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SUMMARY 

This report deals with the computer programme requirements for the 

study of driver fatigue (Project Number 9015, 4). An outline of the 

driving simulator, driving task and the controlling computer is given, 

and the storage requirements for analogue and digital data are 

calculated. The functions of the digital and analogue imputs and 

outputs are described, and the individual computer operations 

controlling these are stated in detail. 

OPSOMMING 

Hierdie verslag handel oor rekenaarprogrambenodigdhede vir I n 

ondersoek na bestuursvermoeidheid (Projek nr 9015, 4). 1 n Oorsig van 

die nabootser, bestuurstaak en die beherende rekenaar word gegee, en 

die bewari'ngsbenodigdhede·vir gelykvormige en digitale data word 

bereken. Die funksies van digitale en gelykvormige toe - en afvoere 

word beskryf, en die afsonderlike rekenaarprosesse wat dit beheer word 

breedvoerig vermeld. 
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1. 

1. AN OVERVIEW OF THE SIMULATOR AND THE DRIVING TASK 

The driving simulator to be used to investigate the effects of fatigue on 

long distance drivers is basically the same as the Dynamic Visual Field 

Generator illustrated in Figure 1. This machine has been validated by 

Denton (1973, 1975) as a rectilinear velocity generator substituting for 

real vehicle motion. Vehicle velocity is controlled by a foot throttle and 

brake (with appropriate lags), while steering is accomplished by 

coupling the steering wheel to a servo-controlled steering mirror which 

also responds to a steering demand generated by the computer (not shown 

in the figure). Realistic vehicle :noise and engine vibration have been 

added as these may be important in the generation of driver fatigue. For 

the sake of simplicity gears will not be used and an automatic trans -

mission is thus assumed. 

In addition to the moving road surface generated by the road surface 

projector, the subject is required to respond appropriately to road signs 

and symbolic risk signs which are projected on to a screen at the far end 

of the table by two slide projectors located above the cab. The visual 

effects of approaching and passing road signs have, for technical reasons, 

been simulated by varying the brightness of the image rather than by 

zooming. The subject is also required to respond to small lights situated 

under the road surface by pressing a switch located near the steering 

wheel. The lights flash randomly with an average rate determined by 

vehicle speed and by the computer. 

As driver fatigue is probably as much a function of environmental 

complexity as it is a function of time spent at the wheel, provision has 

been made for the simulation of this factoro In the urban or high 

stimulus density areas road signs occur more frequently and are of the 
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type generally found within an urban environment. The random light 

flash rate is increased, and the probability of risk or emergency stimuli 

is also higher. In the rural or low stimulus density areas road signs 

occur at longer intervals and are appropriate to a rural environment. 

The random light flash rate and the probability of emergency stimuli 

occurring are reduced . 

If a driver violation is detected by the computer (e.g. ignoring a stop 

sign or excessive speeding), feedback will be provided on a 

probabilistic basis to inform the driver of his error. Feedback could 

be in the form of a risk situation (indicated by slides) or a police siren, 

and the subject will accumulate penalty points according to the nature 

and magnitude of the violation. The subject will also be awarded 

points for good driving behaviour, and his nett score at the end of the 

journey will determine the remuneration he receives. This system of 

feedback is necessary to provide for the modulators of motivation which 

are normally encountered in the real driving situation. 

Apart from objective driving performance, several physiological 

parameters will be monitored to provide indices of arousal level and 

psychophysiological fatigue. These include heart rate, skin 

conductance level, neck muscle tension and breathing rate. 

Since drivers are normally required to be on the road for long periods, 

the duration of the experiment will be at lease eight hours. For this 

reason the physiological amplifiers will make use of special low drift 

operational amplifiers, and in the case of the measurement of skin 

conductance level, an AC system will be used to minimize electrode 

polarization effects. The servo amplifiers driving the road surface 

and steering systems also have low drift characteristics. 

2. THE COMPUTER AND PERIPHERAL DEVICES 

The following hardware is available for programme development and 
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simulator control: -

(1) Interdata 7/16 minicomputer with 48 k Byte memory, display 

panel, autoload, power fail restart and clock module, 

(2) Two flexible disk drive units each controlling a single diskette of 

2 56 k Byte capacity, 

(3) One Wangco Mod 7, 7 inch, 9 track, ANSI compatible , 800 Bpi, 

N:ZRI, tape deck (total storage capacity of one reel of tape: 

5, 76 M Byte), 

(4) Sixteen channels digital input, 

(5) Sixteen channels analogue input; 10 - bit resolution at 33 k Hz, 

(6) Sixteen channels digital output, 

(7) Universal Logical Interface for user designed peripherals, 

(8) Two 8 - bit digital to analogue converters suitable for connection 

to the ULT board, 

(9) One ASR 33 Teletype, 

(1 O) One Regent 100 Video Display Unit .. 

The supporting software includes OS/16 MT2, TET 16, BAS l 6S, COPY, 

EDIT, CAL16D, BASIC level II, extended FORTRAN IV. 

3. COMPUTER INPUT AND OUTPUT CONTROL - AN OVERVIEW 

3 .1 INTRODUCTION 

The computer will be required to transfer both analogue and digital 

(discrete event) data from the simulator hardware on to magnetic tape 

and in addition is required to output analogue and digital information to 

the simulator o Transfer of data is thus the primary operation the 

computer must perform. Secondary operations involve the regulation of 

interactions between the subject and his environment (e.g. the operation 

of the police siren when a driver error is detected), the handling of 

hardware malfunctions, and the control of scheduled or unscheduled rest 

periods. 

-------------



s. 

3 .. 2 INTERFACING REQUIREMENTS - AN: OVERVIEW 

The following analogue inputs require conversion to digital form and 

transferral to magnetic tape (note that some are to be used in the pilot 

study only): 

(1) Skin conductance level, 

(2) electromyogram (muscle tension), 

(3) heart rate, 
� 

(4) . breathing rate, 

(5) vehicle speed 

(6) steering error 

(7) steering wheel angle 

The following analogue signals must be outputted to the simulator: 

(1) steering demand to the steering servomotor, 

(2) road gradient to the road surface projector. 

The following digital information is to be monitored and/or stored on 

magnetic tape : 

( 1) distance pulses from road surface projector, 

{2) light pulses from Random Light Generator (RLG), 

(3) response switch in vehicle cab, 

(4) slide identity number from two projectors, 

( 5) brake on/off switch in cab, 

(6) projector reset switch, 

(7) START and STOP switches on operator's console, 

(8) outputs (two) from lamp fader. 

The following digital information must be outputted by the computer : 

( 1) slide change command to two projectors, 

(2) lamp fader controls (three lines), 
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(3) high density/low density indication to RLG (two lines), 

(4) slide change malfunction indication to either of two displays on 

on the console, 

( 5) strobe pulses to two slide ID displays on console, 

(6) pen recorder on/off command, 

( 7) police siren on/off command, 

(8) rest/end -of-journey light on console. 

3 q 3 INPUT/OUTPUT PRIORITIES AND CONTROL 

All analogue input and output signals are to be monitored "continuously " 

at fixed sampling rates and thus receive highest priority. As sampling . 

rates are low (highest sampling rate 20 Hz) all other input/output 

operations must take place within the inter-sample period. Transfer 

of analogue data into memory and magnetic tape is paused only if the 

computer detects a slide change malfunction (Section 5. 5) or if a 

scheduled or unscheduled stop occurs (Section 5. 7). 

The steering demand output is "continuous" and is not influenced by a 

slide change mal�nction.. This is also the case for the road gradient 

output. However, as both these outputs are functions of vehicle 

velocity, this variable must still be monitored after a slide change mal­

function has occurred. 

All digital inputs and outputs are cued ultimately by distance pulses, 

and it thus follows that discrete events are neither initiated nor 

recorded when the vehicle is stationary. The only exception to this 

occures in the case of the road sign projector where in some instances the 

change of slide is activated by a timing pulse determined by the 

computer clock (see Section 5. 3. 2 for details). 

The slide change command pulse routed to the risk slide projector is 

cued by distance pulses and by driver behaviour, and the latter variable 

also determines the operation of the police siren. Section 5. 11 describes 

these operations in greater detail. 



3 .  4 THE FUNCTI O NS OF DIGITAL I NPUTS 

3 .  4 .  1 DISTA NC E PULS ES 

7 .  

D i s ta nce puls e s  are e mitted by the road s urface  proj e c tor a pprox i ma te ly 

every 1 5  me tre s a nd are used to cue operations that are required to 

occur a t  pre -determi ne d poi nt s along the drive r ' s  route . T he pri mary 

( i . e .  mos t freque ntly occurri ng ) o pera ti o n  i nitiated by d i s ta nc e  puls e s  

i s  the s lide cha nge comma nd puls e  t o  the road s ig n  proj e c tor . 

S e co ndary opera t io ns i nclud e  the s lide c ha nge c omma nd puls e  to the 

ris k  s lide proj e c tor , the high/low de nsity i ndica tor comma nd puls e s  

t o  the RLG , the lamp fader  co ntrol s , the pe n re corder o n/off c om ma nd 

puls e s , a nd the re s t/e nd -o f -j ourney comma nd pul s e  to the l ight on the 

opera tor ' s  c o nsole . S e c tio n 5 . 1  d e s cribe s the u s e  of  d i s ta nce pul s e s  i n  

greater detail . 

