Ille 
g)"TOSOO('l daring a Lest ~ detlilM obw""atioas of <ltr.ing 
condltions .. we nude.-e mown in ftt;are 5. Tlte nmdts .1lkh 
11ft typtcaI of thow obtained from su:h tMS ooV«ed a lotal 
(.'i'riod of 6 min. TIlt whide \l'U deI~k'ly dri-.en ItIr~h 
a nUClltw of ph3_ (figure 51 \l'hkb in.:1uded lhe foll~'IOI! : 

( I) h.1IIdllOg 40d leaVIng a $Iati<>Nr'y Jllle; 
(2) lrawlling AI 30 mph: 
(3) tra""nu~1'oW edtumps: 
(.) di>libenre S1II nliag fCK 20 s to llimuble swft',illg dut to 

(.ttl~: 

(S) Ina~~ling It 50 mph; 
(6) slow ~3Iiog 01. a r<A.Dli.tbou 
(7) \~ide Jtaaow.y 
(8) ..orer'f'ki negotiation of a fOUIl<bboli (lWocircuhrioos\: 
(9) lra~ling AI SO mph 

5. An i ol~lt1 

TIlt re9.1lts g ... 'eO III ftgur~ 3, ~ aad 5 show a DIIIIlbtr of 
feanns which .. quaIiUCr. Iy disti.~uUhtlble tu ....... 401 

Ntng -.t.ed qua.blatrwly. F« f'uq.-&e ~on 
of the SO mfb •• i!d by Iht yrQtC0p8 (ft,,," 5) 
frem fle ether ooving ar1ef.C13 ~'\J1d tv psntculOOy useful 
since it Is geaera1ly ~ [1, 21 that. facigued driwr 
t..'Ods to <tlft o(f I~ ro.td ani ~ bact as c<nsclolHat>ft 
i1 rq,aiONl. Ia ordfr to ~~ !be fUslbWt Y 01. !UdI 
quatltlfied dla:rilnI03lJCCl, ~ IotdDqUH (S , 91 baw 
tvell employed. 
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Dorrf".nt 
, ThMpWlO. 

u_~(Kj 

n~lIrt! 6. Tito!-4epE11deot dromuicily fbning lime ~'U)'ia, 
~i8M19(a . Plduril,difr. eat timet, ~ b adJrelM:! by Ibd 
c.hranariq:ro .. "'MtOl1 (R . G. Bl to yi!1d H. L., S \. /u . Each tipn 
is rep~~ by .uirlg~ ~ 011 dlecbromatic pobrdUgam. 

5 .1 Chrorr;;Z:Ic metkodi.1logy 

TIle d4'ploymtnt o( chranslic ~!ng "'M ongitully used 
",ith resp<>d 10 optics! wsvelenglh (81 bullU~nt Iy illus 
be...n uwd (Of olfln plranvlerJ (9) and PJIJIOll" (10) . In 
Ih/$ 'PP1~(ion it is lim~s~ chromatic prooenll1g '-\oblcb is 

~. 
The rime varying si~ is adIbHed by three lime besed 

n -<lrthogoostfiltm R.G.Beactlot eqa ... widrtundspsnnlog 
:a rcedelt'nnlned period (tigure6) . Tht' R.G.B outputs yield !be 
cbrotmlic psramtlt4'CS II. L aad S defined by (equatiom (2)

(4) respectr."Iy). wblch in !he ~I rolllnl haw lbe 
follo.ving meaning. H rep«wnts Ihe domlnllll sip ... time 
period. L l.s lhe nominal apt itreGgtla and S Is tbe effective 
timt' <lundoo of tlv si~ within tbe mmitONd time 'llilldo .... 

H= 
G-B 

60 . 
rnax(R. G. B) -mID(R.G, B) 

IfR=m.u 

()() 2+ • [ 
B- R ] 

mu(R. G. B) - rnin(R. G. B) 
IfG =m:n 

60 4+ • [ 
R-G ] 

mu.(R. G. B) - rnin(R. G. B) 
IfB= m~"t 

The chrcrnatic coc:n1lDare. of !he point correspondJng 10 
{J b:a~ .. Io-.w S wlae (1llCft bcwdIy spread sI~l ) wilb Its 
doraloool dow rorlier (1I10W0Y) INO a . 1bl.s eumple mows 
bo", Vlr10es sigaals ClIO be dUcnmlnsled In lmu 0 !heir 
chrom3tlc coordln.~t. 

5 ~ . Chromatic pr<X~SSlng of lati8'~ sIgnals 

TIv cbrOl'll tic proond~ opprooch ~scribed In section 4.1 
may be ifPled 10 tbe anslysl.s of IfIe tim ~'<llying dgnsb 
st/o1lIn la figure1 3-5. Also sIJo'II1I 10 Ibe ~lres are R, G. B 
fill«s in d~andn mod EI' h of the R. G. B filters of 
fi~s 3 and 4 b:as a width 75 min on:1 were lime stepped In 
laCrt!rDt'nts of I min Ibe entire sigul dundon. 1be R. G. 
B liltns of Ii!ufe 5 e bad a width 30 (0.9 s) and were time 
stepped wilh .. step ...;mb of om s . Va ot the cbrocntllic 
p.trAmHen II. L. S equaliom .}-{4 \Wfe obc:ained f Ilacb 
lime wind<lMf. 

