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Speed Choice and Steering Behavior in

Curve Driving

WIM VAN WINSUM,' University of Gromingen, Groningen, Netherlands, and HANS GODTHELP,
TNGQ Human Factors Research Institute, Soesterberg, Netherlands

The relation between speed choice and steering performance during curve nego-
tiation was studied in a driving simulator. The hvpothesis was that curve radius
and steering compatence both affect steering error during curve driving, resuiting
in compensatory speed choice. In this, the controf of safery margins was assumed
to aperate as a regulatory mechanism, Smaller curve radii resulted in a larger
required steering wheel angle, and stesring ervor increased lnearly with required
steering wheel angle. Participants compensated for this by choosing a lower speed,
such that the time to line crossing to the inner lane boundary was constant over all
curve radii examined. Steering competence was measured during straight-road
driving. Poorer steering competence also resulted in larger steéering errors, which
were compensated for by choosing a lower speed, such that the safery margin 10

the inner lane boundary was unaffected by stesring compelence.
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W7 Car-driving behavior in curves may be res
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garded as an interesting case in which steering,
as an example of operational performance, is in-

timately related to behavior on the tacticalg._.

level—in this case, the chaice of speed as a fune-
tion of curve radius. The distinction berween the
operational and the tactical level of car-driving
behavior has been made by several authors (see
Michon, 1983) and might form a fruitful basis
for the development of modern driver behavior
theories (see Ranney, 1994). Until now, studies
of car-driving behavior in curves have focused

. exclusively on either speed choice or steering be-¥

havior, and no attemprt has been made to inte-
grate these two lines of research.

' Requests for reprints should be sent o Wim vin Winsum,
Traffic Research Centre, University of Groningen, P.O. Box 639,
FT50 AR Haren, Netherfands.
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A consistent finding in studies of speed choice
in curves is that speed has a curvilinear relation
to curve radius (see Kanellaidis, Golias, & Ef
stathiadis, 1990) and an inverse relation to lat-

eral acceleration. This means that with smaller

radii, speed is lower but lateral acceleration is
higher than with larger radii (see McLean,
1981). Sometimes an inverse linear relation is
reported (Ritchie, McCov, & Welde, 1988),
whereas other swudies have found an inverse
nonlinear relation between speed and lateral ae-
celeration (Herrin & Meuhardt, 1974, Macura,
1984), These results have encouraged the idea
that drivers use lateral acceleration as a cue in
ipeed choice, in that thev accept a smaller lat-
eral acceleration as a safety margin at higher
speeds (and thus larger radii).

In studies of steering behavior during curve
negoiiati speed 1 wsually held constant.
Donges (1978) presented a two-level sicering
control model that incorporated negotiation of
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CURVE DREIVING

LaMGES (1972 |

curves, Anticipatory open-loop. contrel begins
with & steering action some time before the
curve is cnlcr_cﬂi[his is [ollowed by a steering
wheel angle maximum, &,,, in the curve. Then a
period of stationary curve driving begins, during
which the driver generates correcting steering
actions in a compensatory r.l:_md loop mods.

In a survey of models of steering behavior,
Reid (1983} argued that driver models should
incorporate both lane tracking and speed con-
trol. In Donges's model the parameters esii-
mated to fit the model on experimental data
were influenced by vehicle speed and con-
founded with road curvature, Curve radius and
speed during curve negotiation affect required
operational performance because both factars
affect the required steering wheel angle,

Godthelp (1986} described this phenomenon
as follows: The required steering wheel angle for
a particular curve can roughly be characierized
= GL(1 = Kw’VR,. In this, 3, represents
the required steering wheel angle, R, the road
radius in meters, G the steering system gear ra-
tio, L the wheelbase, K & vehicle-related stahility
factor, and « the longituding] speed in mfs. For
any given speed, required steering wheel angle
then increases with smaller radii, but for a given
radius, it increases with higher speed, if & 1s
larger than zero, which is the case for 2 normal
undersieered car.

s B,

If the suze-'inﬂ wheel ElI'IElE riurjng Curve n;:gc';

hLEhf.,r Jhan al:_tu.il bpu..d in cun{:s . The hj,"puth—
esis of the present study 15 that steering errors
play an important role in speed choice, such that
speed is adapted to operational performance.
r There is some evidence that steering errors in-
I| crease 11ne.'3.1'h wnh requlred steering whee] an-
'. le {L-.LL GUI:I:LhLlp lE‘gﬁ_ _I_'?Eﬁ] Because negoti-
“ating curves with a smaller radius requires a
larger steering wheel angle, the implication is
that steering error is larger in curves with
maller radii than with wider curves. If steering
error is a linear function of required sieering
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wheel angle, the [raction defined as steering er-
ror divided by required steering wheel angle
should be constant over radii.

