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Abstract
In todays car environment we are surrounded by  more and more information that compete for our 
attention and sound have been proven to be an effective way  to alert a driver of dangerous 
situations. But could spatial placement of sound signals also be used to draw the drivers attention 
to certain events in an effective way? 

A theoretical study  was made on human ability  to locate an auditory  event and how to design a 
sound signal for acceptable localisation. Our two most important cues for localisation are interaural 
time difference and interaural intensity  difference, cues that allow good localisation of an auditory 
event in the horizontal plane. A sound signal should have a wide frequency  range and have at least 
500 ms duration time. 

The car simulation software Lane Change Test was controlled with a PC-steering wheel and gas 
pedal. The subjects primary  task was to change lane according to signs along the track. A 
secondary  task was used to distract the driver. Sound sources were placed in 4 different positions 
and adjusted to the same sound pressure level. The sound signal for the primary task was 
designed to be similar to a turn signal while the secondary task used a notification sound from 
Microsoft Windows™.

The project contained one pre-test and one main test. The pre-test had 7 spatial positions of sound 
signals and was attended by  4 subjects. No significant effects were found. Therefore, the number 
of spatial positions was lowered down to 4 for the main test and the test was attended by  6 
subjects and the speed was increased to make the test more challenging. Each subject took the 
test 3 times which gave a total of 54 results for each spatial position. 

The results show that sound signals significantly  improve the response time on the secondary  task 
while the driving performance was only  significantly  improved in one case, when the sound signal 
originated from the visual tasks position. The conclusion is that sound signals are most effective 
when they originate from the position of the event. 
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1. Introduction
1.1 Background
In todays driving environments we are surrounded by  more and more complex systems that 
compete for our attention. The dashboard/control panel of a car contains all from stereo system 
controllers to navigation system to seat warmer control. When a driver interacts with the 
dashboard/control panel the driver loses some focus and attention on the road and its 
surroundings leading to increased risk of accidents.

Studies have show advantages of using audible traffic warnings to avoid collisions, but studies on 
improving the driving performance by using spatially placed signal sounds are not as common [1]. 
Shams and Kim [2] discovered positive effects of auditory-visual interactions in spatial localisation, 
especially when the auditory event occurred where the visual task was positioned. 
  
By using a simple car simulation with an additional visual task it is possible to measure how 
distracted a driver gets while driving and find out what impact different spatial locations of the 
auditory event have on the driver.

A less distracted driver is a safer driver.

1.2 Goal
The project goal was to investigate if sound signals can improve our driving performance and if 
different spatial locations have the same effect on the driver. 

1.3 Limitations 
Due to limited time both the number of subjects and spatial positions of the sound signals were 
kept small. A simple car simulation was used to measure the driver performance and distraction. 

                                                                                                                                                                           ! 1



2. Theory
2.1 Introduction
To understand how sound signals can positively  effect a car driver it is essential to know how to 
design the sound signal to make it as efficient as possible. To start this study  we are going to learn 
more about the localisation of audible events. 

2.2 Sound localisation
The human ear is an extremely sensitive instrument that can determine very  small differences in 
both time and intensity  of an arriving sound. Our ability  to locate an audible event (direction and 
distance) is an interaction between two arriving sounds, one sound in each of our ears. The first 
arriving sound is being compared with the second arriving sound (on the opposite ear) and the 
time and intensity  difference between the sounds make it possible to determine the location of the 
audible event. The two most important cues to locate a sounds origin are [3]:

• ITD - Interaural time difference
• ILD - Interaural level difference

The direction of sound in space is usually  defined relative to the head. To describe the direction of 
an incoming sound, three spatial planes were defined; the horizontal, frontal and median plane 
(see Figure 2.1). Our ability  to locate sound is greatest in the azimuth (horizontal) plane and fairly 
good in elevation (vertical) plane [3].

Figure 2.1: The coordinate system for locating a sound’s direction from the head [3].

A single sinusoidal tone is in nature very  rare, but to understand a more complex sound it is 
important to understand the basics first. The normal size of a human head is approximately 9 cm in 
radius, which allow lower frequencies to bend around it. When the wavelength is shorter than the 
head diameter, the sound will no longer bend as efficiently. The bending efficiency decreases as 
the wavelength becomes shorter. This creates a ”shadow” on the opposite ear when the high 
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frequencies do not reach around. Lower frequencies’ ability to bend around the head make the 
interaural intensity difference cue negligible below 500 Hz and effective above 1500 Hz. The 
shadow effect’s frequency  dependence makes it more difficult to model the interaural level 
difference. The interaural difference can be as much as 20 dB for higher frequencies while low 
frequencies are not affected (see Figure 2.2) [3]. 

Figure 2.2: Interaural intensity difference at the two ears as a function of the azimuth of the sound source [4].

With an approximation of the data from figure 2.2 is it possible to calculate the interaural level 
difference with equation 2.1: 

! ILD = 1 + f 0.8 sin(ø)! ! ! ! ! ! ! ! (2.1)

where 

! f = signal frequency, in kHz
! ø = angle of arrival of plane wave

This model ignores the fine structure but give the general trend of the data [5].

The interaural time difference can be calculated in the azimuth by a simple geometrical model, see 
Figure 2.3. The incoming wave reaches one ear unaffected while the signal to the other ear must 
travel an additional distance (L1 + L2) [6]:

! L1 = r sin(ø) ! ! ! ! ! ! ! ! ! (2.2a)
! L2 = r ø! ! ! ! ! ! ! ! ! (2.2b)

The interaural time difference is thus

! ITD = r (ø + sin(ø)) / c! ! ! ! ! ! ! (2.3)
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where

! r = radius of head (cm)
! c = speed of sound in air (30 µs/cm)
! ø = angle of arrival of plane wave (rad)

Figure 2.3: Path length difference (L1 + L2) between two ears for a distance source at an azimuth ø [6].

This geometrical solution assumes a specific sound wave path around the head which only  is true 
for high frequencies. Kuhn [7] points out that for lower frequencies a different geometrical model 
should be used, a model that solve this problem as a sphere which gives

! ITD = 3r sin(ø) / c! ! ! ! ! ! ! ! (2.4)

The interaural time difference range from 0 - 630 µs with the lowest value when sound originates 
from straight forward and highest when directly  from one side of the head. The interaural time 
difference cue is only  efficient for frequencies lower than 1500 Hz (wavelength of 21.5 cm). 
Because of the shadow effect the interaural time difference is most effective for lower frequencies 
while the interaural intensity difference is most effective for higher frequencies (also know  as the 
duplex theory) [8]. 

While ”localisation” is defined as the direction and distance of an audible event ”localisation blur”  
is defined as the smallest detectable change in location of an auditory  event. Where our 
localization blur is lowest, our accuracy  to locate the sound source is the best. Most research show 
that our localization blur is lowest in the horizontal plane, right in front of our head. Table 2.1 shows 
the results from a number of studies on localisation blur. Many  of these studies used different 
techniques and can thereby not be compared directly [9]. 

