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Judging the Speed of Pedestrians and Bicycles at Night

I ntroduction

Pedestrians and cycdlists have little physicd protection. Unlike the inhabitants of
automobiles, they are not surrounded by rigid frames and such protective devices as
arbags. Y et when pedestrians and cyclists share the roadway with automobiles, asthey
often do, the chance of collision with severe damageis high. In part, thisis due to the
great disparity of speedsinvolved. Pedestrians typicaly move quite dowly compared to
the speed of automobiles, and the speed of bicyclesis usudly intermediate. Smilarly,
automobiles are much heavier and thus are cgpable of causing much more damage to the
things with which they callide

Another reason for the increased danger is the disparity in vishbility, particularly
a night. Automobiles have bright lights on front and back, with smdler sde lights,
meaking them highly visble in the dark. Bicycles may have only aweegk headlight and
nothing but reflectors on back and sides. The position in which the Sde reflectors are
mounted on the whed spokes is mandated by law. The Code of Federal Regulations (Ch.
I1, Section 1512.16, 1-1-00 Edition) specifiesthat street bicycles should have a reflector
on each whed, such that, “ The center of spoke mounted reflectors shal be within 76 mm
(3.01in) of the insde of the rim. Side reflective devices shdl be vishle on each sde of the
whedl.” (It doesdlow for reflective sdewalls or rimsinstead, but these are not common.)
The posgition of the reflectors on whed spokesis of interest and importance because it
determines the path the reflector will follow when the bicycle movesin aforward
direction. Although the frame of the cycle smply trandates linearly across space, any

point on awhed other than its axle moves aong a much more complex and thus longer



path. A point on the rim of amoving whed, for example, moves dong the path of a
cycloid, acombination of trandation and rotation. Because the path of the reflector is
longer than the path of the bicycle frame over the same trandationa distance, its average
speed of motion will necessarily be greeter. In addition, athough the frame may move at
acongtant speed, the speed of laterd trandation of the reflector will depend in part upon
its position during the rotation of the whed. When it is near the top of the whed, it will
move forward rapidly. When it is near the bottom, it will move forward dowly. Fig. 1

shows the cycloidda path that would be followed by apoint on the rim of arolling whed!.

Figure 1. A cycloid, acombination of atrandation and arotation. Thisisthe path that
would be followed by the reflector on the rim of arolling bicycle whed.

Although the reflector—the most visble part of the bicyde a night—moves
aong the longer, more complex cycloidd path, the observer (an automobile driver, for
instance) needs to know the velocity of motion of the frame, not the reflector.
Surprisingly, no available models of speed coding by the visud system dlow one to

predict how an observer would perceive the trandationa speed of an object moving dong



the path of a cycloid. Thus, we have measured the apparent speed of one, two, or three
objectsin various configurations in which reflectors could be placed on a bicycle whed!.

Pedestrians who share the roadway with automobiles rely for vishility ether on
the reflective properties of their clothing and bodies, reflective surfaces added to shoes or
clothing, or, increasingly, on smal, flashing lights strapped to an arm or other body part.
The ability of adriver to take gppropriate evasive action to avoid a collison with a
pedestrian depends upon his ahility to see the pedestrian and judge his position and
moation velocity. We are thus examining the ways in which various factors affect an
observer’s ahility to perceive and judge the motion of a moving object. To date, we have
measured the effect of the tempord flash (or flicker) frequency of amoving light (such as
the flashing lights pedestrians sometimes wear) on an observer’s ability to judge its
trandational speed of motion.

M ethods

Cycloidal Mations. We determined the apparent trandational speed of an object moving

aong acycloidd path by displaying the object on avideo monitor and asking an observer
to compare its speed to that of a smilar object moving along a straight path. The test
stimulus was one or more white spots (0.3 deg, 5 cd/ n¥) on adark background. Its
direction of motion (leftward or rightward) was randomly determined on each trid, as
wasits position in the upper or lower haf of the screen. The test simulus motion was
ether linear (the control condition), one spot moving dong a cycloidd path determined
by its position on an imaginary whedl of 3.7 deg (visud angle) diameter, or two or three
spots moving aong paths determined by their respective positions on the sameimaginary

whed. The trandationd speed of the whed varied from 2 to 10 rad/sec.



