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A perceptual auditory illusion is described that may contribute to students’ misunderstanding of the
physical principles of the Doppler shift. The illusion advances the formation gémaental models

about the change in observed frequency that occurs as a sound source passes a stationary observer.
Factors that may cause misunderstanding are addressed including the follGyvihg: semantic
distinctions between physical “frequency” and perceptual “pitchiii) the influence of dynamic
loudness on pitch, angii ) the ambiguity of the word “rise” in describing the wave mechanics of

the Doppler shift. Implications for teaching the principles of the Doppler shift include addressing the
origin of nave beliefs and using the illusion as a salient and conspicuous example of a breakdown

of the correspondence between physics and perceptiornag®American Association of Physics Teachers.

I. INTRODUCTION believed that the pitch of a train horn would rise as the train
approached.Some of these students identified the Doppler
Despite instruction to the contrary, students in introduc-effect as the phenomenon accounting for the rise.
tory physics and acoustics courses often mistakenly assert The error often made by novices, physics students, and to
that a sound source approaching a stationary observer atsame extent even those with advanced degrees is the belief
constant velocity will produce an observed rise in frequencythat the observed frequency of a sound source traveling at a
at the point of observation. In fact, outside the physics comeonstant velocity rises as it approaches an observer. It is true
munity this erroneous belief appears to be ubiquitous. In dhat the frequency ahead of the moving sourdeigherthan
recent study over 90% of the 292 college freshman surveyethe frequency actually emitted, which in turn is higher than
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Fig. 1. Path of a moving sound source relative to an obseaisithe vector
from the source to the observer as the source approadhissthe vector Frequency
from the source to the observer at the point of the source’s closest approach.
When S is far away(to the lef), ® is very small, increases to 90° atthe @~ [——=—=======—=————~
point of closest approach, and asymptotically approaches 188tesedes
to the right.

Perceived Pitch
The Doppler lilusion,

the observed frequency behind the source. However, when a
source approaching a stationary observer at a constant veloc- @ (f—m—""_____t \
ity first becomes audible, the observer hears the source at the
higher than emitted frequency. As the source draws closer
the frequency at the point of observation begins to fall at an
increasing rate. When the vector pointing from the source to

the observer is exactly perpendicular to the source’s direction = Time (s)
of movementi(see Fig. ], the observed frequency is equal to (((
-

Pathof s

g\\\\\ Distance.
the emitted frequency. As the source recedes the observed
frequency drops further still. Thus, although the frequency

ahead of the traveling source is always higher than the emit-

Observer
Fed frequency, a stationary observer never experiences a “?%. 2. Characteristic changes in frequency, intensity, and perceived pitch
in frequency as the source approaches, passes, and reced@gh a Doppler-shifted tone. Pitch change is a typical response obtained with
Despite these facts, the belief that one experiences risingl listeners and 54 trials per listeri@ef. 1). They axis for perceived pitch
pitch as a source approaches is so widespread that, whilgan ordinal scale of arbitrary pitch units that corresponds to the amount of
many texts accurately describe the phenomenon, somnfésplacement of a response wheel.
texts % indicate that the Doppler shift specifies a “rise in
pitch” as a sound source approaches followed by a “drop in
pitch” as the source departs. The apparent pervasiveness of v
this belief led us to examine the phenomenon from a percep- fo= fS( m)- @
tual perspective. Perhaps listeners mistakenly believe that s
frequency rises on approach because they actually heartgre fp is the observed frequencyg is the source fre-
pitch rise on approach. In a series of experiments reporteduency v is the velocity of sound in ain is the velocity of
elsewheré we presented subjects with computer-generatedhe moving sound source, afilis the angle formed by the
tones that simulated the frequency and intensity changes thabserver, the source, and the direction the source is headed
would be produced by a passing sound source of constalisee Fig. 1L
velocity. Indeed we found that despite the falling frequency “Pitch” is defined as “that attribute of auditory sensation
of Doppler-shifted tones, listeners perceived rising pitch asn terms of which sounds may be ordered on a scale extend-
the simulated sound source approached and falling pitch asiitg from high to low.”*! Pitch is a perceptual variable that
recessedsee Fig. 2 typically corresponds largely to the acoustic variable “fre-
In the current paper we discuss this effect which we havejuency.” The relationship between pitch and frequency is
termed the “Doppler illusion.” We illustrate how the pitch such that they are often treated as functionally equivalent,
and loudness interact to create the illusion, and discuss ithough intensity and spectral composition have both been
role in creating a nae mental model of Doppler physics that found to influence pitch?>~** When discussing the Doppler
reinforces the erroneous belief that frequency rises as affect these influences are typically considered minor, and
sound source approaches an observer. functional equivalence is assum&dlhe correspondence be-
tween pitch and frequency implies that the drop in frequency
that occurs due to the Doppler shift should be heard as a drop

IIl. THE PHYSICS OF THE DOPPLER EFFECT in pitch.