Table 2.1: measurement of localization blur [9].Table 2.1: measurement of localization blur [9].Table 2.1: measurement of localization blur [9].
Reference Type of signal Localization Blur

Klemm (1920) Impulse (clicks) 0.75° - 2.0°

King and Laird (1930) Impulse (clicks) train 1.6°

Stevens and Newman (1936) Sinusoids 4.4°
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Table 2.1: measurement of localization blur [9].Table 2.1: measurement of localization blur [9].Table 2.1: measurement of localization blur [9].
Reference Type of signal Localization Blur

Schmidt et al. (1953) Sinusoids >1.0°

Sandel et al. (1955) Sinusoids 1.1° - 4.0°

Mills (1958) Sinusoids 1.0° - 3.1°

Stiller (1960) Narrow-band noise, cos2 tone burst 1.4° - 2.8°

Boerger (1965a)! Gaussian tone bursts 0.8° - 3.3°

Gardner (1968a) Speech 0.9°

Perrot (1969) Tone bursts with differing onset and 
decay times and frequencies 1.8° - 11.8°

Blauert (1970b) Speech 1.5°

Hausten and Schirmer (1970) Broadband noise 3.2°

Mills defined a very  similar definition of localization blur as the minimum audible angle (MMA), 
when a sinusoid signal is used to measure the smallest detectable change in the angular position 
[10]. Figure 2.4 presents the results of his work. It clearly  shows that our spatial hearing is most 
accurate in the forward direction. Furthermore it is possible to see that our localisation blur is as 
low  as 1° for frequencies right in front of us. As the angle increases the localisation blur increases 
too [9]. Our localisation blur is worst between 1500 - 3000 Hz, this is were neither interaural time 
difference nor interaural level difference hold enough information for us to judge the angle as 
efficiently as in the other regions. Blauert call it the cross-over region [3].

Figure 2.4: Minimum audible angle for a sinusoidal signals [9].

Preibisch-Effenberger in 1966 and Haustein and Schirmer in 1970 made a large-scale experiment 
with 600 and 900 untrained subjects. Localisation blur was measured in horisontal (0°, 90°, 180° 
and 270°) plane with a 100 ms white noise pulse. They  discovered that our localisation blur was 
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lowest in a forward position (±3.6°), followed by backward position (±5.5°) while the localisation 
blur was worst to the left and to the right of our head (±9.2° and ±10°). A later experiment by 
Dubrovsky and Shernyak in 1971 could confirm an earlier hypothesis that a longer duration (to 700 
ms) on the signal would decrease the localisation blur [9]. 

Studies in the median plane has also been done. Damaske and Wagener (1969) [3] used familiar 
speech in a few different position in the median plane and the results showed that in a straight 
forward direction speech increased localisation blur (±9°) more than what white noise pulses (±4°). 
Sound positioned right above our head is difficult to locate exactly, the deviation varies much more 
than in other positions, not even when the position is 36° (upwards) in front of or behind the head   
our localisation performance is good[3].

One problem of using frequencies below 1500 Hz is our ability to hear if the auditory  event occur in 
front of or behind you since the frequencies bends so easily  around the head. Our capability to 
judge the position of an auditory  events in vertical plane is rather poor if our head is not allowed to 
move/turn [11].

Localisation studies show that reducing the bandwidth of a sound reduces the localization acuity  of 
that sound and that broad band noise is localised far more accurately  than the combination of 
tones which usually forms the alarm [12].

2.2.1 Judging distance to sound source
Our ability  to judge the distance (in free space) of an auditory  event originate from a number of 
cues. For familiar sounds the sound level can give an approximately  cue of the distance. This cue 
is most effective when multiple sounds are present, allowing a comparison of the sound level of 
each of the sounds [13]. The change in level when the listener walks towards the sound source 
allow us to judge the distance very well [14]. On moderate distance complex sounds can be 
absorbed by  the air, making the higher frequencies drop in intensity [15]. This effect also helps us 
to determine the relative distance and is most effective when the sound is familiar [16].

Haustein (1969) used impulse sounds to measure our distance localisation blur and he obtained a 
similar relationship between the distance to the sound source as the one Gardner (1969) obtained 
for normal speech (see table 2.2) [9]. Our distance hearing is best when the distance is short. 
Pierce (1901) measured our distance localisation blur, with a great variation of sound signals, to be 
as low as 0.13 - 0.15 m, when the distance was between 0.5 - 1.5 m [9]. 

Table 2.2: Haustein (1969), distance between a sound source and the auditory event [9].Table 2.2: Haustein (1969), distance between a sound source and the auditory event [9].Table 2.2: Haustein (1969), distance between a sound source and the auditory event [9].
Actual distance [m] Answered distance [m] SD [m]

1.1 1.3 ±0.27

2.6 2.7 ±0.44

4.6 4.6 ±0.55

6.6 5.7 ±0.50

8.6 6.9 ±0.44

2.3 Lateralisation 
Lateralisation is in one-dimensional space while localisation is in three-dimensional space which 
does not make it possible to draw a valid correlation between the two. With restriction lateralisation 
experiments still can allow conclusions to be drawn for an auditory system by studying the 
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interaural signal differences. Lateralisation blur is almost the same as localisation blur; it measure 
the degree of change in the attribute of the ear input signal that lead to a just-noticeable change in 
lateral displacement [9].

2.3.1 Interaural time differences
To study  the interaural time difference the interaural transfer function must have a magnitude of 1 
for all frequencies (same sound pressure level in both ears). When there is no time or level 
difference in the signal the auditory  event is perceived to be in the center of the head. If a time 
delay  is added on one of the signals reaching the ears the auditory  event will move towards the 
first arriving sound. This phenomena of lateral displacement occur up to approximately  0.8 - 1.0 ms 
[9]. 

Lateralisation blur is defined as the smallest change in the interaural phase delay, group delay or 
phase coefficient that leads to a lateral displacement of the auditory  event. Several experiments 
have been made in this field and table 2.3 shows the results from these experiments. 

Table 2.3: Lateralisation blur in median plane for pure interaural time shifts [9].Table 2.3: Lateralisation blur in median plane for pure interaural time shifts [9].Table 2.3: Lateralisation blur in median plane for pure interaural time shifts [9].Table 2.3: Lateralisation blur in median plane for pure interaural time shifts [9].

Reference Signal
Loudness level (phon), 

approximate
Laterization blur (µs), 

approximate

Bowilker (1908) Sinusoids Not given 7-14

Klemm (1920) Clicks Not given 2 - 10

Hecht (1922a) Not given Not given c. 30

Klump (1953) Sinusoids and noise Optimal 6 - 12

Klump and Eady (1956)

Clicks
Series of clicks
Noise: 
 - broadband
 - 150-1700Hz
 - 425-600Hz
 - 410-440Hz
 - 2400-3400Hz
 - 3056-3344Hz

60-80

28
11

10
9

14
19
44
62

Hall (1964) Clicks 80 20 - 50

Hershkowitz and Durlach (1969a) 500Hz sinusoid 50 11.7

As shown in table 2.3, lateralisation blur is greatest for higher frequencies. That is related to that 
the maximum lateral displacement occurs when the interaural time difference is 630 µs, which is 
approximately  1500Hz. When the frequency  is increased, the wavelength gets shorter and the 
lateral displacement therefore also gets smaller [9].

2.3.2 Interaural level differences
The time difference in a signal is important, but the sound pressure level is as important. With 
different sound pressure levels at the ears, the auditory event moves towards the channel with 
highest level, just like the auditory  event moved towards the first sound when a time difference is 
present. This fact is the basis for the intensity-difference theory  of directional hearing. This theory 
assumes that the sound pressure level difference is the only  signal parameter for lateral 
displacement. However, it is the most important parameter but it is not the only  parameter for 
spatial hearing. To investigate the importance of sound pressure level difference the normal setup 
contains a signal and an attenuator for each ear. This allows an even sound pressure level for all 
frequencies in both ears. An interaural level difference with about 10-15dB (all frequencies) makes 
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the entire auditory  event to move completely  to one side [17]. Later experiment have shown that 
the complete locatedness to one side is frequency  dependent. Around 2000 Hz the need of level 
difference is the smallest [9].