The comparison simulus was a smilar white spot of congtant luminance, moving
linearly at a predetermined constant rate of speed during each trid. The direction (left-
right) and screen placement (upper-lower hdf fied) of the comparison simulus were
aways opposite those of the test simulus. Both the starting position and the tota extent
of travel were pseudorandomly determined on each tria to prevent observers usng
relative times of crossing the midline or completing the presentation as a cue.

The observer’ stask on each trid wasto sgna which of the two stimuli, test or
comparison, appeared to trandate across the screen faster. No feedback was provided. In
agiven sesson, the trandationa speed of the test stimulus was predetermined, chosen
from a set of speeds corresponding to 2 to 10 rad/sec of the imaginary whedl. The speed
of the comparison stimulus was determined on each trid based on an adaptive Saircase
method. Each data point is based upon at least 5 such Staircases.

Hashing Light. To determine the effect of tempora flashing (flicker) on the apparent
speed of amoving object, we used a method similar to that described above. Observers
judged the relative gpparent speeds of two smdll lights moving in opposite directions
across a video monitor. Methods and conditions were identical to those described above,
with the following exceptions. The test simulus dways moved dong a straight path, but
its luminance was not constant over time. It flashed on and off asit moved, a tempora
frequencies of O (contral), 2, 4, 8, or 16 Hz. Itstrandationa speed on agiven trid was 4,
8, 16, or 32 deg (visua angle) sec*. During the ‘off’ intervals, dthough the test spot was
not visible, the motion continued at the same rate. Thus, the spot reappeared farther dong
the path than the position at which it had disgppeared. The flicker had a square-wave

profile; thus, the spot was either at full luminance or wasinvisble & any given ingant.



As before, the observers task was to determine which of the two stimuli, test or
comparison, moved at a higher rate of speed.

Results

Cycloida Mations, Earlier (see De Vdoais, Takeuchi, and Disch, 2002; Disch, Takeuchi

and De Vdoais, 2002) we reported that a single object moving dong acycloida path
gppears to move across the screen (i.e., trandate lateraly) more rapidly than does a
amilar object moving dong a sraight path. We aso found that adding a second object at
the center of rotation (as though it were on the axle of the whed) shifts the gpparent
speed in the opposite direction. The matching speed then becomes significantly lower
than the actual trandationa speed of the whed. Below are shown data from arange of
different test gimulus configurations. These areillusirated below the horizonta axis of

the figure. Theratio of the matching speed to the actua trandationa speed of the
imaginary whed is shown on the vertica axis. The two sets of points show data from two

trandationd velocities of the test simuli. Although these data are from a single subject,

datafrom othler4wbj ectsare amilar.
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Fig. 2. Theratio of matching speed to actua trandationa speed of thetest simulus. The
drawings below thefigureilludrate the test simulus configuration in eech case. The
imaginary whedl, here shown by dashed lines, was not visible.

These data show severd interesting properties. First, when the two stimuli to be
compared both move dong a gtraight path (leftmost condition), observers can accurately
judge their rdative speeds. This configuration is equivdent to having a Sngle reflector
mounted on the axle of awhed. Second, when a single test spot moves dong a cycloida
path, it gppears to move consderably faster than asimilar spot moving dong a straight
path. Thisis shown by the second configuration and is Smilar to the case of areflector
mounted on awhed rim. Third, when an additiona spot is added &t the center of rotation
of the imaginary whed (e.g., the third, fifth and saventh configurations above), the
matching speed drops to a vaue consderably lower than the actua trandationd test
speed. Thisindicates that the combination of alinearly-moving object on theimaginary
axle and one or more other objects moving in a cycloid path around the axle will be seen
as moving more dowly than its actua speed. The only configuration of objects moving
aong cycloida paths that was reliably perceived as moving & its actud trandationa
speed was a pair of spots placed directly opposite one another (configuration four above).
Thisis equivaent to the case of two reflectors mounted directly opposite one another on
the spokes of awhed.

