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Abstract

This paper examines problems commonly found in fixed-based driving simulators that lead to imperfect
replication of rea driver behavior and performance, and solutions for those problems. Those problems
include (1 and 2) the standard deviation of lane position is either too small or too large, (3) subjects drive
al over the world, and (4) too fast, (5) subjects slow down too much or follow alead vehicle from too far
when distracted, (6) speeds are too steady, and (7) drivers taketoo long to respond to signs. Some of these
problems occur because sometimes vehicles are too stable (time-to-line crossing values are too large) or,
because there are no handling imperfections (e.g., mismatched tire pressures), road imperfections (e.g.,
potholes), or environmental disturbances (lateral or head/tailwinds)). Also worth considering is adjusting
the feedback to the driver (e.g., boost the steering wheel torque to compensate for the lack of motion cues
and shaking the steering wheel when driving on arough surface such as a shoulder or off-the road) to
encourage subjects to drive on the road.
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I ntroduction

This paper isintended for those that manage simulators now, use them for studies, or are
contemplating acquiring a driving simulator. The paper shares its practica emphasis
with a prior pgoe by the author on design recommendaionsfor driving smulator audio-
visud systems (Green, 2003)

Theuse of driving smulators for research and other purposes continuesto increase. The
purchase price of driving simulators has decreased considerably, and recognition of
motor vehicle crashes as a mgjor public health hazard has increased, especially the safety
implicationsof usng devices such as cell phonewhile driving.

The literature on driving simulators concentrates on how they are used to conduwct
expeiments, thoughthere are pgoers concerning simulator design and evaluaion. (See
Brouwer and Ridde, 2003) This pgoe has a somewha different emphasis, providing
suggestions based on persond experience and the literature as to how driving ssmulator
research, in particular in fixed base simulators, can beimproved. The centra thesis of this
paper is tha significant enhancements in qudity would occur if the values measured in
simulators more closely resembled those of ontheroad driving. (See also Greenbeg,
undaed.) Admittedly, the recommenddions of this pgoer would be more convinang if
each recommendaion was suppoted by carefully controlled experiments and statistical
andysis. However, the recommendaionsare well suppoted by common observations
are robug, and make sense. Accordingly, scarce experimental resources are best
allocated to more uncertain matters.

When developing driving smulations there are at least 3 specific godsto keep in mind.
God 1: Replicate real driver behavior and performance.

God 2: Make driving simulator studies easy to condud, tha is plan, execute,
reduce, and andyze.

God 3. Do notham subjects.
This pgper conaernsthefirst god.

Why is replicating real driver behavior and peformance a concern? In a pefect world,
all aspects of a smulator and driver peformance would mirror the real world. Text
resolution for signs would be identical, torque levels on steering wheal would be the
same, and as a consequence, the fixation durations on signs and the numbe of lane
exceedences would be the same. However, in simulators, especiadly fixed-base
simulators, compromises are necessary. Those compromises compensate for the lack of
motion cues, and limitationsin the visud and auditory systems. However, even in the
best smulators (e.g., Daimler smulator in Berlin (Drosdol and Panik, 1985) the Ford
Driving Simulator (Cathey, Artz, Grant, and Greenbag, 2000; Greenbet, Artz, and
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Cathey, 2003) VTI (Nilsson, 1993) TNO (www.tm.tno.nl/downloadg2003vh5epdf)),
there are sometimes differencesin driver performance between on theroad and in driving
simulators. For moving-based simulators, the developes have often goneto great lengths
to identify road-smulator differences and minimize them (e.g., Grant, Artz, Blommer,
Cathey, and Greenbeg, 2002)