Lateralisation blur is the main factor in determining the importance of sound pressure level 
difference in spatial hearing, and is defined as the smallest change in sound pressure level that 
leads to a lateral displacement of the auditory  events in the median plane. Table 2.4 shows the 
results from several experiments on lateralisation blur that used sound pressure level differences 
[9].

Table 2.4: Lateralisation blur in median plane for interaural level differences [9].Table 2.4: Lateralisation blur in median plane for interaural level differences [9].Table 2.4: Lateralisation blur in median plane for interaural level differences [9].Table 2.4: Lateralisation blur in median plane for interaural level differences [9].

Reference Signal Loudness level (phon), 
approximate

Laterization blur (dB), 
approximate

Von Bekesy (1930b) Clicks 40 1.5

Upton (1936) 800Hz sinusoid 40-60 1.0

Ford (1942) 200Hz sinusoid
2000Hz sinusoid

50
50

1.5
0.6

Hall (1964) Clicks 80 1.5

Elfner and Perrot (1967) 1000Hz sinusoid 50 2.0

Rowland and Tobias (1967)
250Hz sinusoid
2000Hz sinusoid
6000Hz sinusoid

50
50
50

1.15
0.72
0.92

Hershkowitz and Durlach 
(1969a) 500Hz sinusoid 40-80 0.8

Babkoff and Sutton (1969) Clicks 35 1.5

Several persons have investigated lateralisation blur and they all got results that show that the 
lateralisation blur gets broader as the lateral displacement gets wider. This especially  affects low-
frequency  sinusoidal signals. It has also been shown that lateralisation blur decreases when the 
sound pressure level is low or intermediate, but as the sound pressure level of the signal rises the 
lateralisation blur increases as well [18].

2.4 Summary of sound localisation
Our ability  to locate an auditory  event is most accurate in the horizontal plane were both interaural 
time difference (ƒ < 1500 Hz) and interaural level difference (ƒ > 1500 Hz) are of most assistance. 
Localisation is especially  accurate in straight forward direction of the head. If an auditory  event 
appear in the median or frontal plane the head must be allowed to turn/move to locate the event 
accurately. Sounds with only frequencies lower than 1500 Hz is hard to locate if they  originate 
straight in front of or behind of the receiver. The closer the auditory  event occur the more accurate 
is our distance judging. 

2.5 Sound signals
There are studies that shown that displaying information visually  can have a negative effect on a 
car driver, on both lane change and detection performance [3], [19]. By  using a sound signal 
instead of a visual signal the driver can keep the focus on the road for a safer driving. Signal 
sounds can be used to increase our awareness of what is happening in our surroundings and 
improve our reaction time in situations that need a quick response. 
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Chin-Ping Fung (2007) made an experiment on the influence audible warnings have for a car 
driver by  comparing the use of no sound, a beep (2 kHz, 70dB SPL) and a verbal (bi-bi or watch 
your front) sound. He concluded that a short beep sound had a great effect on the drivers, shorter 
response time and more accurate steering. However the verbal sound had almost the same 
response time but the steering control was not as good [1].

Sound signals are designed/chosen to represent a specific event, for example: a car horn could 
inform you that a nearby car is dangerously  close or the laugher from a child could signalise that a 
school bus has stopped in front of you. Fagerlönn investigated the effect of using verbal, non-
verbal (meaningful) and arbitrary signs on truck drivers. See table 2.5 for his description of the 
auditory  sounds. The results of his experiment showed no difference in response time or accuracy 
between the verbal and non-verbal sounds, however the arbitrary  sound gave significantly  longer 
response time and more errors. Another thing Fagerlönn discover was that it took a lot longer time 
to learn the meaning of the arbitrary sound than the other sounds [20].

Table 2.5, a description of the auditory sounds [20].Table 2.5, a description of the auditory sounds [20].Table 2.5, a description of the auditory sounds [20].Table 2.5, a description of the auditory sounds [20].
Meaningful Arbitrary Verbal

Bicycle Bicycle bell Piano/G3-C3 - G3-C3 Bicycle

Car Car horn Snare drum/roll Car

Truck Truck horn Cello/C#2-D#2-F2-G#2 - C#2-D#2-F2-G#2 Truck

Pedestrian Man shout 80 Pedestrian

Children Children laugh 50 Children

Both verbal and non-verbal sounds have their cons and pros. The verbal sound is more sensitive 
to a verbal background (speech) than what the non-verbal sound is. Duration of a verbal sound 
should be shorter than 3.5 seconds, otherwise the short time memory  can be negatively  impacted 
[21]. One problem with verbal sounds is that no voice fits all people: age, gender, emotional tone, 
and familiarity  has considerable effect on both the driver attitude and driving performance. Non-
verbal sounds have the general advantage that they are universal for any language, but a major 
problem with non-verbal sounds is to not make them too annoying and still contain the urgency 
necessary for a reaction [20]. 

2.6 Guidelines for a auditory system
There are some guidelines for designing a functional alarm signal sound for great awareness, 
urgency and localisation: 

• avoid the frequency region between 1500 - 3000 Hz if great localisation is required [11]
• include harmonic overtones, avoid fundamental tones higher than 1kHz [22]
• a signal duration of 500 ms, if shorter the intensity should be increased for good detection [11]
• the sound signal should be composed of four or more prominent frequency components in the 

range from 1000 to 4000 Hz [23]

If the signal contains harmonic overtones the localisation is most likely  good, but avoid clear 
overtones that originate from an 1000 Hz tone or higher since it can make the sound aversive [22]. 
When more than one sound signal will be used it is important that the sound signals differ from 
each other, otherwise confusion may occur and distract the driver. The difference can be in pitch, 
intensity and rhythm [24]. 
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Catchpole, McKeown and Withington recommended that a good localisable alarm should be a 
broadband noise with a notch filter between 1 - 3 kHz, but still include the lower harmonic tones 
500, 1000, 1500, 2000 and 2500 Hz. This sound signal would give a great localisation acuity  and 
be easy  to identify, since it holds information as ”where” (broadband noise - location) and ”what/
when” (tones and-or sweeps, identification) [12].

Deatherage (1972) [25] presented a table of guidelines when to use audible or visual presentation 
of information, see table 2.6 for his recommendations. He also presents guidelines for warning and 
alarm sound signals, see Table 2.7 [25]. 