There i5 also evidence that steering ervor is
affected by -:LEerg__c_(_lmE‘ncL_. Cavallo, Brun-
Dei, Lava, and Neboit {1988} found that under
visual occlusion, experienced drivers estimated
the correct required steering wheel angle better
than did inexperienced drivers, Experienced
drivers also exhibited less variation in steering
wheel amplitude during closed-loep control
compared with inexperienced drivers. These re-
sults suggest that experienced drivers generate
smaller sieering errors.

If the driver compensates for larger steering
errors induced by smaller radii or poorer steer-
ing competence by choosing a lower speed, some
regulating mechanism or safety margin is re-
quired that determines how speed is adapted. -
We suggest here that the time 1o line crossing
(TLC), developed by Godthelp, Milgram, and
Blaauw (1984), is such a salety margin. TLC rep-
resents the time available for a driver until the
moment at which any part of the vehicle reaches
one of the lane boundaries, In a study by

“Godthelp (198 __Ekwers were instructed to gen- Fi

“erale correcting steering actions when vehicle

heading could still comfortably be corrected g
prevent a crossing of the lane boundary. Drivers
made a corrective steering action at a constant
TLC irrespective of vehicle speed.

The model of the relafion between speed
choice and steering performance mav then be
summarized as follows: Required steering wheel
anglu is determined by curve radius and speed,
whereas steering error is determined by re-
quired steering wheel angle and stcering com-
petence, It is assumed that the driver has
learned the eflect of curve radivs and speed on
reguired steering wheel angle and on steering
error from previous experience. In addition, it is
assumed that steering error is consistent and
that the driver is aware of his or her steering
compelence.

When the driver approaches a curve, both
radius and steering competence cause an an-
ticipatory adjustment of speed, much like the
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anticipatory avoidance response in the threat-
avoidance model of Fuller (1984}, The effects of
radius and steering competence on stecring er-
ror are traded off with speed, such that the
safety margin TLC remaing constant and inde-
pendent of radius and steering competence. Al-
though mathematically, TLC is determined by
steering error as well as speed, the higher steer-
ing errors associated with smaller radii and
poorer steering competence are assumed 1o re-
sult inlower speeds because of the constancy of
preferred TLC as a puiding principle. This prin-
ciple will then result in low or nonsignificant
carrelations of speed and steering error with
TLC. The relation between lateral acceleration
and speed is then assumed to bea by-product of
this mechanism.

In the present experiment, steering compe-
tence was measured separately during straight
raad driving. Road radius was manipulated
within subjects, with radii of 40, 80, 120, and
160 m. Originally, lane width was manipulated
within subjects as well because it was expected
to affect TLC. However, because the effects of
lane width are not of crucial importance to the
issue addressed here, we will not discuss those
elffects in this paper. Also, participants used only
a part of the lane width because they drove rel-
atively close to the inner lane boundary. This
counteracted possible effects of lane width on
TLC and speed choice. There is also evidence in
the literature that drivers use the inner lanc
boundary as a reference for vehicle guidance
(see Cohen & Studach, 1977; McDonald & Ellis,
1975; Shinar, Rockwell, & Malecki, 1980).
Therelore, only TLC and steering behavior data
with reference to the inner lane boundary are
reported in the present article.