3 " 4 . 2  RA NDO M LIGHT PULS ES 

Arra nged a bout the s ubj e c t  are 1 4  s ma ll red lights located j us t u nder  the 

tra ns luce nt road s urfa ce . T he s e  are ra nd omly' switched by the Ra ndom 

Light Ge ne ra tor (RLG ) . T he l ights  are arra nged i nto four fie ld s ; o ne 

requiri ng pre domi na ntly fovea l  a nd para foveal  vi s io n  for d e te ctio n of  

the l ight s , two requiri ng periphera l  v i s io n , a nd o ne requiri ng a s ca n  

of  the rear -view mirror . Details  of  the c omputer  operat ions are give n 

i n  Sect io n  5 .  2 .  

3 .  4 .  3 RES PONSE SWITCH ftVVEHIC LE 

T hi s  switch i s  clos ed by the s ubj ect  whe ne ver he dete c t s  a ra ndom 

l ight . The c omputer me a s ure s the  re actio n t ime of  this  re s po ns e  

re lative t o  the occurra nce of the light . I f  t h e  s ubj e c t  d oe s not re s po nd 

within  l ,  3 *  s e c o nd s  {provi s io nally)  he i s  c o ns idered to have mis s ed the 

l ight . I f  thre e s ucce s s ive lights are mis s ed , the s ubj ect  earns a 

pe nalty poi nt a nd a ri s k  s lide may be pre s e nted . C omputer  opera tio ns 
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are described in detail in Section 5 .  2. 

3 .  4 .  4 SLIDE IDENTITY NUMBER FROM TWO PROJECTORS 

Each slide is coded in binary notation by means of holes punched in 

the slide holder, and this code can be read when the slide is in the 

projector gate . As each successive slide is presented, its identity 

number is read by the computer which checks the ID against a number 

in memory. A slide change malfunction or lamp fail is detected by an 

incorrect or disallowed ID, and appropriate action is then taken by the 

computer . Section 5. 5 discribes the relevant operations in detail . 

3 .  4 .  5 BRAKE ON/OFF SWITCH 

The vehicle brake -light mechanism is used to detect the applicat ion 

of brakes. Two input lines are used : a pulse on one line will 

indicate a " brake -on " response , and the other line indicates a "brake -

off II response o A single location in memory will indicate the state of 

the brake lever at any moment in time, and this location is interrogated 

by the computer whenever it requires to know whether the brakes are on 

or off . Section 5. 6 describes this in greater detail . 

3 • 4 .  6 PROJECTOR RESET SWITCH 

Whenever the slide change mechanism or projector lamp fails, data 

acquisition by the computer is paused until such time as the operator 

rectifies the fault . The operator then instructs the computer to resume ) 

data transfers by pushing the "projector reset "switch. This is described 

at length in Section 5 .  5 .  

3 .  4 .  7 START AND STOP SWITCHES ON OPERATOR ' S  CONSOLE 

These two switches, which control the power supply to the road surface 

projector , will also be used to start or pause all data transfer 

operations so that magnetic tape can be saved in the event of a 
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scheduled or unscheduled stop . Section 5 .  7 describes this in 

greater detail. 

3 . 4 .  8 OUTPUTS FROM LAMP FADER 

The lamp fader is used to " fade in " and extinguish the image of a road 

sign in order to simulate the approach and passing of such signs. 

Pulses on two lines from the fader indicate to the computer the instants 

when the sign image is at its maximum brightness , and when the vehicle 

" passes "the sign respectively . This information is used by the 

computer to detect driver violations . Section 5 .  3 gives details of the 

operation of the lamp fader . 

3 .  5 THE FUNCTIONS OF DIGITAL OUTPUTS 

3. 5 .  1 SLIDE CHANGE COMMAND 

In order to initiate a single change of  slide on either projector, the 

computer must output a pulse to the respective projector. The 

operations involved are described in detail in Section 5 .  3 .  

3 .  5 .  2 OPERATION OF LAMP FADER 

Three lines are used to control the fader ; one initiates its operation , 

and the other two hold the sign brightness constant or a llow it to 

change, as a function of the subject 's driving behaviour . A diagram 

illustrating the operation of the fader can be seen in Figure 3 in 

Section 5 o 3. 

3. 5 .  3 HIGH/LOW STIMULUS DENSITY INDICATION TO RLG 

The flash rate of  the RLG is modulated by vehicle speed and by the 

position of the vehicle along the route . Within an urban area the 

lights are activated at a higher average rate than in a rural 
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e nvironme nt . The pos itio ns of tra ns it ion from o ne s t imulus de ns'i ty 

area to a nother are e ncoded in memory in terms of s pecific d i s ta nce 

pulse  cou nts . Two output l i ne s  wil l  be  used : a pulse o n  o ne l ine 

s ig nals  a tra ns it ion  from high to low s timulus de ns i ty ( whi le a puls e  

o n  the other l i ne s ignals  a tra ns i t ion i n  the oppos ite d irection .  

Section 5 .  8 deal s with the s e  opera tio ns i n  detail . 

3 .  5 .  4 S LIDE C HANGE MALFUNCTION I NDICATIO N  

Whe never a ma lfunctio n o f  e i ther proj ector i s  detected a pulse  mus t be 

output o n  o ne of two li ne s routed to the operator ' s co ns ole . Thi s caus e s  

a "projector fa il " i ndicator to  flash  a nd a l s o  i nforms the opera tor which 

proj ector is i nvolved . The operations re s ulti ng from a pro jector 

malfu nction are de scribed i n  detai l  in S ection 5 .  5 .  

3 .  5 .  5 STROBE PULSES TO S LIDE ID DISPLAYS 

Two dis plays located o n  the console are used to d is play the ID of the 

s l ide s  bei ng pres e nted on each of the projectors . The d i s plays receive 

i nformation d irectly from the s lide ID readers , but are not updated 

unti l  a strobe pul se  i s  rece ived from the computer - thi s occurri ng o nly 

whe n the co mputer is  sa t i s fied that the correct s lide is  be i ng dis played . 

The s l ide ID i nformatio n ca n be used by the operator to rect ify s l ide 

cha nge malfu nctio ns , and a l so  i nforms him whe n to cha nge the 

maga z ine on the proj ec tor . 

3 o 5 .  6 PE N REC ORDER ON/OFF C O MMAND 

At pre -determined poi nts i n  the j ourney  three -mi nute lo ng s a mple s of the 

s ub jects ' electrocardiogram will be recorded by a pe n recorder . Two 

output li ne s  will be us ed : a pul se  o n  o ne l i ne switche s o n  the 

apparatus , while a pulse  o n  the other · switche s the a pparatus  off . 
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3 .  5 o 7 POLICE SIREN "ON " COMMAND 

11 . 

The police siren is activated for a few seconds on a probability basis 

when a driver violation is detected o One output line is needed . The 

sequence of operations leading to the activation of the siren is 

explained at length in Section 5 .  11 . 

3 .  5 .  8 REST/END -OF -JOURNEY INDICATION ON CONSOLE 

The effects of changes in the frequency and duration of rest periods 

on driver fatigue is an important aspect of this study o Because rest 

periods will be tied to vehicle position, the computer must inform 

the operator when a rest period is due to occur o This is accomplished 

by activating a flashing light on the operator 's  console . (The light is 

subsequently de -activated by the operator as described in Section 5 � 10) . 

3 .  6 ANALOGUE INPUTS - STORAGE REQUIREMENTS 

A maximum of seven analogue inputs will be recorded in the pilot 

study - this may be reduced in the main experiment . Because the 

bandwidths of the various signals differ , different sampling rates will 

be necessary o While a sampling rate of only twice the maximum 

frequency of interest is theoretically required to recover the original 

signal after quantization , in practice a higher sampling rate should be 

used . In this study a sampling rate of five times the maximum 

frequency will be used , this value being slightly slower than the 

average sampling rate used in a number of studies . 

In the following calculations of the amount of information to be stored, 

it is assumed that the journey is of eight hours (28 800 seconds) 

duration exactly � The actual computer time (i . e .  time during which the 

computer is sampling the data) is less than this due to stops en route . 

Another parameter of interest in the calculations is the number of 

distance pulses occurring over the entire journey . Pulses are received 

approximately every 15  m, and thus about.a 6 ·'6-66•·,wtt+-be eep.nted for a 
' , , - ,. , /\ , -, \ ,  ' 

(l 
: _ ' ,  '� �/-;- ';:·�\� l PP 

,� . .  ,,,, ...., , • "· -'- ' ,,,�,_..._,,,--i 
_,.-,, ..... , . 

·.,_ ! ·1· .-·' , . 
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journey of 550 km . 

3 .  6 .  1 HUMAN PHYSIOLOGICAL SIGNALS 

( 1) INTERBEAT INTERVAL OR HEART RATE (HR) 

The interbeat (R -- R) interval of the heart will be recorded continuously . 

External hardware will convert the electrocardiogram signal into an 

analogue signal which has an amplitude proportional to the R - R 

interval . A sampling rate of 5 Hz will be used . 

Each sample is stored as a two -byte ( 16  bit) number , the first byte 

containing the channel identification (ID) and the second byte the 

digital representation of the analogue signal . (Note that although the 

analogue -to -digital converters can give a re-solution of one in 10 bits , 

only the eight most significant bits will be used in this study . Th� s 

results in an error of measurement of less than 1 per cent) 

The amount of storage required : 28 800 X5 �<2 bytes = 0 , 288 M bytes o 

(2) BREATHING RATE (BR) 

Breathing rate is to be recorded as it has been shown to correlate with 

fatigue and because it modulates HR in some subjects o Breathing rate 

will be sampled continuously at a rate of 5 Hz . 

Amount of storage required 0 ,  2 8 8 M bytes . 

(3) ELECTROMYOGRAM (EMG) 

This variable , which gives a measure of muscle tension ,  relates to 

stress and response uncertainty . Since only tonic (slowly varying) 

levels are of importance, external hardware will amplify , rectify and 

filter the EMG signals to provide an input voltage approximately 
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proportional to muscle tension, and with a maximum frequency of 

interest of 1 Hz. 