Table 2.6: When to use the auditory or visual form of presentation. [25]Table 2.6: When to use the auditory or visual form of presentation. [25]
Use auditory presentation if: Use visual presentation if: 

The message is simple The message is complex

The message is short The message is long

The message will not be referred to later The message will be referred to later

The message deals with events in time The message deals with location in space

The message calls for immediate action The message does not call for immediate action

The visual system of the person is overburdened The auditory system of a person is overburdened

The receiving location is to bright or dark adaption 
integrity is necessary The receiving location is too noisy

The person’s job requires moving about continually The person’s job allows him or her to remain in one position

Table 2.7: Characteristics and features of certain types of audio alarms. [25]Table 2.7: Characteristics and features of certain types of audio alarms. [25]Table 2.7: Characteristics and features of certain types of audio alarms. [25]Table 2.7: Characteristics and features of certain types of audio alarms. [25]Table 2.7: Characteristics and features of certain types of audio alarms. [25]
Alarm Intensity Frequency Attention-getting ability Noise-penetration ability

Diaphone Very high Very low Good Poor in low frequency noise

Horn High Low to high Good Good

Whistle High Low to high Good if intermittent Good if frequency is properly 
choosen

Siren High Low to high Very good if pitch rises and 
falls

Very good with rising and 
falling frequency

Bell Medium Medium to high Good Good in low-frequency noise

Buzzer Low to medium Low to medium Good Fair if spectrum is suited to 
background noise

Chimes and gong Low to medium Low to medium Fair Fair if spectrum is suited to 
background noise

Oscillator Low to high Medium to high Good if intermittent Good if frequency is properly 
choosen
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3. Car simulation and sound signals
A general test plan was sketched up that contained a pre-test and a main test. If the pre-test would 
show a significant effect of using sound signals the next step is to continue with the main test. But 
if the pre-test would not show any significant effects the test was to be altered and adjusted. 

3.1 Lane Change Test
Lane Change Test (LCT) is a simple yet powerful car simulation which is controlled with PC car 
steering wheel and foot pedal [26]. LCT has 10 pre-programmed straight tracks that have three 
lanes (see Figure 3.1) and every  track has different order on the lane change directives along the 
road. The subject’s primary task is to drive with full speed, which can be adjusted in the settings, 
and complete lane changes according to the road signs. The road signs are visible from a great 
distance but lane change symbols on them become visible 40 m in front of the road sign. When the 
lane change symbols are visible the lane change should be completed as fast and efficiently  as 
possible to minimise the deviation from the optimal driving line. 

Figure 3.1: LCT - straight road with three lanes and signs on the side of the road.

The driving performance (mean deviation) from optimal line was analysed with ”LCTAnalysis” 
program.

3.2 LCTAnalysis
LCTAnalysis is a software program that comes with LCT and it is an effective way  to analyse the 
subject’s driving performance. The standard project settings and following variables were used to 
analyse the data:

• Mean deviation [m] - should be as low as possible
• Mean Speed [km/h] - should be very close to the selected speed limit
• Length [m] - should be around 2750 m

The most important variable is the mean deviation which show how large the deviation from the 
optimal driving line was for that specific record. The length variable was added to see if the subject 
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drove the entire track while mean speed was used to check if full speed was held during the entire 
track. 
It is possible to view  how the subject has driven in LCTAnalysis which can be useful when a 
strange variable value is calculated by  the program. Figure 3.2 shows an example with rather low 
deviation from the optimal driving line.

Figure 3.2: An example of a subject’s test run. 

The green line is the optimal driving line while the red line is the actual driving line by  the subject. 
The lane change symbols are represented by two X and an arrow as in LCT.

3.3 The secondary task
The secondary task was a visual task, which was implemented on LTU and based on ”surrogate 
reference task” (SuRT) [27]. The modification of the software allowed sound to be triggered on a 
new task and setting the delay  time between each new task. The task was added to distract the 
driver from the primary task (LCT). 

The secondary  task was to answer on which side a bigger circle is displayed on the secondary 
screen by using the two buttons placed to the right of the steering wheel (see Figure 4.1). A red 
vertical line was displayed in the middle to separate the screen into a left and a right section. If the 
bigger circle was positioned in the left section the left button should be pressed to submit the 
correct answer. The size of the big circle was changed until it was considered difficult enough to 
answer the task. All circles were randomly positioned on the screen for each new task. Figure 3.3 
shows an example of the secondary task.

The secondary  task was started when the subject drove by  the LCT start sign and between each 
new task a 3 to 7 second delay was added. The pre and main test both used the same secondary 
task.

During a test the number of answers, correct answers and response time were saved in a text file. 
See Table 3.1 for more detailed information of the variables. 

Table 3.1: Secondary task variablesTable 3.1: Secondary task variables

Variable Meaning

Number of answer The number of answers during track.

Correct answers Percentage of correct answer during one track.

Response time Mean response time to answer a SuRT-task 
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Figure 3.3: The secondary task. The correct answer is "Left" (press "left" button) on this specific task.

3.4 The selected sound signals
Two different sound signals were used throughout this project, one for the primary  task which were 
played when a new lane change symbol become visible and the other for each new secondary 
task.
 
The primary  task sound signal was designed to represent the actual task, a task that is or can be 
associated with a turn signal. The turn signal has an well known and established sound structure 
that sounds almost like ”tick-tack” which is similar to a clock where the ”tick” sound (turn light on) 
has a higher pitch than the ”tack” (turn light off) sound. All though, the sound from a real turn signal  
is to slow and indistinctive to be use in this project. Therefore, a sound signal with the same sound 
structure as a turn signal but with a faster timing and a more distinctive sound was created. The 
subject should easily  associate the created sound signal with an actual turn signal because of the 
sound structure. The sound signal was created by  using the mouse click sound from Windows™ 
but with altered pitch and speed. These click sounds were placed three times in a row, where the 
first click had a higher pitched sound than the second click while the last click had the same pitch 
as the first. This makes the sound signal for the primary  task sound like ”tick-tack-tick. The duration 
time of the entire sound signal was about 330 ms, see Figure 3.4. A frequency  domain plot of the 
primary task sound signal is shown in Figure 3.5. 
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Figure 3.4: Time plot of the primary task sound signal.

Figure 3.5: Frequency band plot of the primary task sound signal.
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While it was rather easy  to associate a specific sound to the primary  task it was much more difficult 
to associate the secondary  task with something real. The secondary task has no real similarities 
besides that it is a computer screen with question to answer as fast as possible. The closest 
association or familiarity  was considered to be the sound Microsoft Windows™ played when a new 
notice is available (named Ding). This sound is well known and recognisable for any  subject that 
uses a computer on regular basis. The sound signal has two dominating frequencies (see Figure 
3.6) which give a distinctive sound and has a decay time about 650 ms (see Figure 3.7). 

Figure 3.6: Frequency band plot of the secondary task sound signal.
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Figure 3.7: Time plot of the secondary task sound signal.

The equivalent sound pressure levels measured over the whole length of the signals were adjusted 
to 70 dBA for the secondary  task signal and 72 dBA for the primary task signal. This sound 
pressure level difference made both sound signals equally  urgent and hearable, even when they 
occured at the same time and location. 
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4. The pre-test
4.1 General 
This test was designed to gain as much information as possible on the use of spatially  placed 
sound signals. To effectively  succeed with this goal a limited number of speakers were placed in 
well considered positions selected to avoid a long test time. Four speaker positions were selected 
according to figure 4.1 which would be enough to gain information on the importance of spatially 
placed sound signals.   

Figure 4.1: The pre-test setup with the speakers position number and placement.

Speaker position 1, 2 and 3 had one speaker for the primary task and one for the secondary task.   
The speakers (type: KEF HTS 10001.2) were placed as close to each other as possible. Speaker 
position 4 only had one speaker for the primary task.

Both speaker positions 2 and 3 are common in a car and therefore naturally  chosen for this test. 
Speaker position 1 is not a natural position for speakers but it was selected to see if sound signals 
placed far in front of the car could draw the attention more towards the road than a sound signal 
placed close to the driver. The fourth speaker position was selected to see if an unnaturally  placed 
sound signal would confuse the driver more than other placements. 
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The pre and main test were both conducted in the same studio room, a room that have short 
reverberation time and few reflecting surfaces. Figure 4.2 shows the test setup in the studio along 
with the placement of the speakers. 