There does not seem to be a similar level of effort for fixed-base smulators. Green,
Cullinang, Zylstra, and Smith (2004) reviewed measures collected in driving studies
induding the standad deviation of lane postion, the mos common measure. Figure 1
shows the data split by where the data was collected. Each data point in the figure
represents whatever means could beretrieved from a patticular study (e.g., older subjects
driving in a baseline condiion), taken from 36 well known studies. Given there were
many differences in the undelying daa (due to subject age, the type of road driven,
speed, thelevel of distraction, etc.) some variation in the mean standad deviation of lane
postion is expected. However, wha is striking is the much greater rangein the values
reported for smulator studies (both fixed and moving base combined), spanning a range
of a factor of 20. Some of tha increased variability may be because high-risk studies
(tha lead to the greatest variability) are only conducted in ssmulators or because subjects
cannotdie in simulators, so they sacrifice steering performance rather than in-vehicle task
performance in chdlenging dud task conditions
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Figure 1. Standad Deviation of LanePostionfor VariousContexts
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However, discussions with other scientists, a review of thar backgrounds and insights
from published reports suggest tha experimenters are often mog interested in obtaining
satistically significant differences between conditions and as a consequence the mean
values and ther reasonableness are downplayed. In fact, there are often situaionswhere
expeimental manipulationsare carried out to accentuae differences of test conditionsso
differences can be obtained within the time limits of a smulator study. However, when
the focus shifts to the mean values obtained (by engineers, not the psychologists who
may have conduded the research), the lack of credibility of the results can lead to a lack
of acceptance of the research. (No oneredlly has a standad deviation of lane position
tha large) Expeimenters need to verify tha the peformance daa (in paticular, means
and standad deviationsof them) obtained in simulators resemble wha would be obtained
onrea roads

Why are the smulator and on-road data sometimes different?

To a large extent, lateral postion variability when driving in a lane depends on the
inherent stability of the vehicle (Norman, 1984;Pog and Law, 1996;Higucdi and Sakali,
2001;Artz, Cathey, Curry, Grant, and Greenbeg, 1999) A measure of stability istime-
to-line crossing (TLC), the time required for a vehicle to begin to leave the lane if the
driver stops steering (van Winsum, Brookhus, and deWaard, 2000) TLC may be
determined by either letting go of the whedl, or more commonly, maintaining a steering
angle untl atire toudches alanebounday. This measure of on-center handling is usudly
obtained by driving on an expressway in light traffic, driving down the center of thelane
with the vehicle pointed straight ahead, and peforming the hold or let go maneuver,
reganing control when atire touches an edgemark. For the hold maneuver, bracing the
driver@ hands to inhibit whesl movement provides more condstent results. The
advantage of the Oet goOmethod is tha it eliminaes the oppotunity for the driver to
inadvertently provide corrective input

Experience suggeststhat TLC values ontheorde of 5 - 10 seconds(determined by either
method) are reasonable, but the value dependson crosswinds, road roughnes, the speed
driven, thedesign of the supenson system, tire pressures, the extent of QyroovingQin the
lane, and so forth. Unfortunaely, there is not much daa in the literature concerning the
relationship between TLC and any of these paameters. There is a bdief, however, tha
TLC for contemporary vehicles is less than for vehicles from a decade ago. Agan, as
was noted previoudy, the standad deviation of lateral postion is affected by vehicle
stability, onemeasure of whichisTLC.

Problems and Recommended Solutions

Problem 1. The standard deviation of lane podtion (SDLP) is sometimes too small.

Many driving ssimulators lack the impefectionstha existing in real vehicles driven on
real roads unde real environmental conditions In rea vehicles, especialy in older
vehicles, sometimes the pressure in the front tires is not equd, causng the vehicle to
QullGto oneside. Drivers readily notice differences of afew poundsof pressure.
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Real roadshave surface imperfections-unevenness, potholes, cracks, and so forth. Those
imperfections peturb the vehicle® pah. For states with long freeze-thaw cycles (e.g.,
Michigan), roads may be significantly degraded, especialy early in the spring. The
author has yet to see a driving simulator study where road roughnas measures such as
the Present Serviceability Rating (PSR) or the Internaiond Road Roughnes Indicator
(IRI) have been reported (Sayers and Karamihas, 1996;Karamihas, Gillespie, Perera, and
Kohn,1999,U.S. Depatment of Trangportation, 2003).

Thevehicle pah is affected by wind in the environment, wind that is variable in its speed
and heading, and who< relative direction changes as the vehicle follows a curving road.
There is amog no discussion in the literature of the statistical distribution of wind guds
imposed in driving simulators.