Amou nt of storage required 0, 2 8 8  M bytes 

(4 ) SKIN CONDUCTANCE LEVEL (SCL) 

This variable , which gives a measure of physiological arousal , will 

be sampled continuously at 5 Hz over eight hours . In order to alleviate 

the problem of electrode drift an AC system will be used . However , 

the signal monitored by the computer is essentially DC . 

Amount of storage required 0 ,  2 8 8  M bytes 

3 .  6. 2 VEHICLE ANALOG UE SIGNALS 

( 1 ) VEHICLE SPEED 

Accurate velocity information is obtained from the tachometer of the 

Velodyne motor drivi ng the road surface proj ector Q The maximum 

frequency of interest is about 3 Hz u and thus a sampling rate of 1 5  Hz 

is required to enable accurate assessment of vehicle acceleration to 

be made . 

Amount of storage required 

(2) STEERING ERROR 

2 8 8 0 0 >< 1 5 X 2 = 0 u 8 6 4 M bytes . 

As the tracking task in this simulator is compensatory , the steering 

error is equal to the angle of the steering mirror (relative to a 

horizontal line) . .  This angle is approximately proportional to the output 

voltage of a potentiometer attached (via suitable gear reduction) to 

the mirror drive motor shaft . The maximum frequency of interest is 3 Hz , 

and the sampling rate is 1 5  Hz. 
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Amount of storage required : 0 , 8 6 4  M bytes .. 

(3) STEERING WHEEL ANGLE 

This variable enables a measurement of the degree of "coarseness" 

of steering control to be made , and can also be used to estimate the 

relative amount of movement artefact within the EMG signal . The 

highest frequency of interest is 4 Hz (higher than in the steering error 

signal because of the lags in the steering wheel/steering mirror 

subsystem). The sampling rate is thus 20 Hz . 

Amount of storage required 28  800X20X2 = l ,  152 M bytes . 

The total volume required for all analogue signals is thus 4 , 032 M bytes . 

4 .  DISCRETE DATA STORAGE REQUIREMENTS 

4 . 1  TIME 

In order to provide a time scale for printouts of analogue data , real 

time will be stored on magnetic tape . The resolution will be one second, 

and thus the maximum count is 28 800 seconds in eight hours .. This can 

be represented by a 16 - bit number o Each number is identified by an 

eight - bit channel ID . The storage volume required is thus 

28 800X 3 = 8 6  v 4 k bytes 

4 .  2 DISTANCE PULSES 

Distance pulses will be stored as data whenever discrete events are 

initiated by the pulse . The distance pulse count value and real time 

correct to one millisecond must be stored . The representation of a 

distance pulse count value of 3 6  6 6 6  requires a 32 - bit fullword , and 

another 3 2 - bit fullword is required for the real time value expressed 

in milliseconds . Thus ea·ch distance count recorded requires nin!= bytes 

• 
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of storage volume if an eight ..:bit channel ID is  included . 

The number of discrete operations which occur cannot be exactly 

s pecified as some depend on the occurrence of certain driver behaviours. 

The minimum number which can be recorded is  the number of road s igns 

(302) . A s  the number of other operations (ri s k  sequences , driver 

violations , etc) should not exceed thi s number, a total of 60 4 distance 

pulses to be recorded is  probably a safe estimate . 

Amount of storage required : 60 4X9 = 5, 436 k bytes . 

4. 3 RANDOM LIGHT PULSES 

Each light is coded as an eight -bit channel ID , and a 32 -bit real time 

value correct to one nntllisecond , i . e .  five bytes per light . The 

average fla sh rate will be approximately one every four seconds I and 

thus the number recorded is approximately 7 2 00 . 

Amount of storage required 7 200 X5 = 36 k bytes. 

4 .  4 DRIVER RESPONSE SWITCH 

Each response to a random light is  coded as an eight - bit channel ID 

and a 3 2 � bit real time value p correct to one millise  ncond . 

Amount of storage required 7 200 X5 = 36 k bytes . 

4. 5 SLIDE IDENTITY NUMBER 

Each slide is coded as an eight - bit channel ID , an eight - bit s lide ID 

and a 3 2 - bit real time value correct to one millisecond . The number 

of slides to be presented is  approximately 302 (road s igns)  plus 151 

(number of ris k  s lides - a generous overes timation) i .. e. 453 . 
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A mou nt of s torage required ! 4 53 X 6  = 2 , 7 1 9  k byte s . 

4 .  6 BRAKE O N/OFF SWITCH OPERATION 

Whe never the brake lever cha nge s  i ts  s ta te thi s fa ct  i s  reccrded as  

data . The number o f  brake o n/off re s pons e s  made over the e ntire 

j ourney ca nnot be exactly de termi ned , but the number should not be 

les s tha n twice the total number  of recorded d i s ta nce puls e s  

e s timated i n  Sectio n 4 .  2 , i . e .  1 2 08 .  Each re spo nse i s  coded a s  a n  

e ight - bit cha n ne l  I D  a nd a 3 2  - bit rea l  time value correct  to o ne 

mill i second (the rea l  t ime va lue i s  pos i tive if  a "brake o n  I I  re s po ns e  i s  

made , a nd nega tive i f  a " brake off "  res pons e  occurs ) o 

Ar:nou nt of s torage volume 1 2 0 8X  5 = 6 ,  04 k byte . 

4 .  7 ROAD SIG N "OFF I I MARKER 

It i s  nece s s ary tha t both the o nse t  a nd offs et of a road s ig n  be 

s tored as data . The o nse t  has a lready bee n accounted for i n  Sectio n 

4 .  2 .  The probable number  of noff I I marke rs is equal to the number 

of road s igns  plus the e s t ima ted number of ris k  s l ide s , i o e . 6 04 . 

Each off marker i s  coded a s  a n  e ight -bit cha nne l  ID , a nd a 3 2  - bit 

real  time va lue correct  to o ne mil l i second o 

Amou nt of s torage volume 6 04 X5 = 3 ,  02 k byte s o 

The tota l s torage volume required for d i s cre te (dig ita l )  data i s  thus 

1 7 5 ,  6 k byte s o 

The total volume 1 of a l l  data i s  thus : 

4 , 03 2  M byte s (a nalogue data)  + 0 ,  1 7 5 6  M byte s (d igital  data ) = 

4 , 2 0 7 6  M byte s .. 

One reel ( 6 0 0  ft ) of mag ne tic tape ca n s tore 5 ,  7 6  M byte s of 

i nformation at 6 4 0 0  bpi . Thus the a mount of tape available for 

ll 
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i nter -re cord gaps , fi le markers , e tc o i s  1 ,  5 5 2 4  M byte s (equivale nt 

to 1 6 2 fe e t  of ta pe ) o 

5 .  DETAI LED DES C RI PTIO N OF DIS C RET E OP ERATIONS 

5 . 1  C OU NTI NG OF DISTA NC E  PULSES 

( 1 )  At t=o (i . e "  whe n the ope ra tor clos e s  the START switch for 

the fir s t  t ime ) the d i s ta nce c ou nt va lue is s e t  to z ero . The 

compute r now be gi ns to co ntrol  or mo nitor a ll i nputs a nd outputs . 

( 2 ) A s  each s uc ce s s ive d i s ta nce pulse i s  re c e ive d , the d i s t a nce 

c ou nt va lue i s  i ncre me nted by o ne O a nd the re a l  t i me (corre ct  

to o ne mil l i s e c o nd ) whe n the pul s e  wa s re ceived i s  re gi s te re d  o 

( 3 ) Each new d i s ta nce count va lue i s  c ompared with a number 

(o ne of a l i s t  of  ma ny numbers ) s tored in me mory . Whe n a 

ma tch occ urs tha t  d i s ta nce c ount va lue , together wit h  i ts  rea l  

t ime va lue , i s  s t ored a s  d a ta w ith a format a s  give n i n  

S ec t io n 4 .  2 .  The computer the n bra nche s to t h e  s ubrout i ne 

i ndicated by the pa rticular  d i s ta nce cou nt va lue . I t  s hould be 

noted that a s  d i s ta nce count puls e s  are ofte n u s e d  to c ue 

eve nts  which occ ur at  fixed d i s ta nc e s  a l o ng the j ourney , a nd 

whic h mus t be re la ted to re a l  t ime to a n  accura cy of o ne 

milli s e c o nd I the cou nti ng a nd regi s teri ng of  d i s ta nce puls e s  

ha s a priority s e c o nd o nly t o  the re c ord i ng o f  a na logue data . 

( 4 )  Whe never a ma tch occurs be twee n a d i s t a nce c ou nt va lue a nd 

a nu mbe r  i n  me mory , s ubseq ue nt d is t a nce count value s are 

c ompared with the next numbe r i n  the me mory l is t . 

( 5 ) Wl-ie ne ve r a s l ide c ha nge ma lfu ncti o n  occ urs (S e c t io n 5 .  5 )  

d i s ta nce pul s e s  mus t be ig nored u nt i l  s uch time as the proj e c tor 

re s e t  switch is c losed  by the opera tor . It the re fore fol low s  

t h a t  n o  d i s ta nc e  pulse  i ni tiated opera tio ns ca n o c c u r  be fore 

the proj e c tor fault  ha s bee n re c tified . 

( 6 ) I f  the STOP swit c h  is  c l o s e d  the compute r  mus t ig nore a ll 

s ub s e q ue nt d i s ta nce pul s e s  u ntil  t he START switch i s  c lo s e d . 