'IMSlt II, L, S values III.!)' !hen be displayed Ctl pcbr 
plOCJ 0( II-L or II-S (II l.s!he azimutb:al aDpe and L . S are 
Ibe m.11i,r~"Iy) tobl~l!bt r. alares o finl.«l!Slfromlbe 
rs ... dsm. Thr cboK::e betwe...o !Ising II-L II-S d~ 
upon Ibe iofOflll.alion bt ~ I~L 

52 J . ()o/~,a!1 OtItpllt sitnaJ. Applying the chromatic 
arulysU 10 !he ~wan dsm of figure 3 yi Ids !be H-L poW 
dia~ of figllfe 7. Data for eKb dll r are de.siglIated by 
A-D shown In fi!UI'e 3. An alann ...tdcb ... as trl~ed at 
2233 houri Iitw'e 3) b II. L COOfdil\3les 210.0 .8 . Arrows 
sJlo,w !be tired.", pro loa. 

The r~1:$ bo\II fOf tbe varicus dm,,1'S with 
lDalI)' cornrolutes on !he II .... 30 21 a.u.s.. Wllhin Ib 
SltOOIId quadIIOl ( - ISO·) 1htf1 Ire Ihre II'CI ~t 
(oorr-espondi.g 10 dri A. 8 , D ~iIst wilhin the fourth 
quadrant (27O>-3ro· tb A! I. ooly s nille 4l'C apparent 
(dri\'«q. 

5 '.1. Dilfnma data 11IfOl)m. Applyin ria cbrocnatic 
MlIlysn to !be difference offi~e 4 yields Ih H-L pcbr 
dl IlJWIl of fi~ 8. In Ihls tbe Ii diff««lt tim luges 

(2) of ti!are 4 1-5) 6I'e di ~Isbed by dlff«eot sylDbofs. The 

mu(R. G. B) + mla(R, G. 8) 
L = ---.:....--:..-2-~---

I 
ma."t(R. G. B) - mln(R. G. B) • 

s _ O'Wt(R. G, B) +mln(R. G. 8) 
- max(R. G. B) - mill R. G. B) 

2- mu(R.G, B) - mln(R.G. B)' 

(3 

If L ~ 0.5 I. 
bn ... ~ 

(4) 

1be II. L. S pacam«en may be displayed OD 4 polu plot 
with (} == II, r == S, Z == L, :as sbo"ll in Ilgure 6. Sigul a 
(figure 6) is 4 simple 0 ussian pulse In lime which wrYeS 

n u aide to lOOic.e IfIe pJlysiw meaaiog ot II, L, S. 1. 
practloe Ihe tbree filten At\' time stepped udng an appropriate 
step width relatiw ro th fill« width. Figure 6 shows bo ... 
lbe Osussion signal a is follo-."d by a more complex sil1J1 1 

etlwklpe fJ sod aick"esged by Ih dlranlllic filters~. G. 
B n lime strpt I.er. 
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2233 bon alarm Iw II-L polar cOOfdlnsl~ 210,0..8 ..-bleb 
are Identical to the figure 7 valun. 

lbe results show 4 namber loci 1m tIv IeCIor 9Oo-llKl· 
Ih~ I n~ I rell'ed 10 I~ magnirud~ 0 Ib 
lireocIness fa<:(Of of 6gtn 4. n eel 0 f a dri \W restil1g 
( 109 r~on 4, 5, ~ 4) into 
Ib~ '{U3dfut 2?Oo-3(i()' fig_A! 8.. TIv mOIl rapid lnc:re Sle 

in ,Iredness 1lCOn) lIPPfus u a rodiaI iJxft~ In L alODS tbe 
21 • radius. 

5 'J Gy,-o$CC'IU dat,] anal}su. ~c _Iysl.s 0( Ibe 

~oope oatpul 'pal (ti~e 5) leW to tb 11-S poUr 
dlapn $howo In ~re 9. Th niJIe different Ol3noeuvres 

«1)-(9) secdon 4.2, S) d ·yt.J(ed <.'Il t1pe 9 by 
dilftrent i)'IDbols . 

Most of the IIl4IlOOCI appear as elUpsn wilh maj« 
ax lncUned long IfIe II .... 30"- 210' a."tIt md with a mloor 
axis value 0( S,... O~ It" ,the «Vlng OD (an 4. 
ti~ 9) i circul. WIIb a ndiu S ...... 03-0 .... 
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• Raw 0&111 

A Or_rS 

Or rC 

x Or.-. rD 

l"I:.;lln 7. Om:cUIC pU~ H Uoc dl~ Q\w3l.1 o.q.u _tp.tI. <Jf ipr 3 jDl{&:« .. 1 wyoak>lH~ IIn:.n .Jr "<'0 AD. 
1i~ .. 3.) 

, .. 

-
6. D~cu ion ofrnulh 

'The results oflbe ck.:malic amlY'is ~f'd i. SOlCfJOIl 5 
as H-L and H-S polsr diaganu may be conAcl..wd ia 
lerms of the exteol 10 ~llId ~,riow ftalur. a~ .seoci.ed 
""itb dlff~r ... nt manoruvres. 'The pbysiol ical ccmpooonts 
are roosiden>d first (fig.," 7 .-t 8) bel(n ~ng the 
gyroecoptl curput fi~ 9 aad \he oocnbiMd tnfomuuoo. 

1M dlrorutklty tn.g-onned plysiol lCallr.-is (fit,ues 7 
.nd 8) may be ioIetpnJlfd by c~ "'ll~ lb. r.w UllIf-
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--
• RIrl DaB 

0 1 
(tin AI 

• ~2 
~Bl 

C .3 
<tk-rC) 

1I 4 
(tIcWOl 

• 5 
(Dr Ol 

ofjp,u .1.\ 

dOfUUl ~ of tit~ 3 ..<t .. . 1lv H-L polu daagxn of 
li\!Wf 8 in COIlJUlXI100 ~itb I~dllf IlQi' rlJfh ti~ .. loads 

10 tho! r<.>lowi~ "oo..MIOOt: 

• foc no m~ 8d1"'lty L '" O. S ..... 0; 

• I~ locus or points on !be H - L di Is JtoqUfI'lOfd In a 
clo..:p.'i3f diR(tl:oa ( ,,1; 

• I~ r ":Uoa (due 10 rfStia, 0( • a to' of dmW) 
lfads 10 decNUio L v&lut. in qUllk'.t01 1 (H '" 0 ..J:}() ); 

• .. bn !be I~ reoctJctioo does noc INd 10 a oompIotf 
rllCO\W)' bur is inlM'1l('tld by • rolC.m (0 tir ...... _ 

~ (. ... .. GJd S in ~.re -4 ). ~ H -L k 
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" .. :00. Ok- I _ N .. 
PlJorW .... . 1 4vrg. 
I . 