If asimulated vehicle has no imperfectionsin its dynamics, and if roads are pefectly flat
and even, and if there isnowind, then it is possible to align a vehicle on a straight road,
andif the steeringwhedl islocked in postion (by holding it tight), to drive for 20 seconds
or s0 before leaving the lane  This does not occur in rea driving In fact, clever
expeimenters have foundthat the safest way to do a telematics task may beto line the
vehicle up amog pefectly, then let go of the steering whedl for 20 secondsto attend to
thetelematics task, and at thelast possible moment, return to steering.

Recommendaion: Make sure that the driving ssimulator has some low level of cross pah
disturbance, usudly simulating a cross wind, that will cause the smulated vehicle to
deviate from its pah. As a simple first step, the desired crosswind intengty can be
computed as the sum of 3 nonhamonic sinusids selecting amplitudes so there is a
mixture of drifts to the left and to the right. The tracking literature shows tha people
cannot memorize paterns of 3 hamonics, so there should be little difference in driving
performance with a 3 harmonic cross wind and a completely random one assuming the
amplitudes are equdized. Three harmonics should be easier to implement.

Problem 2: The SDLP issometimestoolarge

Practice does make pefect, and in the case of driving smulators, drivers need to be
accusomed to the handling. McGehee, Lee, Rizzo, and Bateman (2001) provide data
suggesting about 3 minutes are needed to become familiar with a smulator, a level of
practice tha amog all smulator experiments provide Hence, it is unlikely that lack of
expeience explainswhy SDLP is sometimestoo large

As an aside the author has foundtha when subjects initially experience difficulty with
driving asimulator, it is because they overcorrect, leading to excessive scene motion and
potential motion discomfort. A solution is for the experimenter to also hold the wheel
while the subject steers, demondrating tha fewer steering inputs are needed. Generally,
about10-15 secondsis enoughfor subjectsto get theidea.

How then, does one compensate for the missing motion cues that seem to be the root of
the problem?
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Recommendaion: To compensate for the missing motion cues, increase the steering
torqueto levels abovetha for the vehicle being modded, with the level determined by
having the experimenters drive, recording the steering peformance and adjuding the
torque untl ssimulator values match those recorded on the road. At increased torque
levels, thevehicle will Geel Grightto everyoneexcept vehicle dynamics experts.

Problem 3. Subjectsdriveall over theworld.

Because simulators can have game-like qudity, a significant number of visitors involved
in demondrationsare curiousat to what off-road is driving is like, and will head off into
thetrees. Many smulators, because they designad for on-road driving, do not handle the
off-road case very well. In paticular, the vehicle and steering wheel shake are missing.
Since there are no negdive conequences for off-road driving, off-road driving becomes
more acceptable.

Recommendaion: When a vehicle tire falls from the pavement edge on to the shoulder
(usudly theright front tire off theright side of the road), the simulator should QerkOthe
steering whedl, tha is, provide a torque pulse to the steering wheel for tha action, and
this action should occur as each tire leavestheroad. Furthermore, when thevehicleis off
the road, shake the steering wheel aggressively (as if driving on a rough surface) to
discourage departing from theroad. Also, make the wheel shake more aggressively as
each tire trangtionsfrom the shoulder to grass or dirt. Findly, as the vehicle returnsto
theroad, additiond torquepulses are needed. The torquepulse and shake features were
incorporated into the second-generation UMTRI driving smulator. Theresulting lack of
control discouraged off-road driving and lead to fewer extreme lane postions

Recommendaion: Provide soundscommensurate for driving on the shoulder (e.g., over
gravel) or completely off the road when appropriate. In the second-generation UMTRI
driving smulator, these sounds provided additiond situaion awareness, and hdped
reinforce thenotion of staying ontheroad.

Recommendaion: Demondrate to subjects tha control problems tha occur when driving
off road. In familiarization runs of prior UMTRI studies, subjects were indructed to
carefully drive so pat of the car was on the shoulder. Older subjects were sometimes
reluctant to do so, but complied. Younge subjects were more willing, probably because
of thar experience with video driving games, where there are no severe consequences of
driving in an unsafe mannea. Subjects from both age groupswere a bit startled when the
lack of control occurred, even though they were forewarned. This approach combined
with torque and auditory feedback was effective in encouraging subjects to stay on the
road, and broughtSDL P to more reasonéble levelsfor real driving.