T he operatio n of both the se switche s , together with re a l  t ime , 
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must be recorded as data when they occur " 

5 "  2 RECORDING OF RANDOM LIG HTS AND DRIVER RESPONS ES 

The format for the recording of pulses from the RLG is described 

in Section 4 .  3 and wil l  not be repeated here . The recording of 

random light pulses has a lower priority than the recording of 

distance pulses " 

Although the random lights and the subject 's responses to them do 

not initiate feedback directly I the computer is required to evaluate 

the quality of the subject 's attention to his environment by keeping 

a record of the number of missed lights . If the computer detects n 

successively missed lights it branc hes to a risk subroutine (described 

in Section 5 o 1 1 ) o The exact value of n wil l have to be determined 

empirically;  as a start n=3 * can be assumed. (The reader is 

referred to Section 6 for a discussion of variable parameters. 

Parameters which may need adjustment during the course of 

development are indicated in this report by an asterisk (*) )  o 

A suggested method for the determination of missed lights is as 

follows � 

( 1) The occurrance of a given random light pulse is registered by 

the computer and its light field and real fime value are stored 

as data " 

(2) The occurre nee of the subject ' s  response is registered by the 

computer and real time is noted and stored as data .. The subject ' s  

reaction time (RT ) is computed o If 1 5 0 ms*< RT � l , 3s* a number 

with value one is added to the bottom of a list of three* numbers 

stored in memory (the top or "oldest " number in the list being 

discarded) o If RT > 1 .  3s * or RT � 1 5 0 ms* a number with value 

zero is added to the bottom of the list (note that a very short 

reaction time is probably a delayed response to the previous 

random light) G 



IL, 

1 9 . 

(3 ) If no response has been recorded by the time the next light 

pulse is recrived , no data will have been recorded . If this 

occurs , a number with value zero must still be added to the 

list . 

(4) Whenever all the numbers in the list are zero, the computer 

must branch to the relevant risk subroutine described in 

Section 5 .  1 1  . 

5 . 3  OPERATION OF THE ROAD SIGN PROJECTOR AND ASSOCIATED 

APPARATUS 

When the distance count value is equal to specific values stored in 

memory I the computer must branch to the 1 1 road sign slide change 0 ' 

subroutine . The slide in the road sign projector is changed, and 

the code number of the new slide (stored in memory) is used to 

determine whether the driver is required to stop or not o The number 

of different conditions which may arise is shown in Figure 2 o 

New traffic sign 

No stop required 

5 . 3 . l (a) /\ 5 o 3 o l (b) 

·" I 
Subject does not Subject stops 

stop 

Stop required 

5 . 3 . 2 (a ) �5 . 2 . 3 (b )  

Subject does 

not stop 

Subject stops 

FIGURE 2 Different conditions arising out of the presentation of a 

new road sign o 

Before the decision criteria for stopping are discussed , it is 

necessary that the operation of the projector lamp fader be described 

is some detail (refer· to Figure 3 ) . This apparatus enables the road 
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signs to be faded i n  to maximum orightness as a n  approximation to the 

" zoom "  effect experienced i n  the real -life s ituation .  

f rom c ompute r  

veh i c le 
speed 

vo l t age  

controll ed  

osci l lator 

f rom �--.... s 
computer 

L I  

counter --- latch 

reset 

comparator 
--------

C 2 

to computer 

FIGURE 3 Schematic of projector lamp fader . 

compa rator  

C l  

The lamp fader varies the brightness of the projector lamp such that 

the rate of cha nge of perceived brightness is proportional to vehicle 

speed . When there is no slide to be projected the counter, which is 

reset to zero, receives no pulses from the voltage controlled 

oscillator (VCO) . The output of the digital -to -analogue converter (DAC ) 

is zero, a nd the projector lamp is off . When a new slide is to be 

projected the computer outputs a pulse to the set termi nal of the RS 

latch 1 1 ,  which then allows pulses through to the counter . The output 

of the counter , which is proportional to the i ntegral of the vehicle 

speed with respect to time (i . e .  distance travelled) is fed to the DAC 

which controls the brightness of the lamp. 

I n  order to provide a n  i ndication of the "dista nce " of the vehicle from 

the road sign, two comparators C 1 a nd C 2 i ndicate brightness levels of 

V 

to 
projector 
lamp 

..., 
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near -maximum a nd maximum respectively o 

5 .  3 • 1 NO STOP REQUIRED 

5 .  3 . 1  (a) SUBJECT DOES NOT STOP 

2 1 .  

( 1 ) A slide cha nge pulse is sent to the road sign projector which 

inserts the next slide into the projector gate . 

(2) The computer notes the real t ime a t  which the output pulse is 

delivered . 

(3 ) The computer outputs a pulse to the set terminal of L l 
o 

(4 ) The operatio n of the fader is now automatic , a nd no further actio n 

by the computer (with respect to the fader) is necessary . 

( 5 )  When the lamp bright ness is near maximum, C l sends a pulse 

to the computer which then interroga tes the slide ID reader in 

the projector . The slide ID is then compared with the required 

ID stored in memory (the forma t of the slide ID is discussed in  

Sectio n 5 o 5) . I f  there is a match, the computer stores as data 

the slide ID together with real time obtai ned _in (2) above . It 

then outputs a strobe pulse to the road sig n ID display on the 

co nsole (this updates the display) .  No further act io n  is then 

required 

(6 ) If a mismatch occurs v or if a· disallowed number is read, the 

computer must store as data a code referring to this type of 

malfunctio n, together with the real time value obtained , in (2) 

above . The computer tha n bra nches to a a u  slide cha nge 

malfunctio n 1 1 subroutine (Sectio n 5 o 5) o 

When the bright ness of the sign is at  maximum , comparator C2 resets 1 1  

a nd the counter, a nd the lamp is thus switched off . This is a nalogous 

to the vehicle passing the sign o The pulse output to the computer by C2 

is not used in this case , but is used when the subject is required to 

stop (see below) . 



2 2 . 

5 .  3 .  1 (b) SUBJECT STOPS 

In the unlikely event of this happening the same s equence of events will 

s till occur , and no intervention by the computer is neces sary as this 

does not cons titute a violation of the rules of the road by the subject . 

5 .  3 . 2 STOP REQUIRED 

The decision as to whether the driver has or has not s topped according 

to the ins tructions of a road sign is  complicated by the fact that there 

are in the present apparatus no dis tance cues (such as a s top line) on 

the road which enable the driver to decide exactly where he mus t s top . 

The only cue available is  the brightnes s  of the sign � As the human 

being is a relatively poor performer in tas ks requiring the judgement 

of absolute magnitude , it is quite pos sible for the subject to make 

an hones t  attempt to s top and yet "overshoot " the sign . The subject 

could then be unjus tifiably penalized by the computer. To prevent 

this from happening, comparator C 1 in Figure 3 is used to inform the 

computer of near maximum s ign brightnes s .  The computer may then 

s top the projector lamp from being switched off according to the following 

decision rules � 

(1) When the computer receives a pulse from C 1 it looks at the value 

of the mos t recent s ample of vehicle speed (Vi) and at the s tate of 

the brake pedal (see Section 5. 6) o The decision as to whether the 

vehicle has s topped depends on these parameters and on two velocity 

thresholds Vt l * and Vt Z (Vt l< Vt2) which are pre -programmed . 

(2) If  vi:s;; vt l , irrespective of the s tate of the brake pedal , the 

vehicle has s topped. 

If  Vu< \� Vt Z and the brakes are being applied, the vehicle has 

" s topped " 

If  Vi> Vt Z ' irrespective of the s tate of the brake pedal, the vehicle 

has not s topped . 
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5. 3 .  2 (a) SUBJECT DOES NOT STOP 

(1) If the subject fails to stop at a mandatory stop the computer 

stores as data a code referring to this type of violation , together 

with the real time at which the pulse from C 1 was received . 

The computer then branches to the risk subroutine described in 

Section 5 .  11 . 

(2) The fader will continue to operate until the projector lamp is 

switched off (i . e o C 2 outputs a pulse) o 

(3) When the computer receives the pulse from CZ it must output a 

slide change command pulse to the road sign projector . (This 

is to ensure that the next road sign is in the gate , i " e  o a green 

traffic light or a u ugo I I  sign which must not be seen by the 

subject) 

(4) The real time at which the slide is changed is noted and is stored 

together with the slide ID as data " 

(5) The computer must not re -activate the lamp fader " 

5 .  3 .  2 (b) SUBIECT STOPS 

( l ) As soon as the computer decides that the subject has "stopped " 

it must output a pulse to the set terminal of the RS latch 12 . 

This holds the input to the DAC constant irrespective of the 

operation of C2 u i . e. the proj ector lamp is held on . 

(2) When the computer sets 12 it must also start a timer o 

(3) When t=25 * seconds the computer must output a slide change 

command pulse to the road sign projector . A green robot or "go" 

sign is now projected e This event, together with real time correct 

to one millisecond and the slide I D  must be stored as data o 

(4) When t=30 * seconds the computer must output a pulse to the 

reset term inal of 12 . Thi s switches off the projector lamp. 

(5) The computer must not re -activate the lamp fader . 

--, 
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CASE WHEN THE DRIVER STOPS BEFORE COMPARATOR C 1 OUTPUTS A 

PULSE , I oE  o BEFORE MAXIMUM SIGN BRIGHTNESS o 

This should normally occur very infrequently, depending on the setting 

of the reference count value of C 1 . Should this occur, subsequent 

operation of C 1 is irrelevent and should be ignored by the computer. 

(1) The computer must always monitor V .  (vehicle speed) when the 
1 

vehicle is required to stop at a road sign . From the instant 

when V . =  0 the computer must start a timer o 

( 2 )  When t=25* seconds the computer must output a slide change 

command pulse to the road sign projector (for the green robot or 

"go " sign ) . This event, together with real time correct to one 

millisecond-i and the slide ID must be stored as data . 

