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Abstract

This paper presents some rst results of an investigation of the behavioural validity of the

VTI Driving Simulator. Subjects' driving speed and lateral position were measured

continuously during driving on a real road section and on a simulation of that same road

section. The two factors, driving conditon (simulator vs. road) and training, accounted for

only a small proportion of the variance in driving speed, whereas mean driving speed differed

considerably between subjects. Also the mean lateral position differed between subjects, but

the distance to the centreline was generally smaller in the driving simulator than on the real

road section. A comparison of the variation in driving speed and lateral position along the

road section indicated a highly consistent driving pattern within each of the driving

conditions, whereas less consistency was found between the conditons. In particular the

variation in subjects' lateral position along the road differed between the real and the

simulated road section. This nding suggested that both absolute and relative measures of

lateral position in the driving simulator differed from the same measures during driving on

the real road. This result may be due to fact that subjects' lateral position during driving on

the real road was sensitive to the presence of other road users. Subjects' curve negotiation

performance is another source of variance, which may account for some of the difference in

lateral variation between the driving conditions. The influence of these two factors, traffic

and road curvature, in order to examine their importance to the observed "simulator" effect

reflected in the subjects' lateral position, will be reported in a later paper.

1. INTRODUCTION

'Driving simulator' is a common term for a wide variety of devices designed for

experimental research on the relationships between the driver, the vehicle and the driving

environment. Despite their common purpose, driving simulators differ considerably with

respect to basic design and technical specifications.

1.1. Design Characteristics of the VTI Driving Simulator

The design of the VTI Driving Simulator has been focused on vehicle dynamics, and much

effort has been devoted to the construction of a moving base sysem, which would provide
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experimental subjects with a realistic impression of vehicle motion. The visual references

required for turning this impression into an experience of driving are provided by a wide

angle visual system, mainly representing the road surface and the road layout. The visual

system is based on computer graphics and was developed exclusively for this Simulator.

A distinguishing feature of the VTI Driving Simulator is the spatio-temporal coordination

of the movement system and the visual system in accordance with a subject's monitoring

activity and, in fact a convincing illusion of driving is experienced by anybody who operates

it. This experience and the general absence of simulator sickness may be taken as simple but

strong indications of a successful construction, but they do not necessarily imply a strong

behavioural validity of the driving simulator (for technical descriptions of the VTI Driving

Simulator see Nordmark et al., 1986, Nilsson, 1989 and Nordmark, 1990).

1.2. The Behavioural Validity of Simulator Studies

Usually simulator studies of driving performance are based on the assumption that

experimental subjects operating a driving simulator will behave like car drivers during

driving. There are two main reasons for questioning this assumption. The rst one is that

experimental methodology may be thought to in uence subjects' actual driving

behaviour. The other one concerns the use of a driving simulator as a research tool.

Obviously a subject performing in a driving simulator is presented with a arti cial driving

environment, which differs in many respects from that of real driving. These differences

might be expected to in uence subjects driving performance, and any performance measures

observed in a driving simulator may be suspected to differ from the same measure observed

during real driving, although it is not clear how it might differ or exactly for what reasons.

Although the behavioural validity of simulator studies can hardly be estimated, generally a

driving simulator may be validated simply by estimating the difference between performance

measures observed during driving and during simulated driving. A valid driving simulator

should allow at least the transfer of basic driving skills from a real driving environment to a

simulated one. Absolute behavioural validity of a driving simulator is reflected in the

numerical correspondance between a performance measure observed in that driving simulator

and during real driving. Another relevant measure of simulator validity is the variation in the

measures. Relative validity of simulator measures of driving performance would imply that

more or less speci c variations of the driving task would have the same impact on driving

performance during simulated driving and during driving on a real road (Blaauw, 1982).