METHOD
Apparatus
The experiment took place in the Traflic Re-
search Centre's fixed-based driving simulatar,
The equipment consisted of a car (BMW 518)

with a steering wheel, clutch, gear, accelerator,
brake, and indicators connected 1o a Silican
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Graphics Skywriter 340VGXT computer. A car
model converted driver control actions into a
displacement in space. Ona 2 % 2.5 m projection
screen placed in {ront of the car mockup, an im-
age of the putside world with a horizontal angle
af 50° was projected by a graphical video pro-
jector controlled by the three-dimensional
graphics soltware. Images were presented at a
rate of 15 to 20 frames's, resulting in a sugges-
tion of smoosth movement. The visual objects
were buildings, roads, trallic signs, traffic lights,
and artificially intelligent traffic. The sound of
the engine, wind, and tires was presented by
means of a digital sound sampler receiving in-
put from the simulator computer, The simulator
is described in more detail elsewhere (van Win-
sum & van Wolffelaar, 1992; van Wollfelaar &
van Winsum, [992),

Procedure

A circuit of two-lane roads with a lane width
af 3.0, 3.5, or 4.0 m was used. The roads were
delineated with broken center lines and contin-
uous edge lines. Four left-turning curves with
90° angles and radii of 40, B0, 120, and 160 m
were separated by straight-road segments.

After completing a questionnaire on driving
experience and age, participants practiced driv-
ing in the simulator for 10 min. They were in-
structed to choose their own preferred speed but
to adapt the speed for curves as they normally
would and 1o stav in the right lane, There were
three trials, one for every lane width. Each trial
consisted of five round-trips, This means that in
every trial, all four curves were negotiated five
times. The three trials are treated here as mul-
tiple measurements.

Dara Registration and Analysis

Sample measurements (10 Hz) were taken on
speed {m/s), lateral position, steering wheel an-
gle (degrees), TLC {scconds), and steering error
(degrees).

The steering integral (/8,) during straight-
raad driving was used as a measure for steering
competence. This was computed as fallows: The
steering wheel signal was divided into periods
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when the steering wheel was (urned o the lefi
and periods when it was turned to the right (rel-
ative to the zero angle), For every period, the
amplitude was integrated over time, and these
integrals were averaged, resulling in /5. Thus
this measure is alfected by both steering wheel
amplitude and frequency, A smaller steering in-
tegral represents better steering performance.
Sweering error in curves, 8,,, was defined as the
difference between the actual steering wheel an-
gle and required steering wheel angle (5, - 3,.).

Figure 1 presents a thme history of stecring
errer and TLC during curve negotiation: The
curve is entered at Time 0. Positive values of
steering error and TLC represent st¢cring to the
inner lane boundary (left) and negative values
represent steering o the outer lane houndary
(right). The steering error fluctuates around
zero. I steering error is zero, then the steering
wheel angle equals the required steering wheel
angle. The open-loop phase ends when the max-
imum steering wheel :_]_gg[_ef/ B...is reached. In
Figure 1 this is indicated by the first maximum
for &,.. This is followed by closed-loop steering
contral, during which deviations from the re-
quired steering error are minimized by the
driver. We analvzed the following vaiifiblgs: .

® The steering error 5,. on the moment 5.} is
reached. This represents the steering error diring
the cpen-loop phase,

® The required steering-wheel angle &, . This was

an =T
'Y =o |
e f
| {12
staering r II: h ! | A TLC (%)
arfar b 1 fh r- %
A
i N TN :
|r~: | _\_."'l;--._«gu | rE_? ':._:l'f
) \
it “rel o dse ‘r‘ TLGmen ;
et { f =
]
-z
2]
’ — stedring errgr — TLE
lzo

} DO o0 TO - BO

time |5

Figure {, Steering error and time-to-line-crossing lime
history during curve negotiation (dse = &_).
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measured as the steering wheel angle at the mo-
ment that steering error was zero just before &,
wag reached.

® The steering error ratio, computed as 8,8, This
ratio is a measure for the relative steering error,

® The steering ercor integral, 75, during the closed-
loop phase, This was computed as the average in-
tegral of all periods when the steering error was
directed taward the inner lane boundary.

® The minitmum TLCs to the inner lane boundary,
TLC i during the closed-loop phase. These were
determined and avernged for every radius-trial
combination

® The minimum speed during curve negotiation,
This was determined and averaged for every ra-
divs-trial combination.