Figure 4.2: The studio room and the speaker placements. The primary task is displayed on the big white 
surface in the front and the secondary task is displayed on the PC-screen to the right of the steering wheel 
(left figure).

4.2 Method
With these four selected speaker positions, 7 different spatial sound signal cases were defined. 
The spatial sound signal cases were named after the placement of the signal sounds: 0, 11, 22, 
33, 13, 23 and 43. The first number represents the primary  tasks position and the last number is 
the secondary  tasks position. For example: the spatial sound signal case defined as ”23” have the 
primary  task sound signal in speaker position 2 and secondary  task sound signal in position 3. The 
spatial sound signal case named ”0” is the baseline which has no sound signals. The speed limit 
was set to 60 km/h which is the default speed limit for LCT. The road sign’s lane symbols are 
therefore fully  visible about 1.8 to 2.0 seconds depending on if the driver is in an outer lane or not 
(see Table 4.1). One single track took approximately 180 seconds to finish.

Table 4.1: The road sign’s visible time depending of the lane.
Center lane (symmetrical) Distance Time Visible time
Information on the signs appear 40.00 m 2.40 s

1.84 sInformation on the signs disappear 9.38 m 0.56 s 1.84 s

Left or right lane (asymmetrical) Distance Time Visible time
Information on the signs appear 40.00 m 2.40 s

2.07 sInformation on the signs disappear 5.44 m 0.33 s 2.07 s

4.2.1 Subjects
The pre-test was attended by four subjects, all of male gender and in the age between 26 to 38 
(mean age 32). All subject had driver’s license and drove on a regular basis. All subjects had 
experience of LCT before and were aware of the goal for the test. Three of the subjects completed 
the test twice while the forth only  once, which gave a total of seven results per spatial case to 
analyse. The subjects that completed the pre-test twice did not took the tests on the same day.
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4.2.2 Procedure
A test began with a part where the subject got familiarised with the primary  task, secondary  task 
and their corresponding sound signals and when the subject felt ready  the test began. One test 
contained one randomised LCT track for all seven spatial cases which were randomly  ordered for 
every new test. Since one spatial case had no sound signals (baseline) the subject was told when 
that spatial case was selected to avoid confusion. One test took about 40 min to complete.

4.3 Results
A total of 7 test results per spatial case were enough for the pre-test. Boxplots were made for: 

• the primary task - mean deviation (Figure 4.3)
• the secondary task - response time (Figure 4.4), number of answers and correct answers

The mean deviation and response time test results can be viewed in the appendix (table A1 and 
table A2).

Figure 4.3: Mean deviation difference from the baseline (positive is improvement).

There was no significant effect of using sound signals while driving according to boxplot. All spatial 
cases seem to have a rather small difference in deviation and none of the spatial cases lies above 
zero. 
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Figure 4.4: Response time difference from the baseline (positive is improvement).

No significant effect was found on the response time when sound signals were used. The boxplots 
of ”number of answers” and ”correct answers” were excluded since they  do not show any 
significant effects.

4.4 Discussion
Unfortunately  the pre-test did not show any  significant effects. This could be because of many 
reasons. One reason could have been that the primary  task was too easy. A speed of 60 km/h was 
not actually  that fast, it made it possible to answer a secondary  task while changing lane. This was 
especially  easy when driving in an outer lane because of the prediction of what direction to take on 
the lane change. Also, the road signs were visible from a fairly far distance, which made trip 
planning easier. An increased speed would make it more difficult to navigate the car and give a 
shorter visual time for the lane change symbols which should force the driver to pay more attention 
to the road. A shorter delay  time on the secondary  task could possibly  make it more difficult to plan 
the driving by forcing the driver to answer more tasks and thereby  focusing more on the secondary 
screen and less on the road. But this could also make the sound signals irritating and stressful for 
the driver. An increased number of runs per spatial case lowers the impact of one single mistake 
during a track and therefore decreases the effect on the result. 
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5. The main test
A change had to be made to get significant effect from the test. As discussed earlier, an increased 
speed should impair subjects' driving and secondary  task performances, and thereby  increase the 
probability of showing significant differences between test cases.

The main test was slightly  adjusted to get a more statistically  reliable result; a reduced number of 
spatial cases with more runs per test.

5.1 Method
The speed was increased to 100 km/h by testing several different speed limits and comparing the 
subjective difficulty. A higher speed than 100 km/h gave a subjectively  unnatural and unrealistic 
feeling to the test. The road signs display  the lane change symbols between 1.0 to 1.2 seconds 
when driving 100 km/h and a single track took approximately  105 seconds to finish. The secondary 
task had the same settings and layout as in the pre-test. 

The number of spatial cases was reduced compared to the pre-test. This allowed more subjects to 
participate in the study  and take the test more than once. The spatial cases that were kept for this 
test were 11 (position 1), 23 (position 2) and 43 (position 3). This gave a total of four different 
spatial cases to investigate, including the baseline. The speaker placements were the same as in 
the pre-test, see Figure 3.4. Position 1, with both signal sounds in front, was kept since the mean 
value from the pre-test was positively effected. A case where both the lane change and secondary 
sound signal where spatially  placed together, which perhaps could show if placing them together 
would confuse the subject more than it actually  helped. Position 2 is the most natural in this test, 
the sound signal positioned were the sound would normally  originate from. This case should have 
the least chance of confusion between the sound signals. The last position (3) had the best median 
and mean MD-value in the pre-test and a better median response time on the secondary task. 

One spatial case took approximately  120 - 150 seconds to complete including the wait/setup time 
and with 4 spatial cases it took about 10 min. To avoid unfocused subjects at the end of a test the 
number of tracks was limited to 3 per spatial case. With 12 spatial cases and a warmup time, the 
test duration time was approximately 35 - 40 min. Since four of the subjects in this test never had 
seen LCT or used a PC steering wheel it was important that they  had the chance to get familiar 
with the equipment to avoid large difference in the results for the first few tracks. The subjects 
attended the test 3 times, which gave 9 test results per spatial position for each subject.

5.1.1 Subjects
Six subjects participated in this test (one female) and their age ranged from 23 to 38 (mean age 
27). Two of the subject did also participate in the pre-test. Everyone had had their driver’s license 
several years and most of them were regular drivers. No one had any  known hearing loss or visual 
impairment. 

5.1.2 Procedure
Before a subject began a test they  where instructed how the car simulation and the secondary  task 
worked. After the subject completed two different warmup tracks with sound signals (different 
spatial cases for every test) the test began.

One single test contained 3 groups of 4 spatial cases, a total of 12 cases. Each group was finished 
before the next group began. Both the spatial case and track number was randomly  selected for 

21 



each group, with one exception: the starting spatial case was different for each group for the test. 
Any learning effects were thereby minimised, especially in the first few tracks of a test.  

Each subject participated in the test three times, on different days and with different groups. After 
each completed test the subjects where asked if they preferred the use of sound signals or not. 

5.2 Results
All six subjects attended and completed the test three times which gave 9 results per spatial case 
for each subject, a total of 54 results per spatial case to analyse. The statistical analysis was 
performed with the PC-software program PASW Statistics (or IBM SPSS) using repeated 
measures ANOVA, Bonferroni correction/adjustment and 95% confidence interval for the 
calculations. The mean deviation (primary task), number of answers, correct answers and the 
mean response time was selected as dependent variables.