This paper presents some rst results of an investigation of the behavioural validity of the

VTI Driving Simulator. Subjects' driving speed and lane position was measured continuously

during driving on a rural road and on a simulation of that same road. The numerical

correspondance between the mean values of those variables was used for estimating the

absolute validity of subjects' simulator performance whereas the correspondance between the

variation of the those along the road section was used for indicating the relative validity of

simulator performance.
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2. METHOD

2.1. Apparatus

The VTI Driving Simulator and an instrumented car (Volvo, 240 Sedan, 1984) were used for

the experiment. The car was equipped with an apparatus for recording both the driving speed

and the lateral position i.e. the distance between the left front wheel of the car and the

centreline of the road during driving. The presence of other road users was recorded manually

during driving by a research assistant present in the car, who pressed a button on a control

panel to indicate the presence of traf c. A total of 6 predelined traf c situations could be

registered simultaneously. All measures: lateral position, driving speed and traf c situations

were recorded for each 5-metre interval of driving and stored for subsequent analysis .

In the driving simulator the corresponding measures were recoreded automatically, except

the presence of traf c, since traf c could not be presented in the driving simulator at the time

of the experiment .

2.2. The Road Section

The road section used for the experiment was an 8 kilometre long and 7 metre wide rural

road. In accordance with Swedish design standards the road was painted with 10 cm wide

intermittent center- and edgelines. The road environment was an agricultural landscape with

few buildings and little traf c. No road crossings and few traf c-signs were present,

including a sign indicating a change from 70 km/h to 90 km/h located 3.000 metres from the

starting point. The road section included a total of 12 curves (i.e., road sections with a radius

< 600 m).

The road was measured by the VTI Road Surface Tester, which continuously measures

horizontal and vertical curvature (i.e., angles) during driving. Those measures were

transferred to a simulator programme and used for generating an identical road layout in the

driving simulator. The design of the visual characteristics of the road surface in the driving
simulator was based on a video--tape of the road section. It was not possible at the time of the

experiment to simulate the road environments, but the change1n speed limit was presented to
subjects during simulated driving.

2.3. Subjects and Instruction

Seven subjects participated in the experiment. Their age varied between 24-54 years with a

mean age of 29.8 years. According to the subjects reports, their driving varied between

10000-35000 km/year with a mean of 14.000 km. The subjects were informed about the

general purpose of the experiment and instructed to drive "as they would usually do" on a

similar road, both during simulator driving and during driving on the real road section.

2.4. Procedure

Subjects participated in 6 experimental sessions, with 1 session per day, including 8 trials

(drives along the road section) either on the road or in the driving simulator. Driving

conditions (simulator or road) alternated betwen consecutive sessions. Before participating in
the experiment the subjects received 2 full sessions of simulator training. In eld conditons
subjects drove from a prede ned starting point, where the research assistent started the
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automatic recordings, to a prede ned endpoint, where the recordings were stopped. The

subjects returned to the starting point between the trials without any recordings being made.

The same procedure was used in simulator sessions, except that threw research assistent was

placed outside the simulator and that subjects did not 'drive' to the starting point between

trials. _
Data were obtained for a total of 336 trials (7 subjects, 24 trials, 2 driving conditions). The

first and the last 400 metres of driving were excluded from analysis and each trial thus

included 1440 measurements of speed and lateral positon, corresponding to a route length of

7.2 km. The present analysis deals with subjects' driving speed and lateral position in the two

different conditions of driving. The influence of traffic and road curvature on the subjects

driving performance is not considered in this paper.

3. RESULTS

3.1. Absolute Measures of Simulator Validity

According to previous de ntions of simulator validity (Blaauw, 1982) an absolute measure

of the behavioural validity of a driving simulator is the numerical correspondence between

variables observed during simulated driving and those same variables observed during

driving on a real road section. The present analysis is based on individual subjects' mean

speed in each driving session and driving condition. As can be seen in Table 1 driving speed

differed considerably between subjects. Generally driving speed was somewhat higher in the

simulator than on the real road and a slight increase in driving speed between early and late

driving sessions within each the two conditions may also be noticed. However, considering

the between-subject variation in driving speed as an error term in the analysis of variance the

factors, driving condition, and, driving session, accounted for only 15 percent (r2 = .15) of

_ the variance and neither the effect of driving condition (F(1,36)=3.67, p>.06) nor the effect of

practice (driving session), (F(2,36)=1.44, p>.25) were significant.