1$ .. ·,Ihm W fourth qu3dnnt (H ~ 270 '-360') (figure 8) 
III approxim:llely roasrnnl L; 

• ti~u increasing is reftected in L jncreuing lit cat5tant 
H (~210') in quadrant 3 (figure 8); 

• 100 magJIitud.>, of !be tiredness peaks ill stages I ,2, 3, 4,5 
(figur .. 4) are reflected by 1M L values of til .. arc in the 
sa-:.:nd quadranl (H = 9<F-180') (figure 8). 

TIle chrolMticaily ~oc~ usults for 1M combilUfion of 
clrca.:fulO rfIy1hm aOO tiredness factor (figuro> 7) show sunilM 
tren.:ls to the differenco> resulti of figure 8. Ho_,'o?"oo"\!c the 
circa:ftao rb)tllm component ClIO cattrirute sigslilicantly in 
OlO'oing lcene IIlIlectcries fun~r or clcur to the cnrical 
threshold bounda/y. Nr example dri~"\!r A'II locus hai a 

r .. 1lIfi~ .. ty low val~ of L ~ 0.37 ill !igore 8 rut a higher 
value of 0.8 10 figure 7 . 

Theile mO!'fV31iolnl enable w implications of ~'IIrk>os 
sectors of w cllronutic..tly ~oc~ H-L signals to be 
apprt"!lcisted as shO\l<D schematicMly in Iigure 10. 1be first 
qU3dr3nt of figure 10 c()(Nspoods to a progl\!llsiw r\!duction 

in tir.:dni!st (Le. deCl\!ssiog til\!dness. Iigure 4). ThO!' secatd 
qua:lrant of ligure 10 c~nd$ to the t~ le~"\!l having 
p~d through a reat.. 1be third qwdntot aocommoo3le5 
inCA!asiog tlCo>dnesstrendt ",hils(!be fourthquadranllndiC31e5 
a chaoge in tiredness trends fr>::m initially decr.unog (due kl 

remog) to ID..-relsing (rffiJrt of dri'.ilJt,). 

Thus in gMO!'nllbe li~tnesS le'o~1 L (radlU' In figure 10) 

r"pre3l<'nl$ tb .... XlO!'nt of dNdneu .. hils! !be H lislue is 
indicali\.\'l of .. lIether tiredness incn!-' or decreues. A 
threshold for criticd tiredlleiS le'o"\!1 may then!forO!' be d.>fined 
(figure 10) abO'o"\! which ualMm may N illitiated. 

6.:: Gy,..os<:op~ results 

10 the cue of Ihe ~"'P'" results (ligures 5 an..1 9). II is the 
H-S rather !han Ibt H-L chromalic map whi.ch pro.'ides a 
dll1aimmatJoo cspsbility. Under 'nomul' driVIng conditions 

Chromatic Driver Fatigue Monitoring System 

Highr .... dn. 
t. ... , 

I . H"'Ihj<l1d 
L .... hj 

........ 211011'" 

...... l ~ SJ-I Qmpo 

4.00_10 
s._hj 

- !' ''mul9JlI~ 

hL. 
R.ringT ...... 9" 

Fi~", 10. H - L polar di.qnruhowing. tbe cril:in.! oredness 
d1rOl!b:>M. 

!be H-S chromatically tnosfonned data cluster about tile 
origin. Mmoouwingroon.:btx"\lts leaM to lobes being famed 
along the 30 :tad 310" axis 011 the pow dia~rn (/igUN 8). 
How<lWr. the ~fVing motiat in figure 5 PI'-"'<luced moC<' 
pronOUl'lOl!d lobn IN itmo the seccod and third quartilell of the 

H -S di4~m, ...tIere pn!Ioiously there had beo>n only f<M.\)r S 
Jeo.·els. This implies that the time ... "Sri_ioo of 1M S1I.~cve signal 
(!igor.., 5) is more regular Iboo the ether In8IlOOOVA! signab. 

6.3 C."f;!liM!IOrl o[ l'n)stolog ,eai and 3Yrosc<'i'C SIgnals 

~ result. of figures 8 and 9 .hew th:at in Ihe chromatic 
dOl1l8in 

• tile physiological cri~ t~ threshold has polar 
coccdi.Datet (L .> 0.8. lin' -< H "" 270'); 

• tir~ in:luced ~'e5 (gyroscope sigu1s) has (X'iar 
Co.:Tdilllltes (5 ~ 0£l4, H = 120=,3000). 

ThU1 ",heCMS fbysiolo~cally if is IigJIal strength (L) 
combiDNI .. itb tU L trend witll respect to H which indicates 

!be tirecb!u d1Rmold, pbyItcally (gyroscope) It is !be degree 
of n1011odlrorlllticity (I - S) 41 4 paniculsr pJrt of Ibe SigRaI 
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tH) whicb is indicative of tir~ess. Ccnsequtllfly IUIllmin, 
the physiological lind physical lignal stNDi'm (equatioD (I» 
is rigorously inappropriat. but providrs. flil sat. margin by 
taking all gyrosoope pulws into account. 