( 3 )  The operation of the lamp fader is automatic, and no further 

computer intervention is required . 

5 .  4 CHANGE OF SLIDE ON RISK SYMBOL SLIDE PROJECTOR 

The risk stimuli have been designed to simulate the effect of increasi ng 

the conditio nal probability of an emergency situation occurring as a 

function of successive events . The subject is required to make an 

emergency stop should a slide showing a particular emergency 

stimulus be projected . The probability of the emergency stimulus is 

proportio nal to the number of preceding risk stimuli • It is to be 

expected that the alert driver will be more sensitive to the conditional 

probabilities than the fatigued driver, and this should be indicated 

by a difference in driving performance and/or physiological 

responses . 

Risk sequences may consist of from one to five slides, with the 

emergency stimulus occurring anywhere within the sequence (or not 

at all ). Because there is no lamp fader associated with the risk slide 

projector v the last slide in each sequence will be a dummy stimulus , 

l 



i .  e g a n  opaque s lide , a nd i s  thus not s e e n by the s ub j e c t . S lide s  

are ide ntified b y  a n  e ight - b i t  s l ide ID a s  de s cribed i n  S e ction 5 .  5 .  

Each s l ide i s  coded ac cord i ng to i ts  pos i t io n  i n  the maga z i ne (i . e . 

1 to  1 0 0 ) . All  e me rge ncy a nd dummy s ti muli will be i nd icated i n  the 

computer ' s me mory .  

T he ri s k  s eque nce may be i nitiated by : 

( i )  pre �progra mm ed d i s ta nce cou nts 1 o r  

( i i )  driver violations (s ee S e ctio n 5 ., 1 1 . 1 ) . 

I t  is  po s s ible that a ri s k  s eque nce may be called while o ne i s  already 

i n  opera t io n .  If thi s is the c a s e , the s e c o nd c a ll mu s t  be ig nored . 

( 1 ) Whe n the d i s ta nc e  cou nt is  e qual to s pe c i fi c  pre -progra mmed 

values , or whe n the " ri s k probability ge nerator 1 1  output is a 

o ne (see  S e ction 5 .  1 1 )  the ri s k  s ubrouti ne i s  called . The real 

t ime at which the call is  i s s ued is re gis tered a nd s tored a s  data . 

( 2 ) A s  s oo n  a s  the next d i s ta nce pul s e  i s  rec e ived , the c omputer 

mus t  output a s l ide cha nge c om ma nd pul s e  to  the ri s k  s l ide 

proj ector . 

( 3 ) T he pro j e c tor will the n i ns ert a new s lide i nto the gate . Whe n 

the s l ide ID i s  ava i lable to be read u the s l ide ID re ader will 

output a pul s e  to the computer . T he computer the n i nterrogate s 

the s lide ID read e r , a nd the s lide ID is  checked a ga i ns t  the 

corre ct  pre -progra mme d value . 

( 4 )  I f  the s lide I D  matche s the required ID , the next s lide i s  

pre s e nted . I f  there i s  a mi s match the computer mus t  bra nch to 

the 1 1 s l ide cha nge malfu nctio n "  s ubrout i ne d e s cribed i n  detail  in  

S ect ion 5 .  5 .  Whe never  there i s  a ma tch be twe e n  the s l ide ID 

a nd the  require d  ID , the  computer mu s t  a l s o  output a s trobe pulse 

to the ris k  s timulus ID d i s play o n  the c o ns ole (thi s updates  the 

d i s p lay } . 

( 5 )  Whe n the s lide ID check i s  pos itiv e , a new s lide i s  pre se nted 

every s ec o nd *  d i s ta nc e  pul s e  for s peed s be low 9 0  km/h , a nd 

25. 
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every third* distance pulse for speeds equal to or greater tha n 

90 km/h (the differe nce bei ng due to speed limitations of the 

slide cha nge mecha nism). 

(6) The slide ID is read a nd checked for each slide in the sequence. 

Whe never the computer receives the slide ID it must note the real 

time a nd store this together with the slide ID as data. 

( 7) Whe never a n  emergency slide is prese nted (this occurring for 

pre -programmed slide ID numbers) the computer must look at the 

curre nt state of the brake pedal (see Section 5. 6). The computer 

must also start a timer. If the subj ect is applying his brakes 

whe n the emergency st imulus appears , the computer does not 

have to evaluate the quality of the subj ect 's  response in  terms of 

brake reaction time. I f  the subject has not applied his brakes 

withi n 9 s o*milliseconds the computer must sample a "police siren 

probability ge nerator" havi ng the required probability as give n in  

Section 5. 11. I f  the brakes are applied (regardless of reaction 

time), real time correct to o ne millisecond must be registered and 

stored as data with a format as described i n  Section 4. 6. 

(8) Te n*seconds after the onset of the em2rge ncy stimulus, the 

computer must output a slide change comma nd pulse to the risk 

slide projector. 

(9) Whe never the computer reads the ID of the dummy stimulus, it must 

exit from the risk subrouti ne. 

5 .  5 SLIDE ID CHEC K AND THE "SLIDE CHANGE MALFU NCTIO N "  

SUBROUTI NE 

To provide a check of the correct functioni ng of the two slide projectors , 

all slides are coded by mea ns of holes punched through the slide holder. 

Whe never a new slide is inserted i nto the projector gate this code 

number is read a nd is passed on to the computer. The code is a n  eight -

bit bi nary number with a format shown i n  Figure 4 . 
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S l ide  I D  I I 

Proj ector  number 

( I  for road s igns ; 0 for  r i sk symbo l s )  

FIGURE 4 Format of the slide identity number 

2 7. 

The slide IDs of all slides to be projected over the entire j ourney are 

stored i n  memory. Separate l ists will be provided for both pro jectors , and 

within each list the IDs are i n  the correct order. Associated with each 

ID is a number which i ndicates whether the subject is required to stop 

or not; this i nformatio n  bei ng used by the computer to evaluate the 

correctness of the subject 's respo nse. 

I n  the road sign slide pro jector the ID of each slide gives its position 

i n  the magazi ne. This gives 1 0 0 IDs numbered from o ne to 1 0 0 .  I n  the 

road sign projector o nly , there are three disallowed slide IDs , viz. all 

zero ' s , all o ne 's ,  and slide number 1 0 0 (i. e. 1 1 0 0 1 o o r 1
"""1

) (i n the risk 

slide pro jector o nly the first two IDs mentio ned are disallowed). S l ide 

number 1 0 0 is a dummy stimulus (not seen by the subject) and is used 

to i nform the operator of the need to change slide magazi nes. 

S i nce it is not necessary to change magazi nes on the risk slide 

projector , slide number 1 0 0 is allowed. This is because the risk 

sequences are recycled after o ne revolutio n of the magazi ne. 

Whenever a slide ID does not match the pre -programmed ID , or 

disallowed IDs are read , the followi ng operatio ns must occur : 

( i ) As soon as the error is detected the computer must ig nore all 

.. 
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subsequent distance pulses.. The current distance count number 

is decremented by one . Real time correct to one millisecond is 

noted, and is stored as data together with a code meaning "slide 

change malfunction ; projector x 1 1 • (Note : If the slide ID is 1 0 0 , 

the code stored as data must refer to an "end -of -magazine " 

condition) . 

(2) The computer must pause all data transfer operations except the 

outputs road gradient and steering demand � As these require 

vehicle speed information , vehicle speed will still be 

monitored, but successive s amples must not be accumulated in 

memory . 

(3 ) The computer must output a pulse to the set terminal of a RS 

latch which controls the operation of a "projector fail " indicator 

on the console . The computer does not output a pulse to strobe 

the slide number display on the console .. Thus the operator can 

. read the number of the last correctly displayed slide . 

(4 ) The operator then corrects the fault manually , making sure that 

the last correctly displayed slide is in the projector gate . The 

operator then presses the "projector reset " switch . 

( 5 )  When this switch is closed , the computer notes the real time and 

stores this together with a code meaning "projector reset " as data . 

The nprojector fail " indicator is reset by external hardware . 

( 6 )  All data transfers are now resumed . The next slide will be 

presented as soon as the next distance pulse is received . 

NOTE : When slide number 1 0 0 is read on the road sign projector, the 

same sequence of events occurs. The operator must make sure that slide 

1 0 0 is in the projector gate when a new magazine is installed . When the 

" projector reset I I switch is closed , the next slide (i . e .  slide no. 1 )  will 

be presented as soon as the next distance pulse is received. This is a 

dummy stimulus and is not seen by the subject . 

5 .  6 BRAKE ON/OFF RESPONSES 

Every time the position of the brake pedal changes a pulse is sent on 

a 
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one of two lines to the computer (for a " brakes on " response, the 

pulse will be on one line, while a "brakes off " response is indicated 

by a pulse on the other line) . The position of the brake pedal at any 

moment in time is indicated by a number in memory : the " brake position 

index " .  This number is initialized to zero at the beginning of the 

experiment when the brakes are in the off position . Whenever a 

" brakes on " response is recorded, a one is added to the brake position 

i ndex, whilst a "brakes off " respo nse results in a one being subtracted 

from the brake position index . 

Whenever a brake on or brake off response is recorded, this must be 

stored as data with a format as described in Section 4 . 6 .  

5 .  7 START AND STOP SWITCHES ON THE OPERATOR r S CONSOLE 

These switches control the power supply to the road surface projector 

lamp and motor, and are also used to pause all input and output 

operations in the event of scheduled or unscheduled breaks in the 

journey . 

( 1 )  At the beginning of each experimental run 0 the computer and 

other hardware will be non v u , but no road surface pattern will 

be observed until the START switch is closed by the operator . 