Table 1

Mean driving speed of individual subjects in different sessions and driving conditions.

SIMULATOR SESSIONS ROAD SESSIONS

Subj. lst 2nd 3rd Across 1 st 2nd 3rd Across

Sess. Sess.

sl 75.5 76.5 78.4 76.8 74.7 74.2 76.4 75.1

s2 80.3 81.6 90.7 84.2 80.9 83.3 84.5 82.6

s3 85.7 88.5 91.8 88.6 79.0 85.3 86.0 83.4

s4 80.1 80.8 79.4 80.1 76.3 76.1 76.0 76.1

s5 79.1 80.2 80.0 79.8 73.5 75.6 75.7 74.9

56 77.9 79.4 78.6 78.6 81.3 83.2 80.7 81.7

57 81.3 85.4 82.0 82.9 78.1 80.1 80.0 79.4

group 80.8 81.8 83.0 81.7 77.7 79.6 79.9 79.0

mean
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Analysis of the subjects mean lateral position showed a somewhat different result.

Although considerable individual differences were again observed also for the lateral

position, the distance to the centreline was generally much smaller in the simulator than

during driving on the real road section. On average, this difference was about 20 centimetres,

but it varied considerably between subjects and could hardly be due to a constant error in the

measurements. Taken together the two factors, driving session, and, driving condition,

accounted for about 50 percent (r2= .52) of the variation in lateral position, but only the effect

of driving condition was signi cant (F(1,32)=741.44 p<.001).

Table 2Mean lateral position of individual subiects in different sessions and driving

conditions.

SIMULATOR SESSIONS ROAD SESSIONS

Subj. 1 st 2nd 3rd Across lst 2nd 3rd Across

Sess. Sess.

51 79.8 83.0 85.0 82.6 105.9 100.1 102.3 102.7

52 53.3 56.3 57.9 55.8 91.0 101.1 88.5 93.7

53 66.4 68.0 68.8 67.7 96.7 95.6 83.5 91.9

S4 70.4 71.7 69.3 70.4 90.1 95.2 95.3 93.5

55 62.4 59.6 70.1 64.0 79.8 83.2 84.7 82.5

$6 93.8 100.0 90.2 94.6 96.0 90.8 102.1 96.3

57 60.4 56.7 61.4 59.5 84.6 86.8 87.5 86.3

group 69.5 70.7 71.8 70.6 92.0 93.3 91.9 92.4

mean

3.2. Relative Measures of Simulator Validity

The spontaneous transfer of a certain driving pattern from a real road to a simulated one by

experimental subjects may be a strong indicator of the relative validity of the simulator

measures. However, since a certain driving pattern may not be replicated perfectly within a

driving condition, the consistency in the driving pattern between different driving trials

within each of the driving conditions was first estimated.

The relationship between observed driving speed in successiveS-metre intervals of the road

in the two different driving trials within the same driving condition was estimated by

calculating the product-moment correlation between observations in first 12 trials (the rst

half of the sample) with the same observarions in the last 12 trials (the last half of the sample)

for each driving condition.

The mean correlation based on the correlation coefficients of individual subjects can be seen

in Table 3 (upper panel). As may have been expected both from the number of observations

in each driving trial and from the aggregation of those across 12 trials, the correlations were

extremely high and also they were at the same level in both driving conditions.
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Table 3

Correlations between driving speeds in successive S-metre intervals of the road within and

between conditions of driving.

Subjects sl S2 S3 54 55 S6 S7 83

WITHIN DRIVING CONDITIONS

Simull/ .98 .98 .95 .99 .98 .97 .97 .97

Simu12 ,

Fieldl/ .97 .98 .91 ».98 .98 .97 .98 .97

Field2

BETWEEN DRIVING CONDITIONS

Simull/ .88 .87 .87 .90 .89 .86 .90 .88

Field2

Fieldl/ .88 .86 .84 .87 .88 .81 .90 .86

Simu12

The corresponding correlations calculated between the conditions of driving can be seen in

the lower panel of Table 3. As can be seen, the correlations between driving speeds in 5-

metre intervals of the road section were strong also between conditons of driving, but

generally the coef cients were lower between than they were within driving conditions.