Table 5.1 shows the result of Tests of Within-Subjects Effects and table 5.2 show the estimated 
marginal means value for the dependent variables.

Table 5.1: Tests of Within-Subjects EffectsTable 5.1: Tests of Within-Subjects Effects
Dependent variable Significance (sphericity assumed)
Mean deviation 0,001

Amount of answers 0,062

Amount of correct answers 0,837

Mean response time 0,000

Table 5.2: Estimated marginal meansTable 5.2: Estimated marginal meansTable 5.2: Estimated marginal meansTable 5.2: Estimated marginal meansTable 5.2: Estimated marginal means
Dependent variable Baseline Position 1 Position 2 Position 3
Mean deviation 1,532 1,536 1,485 1,536

Amount of answers 25,426 25,722 26,167 26,111

Amount of correct answers 98,806 99,025 99,120 99,113

Mean response time 1183,732 1134,827 1125,950 1140,141

5.2.1 Mean deviation
Table 5.1 shows a significant effect on mean deviation and Mauchly’s Test of Sphericity  shows that 
the assumption of sphericity  is fulfilled. However, it does not say  which spatial case that are 
significantly  different from the baseline. According to Table 5.2 (Estimated marginal means) 
position 2 had the lowest deviation while the other spatial cases had a larger deviation. 

A Pairwise Comparison was made to see which positions that were significantly different, see Table 
5.3. The pairwise comparison did show that only  position 2 was significantly  different from the 
baseline, but position 2 was also significantly  different from position 1 and 3. No other positions 
were significantly different.

That the most natural and realistic position of sound signals showed the best results was expected, 
but that only  one position showed significance was unexpected. A few people never realised that 
position 3 had the primary  sound signal placed behind of them, they  thought it was played in front 
of them. Therefore, it was interesting that position 3 did not show a significant difference from the 
baseline. 
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Table 5.3: Pairwise Comparisons (mean deviation)Table 5.3: Pairwise Comparisons (mean deviation)Table 5.3: Pairwise Comparisons (mean deviation)Table 5.3: Pairwise Comparisons (mean deviation)Table 5.3: Pairwise Comparisons (mean deviation)Table 5.3: Pairwise Comparisons (mean deviation)Table 5.3: Pairwise Comparisons (mean deviation)

Mean 
Difference (I-J) Std. Error Sig.

95% Confidence Interval for 
Difference

95% Confidence Interval for 
Difference

Factor 1 Factor 2
Mean 

Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Baseline Position 1 −0,004 0,016 1,000 −0,048 0,041Baseline

Position 2 0,047 0,015 0,016 0,006 0,089
Baseline

Position 3 −0,004 0,014 1,000 −0,042 0,034
Position 1 Baseline 0,004 0,016 1,000 −0,041 0,048Position 1

Position 2 0,051 0,014 0,003 0,013 0,088
Position 1

Position 3 −0,000 0,016 1,000 −0,044 0,044
Position 2 Baseline −0,047 0,015 0,016 −0,089 −0,006Position 2

Position 1 −0,051 0,014 0,003 −0,088 −0,013
Position 2

Position 3 −0,051 0,013 0,002 −0,087 −0,015
Position 3 Baseline 0,004 0,014 1,000 −0,034 0,042Position 3

Position 1 0,000 0,016 1,000 −0,044 0,044
Position 3

Position 2 0,051 0,013 0,002 0,015 0,087

5.2.2 Mean response time
The estimated marginal means in table 5.2 show that all spatial cases with signal sounds have a 
lower mean response time than the baseline (notice that position 2 has the lowest mean response 
time as well). The pairwise comparison between the spatial cases (Table 5.4) shows that all cases 
with sound signal are significantly different from the baseline. 

Table 5.4: Pairwise Comparisons (response time)Table 5.4: Pairwise Comparisons (response time)Table 5.4: Pairwise Comparisons (response time)Table 5.4: Pairwise Comparisons (response time)Table 5.4: Pairwise Comparisons (response time)Table 5.4: Pairwise Comparisons (response time)Table 5.4: Pairwise Comparisons (response time)

Mean 
Difference (I-J) Std. Error Sig.

95% Confidence Interval for 
Difference

95% Confidence Interval for 
Difference

Factor 1 Factor 2
Mean 

Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Baseline Position 1 48,905* 16,032 0,021 4,964 92,846Baseline

Position 2 57,782* 16,111 0,004 13,623 101,941
Baseline

Position 3 43,591* 13,036 0,009 7,860 79,322

Position 1 Baseline -48,905* 16,032 0,021 −92,846 −4,964Position 1
Position 2 8,877 14,800 1,000 −31,690 49,443

Position 1

Position 3 −5,314 12,597 1,000 −39,842 29,214

Position 2 Baseline -57,782* 16,111 0,004 −101,941 −13,623Position 2
Position 1 −8,877 14,800 1,000 −49,443 31,690

Position 2

Position 3 −14,191 12,725 1,000 −49,069 20,687

Position 3 Baseline -43,591* 13,036 0,009 −79,322 −7,860Position 3
Position 1 5,314 12,597 1,000 −29,214 39,842

Position 3

Position 2 14,191 12,725 1,000 −20,687 49,069

That the signal sound would lower the response time was expected, even though the pre-test did 
not show any decreased response time. 

5.2.3 Number of answers and correct answers
The number of answers and correct answers was not significantly  affected by  the use of sound 
signals. That the amount of correct answers would not show an significant effect can be explained 
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by  that one or two wrong answers do not affect the end result that much. However, the baseline 
had lower percentage of correct answers than the other spatial cases.

5.3 Conclusions
These statistical test results show that sound signals can be of great assistance while driving (a 
car simulation). Placing a sound signal very  close to the event could increase driver performance 
and reduce response time, which matches well with what Shams and Kim [9] discovered. Even 
when two sound signals with different meanings were played at the same position the response 
time was shorter than without any  sound signals. It is clear that there are advantages to use sound 
signal. 
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6. Discussion
6.1 General discussion
As expected, both driving performance and response time were significantly  affected by spatial 
sound. This indicates that the test setup can be used for this kind of experiments.  

The pre-test and the main test only  had two differences, the speed and number of spatial cases. 
The difference in results between the two tests show that the speed factor of these tests is of great 
importance. 

When a subject completed a test they  were asked if they  preferred the use of sound signals or not. 
Everyone felt that their performance was improved with the sound but that it could sometimes be a 
bit confusing and/or stressful in certain situations. One example was when approaching a road 
sign and expecting the lane change sound but the secondary  task sound was heard instead. 
Sometimes the subject almost stopped for a short time before answering the secondary task. 
When the primary  and secondary  sound signals were played at the same time there were a few 
subjects who sometimes started to turn towards the wrong lane before realising the mistake. These 
effects were very individual, some subjects were not affected at all. 

The response time was significantly affected in all positions but the decreased response time was 
just around 0.06 seconds and the deviation from the optimal driving line in position 2 was about 
0.05 meters which is not much in real life. However, since the test was much simpler than real life 
driving the results are difficult to compare with driving in real life. 

An even shorter delay  time in the secondary  task could have forced the driver to focus more on the 
secondary  task and loose some focus on the road and thereby  increase the lane deviation and the 
response time, but it is also possible that it would be irritating and annoying with sound signals 
playing closely together. 
 