If a bi?lIer optimized tir~ess estimate Is to Nacbiewd. 
the ditf.?reno. in the chromatic domain pbysiological and 
physical indicalCr.l (.wcticn 6.3) needs to be rwspected 

implying that ell(;h needs to bt tNaled aeparalely and lhe two 
results tb.n cros5-OOITelated. 

For the physiological cue, tbe Ilhld .... WON may be 
expressed in chromatic telmS IS 

ThIs suggests lbat a:l:tiD, lbe Dl88JIirud. of lbe physiological 
and phylicala,nala .quaIicn (I) IIID OYer limplltlcalioD 001 
ODe which provides 8 hil!Jl f.i1 salt' IIl8I'Iin of f.I,ut estlmarion 
sinoe II coDSiderJ all ralher thaD only 801118 8JflUCcpe cUpula 
ISsignik ... 

10 CIder 10 Mr1ef optimize fatiglN ... Imari on. it II 

suaHlfd Ibal the physiological .Dd pbJllical IDdic8lon 
are trw.ad aeparately in the cbromatic domain pnKIIng 
the lIVaillbillly of additional test ~. to _bIe cbrotnalic 
probability IIleIbods Ill) 10 be ltWd:ed. Funber t •• are 
also needed 10 •• Iablilb lhe extent 10 wblch swerve 1iJna1. 

(IS), = L(H) 

with Ihe critical tihldnes. threshold III 

(5) are discernible UDder otber operan., conditions (e.i- mou. 
driven. v •• ie .... welOer ccndirioo. elc). Sucb leaLs are 
ClJI"Rnlly OO,oID,. 

(T.»f'( = 0.8 (180' <. H <c. 270'). (6) 

In Ib. physical case <gyroacope). II Is the occurrence of • 
particular I~ or pu .. deftllld by (S ~ 0.... H = 120'. 
300') \1Irhicb is 1000lllive of tiredness. Sletp r_alth II. 2) 
suggests thai it Is the DUI1Ibi?r or such swerws within a giveD 
time wilxlow whicb is indicatiw of the degree of tiredDni. 
Con_quenlly.lbe physically t-d tired .... s scan (TS), may 
be related to the occurr.nor orlhe idenlifyiD'siJ .... S, (S. H) 
by 

Ac knowltdpwntl 

TI» .. has appreci •• the provision 0{ aD ASTiD system 
lind .... ~. by Pemix whkb eaabItd the FR-I wodt 10 bot 
aac:ltr1abo. Financl.al support ~ by lbe EU via 1M INS 
200Cl pro;ect is actnowleda«l. Discllllions wllb ProfUllOl 
J Horne an:! Dr L A Rayner or tlMl SIMp ReJelKb Unit or 
Lcqbborotl,. UnlwnilJ _ also much ~Ied u are 

(m, = E S.(~ 0.4; IV/300") 

witb a critical physicalliNClntIi Ibre&bold II 

(TS)..,= N, 

(7) .... dons or M. S Kallo In procBlD' lbi.s m.mcrip. 

where Nri. an empirically delmDiDed Damber 01 the.,.ucua. 
pulses detecled in a Jivea 111M window t 10 be UD8C0IpI1bIe. 

For lbe two extreme domlnariog CISH 

• physiological indicators • 
• physical (gyrc.copt) Ii,nab. 

Ibe liredDess score compsed 10 the relevant linsIIoId 
«T.»/(n)T) it ccovenieOOy alWD by equaliau (5)-(8) 
rwspecllwly. 

For Ibe cue. whea physlolotkal and pbysic'" Indk.as 
bccb COnlrtbule. if itaDlklpated lbaIlhr IiJwckIeu JalIIW from 
equarioos (5) aDd (7) would correlate 10 1000ate silllD. or. 
of inCN'" of lihldlllll ,Dd 'l'P"oacba. 10 each of Ih. two 
criticallireGles.s tbresholds as P'en by .quationJ (6) aDd (8). 

OtheJwiJe lbe mOIl cridcallndicalor mi&llt be adopIId,,-un, 
(unher experiln8lUliOl'l IDd lhe pouIbie lilt of additional 
cbromatically hued progIlClIlI as 1IIIIJd by Zhlq et aI ( 11). 

7. COIIClusions 

Ilbas1:wnlbowohowlime-domaincbromllkpoc-msma,. 
be applied 10 djfferenl types of ..... from • driver fllilue 
monilorinl system. Dall .. trDIformed lalo H-L or H-S 
cbromatic map OD wtUa 1ipII .... for difIereq !nels I0Il 
trencb or fariJut can be cberwd. 

PbyIio1ogkally buId fariJut indicaloo haw been Ihowa 
to bi? dilliDJUitibabIe on ao H-L po1ar diagam. S-mn, 
motion aaoci.ed wltb lhe 0II8II of hIalIlewll 0{ f8liaUe _ 
delec1eCl by a &YfOI«I'PI hal bem JIIc:Nn 10 bt dillinaubluble 
from ccher l)"pes of l.erallDOdons OD •• H-.s polar dI.., ... 
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Chapter 11: Chromatic Monitoring of Activity and 
Behaviour 

A.Koh 

11.3 Physiological and Physical Indicators of Fatigue 

11.3.1. Introduction 

There is an increasing awareness of the influence of fatigue in reducing the 
effectiveness of individual in undertaking tasks such as vehicle driving. Drowsy 
driving encompasses several aspects, which include falling asleep or lacking 
concentration both of which can lead to fatal accidents [Reyner and Home 1998] 
[Home and Reyner 1995a] (Figure 11.3 .1.1 ) 

Figure 11.3.1.1 Hazard of driving when fatigue 

Methods for assisting drivers to recognise indicators of the onset of disruptive fatigue 
are essential for preventing fatigue related road accidents which claim I in 5 of UK 
motorway accidents. [Home 2001] 

One such system is the Advisory System for Tired Drivers (ASTiD). This system 
incorporates the superposition of a Circadian rhythm [Home and Reyner I995b] upon 
signals from a gyroscope arranged to respond to the lateral movement of a vehicle 
[Koh et al 2007]. The Circadian rhythm is a diurnal variation in the level of alertness 
of a human. Amongst the lateral movements detected by the gyroscope are those 
produced as swerves in response to the impulsive reactions of a driver emerging from 
periods of micro-sleep. Also there are preceding quiescent periods consequent upon a 
fatiguing driver taking fewer minor corrective steering actions. 