In the domain of acoustics the change in frequency thafj|. THE ILLUSION THAT CONFIRMS
occurs when there is relative motion between a sound sourcHE ERRONEOUS BELIEF

and an observer is referred to as the Doppler effect. Familiar

examples occur when moving sound sources such as ambu-Despite the theoretical expectation of falling pitch, listen-
lances or trains pass us. The frequency at any given obseers report a rise in pitch as a sound source approaees
vation point is described by the following standard equatiorFig. 2). In the perceptual literature pitch and loudness have
which formalizes the higher than emitted frequency in frontbeen shown to be interacting perceptual dimenstdfis'®In

of the moving source and lower than emitted frequency bethis context the word dimension refers to a characteristic of a
hind it: sensory modality. Pitch and loudness are dimensions of au-
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dition. Selective attention to one dimension that interactgshus enhancing information about time-to-contact and per-
with another cannot be accomplished without a great deal diiaps providing a selective advantage in dealing with such
effort or practice?® Therefore, the change in intensity that sources.
occurs as a source approaches and recedes influences listen-
ers’ perception of the changing pitch. IV. THE USE OF THE WORD “RISE”

In work previous to ours the effect of intensity change on ) ] )
pitch was considered to be quite small. Using discrete static Relative to a passing sound source, a stationary observer
tones S. S. Stevens found that in upper frequency rangél®€s from being in front of the source to behind the source as
(greater than 4 kHza discrete increase in intensity produced e sound source passes. Consequently, the frequency at the

a higher perceived pitch, and in lower frequency rartess observation point goes from high to low. However, in some

than 2 kH2 a discrete increase in intensity produced a loweVayS this might appear counterintuitive. If the frequency in

perceived pitcH* Although there is some dispute concerning fLonft of the sourcetisthigher thant the s?udrce(;‘r_(:quer:gy, ﬂlﬁn
the magnitude of pitch change due to discrete intensity shiftsé e requenc;l/ mLth at sqp’nefpmln nsle._tn eg ! V"t%u as the
the finding itself is robust* Typically, a change in intensity our(r:le acce er? ets ? '.“:' mat t\'/e ocl y'b nce ﬁl source
of 40 dB elicits a change in pitch equal to a frequency' SacN€s a constant velocily a stationary ObServer will experi-
0 ence only falling frequency as the source approaches and
change of less than 5%. asses. However, if the most salient component in one’s un-
In our work we found that dynamic intensity sweefas gerstan.din of thé Doppler shift is that fr% uency ahead of
directional change in intensity over tilafluence the per- 9 PP 4 y

ception of pitch change much more than discrete intensitthe source rises, it may be natural to assume that one would

shifts. In addition, the direction of experienced pitch Changééxperlence arise in frequency as a sound source approached

S . . . even at a constant velocity.
;ﬁjg\]ﬁi tgfe dc:;;zcr::ic::nirc]{c];;hseit;nitser;)%% %]32%:22; rthtﬁeig_an Thus, in addition to the actual perception of rising pitch,
often in the opposite direction to that of the discrete intensit;i)art of the difficulty in understanding the Doppler shift ap-

hifts. | mul tching task a Doool hifted t ears to stem from the use of the word ‘“rise.” Many
S 'tlhs. 5‘ a stimu lés ”?f‘c r:ng as f?_ﬁ ggple(rj-s Ib? tor: extbooké™1° imply that the frequency ahead of a moving
with a dynamic intensity change o €d SUDJECtS 05, nq source rises. However, the frequency in front of a
estimate the average change in pitch to be 8 semitémes

f h t 3704vhen in fact th tual ch > source moving at a constant velocity remains constant. Un-
requency change of 37p en in tfact the actual change I fortunately, this latter point is often neglected, and the con-
frequency was only 2 semitonds frequency change of