No transfer of data from and to the simulator will take place 

until this switch is closed o 

(2) When the START switch is closed this fact must be recorded as 

data consisting of an eight -bit �'channel ID " and a 32 - bit real 

time value correct to one millisecond . This  also initiates all 

data transfers , and various parameters are set to their initial 

values (see Section 6) � 

(3) When the STOP switch is pushed this fact must be recorded as data 

with a format as in (2) . All data transfers (including the recording 

of vehicle speed) are paused until the START switch is closed 

again . 
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5. 8 HIGH/LOW DENSITY INDICATION TO RLG 

The rate at which the random lights are switched is a function of : 

( i) vehicle speed, and 

(ii) location (urban/rural). 

It is also necessary that the lights be switched at a low rate while the 

vehicle is stationary. This can be accomplished by means of the circuit 

outlined in Figure 5. 

from •I S 

computer 
R 

veh ic le  speed 

constantlsmall) volta 

vo ltage 
control led 
osc i l lator  

c i rcu i t  for random 

add r ess i ng  o f  

1 4  l i g h t s  

FIGURE 5 Schematic of Random Light Generator 

( 1) When the distance count reaches certain pre -programmed value/ 

the computer must output a pulse on one of two lines (set or 

reset) to condition the RS latch as in F igure 5. 

(2) Whenever the computer outputs a pulse, real time (correct to one 

millisecond) must be noted and stored as data. The format will 

be an eight - bit channel ID (one for each output line) and a 

3 2 - bit real time value. 

e 
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(1 ) Whe n the dista nce cou nt is equal to certai n pre -programmed 

values* the computer must output a pulse on  one of two lines 

which control an  RS latch o 

(2 ) Whe never a pulse is outputted , real time must be registered and 

stored as data with a format as described in  Section 5. 8 9 

5 . 1 0 REST/END -OF -JOURNEY LIGHT ON OPERATOR 'S CONSOLE 

O n  some journeys rest periods will occur at places desig nated by 

specific dista nce counts . Whe n the dista nce count is equal to these 

pre -programmed values 9 * the computer must output a pulse to the set 

terminal of a n  RS latch co ntrolling a light on  the console " This event 

must be recorded as described i n  Sectio ns 5 o 8 and 5 .  9 o 

The computer will not be required to reset the light as this will be 

done manually by the operator o This event is not recorded by the 

computer as the STOP a nd START switches will have been activated 

by the operator 1 thus effectively recording the onset and offset of 

the rest period o 

5 . 1 1 THE 1 1 RISK 1 1  AND "POLICE SIREN 1 1 SUBROUTINES 

Every action take n by the driver on the road results in  some form of 

feedback o Of particular importance is feedback relating to : 

(i) the possibility of physical injury , a nd 

(ii ) law enforcerre nt " 

The driver tries to maximize the benefits of bei ng transported rapidly to 

his destination while minimizi ng the risks associated with (i ) and (ii) . 

Thus his behaviour is partly a fu nction of his perception of the relative 

magnitudes of the risks a nd rewards involved o Si nce these perceptions 

are liable to be i nfluenced by fatigue I the experime ntal subject must be 
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exposed to the same system of feedback that he encounters on the road 

so that his behaviour in relation to this system can be analysed for 

signs of fatigue . 

The feedback associated with physical risk and law enforcement is 

essentially probabilistic in character , with the probability varying as 

a function of the nature , frequency and location of the behaviour concerned . 

For any given driver error or violation , the probability of material 

damage or physical injury is higher than the probability of detection 

by traffic police o Risk probabilities are also higher in urban than in 

rural areas because of the increase in exposure resulting from higher 

traffic volumes . 

In order to simplify the computations involved in the generation of 

feedback responses u three probability levels (high , H; Medium, M; 

low I L) will be used . A distinction will be made between the 

probabilities associated with urban (U) and rural (R) environments, and 

between physical risk (PR) and the risk of detection by police (DP) . 

Table 1 shows the probabilities which have been selected . It should be 

noted that these values are provisional and could be changed during the 

course of development o 

TABLE 1 PROBABILITIES* ASSOCIATED WITH PARTICULAR RISK SITUATION 

PROBABILITY GENERATORS 

PHYSICAL RISK DETECTION BY POLICE 

URBAN RURAL URBAN RURAL 

HIG H P 0 , 4  0 , 2 0 , 2 0 i l 

MEDIUM P 0, 2 0 g 1 0 g 1 0 , 05 

LOW P O u l 0 , 05 O u 0 5  0 , 025 

NOTATION : a high probability of a viola tion being detected by police in 

in a rural e nviro nme nt will be de noted by PH 

DP (R)
, etc . 
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Whenever a driver violation is detected (see Section 5 a 1 1  o 1 ) , the 

computer must sample two " probability generators " ,  one for physical 

risk and the other for detection by police " The output of each 

generator can be a O or a l, where P ( " l " ) is the desired probability � 

If the output is zero, no further action by the computer is required 

until the generator is sampled again. If the output is one, the 

computer must carry out the actions associated with the particular 

probability generator in question � 

The indication of physical ris�  is by means of projected risk symbols 

and is described in detail in Section 5 o 4 "  Detection by police is 

indicated by the sound of a police siren which is triggered by a pulse 

from the computer on one line (the pulse will trigger a monostoble 

which turns the siren on for a fixed period of time) . 

5 . 1 1 . 1 DRIVER ACTIONS WHIC H RESULT IN THE SAMPLING OF THE 

PROBABILITY G ENERATORS 

The following actions will cause the probability generators to be 

sampled . In all cases u except when the sample is pre -programmed to occur ; 

at spec ific distance count values , the sampling of the probability 

generator will result in the subtracti on of points from the driver 's  total 

" behaviour index " if the output of the generator is one . The behaviour 

index is set to 1 0 0 at the beginning of the j ourney (L e ,  when the 

START switch is closed for the first time) o The number of points sub -

tracted is given in Table 2 o 

TABLE 2 NUMBER OF POINTS * SU BTRACTED IF THE OUTPUT OF A 

PROBABILITY GENERATOR IS ONE 

PHYSICAL RISK DETECTION BY POLIC E 

URBAN RURAL � URBAN RURAL 

HIGH P 1 1 8 ! 8 

i MEDIUM P 1 1 4 ! 4 
r 

{ LOW P i:i 1 1 2 ' 2 

l 

i 

I 
I r 

"1 
-

e 
' i 

I l 
' -! 

: 
l 

I ! 

' -

L- . 
' 



3 4 . 

NOTE : In t he as s ignment of probability generators below , it is 

as s umed t hat t he computer will choose the generator appropriate to 

t he vehicle ' s pos ition along the route (i . e .  urban or rural) . This is 

eas ily done if reference can be made to a "location indicator " which 

has a value of one in a rural area and zero in an urban area . The value 

of t he location indicator is updated whenever the vehicle pas s es an 

urban/rural boundary . It s hould be noted t hat "urban I I areas are 

approximately 10 km longer wit h res pect to detection by traffic police 

t han are t he urban areas referred to when s peaking of phys ical ris k .  

(1) At s pecific, pre-programmed dis tance count values * t he output of 

t he phys ical ris k probability generator (only) is set to one . 

(2) Speeding may generate phys ical ris k and police detection . Let t he 

s peed res triction at the location in ques tion be VR {pre -programmed 

and referenced to s pecific road signs via dis tance count values), 

and let the vehicle s peed at t he it h 
s ample be Vi . Then : 

If  (VR + 5%)* < vi� (VR + 15%)* PpR = Ppk PDP 
= PD� 

If (V R + 1 5 % ) * < Vi � (V r + 2 5 % ) * 

If Vi .> (VR + 25%)* 

M 
PpR = PPR 

H 
PpR = PpR 

M 
PDP

= PDP 

M 
PDP

= PDP 

(3) Not s topping at a s top sign or red robot ( see Section 5 . 3) 
H M 

PpR = PpR PDP 
= PDP 

(4) Non -detection of n succes sive random lights (s ee Section 5 o 2) 

PPR = Pp� only , i . e. t he police s iren probability generator is 

not s ampled o 

(5) Steering errors . In th i s case we must be cognizant of two types of 

error , viz . , (i) a single error of large magnitude and s hort duration , 

and (ii) a s maller error which exis t s  over a longer time period . Let 

t he error tolerance for (i) and (ii) res pectively be Es s * and E sL * .  

Let t he s teering error for the it h 
s ample be esi , and let t he it h 

root -mean-square error meas ured over a time interval T be e�f s 

(s ee Appendix 3) . Then : 

If lesi l � Es s  PPR = Pp� 
L 

PDP
= PDP 
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M PDP = PDP 

(6) React ion t ime to emergency slide (Section 5 .  4) . If the brake 

reaction time is greater than 9 50 * mil liseconds , t he pol ice siren 

probabili ty generator only must be sampled with PDP = PD� 

( 7) It is desirable t hat the probabil ity of risk be related to the 

occurrence of certain environmental events such as the rate of 

swi tching of random lights .  Let t he t ime interval between 

successive random lights be �- tr = t i - t i _1 where t i is the real 

t ime associated wit h the it h random light, and let .-:J. T * be a 

pre -programmed t hreshold . Then � 

If .6 tr 4: fl. T PpR = Ppk 
siren probability generator not sampled) . 