The output signal from an ASTiD unit is in the form of a time varying voltage 
composed of the addition of the three components: the Circadian rhythm curve, a 
component whose magnitude increases with duration of continuous driving and the 
gyroscope output (Figure 11.3.1.2). This particular record covers a period of 24 hours 
during which the vehicle was driven by 3 drivers and a high fatigue level being 
ultimately reached at 22.33 hours. The benefits provided by such a system can be 
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enhanced by improving the information extraction and correlation between the 
physiological and physical indicators. 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

A B C 

o ~~~~~~~~~~~~ 
OOOOh 023Dh 0500h 0730h 1000h 1230h 1500h 1730h 2000h 

- Circadian Rhythm - ASTIDOutput Red Filter Blue - Green 

2230h 

Figure 11.3.1.2 Typical output of the ASTiD system from a typical 24 h period 
test 

with several changes of drivers. 
(A, B, C, D different driver and shift periods.) 
(Koh et ai, 2007, With Permission) 
(A, B, C, D different driver and shift periods.) 
(Koh et ai, 2007, With Permission) 

11.3.2. Physiological Indicators 

The time variation of the Circadian rhythm is shown on Figure 11.3 .1.2 as a periodic 
continuous curve whilst the contribution due to the continuous driving is added to this 
curve to give the overall curve (neglecting the higher frequency pulses). Consequently 
this overall curve represents the total physiological signal. 

The total physiological signal may be chromatically transformed by time stepping (1 
min step) three chromatic processors (75 mins wide) along the signal. (e.g. chapter 10, 
section 10.2, figure 10.2.1 (iv». The resulting chromatically transformed signal is 
shown on the H-L diagram of Figure 11.3.2.1 [Koh et a12007] where the different 
symbols represent each of the four stages (A-D) (Figure 11.3.2.1). There are a number 
of phases to the curves which can be associated with different aspects of the 
physiological curves. Within the second quadrant (90-180 degrees) there are three 
arcs (A, C, D) which represent a change from increasing to decreasing fatigue. Within 
the fourth quadrant (270-360 degrees) there is a single arc (c) which represents the 
resting trough. 
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90 

180 

Peak Tiredness 
Level 

-1 

Critical 
Boundary 

0600 

Decreasing 
Tiredness 
Level 

o 

\ 
Resting trough 

\ 

High 

\ 
\ 

-116 ' 

Tiredness Level 

270 

• Raw Data 0 Driver A tJ. Driver B Driver C x Driver D 

Figure 11.3.2.1 Chromatic polar-diagram H-L for the overall output signal of 
Figure 

11.3.1.2. 
(Different symbols corresponds to various drivers A-D, figure 
11.3.1.2) 
(Koh et ai, 2007, With Permission) 

The approach towards excessive fatigue is indicated by values of the H:L coordinates 
210 degrees:0.8 which can raise an alarm [Koh et al 2007]. A threshold curve can be 
established mainly within the third quadrant (180<H<270 degrees) and with H~O . 8 
which serves to define the physiologically detennined fatigue boundary. 

11.3.3. Physicaiindicators 

The output signal from the gyroscope is in the fonn of a series of pulses as shown on 
Figure 11 .3.1.2 superimposed upon the overall physiological curves. An expanded 
example of the gyroscope output in isolation and over a smaller time period, whose 
the existence of a number of different pulses produced by various road conditions 
(Figure l1.3.3.1(a» These include signals when negotiating speed bumps, 
roundabouts etc as well as fatigue simulated swerves. 
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Figure 11.3.3.1 Chromatic Processing of gyroscope signals 

11.3.3.1(a) 

(a) Gyroscope output showing different signals associated with 
various driving features 

(b) H-S polar diagram of the gyroscope output of figure 

(Different symbols indicate different manoeuvres) 
(Koh et aI, 2007, With Permission) 

Signals of the form shown on Figure 11.3.3.1(b) [Koh et al2007] may be 
chromatically transformed by time stepping three non-orthogonal processors (R, G, B) 
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(Chapter 10, section 10.2, figure 10.2.1 (iv)) along the time axis. Such a procedure 
shows that the fatigue related swerves have particular chromatic H and S parameter 
variations which distinguish them from other gyroscope output signals. This results 
from the particular manner in which the vehicle steering wheel is moved during the 
impulsive response of a driver emerging from a micro sleep period. Figures 11 .3.3.2 
(a) (b) show the correlation between the time variation of the steering wheel 
acceleration and velocity with chromatic saturation and lightness respectively 
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Figure 11.3.3.2 Correlation of gyroscope signals with steering wheel movement 
(a) Correlation between the time variations of the steering wheel 

Acceleration and chromatic saturation 
(b) Correlation between the time variations of the velocity and 

lightness 
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For real time, on line operation it is sufficient to set threshold to the magnitudes of 
chromatic L and S above which the signal is regarded as being due to fatigue induced 
swerving. An example of the application of this condition to real time gyroscope 
pluses transformed to S and L as functions of time, shows that fatigue induced signals 
can be identified (Figure 11.3.3.3) 

A number of tests have shown that the Land S threshold apply regardless of change 
of driver, vehicle, weather conditions or traffic density [Koh et al 2007] 