The driving performance had one significantly  better position, the position with the lane change 
sound placed in front of the driver and with the secondary  task sound placed under the screen. 
This position inform the driver both where and what to look at. The spatial case with the primary 
sound signal placed behind the driver was sometimes mistaken by  the spatial case with the 
primary  sound signal placed in front of the driver. An effect that can be decreased by choosing 
sound signals which are easier to locate. 

6.2 Further research
As this study  has shown sound signals with spatial information can be of assistance to locate an 
specific event, therefore it is interesting to investigate if the spatial information can be used to 
locate several different events with sound. This could be done by  extending the test with secondary 
screens in each of the selected spatial cases, forcing the driver to locate active secondary  screen. 
Another possible extension of the study  is to place the lane change sound signals  either to the left, 
in the front or to the right of the driver were each spatial position represent which lane to change 
too, see Figure 6.1 and 6.2. 
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Figure 6.1: An example of an alternative positioning of sound sources for the primary task. Speaker 1 plays 
the sound signal for changing lane to the left lane, speaker 2 for changing to the middle lane and speaker 3 
for changing to the right lane. All speakers have the same distance from the driver and are spatially 
positioned in the horisontal plane in front of the driver.

Figure 6.2: An example of an alternative positioning of sound sources for the primary task. Speaker 1 plays 
the sound signal for changing lane to the left lane, speaker 2 for changing to the middle lane and speaker 3 
for changing to the right lane. All speakers have the same distance from the driver and are spatially 
positioned in the horisontal plane for good localisation (-90º, 0º, 90º).
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Appendix
Results from the pre-test
Table A1, the pre-test results: mean deviation (the lower value the better)
Position 1 2 3 4 5 6 7 Mean
11
22
33
13
23
43
0

0,947 0,828 1,053 0,793 0,890 1,018 1,158 0,955
0,906 0,919 1,071 0,784 0,860 1,070 1,100 0,958
0,924 0,993 0,986 0,786 0,862 0,951 1,286 0,970
0,914 0,898 0,972 0,826 0,814 1,083 1,217 0,961
0,956 0,850 1,148 0,840 0,806 0,978 1,127 0,958
0,828 0,851 1,133 0,778 0,828 0,986 1,219 0,946
0,916 0,817 1,015 0,813 0,883 0,994 1,272 0,959

Table A2, the pre-test results: mean response time (the lower value the better)
Position 1 2 3 4 5 6 7 Mean
11
22
33
13
23
43
0

1214,0 919,6 1235,0 958,6 900,2 1152,0 1125,8 1072,2
1203,3 965,0 1166,3 928,6 844,7 1167,6 1090,2 1052,3
1057,0 985,9 1180,7 1061,2 876,3 1078,9 1192,0 1061,7
1098,1 932,1 1175,1 1112,6 908,4 1084,4 1048,6 1051,3
1166,0 928,8 1147,8 1054,1 892,0 1161,9 1087,9 1062,6
1087,9 1087,9 1118,1 1006,6 940,8 1301,3 987,4 1075,7
1183,4 980,2 1086,6 1050,1 860,7 1086,1 1114,0 1051,6

Results from the main test
Table A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test results

Subject Run Position Mean deviation
Number of 
answers Correct answers Mean response time

1 1 1 1,278 23 100,000 1274,783
1 1 2 1,273 28 100,000 981,429
1 1 3 1,293 27 100,000 1077,926
1 1 4 1,290 27 100,000 1107,037
1 2 1 1,353 26 100,000 1085,769
1 2 2 1,375 27 100,000 1071,481
1 2 3 1,359 26 100,000 1074,231
1 2 4 1,306 26 100,000 1121,538
1 3 1 1,436 27 100,000 1011,852
1 3 2 1,329 27 100,000 1086,444
1 3 3 1,277 29 100,000 917,586
1 3 4 1,429 27 100,000 1037,185
1 4 1 1,324 29 100,000 1019,310
1 4 2 1,338 27 100,000 1055,185
1 4 3 1,317 28 100,000 1044,643
1 4 4 1,261 28 96,429 1042,143
1 5 1 1,277 27 100,000 998,518
1 5 2 1,276 28 100,000 942,500
1 5 3 1,340 26 100,000 1134,385
1 5 4 1,296 29 100,000 977,586
1 6 1 1,262 27 100,000 993,852
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Subject Run Position Mean deviation
Number of 
answers Correct answers Mean response time

1 6 2 1,395 27 100,000 1034,444
1 6 3 1,272 29 96,552 1012,414
1 6 4 1,306 28 100,000 1017,500
1 7 1 1,318 31 100,000 947,419
1 7 2 1,284 29 100,000 909,310
1 7 3 1,217 28 100,000 916,786
1 7 4 1,236 32 100,000 878,438
1 8 1 1,315 30 100,000 965,333
1 8 2 1,248 30 100,000 892,667
1 8 3 1,196 29 96,552 883,793
1 8 4 1,270 31 96,774 909,677
1 9 1 1,258 29 100,000 982,069
1 9 2 1,227 29 100,000 967,857
1 9 3 1,299 29 100,000 937,586
1 9 4 1,303 30 100,000 970,667
2 1 1 1,507 21 90,476 1330,524
2 1 2 1,571 19 100,000 1198,211
2 1 3 1,631 18 100,000 1409,722
2 1 4 1,601 22 100,000 1326,955
2 2 1 1,564 24 95,833 1264,250
2 2 2 1,533 22 90,909 1340,909
2 2 3 1,301 22 95,455 1287,818
2 2 4 1,401 22 100,000 1211,227
2 3 1 1,609 23 100,000 1176,826
2 3 2 1,524 23 100,000 1332,000
2 3 3 1,528 23 95,652 1343,739
2 3 4 1,490 22 100,000 1441,818
2 4 1 1,531 20 95,000 1 437,400
2 4 2 1,512 23 100,000 1 279,130
2 4 3 1,546 22 100,000 1 363,818
2 4 4 1,411 21 100,000 1 311,810
2 5 1 1,515 19 100,000 1 460,842
2 5 2 1,372 25 96,000 1 155,360
2 5 3 1,387 25 100,000 1 164,320
2 5 4 1,641 21 100,000 1 294,286
2 6 1 1,545 23 100,000 1 368,087
2 6 2 1,670 24 95,833 1 158,583
2 6 3 1,570 22 100,000 1 275,818
2 6 4 1,526 25 100,000 1 263,840
2 7 1 1,516 23 100,000 1260,348
2 7 2 1,577 23 100,000 1215,478
2 7 3 1,414 23 100,000 1236,696
2 7 4 1,540 25 100,000 1168,080
2 8 1 1,580 24 100,000 1237,583
2 8 2 1,781 25 100,000 1261,280
2 8 3 1,506 22 100,000 1346,818
2 8 4 1,460 24 95,833 1195,000
2 9 1 1,456 22 95,455 1306,545
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Table A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test resultsTable A3, the main test results

Subject Run Position Mean deviation
Number of 
answers Correct answers Mean response time