Hashing Lights. When alight flashes off and on as it moves, an observer’s judgment of
itstrandationd speed can be sgnificantly affected. For example, when the trandationa
speed of the object’ sretind image is 4 deg/sec, flickering the light can either havelittle

effect on its apparent speed of trandation (at low rates of dternation) or increase



subgtantidly (at high dternation rates). Fig. 3 shows data from three observers, two of
whom (LP and JD) were naive concerning the purpose and the ongoing results of this
study. Note that at the lowest dternation rate (2 Hz), the observers make relaively smdll
erors. (In this chart, avalue of 1 on they axis represents a veridica match between the
Speeds of the test and comparison objects.) However, as the adternation rate increases, the
magnitude of the errorsincrease. Two subjects show their largest mismatches at an

dternation rate of 18 Hz; the third has a grester error a 8 Hz.

Speed Matching at a Translational Velocity of 4 deg/sec
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Fig. 3. Speed matching when the flashing test stimulus moves at 4 deg/sec. Note that the
errors generally become larger as the dternation rate increases.

Figures 4, 5, and 6 below present data for conditions in which the test objects
moved at 8, 16, or 32 deg/sec, respectively. There is an interaction between trandationa

speed and rate of aternation, but the same genera trend gppears throughout. When the



test object flashes on and off more rapidly, the perceptua overestimate of the object’s

speed tends to increase.

Speed Matching at a Trandational Velocity of 8 deg/sec
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Fig. 4. Speed matching when the flashing test simulus moves a 8 deg/sec. Note that the
errors generaly become larger as the aternation rate increases.

Speed Matching at a Trandational Velocity of 16 deg/sec
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Fig. 5. Speed matching when the flashing test stimulus moves a 16 deg/sec. Note that
again the errors are large a the highest dternation rate.

Speed Matching at a Translational Velocity of 32 deg/sec
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Fig. 5. Speed matching when the flashing test simulus moves at 32 deg/sec. In this cass,
two observers continue to show the largest error when the flash dternation rate is highest.
The third observer (ID), at thisrapid rate of motion, underestimates the test object’s
speed when it flashes at any tested dternation rate greater than 2 Hz.

Discussion

Cycloid Mations. The results presented here raise questions concerning current federa

regulations governing reflector placement on bicycle wheds. Our earlier data (Disch,
Takeuchi, and De Vaois, 2001; De Vaois, Takeuchi and Disch, 2002) demongtrate that a
single reflector mounted on the spokes of awhed could lead to significant overestimation
of the trandationa speed of the whed (and thus the bicycle of whichit is part). To the
extent that automobile drivers determine whether evasive action is required based on their

judgment of the velocity of abicycle, the substantia perceptud errors found pose a
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danger. A driver approaching an intersection, for example, might erroneoudy judge that a
bicycle approaching on the intersecting street would clear the intersection before the
automobile arrived. A failure to brake in that situation could lead to a preventable
collison.

The explanation for the perceptua anomalies observed is not clear. It isknown
that the perception of the trgjectory of a point on the rim of arolling whed is often
misperceived (e.g., Walach & O Leary, 1985; Isaak & Just, 1995), particularly when
other points on the rolling object are visble (Proffitt & Cutting, 1980). In that case, a
cycloid (such as that shown above or the dightly flattened prolate cycloid of areflector
on awhed’s spoke) will be percaived as though it were a curtate cycloid smilar to that

shown in Fig. 6 rather than the prolate cycloid (Fig. 7) which it actudly follows.

Curtate Cycloid
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Fig. 6. A curtate cycloid, the apparent path of areflector on the spoke of arolling whed.
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Prolate Cycloid
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Fig. 7. A prolate cycloid, the actual path of areflector on the spoke of arolling whed.

Current moddl's of speed perception (e.g., Fennema & Thompson, 1979; Watson
& Ahumada, 1985; Metha & Mullen, 1997) do not provide assistance. All model
perception of the relative speed of Smple patterns such as Snusoidd gratings. None
addresses the question of how an observer might compute the trandationd speed of a
discrete object from the variable speed of the object over a complex path. We are
currently working to develop an appropriate mode!.