Recommendaion: Where they are likely to be present, BottsOdots (raised pavement
markers, http://www.snopes.convbusness/origingbotisdots.asp) should be provided.
Driving over them leads to a popphg sound from the tire, and generaly a very dight
twitch to the steering wheel, soundsand forces that may be exaggerated in simulation to
encourage lane-keeping behavior. Thiswas foundto bethe case in the second-generation
UMTRI smulator, thoughthis cue was less effective than those assodated with driving
ontheshoulde.
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Recommendaion: In some places where the shouder is paved, grooves are cut into the
shoulder, so tha if a deepy or indtentive driver leaves the right lane, the sound (and
dight steering wheel shake) may wake them up and ge thar attention. These cues
should also reduce off-road driving in a simulator, thoughthe author does not know of
any ssimulator in which these cues have been implemented.

Problem 4. Subjectsdrivetoofad.

In many driving ssmulators, the field of view is narrow (often 1 40-degree channd), so
the peaiphaa speed cues (in addition to motion cues) are missing. Even when ssimulators
have more than 1 forward channd, experimenters turn those channds off to reduce the
occurrence of motion sickness,

Recommendaion: Subject speed can be controlled by traffic.  For example, for
multilane highway driving one can have a platoon of vehicles ahead of the subject that
adjud ther postion relative to each other (and even changelanes), butform abarrier tha
subjects cannotpass. However, they can speed up and low down in a naural manne so
the subject cannotfix ther speed (e.g., Tsmhoni, Smith, and Green, 2004)

Recommendaion: Engine soundsare related to RPM, and though subtle, do suggest
driving speed. If someone is asked wha a car soundslike, mog people will utter
something like QGrroomOeven thoughmog cars are extremely quiet. Thus as long as
auditory warnings are not beng assessed, where auditory masking is an issue, vehicle
soundlevels can beincreased abovether real values to enhance the sense of speed.

Recommendaion: If additiond cues are needed, one could have subjects drive on a
conaete road with filled expandon joints, making the (popOsound each time oneis
crossed. Probably, the effects of these 2 forms of auditory feedback on driving speed are
subte.

Recommendaion: It may also be possible to shake the steering wheel very dightly when
the speed is excessive, simulating driving a car with poory baanced fronttires.

Recommendaion: Increasing the amplitude of a seat shaker as vehicle speed increases
provides subtie cuefor speed. Thiscueis provided in many fixed base simulators.

Problem 5: Subjects dow down too much or follow lead vehicles from too far away
when distracted.

On a public road, speed decreases on the order of 5 mi/hr are not unusud when subjects
are distracted. In a driving ssmulator, decreases on the order of 10 mi/hr or more can
occur. On pubic roads people who drive too dowly are likely to be rear-ended by
following traffic.

Recommendaion: To providetha real world pressure to maintain speed, have the subject
followed by 3 vehicles (visible in the rear view mirror). The first, a small car, should
provide 2 quick, high pitched toots when the subject falls significantly bdow the speed
limit. Five mi/hr seemsto be reasonable. If the subject Sows down further, say 5 mi/hr
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or does not respond by returning to the poded speed (say after 10 seconds), soundthe
hom from a large car, the second vehicle that is following. Tha blast should be a bit
longe than tha from the small car, suggesting annoyance. If the subject fails to respond
to the second car, say in another 5-10 seconds then soundthe air hom of a following
truck. Theair hom should beloude than the othe homs Because of its resemblance to
thereal world, subjects knowwhat to do when other drivers honk thoughmentioning this
could occur is hdpful to subjects. Furthermore, even when repeated many times in an
expeiment, subjects invariably speed up as desired. This cueng strategy proved to be
very effective in an UMTRI study of the use of lane departure and curve speed warnings
while distracted (Sayer, Cullinane Zylstra, Green, and Devonghire, in preparation).
There is no reason why this speed cue could also not be applied to control following
distance.