PDP = 0 (i . e . pol ice 

In the case of speed violat ions, root-mean -square steering error , and 

to a lesser extent non -detect ion of random l ights , continuous 

violation will resul t in continuous sampl ing of the probabil ity 

generators . This will result in eventual operat ion of the risk slide 

projector and police siren in a relatively short period of time . To 

prevent t his from happening, operat ion of the risk sl ide projector 

and t he police siren can be related to the occurrence of distance 

pulses in the following manner : 

( 1 ) When the violat ion is first detected, t he probability generators 

are sampled normally as described above , and the appropriate 

action taken if the outputs of t he generators are one o 

(2) Distance pulses are counted from the time the first error is 
* '� detected . After five pulses (for urban areas) and 10 pulses 

(for rural areas) have been counted , the computer must again 

look at the most recent sample of vehicle speed , rms steering error , 

and light detections . If t hese are again outside t he error 

tolerances the probability generators are sampled , otherwize 

no further act ion is taken until such time as another error is 

detected, whereupon steps ( 1 ) and (2) are repeated . 
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I t  should be noted that this restriction of probability generator 

sampling applies only to speed, rms steering error and random light 

violations .. 

5 .. 1 2  ANALOGUE OUTPUTS 

5 . 1 2 . 1  STEERING DEMAND 

Ideally, the steering demand should consist  of pre ... programmed 

shifts in the slew angle of the road which would then be in phase with 

road signs indicating road bends o As this approach would require a 

large amount of computer memory, it has been decided instead that 

the computer should output a pseudo -random s teering demand 

generated by a simple algorithm o This is done easily by summing a 

number of sine -wave terms with non -harmonic frequencies o The 

different effects of slowly -varying (i.e . road curves) and rapidly ... 

varying components (due to wind gusts or road irregularities) can 

readily be simulated by means of this method. 

The slew angle of the road is given .  by the expre s sion  
n 

e i  = j� Aj  sin K
j

:X:
i 

where ):.:1 is a function of velocity and time .. Because of the 

(1) 

particular apparatus in use, the slew angle of the road is equal to the 

integral of the steering demand (output by the computer) with respect 

to time , Thus the steering demand output by the computer must be 

equal to the derivative of the desired steering function with respect to 

time, i o e .  , 

steering demand output S = df}dt 

where V = vehicle speed , 

= d8/d� d:X/dt 

= V dErd� 

Thus the steering demand output by the computer is of the form : 
n 

Si = Ks Vi ?Et Aj Kj cos Kj X.:i 

(2) 

(3 ) 



where : 

S i = it h  value of steering demand output 

K; = a scaling constant 

Vi = it h  sample of vehicle speed 

Af = amplitude of t he jt h  
term 

Kf = spatial frequency of t he j th 
term 

n = number of terms (6 in t his case) 

.x.i = distance travelled at it h  sample of speed . 

3 7 .  

As distance pulses are received every 1 5  metres, t hese cannot be used 

as a measure of �i since V is sampled at a high rate ( 1 5 Hz) o Instead 

:X::i can be calculated from successive values of Vi by means of numerical 

integration (see Appendix 1 ) . 

The values of Si must be output ted to the digital -to -analogue 

converter at a frequency of 1 5  Hz . 

The parameters Af and Kf are functions of scaling and task difficulty 

and are likely to be changed during the course of development . The 

reader is referred to Appendix 2 for details of the calculation of these 

terms . Provisional values will be : K 1 = 21T;L ; K 2 = i 3xz 
'is1 ; 

K3 = 29x2 } sL ; K 4 = 1 6 7x2'/SL ; K s = � 0 7x2�,�SL ; K 6 = 5 5 7x2\,1SL ; 

where L = 2 5 0 0 metres 

A 1 = - Az = A3 = 1 ; A4 = - 3/ 5 ; A 5 = (3x l 6 7) / (5x 3 0 7 ) 

A 6 = - ( 3x 1 6 7 ) / ( Sx 5 5 7 )  

Note t hat it  is assumed t hat [�\] = metres and [v J = metres per second . 

In order to obtain this it is necessary that the output of the analogue .. 

to -digital converter dealing with vehicle speed be multiplied by an 

appropriate scaling constant . 
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5 . 1 2  . 2 ROAD GRADIENT 

Road gradient is treated in almost the same way as t he steering 

demand, i. e .  

(g ) n 
a ,  = K � A ,  sin K . .x .  

1 g j = 1 J J "l 

where : 
(g ) t h  a.  = vehic le acceleration due to gravity at i sample of velocity 1 

K;j = a scaling constant 

A t  = amplitude of j th 
term J 

K:'r = frequency of j th 
term J 

:x: i = dis ta nee travelled at i th sample of velocity. ( :x:ij = metres 

n = number of terms = 3 

The frequencies to be used are 

K - 2iT; L 1 - / Kz = say L K3 = l lT� L where L = 4 0 0 0  m 

The amplitudes are proportional to the reciprocal of the frequency, i o e  o 

Al = 1 ; Az = 2 /5  ; A3 = 2 / 1 1  

NOTE � the values of the above parameters are provisional and could 

be altered during the course of development . 

Since the road gradient must appear at the input to t he road surface 

projector servomotor as a ramp function with a s lope proportional to ai , 

the above function must be integrated wit h  respec t to time. This may 

be accomplished numerically by using t he trapezoid rule, i ., e ., ,  

V �g) = v .  (g)
l + he (a . (g)

1
· + a(g)) 

1 1 - 2 1 - 1 

whP.re : 

V �g) = i th value of " road gradient demand " 
1 

1 1 
h = / (sampling frequency of speed) = /1 5  seconds 



.. 

c = f I when !V . :  0 
i 

; 1 

' 0 when v .  = 0 . 1 
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The variable c is introduced to prevent a change in road gradient 

demand when the vehicle is not moving o Without this feature the 

subject would have to alter the brake pressure in order to keep the 

vehicle stationary . 

A NOTE ON THE SCALING C ONSTANT Kg 

The value of Kg should be such that the binary number output to the 

road gradient demand DAC never exceeds eight bits in length, (this 

also applies to the steering demand scaling constant Ks) .  The value 

of Kg also sets the maximum magnitude of a�g) . For a road gradient 

of 7 per cent the acceleration of a frictionless body would be 

approximately O, 69  ms - 2 . The maximum acceleration due to gravity 

of a heavy vehicle should be considerably less than this . 

6 a CHANGE OF PARAMETER VALUES 

A number of computer operations are dependent on the value of one 

or more parameters e The optimum values of most of these is as yet 

unknown and can only be tested by means of experimentation o In 

order to ease the problem of re -programming it would be convenient 

if the computer programme could be structured to be independant of 

the values of these parameters, which could then be defined and 

re -defined by the operator whenever necessary . 

Parameters whose values may need alteration, or which will be 

defined in a subsequent report, have been labelled in this report by 

means of an asterisk (*) , and are listed in  Table 3 o 
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TABLE 3 REDEFINABLE PARAMETERS 

Parameter 

Brake RT (emergency stimulus) 

Pen recorder (EKG) on/ off 
markers 

Rest/end -of -journey markers 

High/low stimulus density 
markers (RLG) 

High/low stimulus markers 
(police) 

No .. of missed random lights 

RT acceptance limits (random 
lights) 

Speed thresholds (stopping 
criteria) 

Delay at robot or stop sign 

Reset of lamp fader delay 

Risk slide projection rate 

i i  I I I i  i i  

Dummy stimulus delay (risk 
slides) 

Risk and police detect ion 
probabili ty 

Points debited for violations 

Pre -programmed risk markers 

Speed trapping thresholds and 
p values 

Speed trapping thresholds and 
p values 

Speed trapping thresholds and 
p values 

Steering error tolerances 

Random light interval threshold 

p generator sampling rate 

Refere nce Provisional value 

3 .  4 .  5; 5 .  4; 5 . 1 1 .  1 9 50 ms 

3 .  5 .. 6; 5 .  9 not yet defined 

3 . 5 . 8 ;  5 .10 

3 .5 . 3; 5 . 8  

5 . 1 1 . 1  

5 . 2 

5 .  2 ;  3 . 4 . 3  

5 . 3 . 2  

5 .  3 .  2 (b) 

5 .. 4 

5 . 1 1 . 1  

5 . 1 1 . 1  

5 . 1 1 . 1  

5 .11 . 1 

5 . 1 1. 1  

5 . 1 1 . 1  

5 . 1 1 . 1 

5 . 1 1 . 1 

I I  I I  I I  

I I  I I  I I  

u II " 

n = 3 

150 ms4'.RT� l , 30s 

not yet defined 

25 s 

30 s 

Vi( 90km/h : 2 
pulses 

vi> 90km/h : 3 
pulses 

10 s 

see Table 1 

see Table 2 

not yet defined 

VR + 5% 

VR + 15% 

not yet defined 
I I  I I I I  

urban : 5 pulses 
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co nt • • • •  

Para me ter l Refere nc e 

p ge ne rator s a mpl i ng ra te 
I 

5 . 1  L 1 

S teering dema nd para meters 5 . 1 2 .  1 
(Ks , A j , Kj ) 

Road grad ie nt para meters (Kg , I 5 .  1 2 . 2 
A j I Kj ) 

S ca l i ng cons ta nt {e s timatio n of I Appe nd ix 1 

�i ) 

Numbe r of terms for e s (rm s ) I Appe nd ix 3 

P rovi s io na l  va lue 

rura l : 1 0  pul s e s  

K not yet defi ne d  s 

Kg not yet defi ned 

not yet  d e fi ned 

l n = 6 

7 .  NU MBER OF 1 1 C HA N NE LS " REQUIRI NG A N  IDENTITY C ODE 

A large number of eve nt s on diffe re nt c ha nne l s  are re quired to be 

re corded by the computer o Each i s  coded by mea ns o f  an e ight - bit  

cha n ne l ID . The d i ffe re nt cha nne l s  are l is ted i n  Ta ble 4 .  