The ¢ffects of radius were analyzed with re-
peated-measures analysis of variance: The el
fects of steering competence were analyzed with
correlation and regression analvses. The confi-
dence level for signibicance was set at p < .05,

Participants

Sixteen drivers {cight men and eight women)
participated in the experiment. The average age
was 34 years (5D = 6.3, range 22 to 47). They
were licensed drivers for |2 years on average
{50 =63, range 2 to 27). Their average annual
kilometrage was 10 594 (5D = 8267, range 1500

fEe 30 000}

RESULTS

The correlation between steering integral I&,
and drivers’ total kilometrage was —0.62 (p
= .01} This means that more experienced driv-
ers steered more accurately on straight-road
SUEMEents.

The minimum speed during curve negotiation
was significantly affected by radius, F(3, 15) =
3817, p = .0l Required steering wheel angle
i8, ) was significantly affected by radius, £(3, 15)
|88:24, p = W01, as were steering error (5,.)
during the open-loop phase, F(3, 15) = 28.28, p
< .01, and the steering error integral (f6,.) dur-
ing the closed-loop phase, Fi3, 15) = 1429, p =
01, The elfect of radius on steering error ratio
was nol statistically significant. Also, the elfect
of radius on the minimum TLC(TLC,,,.) during
the closed-loop phase was not significant. The
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averages of these dependent variables as a func-
tion of radius are presented in Table 1.

A smaller radius resulted in a larger required
steering wheel angle, larger steering errors, and
lower speed. However, TLC and the steering er-
ror ratio were constant over all radii. Steering
errors during both the open- and closed-loop
phases were affected by radius in the same
manmner,

In order to test effects of individual differences
in steering competence on dependent variables,
these variables must be consistent within the
driver. In that case it is justified 10 average over
all measurements (4 radii = 3 repetitons), In
that way the effect of radius is canceled and rhe
clicct of individual differences is preserved. The
reliability, or consistency, of the dependent vari-
ables was rested with the standardized alpha co-
efficient. This represents the estimated sguare of
the correlation of scores on a collection of
items—in this case the 12 measurements—uwith
true scores (Nunnally, 1978), For basic rescarch
areliability of 20 is generally rogarded as a sat-
isfactary level. Table 2 presents the standard-
ized alpha coeflicients [or all dependent variables.

All variables were reliable, and most alphas
were higher than 90. The minimum speed, TLC,
steering errors, regquired steering wheel angle,
and steering error ratio were averaged over radii
and repetitions, Figure 2 presents the results of
multiple regression analyses. Only significant
partial regression coefficients are displayed.

The measures for steering errors in the open-

TAELE ]

Averages of Dependent Varinbles as a Function ol
Raodius:

Radius {m)

Dependent Vananis 40 &0 120 160
Spead (mes) 11,20 14892 1753 1ron
Required angle degreest  121.44  T464  S6.88 4347
Stesring error

Cipen loop (degrees) 120 TaT 334 475

Closed loop (integral) 14.02 6.55 526 467
Steering arror ratic 012 .10 0.g o.nm
Minimum TLCIs) 252 27 283 2.79

HUMAN FACTORS

\I'I K ¥ -y

fLEE s Rl Yoy i3 et
/ g S b
Standardized Alpha Coeilicieniz of Dependent
Variahles

TABLE 2

Dopendent Yariable Standardized Alpha

Speed 0.93
Requirad angle 0.1
Steering error
opan loop 0:58
closed loop 0.as
Steering error ratio 0.3
Minimum TLC 0.30

loop and closed-loop phases are sirongly inter-
correlated, indicating that they measure the
same phenomenon, Steering error is.determined
bv required steering wheel angle, whereas speed
allects steering error anly indirectly via ies effect
on required steering wheel anzle. Reguired
sieering wheel angle is strongly determined by
speed. In addition, steering error is sirongly de-
termined by sieering competence (F,). S1ill, al-
though higher steering competence results in
lower steering error, it also resalts in higher
speed.

Because steering competence is an intermedi-
arv factor, there is no effect of speed ar steering
error on TLC, In addition, steering competence
does not affect TLC, This suggests that drivers
with poorer steering performance maintain the
same safety margin as those with better steering
performance and that the former choose a lower
speed in order to maintain that safety margin,
The correlation berween /8, and steering error
ratie was (1.74 (p < 01).