Town Mode Driving 

Event Detected 

Changing 
lanes at 
trame 
lights 

Warning Alarm • Alarm Event Detected 2 Saturation 

Number of Evonts Detected in 35 minute duration is 3 

Figure 11.3.3.3 Real time chromatic analysis of the gyroscope output 

11.3.4 Correlation between Physical and Physiological 
indicators 
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Whereas the physiological indicators of fatigue are that the relevant L and H 
chromatic parameters should exceed their threshold value. The physical indicator L 
and S not only need to exceed their threshold but need to do so a nwnber of times. 
Correlation of the physiological and physical indicators may be considered in terms of 
chromaticity based probability factors [Zhang et al 2005] whereby the physiological 
factor depends upon L and H but the physical factor is based upon the nwnber of L, S 
identified pulses in a given time period 

This illustrates how a chromatic approach improves upon the simple expedient of 
summing the amplitudes of signal voltages without regard to distinguishing the cause 
of the latter (Figure 11.3.3.3). 
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11.4 Summary 

The chromatic methodology may be deployed for addressing behavioural trends with 
minimal intrusion on personal privacy but in an economic and information efficient 
manner. Two examples (assistive care of the elderly and infirm; fatigue of road 
vehicle drivers) illustrate some of the different ways in which the methodology can be 
applied. 

The assistive care application illustrates 

• The use of chromatic signatures, in the optical domain, of a limited number of 
locations (-20) for indicating the presence of objects/persons (from the points 
eclipsed) and addressing specific functions at particular locations (e.g. 
temperature, TV on/off, door opening etc). 

• The use of the chromatic space domain in conjunction with the time change of 
optical domain chromatic signatures at various locations for qualifying the 
general activity of an individual in terms of L (level of activity), H (dominant 
location of activity) and S (the extent to which activity is distributed amongst 
different locations) 

• The combination of optical and space domain chromaticity with PIR space 
chromaticity to enhance the distinction between the movement of an 
individual and artefacts (such as ambient light changes, fluttering curtains etc), 
the level of immobility of an individual, the control of light switching for 
different levels of activity checking at night time etc. 

• The conservative approach to information and system economics which 
enables multiplexing of several sites to occur within acceptable time scales 
and costs. 

These various aspects are summarised on Table 11.4.1 

Chromatic Individual Capabilities Combined capabilities 
Domain 
Optical • Detailed locations 
(Wavelength) • Specific functions 

(e.g. Door, TV, Temperature 
etc) 

. 
• Moderate time response 

Optical • Detailed Activity 
(Spatial) • Immobility (inc. Fall) 

• First Level Artefacts ~ 

(e.g. Ambient Light, 
• Good timellocation 

Inanimate Objects) compromise 
Single PIR • Moving Person (NO • Activity/immobility 
(none) spatial Resolution) confirmation 

• Stationary Person r- • Much improved 
• Rapid Time Response night operation f-

(inc:. Hght control) 

• Improved Artefact 
discrimination 

.f 
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Trefoil PIR • Moving Person 
(Spatial) • Coarse Location/activity 

• Convenient night 
operation 

• Rapid time response 

Table 11.4.1 Comparison of Individual and Combined Capabilities of Various 
Chromatic Domains 

The driver fatigue application indicates: 
• the use of time stepped chromatic processing of the lateral movement of a 

vehicle can distinguish physiologically induced responses from drivers 
becoming increasingly fatigued independent of person, vehicle or weather. 

• That empirically determined fatigue contributing factors (e.g. Circadian 
rhythm, period driving) may be transformed with chromatic time domain 
stepping to provide indications of fatigue variations. 

• The trend towards high levels of fatigue may express in terms of probability 
functions based upon chromatic parameters form the vehicle movement and 
empirical considerations. 

A summary of these aspects is given on Table 11.4.2. 

Chromatic Chromatic Parameters 
Fatigue Indicator 

Domain Individual I Combined 

Number of Swerves (N) with 
Time Stepped Physical (Lateral Movement) Specific L, S values above 

threshold 

Time Stepped 
Physiological (Circadian HeR, SCR approaching threshold 
Rhythm, driving period) levels 

Table 11.4.2 Chromatic Parameters of Physical and Physiological Indicators of 
Fatigue 
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Specifications 
Typical for 25°C unless otherwise specified. 
Specifications in italic text are guaranteed by design. 

Analog input 
Table 1. Analog input specifications 

Parameter 

NO converter type 
Input voltage range for linear operation, single
ended mode 
Input common-mode voltage range for linear 
operation, differential mode 
Absolute maximum input voltage 

Input impedance 

Input current (Note I) 
Vin=OV 
Vin=-IOV 
Number of channels 

Input ranges, single-ended mode 
Input ranges, differential mode 

Conditions 

CHxtoGND 

CHxto GND 

CHxtoGND 

Specification 

Successive approximation type 

±IO volts (V) max 

-10 V min, +20 V max 

±28 Vmax 

I 22KOhm 

Yin = + 1 0 V 70 microamperes (J.1A) typ 

-12 I1A typ 

-94 11A typ 
8 single-ended I 4 differential, 
software selectable 
±IOV, 0=2 
±20V, 0=1 
±10 V, 0=2 
±S V, G=4 
±4 V, O=S 
±2.S V, 0=8 
±2.0V, G=1O 
±1.2S V, 0=16 
±1.0 V, 0=20 
Software selectable 

Throughput (Note 2) Software paced 2S0 samples per second (SIs) typ, 
PC-dependent 

Continuous scan 
Channel gain queue 

Resolution (Note 3) 

Single-ended 
CAL accuracy 

SO kilosamples per second (kSls) 
Up to 16 Software configurable channel, 
elements range, and gain. 
Differential 12 bits, no missing codes 

II bits 
CAL = 2.S V ±36.2S mV max 

Integral linearity error 
Differential linearity error 

Repeatability 

±I least significant bit (LSB) typ 

±O.S LSBtyp 

CAL current 
Sink 
Trigger source 

Pacer source 

±I LSBtyp 

Source 5 milliamperes (rnA) max 
20 I1A min, 100 I1A typ 

Software External digital: TRIG_IN 
selectable 
Software 
selectable 

Internal 
External (SYNC), rising edge 
triggered 
Programmed 10 

Input current is a function of applied voltage on the analog input channels. For a 
given input voltage, V In' the input leakage is approximately equal to 
(8.181*V1n-12) ~A. 
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Maximum throughput scanning to PC memory is machine dependent. The rates 

specified are for Windows XP only. Maximum rates on operating systems 
that predate XP may be less and must be determined through testing on 
your machine 

The AD7870 converter only returns 11-bits (0-2047 codes) in single-ended mode. 