Problem 6. Speedsaretoo steady.

Speed variability is lacking because many of the dight changes in grade or
headwindiailwind perturbationsare missing. Addingin dightgradesin many smulators
isnoteasy. Addingindightwindsisrelatively easy.

In some simulators, thetrick to driving at a steady speed is to dide one® foot to theright
of the accelerator and brace the foot againg the trangmission tunnd. In this manne,
driver induced errorsin speed are minimized.

Recommendaion: Add a varying headwindtailwind to the smulation based on 3
nonhamonic sinuids as described earlier. It is probably best if the crosswind and
headwindtailwind are not correlated, which can be achieved by udng different
frequendesfor the2 wind components.

Problem 7: Driverstaketoolongtorespond to sgns.

Because theresolution of asign as presented in a simulator is much lower than in thereal
world, drivers mug be much closer to signsin order to read them, increasing the time to
read them from when they first appear. Most driving ssmulator image systems fall far
short of the resolution of the human visud system (roughly 1 minute of arc, or .0167
degrees). A typical driving ssimulator will use an XGA projector (1024 x 768) covering
40 degrees, so each pixel covers .0391degrees. To match the human visud system, at a
minimum of 2400 pixels horizontaly is needed, which is more than doubk the current
horizonta resolution, which will require more than quadrupling the display bandwidth,
thougha quadruple XGA (QXGA) projector (2048x 1536,3.2 megapixels) comes close
to wha is nexded (http://www.jvcpro.co.ukfitem/index_html?tem=DLA-QX1).
Currently, as an example, JVC makes a QXGA projector (DLA-QX1G) tha has an
advertised contrast ratio of 12001 and a maximum output of 7000 lumens, clearly quite
goodfor mog simulators. However, its suggested list price is $225000 (withouta lens),
an amount sufficient to purchase and ingdall a current fixed-base driving smulator. A
reasoneble cog projector (say $2000$4000)of sufficient luminance for this pumpo is
probably 5-10yearsinto the future.

Currently, reasonably priced UXGA (1600x 1200)2000lumen projectors, a next logical
step up from XGA, are beginning to appear in the $2000- $4000range thoughonecould
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pay severa times tha amount for a UXGA projector. In a simulator with multiple
forward channds, UXGA projectors could be set up so that if each projector covers a
smaler field of view (2667 degrees to be exact), the desired resolution could be
achieved. However, more projectors would be needed and there would be more seams
(between projector images) in the driver@ visud field and the vertical field of view
would bereduced. Furthemore, each projector needs an image generator (computer) to
control it, increasing the system cos and complexity.

Recommendaion: The interim technical solutionis smply to make signs much larger so
they can be read. Doubling their haght and width to obtain close to the desired
resolution is a solution, but then signslook odd. Some choo to increase thar size by
50% as a compromise of legibility and appeal, and some make no changes.

Recommendaion: In addition, smulator vendors should continue to review usng
UXGA-capable display cardsand UXGA projectors to make signseasier to read.

Closng Thoughts

There are a nunber of steps that can be taken to improve the qudity of data collected
usng driving simulators, in particular, those tha lack motion. These improvements,
mogly accomplished by simulator manufacturers, will lead to results in driving ssimulator
expeiments tha will more closely resemble thereal world and are therefore more likely
to be accepted by practitiones.

However, al of theresponsbility is notin the handsof simulator manufacturers. Those
tha use smulators need to be vigilant with regard to the data they collect, and need to
verify tha the values reported are indeed reasonable for real driving, and not jug tha
differences between test conditions of interest are statistically significant.  This will
require some effort to Quned driving simulators before they come on line  This is
genedly very difficult to do because once indallation of a smulator is complete, thereis
congderable finandal pressure to immediately generate revenueto cover cods, tha is,
run studies. Experimenters are encouraged to take thetime to et it right O

Driving simulators have an important role to play in human factors and safety research,
and tha role will continuein thefuture. Successin tha role dependson the credibility of
the research results, and as described here, results that can be enhanced by some smple
improvements in driving smulators.
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