A corresponding analysis of the variation in lane position along the road section was carried

out and product-moment correlations calculated within driving conditions can be seen in

Table 4 (upper panel). Like for driving speed, the correlations within each of the two driving

conditions were high and at the same level both for simulator trials and eld trials. However,

as can be seen in Table 4 (lower panel) the correlations calculated between driving conditions

were much lower and, although the correlations were still positive, they demonstrated a less

consistent driving pattern betweenthe two driving conditions than within each conditon.

Table 4

Correlations between lateral positions in 5-metre intervals of the road within and

between conditions of driving

Subjects sl S2 Äs3 S4 55 sö s7 Ss
WITHIN DRIVING CONDITIONS
Simull/ .86 .91 .96 .94 .95 .90 .97 .93

Simu12

Fieldl/ .90 .95 .91 .91 .94 .93 .93 .92

Field2 ,

BETWEEN DRIVING CONDITIONS

Simull/ .19 ' .66 !.64 .48 .62 .47 .52 .51

Field2

Fieldl/ .20 .49 .48 .51 .62 .47 .55 .47

Simu12
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In summary, the mean driving speed measured in the VTI Driving Simulator showed a good

correspondance with the mean driving speed measured during driving on the real road section

with the same road layout. Although a slightly higher driving speed was observed in the

simulator than during driving on the real road, this difference was completely overshadowed

by the variation in driving speed among individual subjects.

The variation in driving speed along the road showed a highly consistent pattern both within

and between driving conditions, although higher correlations were generally obtained within

the driving conditions than between those. Taken as a whole the results suggested a good

correspondance both between absolute measures and between relative mesures of driving

speed in the VTI Driving Simulator and on the road.

The absolute validity of the simulator measure of subjects' lane position was less con-

vincing. In general, subjects drove nearer to the centreline in the simulator than they did on

the real road. Lateral variation along the road section showed a consistent driving pattern

within each of the driving conditions, whereas much weaker correlations were obtained

between the two conditions of driving.

4. DISCUSSION

The results of the present study demonstrate that lateral position is more sensitive to variation

in driving conditions than is driving speed, and the validity of simulator measures of this

variable is not convincing. This is consistent with previous findings from a validation study

of a xed-base driving simulator by Blaauw (Blaauw, 1982). He suggested that the lack of

absolute validity and the limited relative validity of simulator observations of lateral position

might be due to the absence of kinesthetic feed-back in the xed-base driving simulator. The

results of the present investigation suggest that other factors than the simulation of vehicle

motion may be important to the lack of correspondance in lateral position and lateral
variation between simulated driving and real driving.

It may be assumed that the presence of other road users is a major source of variation in

subjects' lane position during eld driving. The absence of particular oncoming vehicles, in

the driving task might lead subjects to drive closer to the centreline. Where no traf c appears
in the opposite lane, it may be more safe and less demanding to keep a convenient distance to
nearest edge line. However, assuming that the presence of other road users is a major source
of variation in subjects' lane position, a less consistent pattern of variation in lane position

should actually be expected in eld trials than in simulator trials, and this was not found in

the present study. The pattern of variation was consistent in both driving conditions, it was

less consistent only between conditons.

Another possible explanation of the difference in lateral variation between driving
conditions is that subjects may use different cues in cues for their lateral control in a driving

simulator than they during eld driving. This assumption is consistent with findings from a

previous simulator validation study by Laya (1992). He found that subjects' viewing strategy

in the approach to road curves differed between a real road and a simulation of that same road

- at least for experienced drivers. This difference in viewing strategy between driving

conditions might lead also to a difference in curve negotiation performance. However, more

comprehensive analysis of the present data is necessary to elucidate the influence of road
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curvature on subjects lateral position in each of the two driving conditions. The influence of

traffic on subjects' lateral variations during driving on the real road also needs be analysed in

order to distinguish this effect from effects of the simulator device.
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