Range 

±20V 
±10 V 
±5V 

±4V 
±2.5 V 
±2V 
±1.25 V 
±IV 

Range 

±10V 

Table 2. Accuracy. differential mode 

Accuracy (LSB) 

5.1 

6.1 
8.1 

9.1 
12.1 
14.1 
20.1 
24.1 

Table 3. Accuracy, single-ended mode 

Accuracy (LSB) 

4.0 

Table 4. Accuracy components, differential mode - All values are (±) 

Range %of Gain Error at full scale (FS) Offset Accuracy at FS 
Reading (millivolts (mV» (mY) (mY) 

±20V 0.2 40 9.766 49.766 

±10V 0.2 20 9.766 29.766 

±5V 0.2 10 9.766 19.766 

±4V 0.2 8 9.766 17.766 

±2.5 V 0.2 5 9.766 14.766 

±2V 0.2 4 9.766 13.766 

±1.25 0.2 2.5 9.766 12.266 
V 
±IV 0.2 2 9.766 11.766 

Table 5. Accuracy components, single-ended mode - All values are (±) 

Range % of Reading Gain Error at FS (mV) Offaet(mV) Accuracy at FS (mV) 

±lOV 0.2 20 19.531 39.531 

Table 6. Noise performance, differential mode 

Range Typical counts Least significant bI\oo._ ..... (LSB_I 

±20V 2 0.30 
±10V 2 0.30 
±5 V 3 O.4S 
±4V 3 0.4S 
±2.5V 4 0.61 
±2V 5 0.76 
±1.2S V 7 1.06 
±1 V 8 1.21 
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Table 7. Noise performance, single-ended mode 

Range Typical Counts LSBrma 

±\O V 2 0.30 

Analog output 
Table 8. Analog output specifications 

Parameter 

Resolution 

Conditions Specification 

12-bits, 1 in 4096 

0- 4.096 V, I mV per LSB. 

2 
Output range 
Number of channels 

Throughput (Note 4) Software paced 250 Sis single channel typical, PC dependent 

Single channel, continuous scan 10 kS/s 

Dual channel, continuous scan, simultaneous update 5 kS/s 

Power on and reset voltage 

Output drive 

Slew rate 

Each D/AOUT 

Initializes to OOOh code 

15mA 
0.8V/microsecond (JAs) typ 

Maximum throughput scanning to PC memory is machine dependent. The rates 
specified are for Windows XP only. Maximum rates on operating systems 
that predate XP may be less and must be determined through testing on 
your machine. 

Table 9. Analog output accuracy, all values are (:t) 

Range Accuracy (LSB) 

0-4.096 V 4.0 typ, 45.0 max 

Table 10. Analog output accuracy components, all values are (±) 

Range %ofFSR Gain Error at FS (mY) OffHt (mY) 
(Note 5) 

Accuracy at FS (mY) 

0-4.096 V 0.1 typo 0.9 max 4.0 typ, 36.0 max 1.0 typo 9.0 max 4.0 typ, 45.0 max 

Negative offsets will result in a fixed zero-scale error or -dead band.· At the maximum 
offset of -9 mV. any input code of less than OXO09 will not produce a 
response in the output. 

Digital input/output 

Digital type 

Number of I/O 

Configuration 

Pull upipull-down 
configuration 

Input high voltage 

Input low voltage 

Output high voltage 
(IOH= 

Table 11. Digital I/O specifications 

CMOS 

16 (Port AO through A7, Port BO through B7) 

2 banksof8 

All pins pulled up to Vs via 47K resistors (default). Positions available for pull 
down to ground. Hardware selectable via zero ohm (0) resistors as a factory option. 

2.0 V min. 5.5 V absolute max 
0.8 V max, ~.5 V absolute min 

3.8 V min 
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-2.5 rnA) 

Output low voltage 
(lOL= 
2.5 rnA) 

Power on and reset 
state 

External trigger 

0.7 V max 

Input 

Table 12. Digital trigger specifications 

Parameter Conditions 

Trigger source (Note External Digital 
6) 

Specification 

TRIG_IN 

Trigger mode Software 
selectable 

Edge sensitive: user configurable for CMOS compatible rising 
or falling edge. 

Trigger latency 

Trigger pulse width 

Input high voltage 
Input low voltage 

Input leakage 
current 

10 J.1s max 

1 J.1smin 
4.0 V min, 5.5 V absolute max 

1.0 V max, -0.5 V absolute min 
±I.OpA 

TRIG_IN is a Schmitt trigger input protected with a 1.5 kilohm (kn) series resistor. 

External clock input/output 

Parameter 

Pin name 
Pin type 

Software selectable direction 
Input 
Input clock rate 
Clock pulse width 
Output mode 
Input leakage current 
Input high voltage 

Input low voltage 
Output high voltage (Note 7) 

No load 
Output low voltage (Note 7) 
No load 

Table 13. External clock I/O specifications 

Conditions Specification 

SYNC 

Bidirectional 
Output (default) Outputs internal NO pacer clock. 