2 9 2 1,597 27 100,000 1029,333
2 9 3 1,519 23 100,000 1289,217
2 9 4 1,552 24 95,833 1209,250
3 1 1 1,987 26 100,000 1 144,000
3 1 2 1,623 30 100,000 948,000
3 1 3 1,690 28 96,429 1 013,000
3 1 4 1,900 27 100,000 1 035,185
3 2 1 1,730 30 93,333 1 029,000
3 2 2 1,834 25 100,000 1 121,760
3 2 3 1,663 31 100,000 891,613
3 2 4 1,576 30 96,667 936,667
3 3 1 1,478 27 96,296 1 025,926
3 3 2 1,695 28 89,286 931,071
3 3 3 1,670 28 100,000 943,000
3 3 4 1,609 28 100,000 927,500
3 4 1 1,523 28 100,000 1 091,786
3 4 2 1,583 29 93,103 916,897
3 4 3 1,432 27 100,000 1 029,630
3 4 4 1,509 28 100,000 998,929
3 5 1 1,605 29 100,000 907,931
3 5 2 1,612 30 100,000 921,333
3 5 3 1,461 32 93,750 875,625
3 5 4 1,629 31 100,000 917,742
3 6 1 1,613 29 96,552 903,793
3 6 2 1,691 27 100,000 949,444
3 6 3 1,676 29 93,103 925,517
3 6 4 1,878 28 96,429 920,714
3 7 1 1,431 29 96,552 912,414
3 7 2 1,391 27 100,000 930,000
3 7 3 1,260 30 100,000 974,667
3 7 4 1,426 27 100,000 927,407
3 8 1 1,392 27 96,296 960,370
3 8 2 1,513 30 96,667 885,333
3 8 3 1,405 28 100,000 854,286
3 8 4 1,499 29 93,103 893,103
3 9 1 1,458 30 100,000 930,000
3 9 2 1,410 28 100,000 960,357
3 9 3 1,452 31 100,000 860,323
3 9 4 1,509 31 96,774 862,903
4 1 1 1,632 23 95,652 1 466,870
4 1 2 1,577 22 100,000 1 425,727
4 1 3 1,677 21 100,000 1 494,381
4 1 4 1,770 26 100,000 1 366,462
4 2 1 1,679 22 100,000 1 433,818
4 2 2 1,578 24 100,000 1 258,500

3
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Subject Run Position Mean deviation
Number of 
answers Correct answers Mean response time

4 2 3 1,575 24 95,833 1 315,250
4 2 4 1,603 24 100,000 1 319,000
4 3 1 1,643 25 96,000 1 328,480
4 3 2 1,729 26 100,000 1 135,308
4 3 3 1,665 29 100,000 1 096,000
4 3 4 1,672 22 100,000 1 302,545
4 4 1 1,687 25 96,000 1 181,600
4 4 2 1,499 24 100,000 1 246,583
4 4 3 1,690 26 100,000 1 147,846
4 4 4 1,720 26 100,000 1 186,692
4 5 1 1,540 25 100,000 1 157,600
4 5 2 1,603 26 100,000 1 003,846
4 5 3 1,392 28 100,000 1 110,000
4 5 4 1,482 27 96,296 1 155,852
4 6 1 1,429 28 100,000 1 071,071
4 6 2 1,691 25 100,000 1 093,760
4 6 3 1,476 27 96,296 1 060,370
4 6 4 1,608 27 100,000 1 047,407
4 7 1 1,486 24 100,000 1 197,917
4 7 2 1,576 28 96,429 1 129,643
4 7 3 1,379 27 96,296 1 077,037
4 7 4 1,519 28 100,000 1 117,143
4 8 1 1,458 28 100,000 963,214
4 8 2 1,557 27 100,000 1 075,556
4 8 3 1,531 28 100,000 1 046,429
4 8 4 1,589 28 100,000 1 047,643
4 9 1 1,524 25 100,000 1 217,360
4 9 2 1,427 26 100,000 1 071,692
4 9 3 1,417 27 100,000 990,370
4 9 4 1,573 27 96,296 985,185
5 1 1 1,786 18 100,000 1 695,000
5 1 2 1,689 20 100,000 1 562,400
5 1 3 1,516 23 100,000 1 441,217
5 1 4 1,714 22 100,000 1 400,636
5 2 1 1,550 22 100,000 1 400,636
5 2 2 1,614 23 100,000 1 352,696
5 2 3 1,581 23 100,000 1 428,261
5 2 4 1,582 26 100,000 1 315,308
5 3 1 1,589 26 100,000 1 256,077
5 3 2 1,629 21 100,000 1 406,476
5 3 3 1,557 25 100,000 1 280,560
5 3 4 1,608 23 100,000 1 425,217
5 4 1 1,630 22 100,000 1 483,727
5 4 2 1,552 23 100,000 1 384,870
5 4 3 1,576 27 100,000 1 120,296
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Subject Run Position Mean deviation
Number of 
answers Correct answers Mean response time

5 4 4 1,583 27 100,000 1 217,704
5 5 1 1,560 20 100,000 1 595,700
5 5 2 1,445 25 100,000 1 329,520
5 5 3 1,543 22 100,000 1 442,909
5 5 4 1,528 22 100,000 1 455,818
5 6 1 1,507 27 100,000 1 179,778
5 6 2 1,447 23 100,000 1 395,304
5 6 3 1,533 24 100,000 1 320,583
5 6 4 1,533 24 100,000 1 285,167
5 7 1 1,469 20 100,000 1 420,900
5 7 2 1,528 24 100,000 1 268,083
5 7 3 1,477 25 100,000 1 138,480
5 7 4 1,646 22 100,000 1 384,455
5 8 1 1,741 23 95,652 1 450,783
5 8 2 1,714 22 100,000 1 489,636
5 8 3 1,621 27 100,000 1 171,407
5 8 4 1,599 23 100,000 1 398,087
5 9 1 1,551 23 100,000 1 286,000
5 9 2 1,769 25 100,000 1 197,280
5 9 3 1,734 26 100,000 1 196,846
5 9 4 1,600 27 100,000 1 177,556
6 1 1 1,585 21 100,000 1 513,524
6 1 2 1,511 20 100,000 1 493,000
6 1 3 1,455 20 100,000 1 387,200
6 1 4 1,567 20 95,000 1 525,400
6 2 1 1,553 22 100,000 1 474,818
6 2 2 1,492 23 100,000 1 372,087
6 2 3 1,541 24 100,000 1 359,250
6 2 4 1,521 20 100,000 1 559,400
6 3 1 1,438 26 100,000 1 107,385
6 3 2 1,725 26 100,000 1 148,000
6 3 3 1,474 24 100,000 1 254,250
6 3 4 1,562 26 100,000 1 148,077
6 4 1 1,599 26 100,000 1 065,231
6 4 2 1,532 27 96,296 1 107,926
6 4 3 1,392 27 100,000 1 065,333
6 4 4 1,609 30 100,000 1 046,000
6 5 1 1,527 30 100,000 950,467
6 5 2 1,531 29 100,000 1 018,414
6 5 3 1,475 29 100,000 974,138
6 5 4 1,546 30 96,667 891,000
6 6 1 1,540 28 100,000 981,571
6 6 2 1,521 31 100,000 882,581
6 6 3 1,574 28 100,000 929,286
6 6 4 1,409 28 100,000 968,929
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Subject Run Position Mean deviation
Number of 
answers Correct answers Mean response time

6 7 1 1,725 28 96,429 1 026,929
6 7 2 1,550 27 96,296 948,889
6 7 3 1,469 30 100,000 889,667
6 7 4 1,612 25 100,000 1 036,000
6 8 1 1,447 27 100,000 1 020,370
6 8 2 1,562 26 100,000 1 051,538
6 8 3 1,583 29 96,552 973,793
6 8 4 1,649 26 100,000 1 026,538
6 9 1 1,559 27 100,000 968,148
6 9 2 1,705 29 96,552 955,517
6 9 3 1,610 28 100,000 1 005,143
6 9 4 1,699 31 100,000 874,194
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