DISCUSSION

The effecis of curve radius as & road design
[acior and sieering competence as an individ-
ual driver characteristic on speed choice in
curves were studicd from the perspective that
effvets on operational performance are compen-
sated for on the tactical level. The implied mech-
antsm in the case of curve negotiation is that
both curve radius and steering competence af-
[ect sieering-errors at the operational level. In

Bunt
o
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Figure 1. Path dizggram with partial regression coellicionis (*p < (15: foa 0lins =
not significant: TLC = time 10 line crossing)

this we assumed the preferred TLC to be a reg-
ulating mechanism thar determines how speed
Is controlled in arder to compensate for larger
steering errors, Because TLC is mathematically
determined by speed and steering error, drivers
can compensate for hizher steering errors by
choosing a lower speed, such that TLC is unaf-
lected by radius or sieering competence,

The results supported this model. We found
that both required steering wheel angle and
sieering error during the open- and closed-loop
phases increase with smaller radii but that the
relative steering error, defined as steering errar
divided by required steering wheel angle, is con-
stant over radil. This strongly suggests that
steering error is linearly related 1o required
steering wheel angle and is consistent with the
results of Godthelp (1983, 1988).

Smaller radii resulted in the choice of a lower
speed, but the minimum TLCs during curve ne-
gotiztion were not affected by radius. This sug-
eests that drivers compensate for larger steering
errors by choosing a lower speed, such thar a

constant minimum TLC is maintained. This
finding confirms the ideas of Summala {1988)
and Rumar (1288) that drivers contral safery
margins that can be operationalized as distance-
or time-related measures. The TLC as a safery
margin, then, is controlled by the driver's speed
choice. The results suggest that speed choice and
steering performance are both intimately re-
lated in negotiating curves,

In this study individual differences in steering
competence strongly determined speed choice
and steering performance in curves. Steering
competence was measured with the steering in-
tegral during straight-road driving. A larger
steering integral is an indication of poorer steer-
ing performance. The quality of steering perlor-
mance was related 1o driving experience. Steer-
ing performance, speed choice, and minimum
TLC were consistent within drivers, such that,
for example, drivers consistently have a certain
level of steering performance during curve ne-
gotiation. Steering error was determined bath
by steering competence and by required sieering
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wheel angle, whereas required steering wheel
angle was determined by speed.

This confirms the model discussed in the in-
troduction. Because drivers with poorer sleering
performance drove slower, although their steer-
ing errors were larger, we found no significant
relations of speed and steering errors with TLC,
This suggests that drivers with poorer steering
competence compensated for their larger steer-
ing errors, having a lowering effect on TLC, by
choosing a lower speed. which increased TLC.
Because steering campetence did not affect TLC,
it cannot be concluded that drivers with poorer
steering compeience were less safe drivers.
Steering error ratio correlated sipnificantly with
steering competence as measured by the steer-
ing integral. The sirong elfect of steering com-
petence on the steering errors during curve ne-
goliation suggests that the steering integral is a
goud indicator of the quality of steering perfor-
mance and that steering performance is consis-
tent within the driver. L]

Bascd on the [inding thar steering error is a
linear function of required steering wheel angle
and on the constancy of the minimum TLC w0
the inner lane houndary, the speed in curves asa
function of radius was calculated using a math-
ematical model. From this lateral acceleration
was computed. Lateral acceleration proved 1o
be an inverse function of speed as a by-praduct
of the presented driver strategy.

Thus it appears that both radivs as a road de-
sign element and steering competence as a
driver characteristic exercise their inflluence on
driving behavior in the same manner. Both af-
fect operational performance, resulting in an ad-
aptation of behavior at the tactical level in an
attempt to contrel safetv marpins, This is of
thearetical significance for driving modeling in
general because it sugpests that effects of vani-
ous factors related 1o the vehicle, weather, road,
traflic, temporary states, and the driver on be-
havior at the tactical level (.., speed choice)
may exercise their influence via an effect on op-
erational performance. Meost driver models are
exclusively directed at either the operational or
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the tactical level. However, we suggest that the
refation between operational performance and
behavior ar the tactical level should be a funda-
mental element in driver modeling.
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