Receives NO pacer clock from external source. 
50 KHz, maximum 

Input mode 1 J.LS min 
5 J.1smin 

Input mode ±/.O pA 

4.0 V min, 5.5 V absolute max 

1.0 V max. -0.5 V absolute min 
IOH = -2.5 rnA 3.3 V min 

3.8 V min 

IOL = 2.5 rnA I.l V max 

O.6Vmax 

SYNC is a Schmitt trigger input and is over-current protected with a 200 n series 
resistor. 

Counter 

Pin name (Note 8) 
Counter type 

Table 14. Counter specifications 

CTR 
Event counter 
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Number of channels 
Input type 

Input source 

Resolution 
Schmidt trigger hysteresis 

Input leakage current 

Maximum input frequency 
High pulse width 

Low pulse width 

Input high voltage 
Input low voltage 

TTL, rising edge triggered 
eTR screw terminal 
32 bits 
20mVto IOOmV 

±lpA 

I MHz 
500ns min 

500ns min 

4.0 V min, 5.5 V absolute max 
1.0 V max, ~.5 V absolute min 

CTR is a Schmitt trigger input protected with a 1.5K n series resistor. 

Non-volatile memory 
Table 15. Non-volatile memory specifications 

EEPROM 1,024 bytes 

EEPROM Configuration Address Range Access Description 

OxOOO-Ox07F 
Ox080-0x 1 FF 
Ox200-0x3FF 

Microcontroller 

Reserved 
Read/write 
Read/write 

128 bytes system data 
384 bytes cal data 
512 bytes user area 

Type 
Program Memory 

Data Memory 

Table 16. Microcontroller specifications 

High performance 8-bit RIse microcontroller 

16.384 words 

2,048 bytes 

Power 

Parameter 

Supply current (Note 9) 

+5V USB power available (Note 
10) 

Table 17. Power specifications 

Conditions 

Connected to self-powered hub 
Connected to externally-powered root port 
hub 

4.1 V min, 5.2S V max 

Specification 

SOmA 
4.5 V min, 5.25 V 
max 

Connected to bus-powered hub 
Output current (Note 11) Connected to self-powered hub 420 mA max 

Connected to externally-powered root port 
hub 

Connected to bus-powered hub 20 mA max 

This is the total current requirement for the USB-1208FS which includes up to 10 mA 
for the status LED. 

Self-powered hub refers to a USB hub with an extema1 power supply. Self-powered hubs 
allow a connected USB device to draw up to 500 rnA. Root port hubs reside in the 
PC's USB host controller. The USB port(s) on your PC are root port hubs. All 
externally powered root port hubs (desktop PCs) provide up to 500 rnA of current 
for a USB device. Battery-poWered root port hubs provide 100 rnA or 500 rnA, 
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depending upon the manufacturer. A laptop PC that is not connected to an external 
power adapter is an example of a battery-powered root port hub. Bus powered hubs 
receive power from a self-powered or root port hub. In this case the maximum 
current available from the USB +5 V is 100 rnA. The minimum USB +5 V voltage 
level can be as low as 4.1 V. 

This refers to the total amount of current that can be sourced from the USB +5 V, analog 
outputs and digital outputs. 

General 
Table 18. General Specifications 

Parameter Conditions Specification 

Device type USB 2.0 full speed 

Device compatibility USB 1.1, USB 2.0 

Environmental 

Operating temperature range 

Storage temperature range 

Humidity 

Mechanical 

Table 19. Environmental specifications 

Ot070°C 
-40 to 70°C 
o to 90"10 non-condensing 

Table 20. Mechanical specifications 

Dimensions 79 millimeters (mm) long x 82 mm wide x 2S mm high 

USB cable length 3 meters max 

User connection length 3 meters max 

Main connector and pin out 
Table 21. Main connector specifications 

Connector type Screw terminal 

Wire gauge range 16 A WG to 30 A WG 

4-channel differential mode 
Pin SlgnalN .... Pin SlgnalNM1e 
1 CHOINHI 21 PortAO 
2 CHOIN LO 22 PortA1 
3 AGND 23 PortA2 
4 CH11N HI 24 PortA3 
5 CH11N LO 25 PortA4 
6 AGND 26 PortA5 
7 CH21N HI 27 PortA6 
8 CH21NLO 28 PortA7 
9 AGND 29 GND 
10 CH31NHI 30 PC+5V 
11 CH3IN LO 31 GND 
12 AGND 32 Port eo 
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13 D/AOUTO 33 Port B1 
14 D/A OUT 1 34 Port B2 
15 AGND 35 Port 83 
16 CAL 36 Port B4 
17 GND 37 Port 85 
18 TRIGIN 38 Port 86 
19 SYNC 39 Port B7 
20 CTR 40 GND 

8-channel single-ended mode 

Pin Signal Name 
1 CHOIN 
2 CH11N 
3 AGND 
4 CH21N 
5 CH31N 
6 AGND 
7 CH41N 
8 CH51N 
9 AGND 
10 CH61N 
11 CH71N 
12 AGND 
13 D/A OUT 0 
14 D/AOUT 1 
15 AGND 
16 CAL 
17 GND 
18 TRIGIN 
19 SYNC 
20 CTR 

Pin 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Signal Name 
PortAO 
Port A1 
PortA2 
PortA3 
PortA4 
PortA5 
PortA6 
PortA7 
GND 
PC+5V 
GND 
Port BO 
Port B1 
Port 82 
Port 83 
Port B4 
Port B5 
Port B6 
Port B7 
GND 

Measurement Computing Corporation 
10 Commerce Way 

Suite 1008 
Norton, Massachusetts 02766 

(508) 946-5100 
Fax: (508) 946-9500 

E-mail: 
info@mccdag.comwww.mccdag.com 
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