TABLE 4 I NPUT A ND OUTPUT C HA N NE LS REQUIRI NG I D s  

C ha nne l 
I 

Reference 

(1) S ki n  c o nducta nce leve l  ! 3 . 6 . 1 ( 4 ) 

( 2 ) E lectromyogra m l i i  ( 3 ) 
t ( 3 ) Heart ra te I

I (1) 
(4 ) Bre athi ng rate I I i  ( 2 ) 

I 
(5) Ve hicle s peed i 3 . 6 . 2  (1) 

( 6 )  S teering error i i  ( 2 ) 

( 7) S teeri ng -whe e l  a ngle O i  ( 3 ) 

(8) S teeri ng de ma nd out put 5 " 1 2 . 1  

(9) Road grad ie nt output I 5 . 1 2 . 2  

( 1 0) Dista nce pul s e s  
f 

3 . 4 . 1 ; 5 . 1 

(11) Ra ndom light s , fie ld 1 
I 

3 . 4 . 2 ; 5 . 2 
( 1 2 ) I I  I i i i  2 I I  I i 

( 1 3 ) I I I i  I I  3 I i  I I  

j' 
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Channel 

Random lights , field 4 

Subject response switch in cab 

Brake on 

Brake off 

Slide change output, projector 1 
I I  i i  I i  

Slide ID, projector 1 
I i  I I  I I  2 

I I  2 

(14) 

( 1 5 ) 

( 16) 

(17) 

( 1 8 ) 

( 1 9 ) 

(2 0) 

( 2 1 )  

(2 2) 

(23 )  

(24 ) 

(2 5) 

Slide ID indicator strobe, projector 1 
I i  I I  I i  I I  I U  2 

Slide change malfunction indicator 1 
I i  I I  I I  

(26 )  Proj ector reset switch 

(2 7 ) START switch 

(28 )  STOP switch 

(29 ) Lamp fader comparator 1 

(3 O) I I  I i  

(3 1 )  Lamp fader, L 1 set 

(3 2) 11 11 1 2  set 

(3 3 )  11 1 1  
, 12 reset 

2 

I I  2 

(3 4 )  High -to -low density transition, RLG 

(3 5 )  Low -to -high 11 1
1 RLG 

(3 6 )  Pen recorder on 

(3 7) II I I  off 

(3 8) Police siren on 

(3 9 )  Rest/end -of -j ourney light 

(4 0)  Real time (one second intervals) 

Reference 

3 11 4 . 2 ; 5 .. 2 

3 o 4 . 3 ; 5 v 2 

3 .. 4 . 5 ; 5 . 6  
I I  1 1  

I i  I I  

I I  I i  

i i  I i  

I i  I I  

I I  

I I  i i  

I I  I i  

i i  t o  

n 1 1 

3 . 5 � 3 ; 5 .. 8 
I i  I I  

I i  I I  

3 .. 5 .. 7 ; 5 . 1 1  

3 . 5 . 8 ; 5 . 1 0 

4 . 1  

I i  

3.4.6; 

3o4o7; 5.7 
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APPE NDIX 1 CALC U LATIO N OF DISTA NC E TRAVELLE D FRO M 

VEHIC LE S PEED 

As t he s te eri ng a nd road gradie nt dema nd s  are fu nct io ns of d i s ta nce 

trave lled it is  ne c e s s ary tha t t he ve hicle s peed be i ntegra ted wi t h  

re s pect  to time . Dis ta nce pul s e s  ca nnot be u s ed a s  t hey are too 

widely s paced a nd would thu s  l imi t t he higher  fre que nc i e s  of  t he 

output fu nc tio ns at low s peed s • 

T he s imple s t  me t hod of numerical  i ntegra t io n is  t he tra pe zoid rule , 

vi z . , 

/� (::i::) d-.c �  h (f (o) + f(h))  
o T 

T he algorithm for t he cal c ula t io n of d i s ta nce trave lled i s  th us 

Xi = )<:i - 1 + 

where 

Kd h 
-2-

(Vi - 1 + Vi ) where ':)C:0 = 0 

Vi = t he it h  s a mple of ve hicle s peed 

xi = tota l  dis ta nce trave lled a t the ith s a mple of s pe ed 

h = 1 / (sampli ng freque ncy of s pe ed )  ;:::: 1 / 1 5 s e c o nd 

Kd = a s c�i ng c o ns ta nt s uch t hat  pt:"J = me tre s 
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APPENDIX 2 AMPLITUDE AND FREQUENCY VALUES FOR THE 

STEERING DE MAND 

The s lew angle of the road is given by a function with terms of the 

form A ,  s in Kj X i where Kj = 2"7 1 . . For a constant s peed V, the term J 
2 V J 

becomes Aj s in [f t i 

L e. W ,  = 2Ti V 
J 

L ·  J 

W . = angular frequency of 1 
j th term o 

(1) 

A s teering demand which is  the s um of three s uch terms with frequencie s 

which are not harmonically related is  sufficiently "random 1 1 to preclude 

the subject from learning the pattern (provided the period is  sufficiently 

long) . The s teering demand may thus be generated by a series of s ix 

terms ; the firs t three (low frequency) terms representing road curves, 

and the las t three (high frequency) terms s imulating wind gus t s  or road 

irregularit ies o 

To obtain the minimum value of Lj (i . e o maximum Wj ) it i s  as sumed 

that the tracking task wil l  become difficult at a s peed which is near 

to maximum for the vehicle used in the s imulator . A typical angular 

frequency for a difficult tracking task is 1 0  radians / second 

( 1 , 5 9 Hz)  o As suming a top s peed of 1 3 0  km/ hour (3 6, 1 m/s ) , and 

using equation (1) above, it follows that 1 6 = 22, 6 9 m o 

Let L 1 = 2 5 0 0  m, and let the s teering demand function be periodic 

with a period of 5 x 2 5 0 0  m = 1 2, 5 km 

= 5 = 1 6 = 2 2, 6 9  
X L 1 2 5 0 0  

It fol lows that � =  5 5 1  approximately . 

If we let the frequencies of all terms be in the ratio of prime numbers, 

and for convenience let the frequencies form an approximate geometric 

series (i.e . W 2·;:; 2W 1 ; W3 � 4W 1 ; W 4 "::: 1 /4 W 6 ; W 5-;:; 1 /2 W 6 ) 

then the frequencies of the s ix terms wil l  be in the ratio: 



4 5 .  

5 :  13 : 29 : 167 :  307 : 557 � -
low frequency high frequency 

components components 

Thus , since Lj = W1 11 , Kj = 
W ·  J 

2 TT  

L ·  J 

can be calculated for all j .. 

For convenience , the low frequency components are assumed to have 

equal amplitudes , while the high frequency components have amplitudes 

inversely proportional to their frequencies (this is to prevent the number 

of steering wheel reversals over a given period from being determined by 

the highest frequency term) o 

APPENDIX 3 C ALCULATION OF ROOT -MEAN -SQUARE STEERING 

ERROR VALUES 

The root-mean-square value of a continuous signal e (t) over a time 

interval T = t2 - t 1 is defined as 

t z  
e (rms) = '\ t+ f e2 (t) dt (1) 

t1 

For a disconti nuous (sampled) s ignal the integration must be performed 

numerically , Let e be sampled at a rate f ,  i o e  o inter -sample period 

h = 1 /f . Let there be n *  samples over the time period T = ti - t1 _  (n -1) 
L e . T = (n - l)h 

The integral over this period is given by the trapezoid rule as follows : 

ti 

( 
e2 (t) dL,� � 

t ·  - (n - l)h l 

(e2 (ti - (n - 1) h) + 2e2 (ti - (n - 2) h) + 

+ 2 e2 (ti - (n - 3)h)+ " Q  o + 2e2 (t1 - 2h) + 2e2 (t1 - h) + e2 (t 1) )  (2) 

' 
\ 

\I 



NOTATIO N  : let e 2 (t i ) = e f  

thus e 2 (t . - ( n  - .l ) h ) = e ?  ( l ) , e tc . 1 1 - n -

let  ( i 
e 2 (t ) dt  = Ii 

t1 - ( n  - l ) h 

4 6 . 

2 2 2 2 ) T he n  I i �  .h_ (e i _ ( n  _ l ) + 2 e i _ ( n  _ Z ) + • • •  + 2 e i _ 1 + e i 2 

S ub s titut i ng i - 1 for i : 

I i - 1 ·�--.: %- (e fi - 1 ) - (n  - 1 ) + Ze(� - 1 ) - ( n  - 2 ) + .  · . + Ze 2
(i - 1 ) - 1 +e 2

i - l ) 

= h (e ? + 2 e � ( l ) + . o .  + 2 e �  2 + e �  1 
2 

1 -n 1 - n - 1 - 1 -

( 2 2 2 2 ) T hus I 1, = I1. 1 + h e . 1 + e . - e .  - e
1. (n  1 ) - 2 1 - 1 1 - n - -

Now f = 1 S H z  , a nd let  n = 6 * . 

h = 1 / 1  S s e c o nd s  

T hus T = ( 6 - 1 ) /  1 5 = 
l 

/3 s e c o nd 

I 6 = 1 (e 2 
+ 2 e 2 

+ 2 e 2 
+ 2 e 2 + 2 e 2 

+ e 2 ) 
N 1 2 3 4 s 6 

1 2 2 2 2 T hus 1 7 = 1 6 + m (e 6 + e
7 - e 1 - e

2
) , etc . 

T he i th  value o f  rm s error i s  thus give n by 

Ke i s  a s ca l i ng factor , s uch tha t [e i (rms }] = d egre e s  of arc " 

i f  e i i s  the output of  the s te e ri ng e rror A DC . 

(3 ) 

(4) 