Before the model is completed, however, it is possible to make recommendations
concerning the placement of reflectors on bicycle whedls. Current regulations require a
single reflector to be mounted on the spokes of each side of each whed, near therim. As
we have demondtrated, this configuration leads to substantia overestimation of the
trandationd gpeed of thewhed. A smple solution would seem intuitively to be to mount
the reflector on the axle, instead. One would then expect accurate speed estimation.
However, that would entail amgor cost. The unusud path traveled by areflector on a
bicycle spoke both captures the attention of an observer and alows arapid identification
of the object. These advantages should be retained, if possible. Thus, we would

recommend placing two reflectors on each sde of the whedl, mounted on spokes directly
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opposite one another and near the rim. Each of the two would follow the path of a prolate
cycloid, thus capturing attention and alowing object identification. Further, our data

show that observers can accurately judge the trandationa speed of the whed with this
configuration. This would retain the advantages of the current regulation while correcting
the perceptua error produced by a single reflector mounted on the spokes.

Fashing Lights. The use of flashing lights on the arm of a pedestrian or acyclit (or on

the frame of abicycle) has the great advantage of increasing vighility. Unlike areflector,

it does not depend upon an externd light source, and the tempord flicker captures the
attention of an observer. However, our data demongtrate that the rate of tempora flicker
can subgtantidly ater an observer’s judgment of the trandationa speed of the object. The
speed with which the image moves across the observer’ s retina interacts with the flicker
rate to determine perception, but retinal image speed is not amenable to modification. It
depends both upon the actua speed of the moving object (a pedestrian, say) and the
distance between the object and the observer. Thus, the only factor that can potentialy be
modified is the flicker rate of the light.

The data presented above show thet at flicker rates below about 8Hz, the
perceived speed can be ether higher or, occasiondly, lower than the actud trandationa
gpeed. However, when the flicker rate ishigh (e.g., 32 Hz), the observer’ s perception of
object speed is generaly higher than the real speed. The error tends to be substantial,
often greater than 10%. A judgment error of this magnitude could significantly increase
the likelihood of a pedestrian-automobile callision.

We are aware of no model that would explain these data. However, some

possibilities are clear. The flicker waveform used in these experiments was a square
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wave. The power spectrum of a square wave include a magjor component at the
fundamenta frequency (the flash frequency reported here), with decreasing power at each
odd integrd harmonic frequency. Most modern models of speed perception (vide supra)
are based on the existence of afew (three, say) mechanisms with differing tempora
frequency tuning cheracteristics. There are also believed to be non-directiona
tempordly-tuned mechanisms. If there is interaction among these, and that does not seem
unlikely, then it is entirdly reasonable to expect thet flickering a moving light might

affect its apparent speed. We are currently working on such amode.

Aswith the perception of acycloid, however, practica recommendations can be
meade without waiting for fuller understanding of the underlying mechanisms. The data
presented above demonstrate a substantial difference between speed perception at low
flicker rates and high flicker rates. At low rates of flicker, thereisrdatively little effect
on the percelved speed. It may be dightly higher or dightly lower than the actud object
speed, but the difference is generdly smal. Astheflicker rate increases, however, the
perceptua error tends to increase. Given the need for accurate perception of the speed of
amoving pedestrian or cycligt, the best solution would be to use alight with alow rate of
flicker. Our data suggest that 2 Hz would be good. A dowly flickering light retainsthe
advantage of cgpturing the attention of an observer, but it haslittle effect on the
perception of itstrandationa speed. In experiments yet to be carried out, we will
determine whether the temporad waveform of the flicker isimportant and, if so, attempt to

find the optima waveform.
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Summary

Psychophysicd studies using objects on smulated moving whedls show that
observers subgtantialy overestimate the trandationa speed of asingle light following the
prolate cycloida path of areflector on abicycle whed. The addition of one or more other
lights can ether increase or decrease the perceived speed. The configuration that
produces the most accurate speed perception without sacrificing vighility and attention
appears to be two spots arrayed directly opposite one another on the spokes of awhed.
We thus recommend that bicycles have two reflectors mounted on each side of awhed,
positioned directly opposite one another.

Studies of the apparent trandationa speed of aflashing light moving dong a
draight path have shown that its trandationa speed tends to be overestimated if the flash
(or flicker) rateis high. A flicker rate of 2 Hz serves to capture an observer’ s attention
without having asignificant effect on perception of the light's trandationa speed. We
recommend, thus, that portable lights mounted on armbands or bicycle frames be st to

flicker a 2 Hz and not more rapidly.
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