11%. Moreover, the dynamic upward sweep in intensity of a'densed description of the Doppler shift becomes “frequency

Doppler-shifted tone elicits the perception of rising pitchm front of a moving sound source rise§.This erroneous
- knowledge coupled with the actual perception of rising pitch
even with a source frequency of 175 Hz, well below 2 kHz wieas Lpiec Wi Cliat percept nsng p!

o lLh L Y < M'“due to dynamic intensity change, contributes to the belief
where a static intensity increase elicits a decrease in pltch.that the frequency of a source moving at a constant velocity

_The Doppler illusion then, is the perception of an illusory g5mehow goes from low to high as the source approaches.
rise in pitch that occurs as a sound undergoes the changes in

frequency and intensity that occur when there is relative mo:
tion (or simulated relative motignbetween a sound source V.FAFSFflg MLIJl\Iéﬁ (':AYF,LAJII\\IIEC)TFlﬁ'NCﬁL EQUIVALENCE
and a listener. The rise in perceived pitch follows the changQ Q

in intenSity and (?CCUrS despite the fact that the phySicaI fre- The points of noncorrespondence between the physica| di-
quency of the stimulus falls. ~ mension of frequency and its perceptual correlate pitch are
The illusion occurs because the perceptual processing Gfpparently subtle. Psychologists, physicists, and musicians
frequency and intensity interact. Listeners cannot selectively commonly use the terms interchangeably. However, the
attend to frequency change in the face of changing intensityifferences are great enough that in English we have differ-
without a great deal of effort. That is, judgments about magent words to describe each dimension. There are similar in-
nitude and direction of pitch change are influenced bystances in audition such as the lexical distinction between
changes in loudness. Because the intensity of a Dopplefyaveform and timbre, intensity and loudness, and in vision,
shifted tone rises as the source approaches and loudneggvelength and hue, and light intensity and brightness.
c_harfgéa influences pitch change, pitch is also perceived to These examples stand in contrast to highly corresponding
rise.” dimensions such as physical and perceived length. There are
When a source passes a listener the observed intensity ekamples of discrepancy between the actual length of a line
the source reaches its highest point when the source is closegid its perceived lengtie.g., Muler-Lyer and Ponzo
to the observer, and then begins to fall. This intensity peakllusions).?® However, in most situations our perception of
appears to be an important cue for identifying when a sourcgength is a relatively close representation of the physical en-
has reached its point of closest approach. In fact, intensityironment. Since there is normally little functional difference
change has been found to be a more effective cue to localizsetween the physical and perceptual dimensions of length,
ing a passing sound source than either frequency change only one word is used to express both concepts.
interaural time differences. In addition, it has been shown It appears that the differences between physical frequency
that the pattern of intensity change created by an approackand perceived pitch are greater or more salient than differ-
ing source provides information that specifies when theences between physical length and perceived length. Yet, the
source will reach the listengétime-to-contagt®**We found  difference between frequency and pitch is not so great as to
that the point in time where perceived pitch is highest is theprevent their frequent interchangeable use. Given that listen-
point at which intensity is greatest and the source is closestrs may actually experience rising pitch as a sound source
to the listener. It may be then that the perception of pitchapproaches, the interchangeable use of pitch and frequency
change of a moving sound source has evolved to enhance tipeobably adds to the difficulty in understanding the mechan-
salient intensity peak that occurs when the source is closedts of the Doppler shift. In this case the distinction between
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frequency and pitch is important, and interchangeable us@J. BernsteinCranks, Quarks, and the Cosm(Basic Books, New York,
leads to erroneous conclusions. Listeners may believe thaf?93: _ _
frequency rises as a sound source approaches because théy E: Berd and D. G. Storkihe Physics of Soun(rentice-Hall, Engle-

. . . L . ood Cliffs, NJ, 1995
hear pItCh rise. What they perceive Is rsing pltCh due to the“E. C. Grahm,The Basic Dictionary of Scienc@acmillan, New York,

influence of dynamic intensity change. 1965,
5S. Levarie and E. LevyTone: A Study in Musical Acousti@i§ent State U.
VI. IMPLICATIONS FOR TEACHING P., Kent, OH, 1975
THE DOPPLER EFFECT 5R. Lipkin, “Device measures speed with white light,” Sci. Ned48 215
(1995.

The confusion surrounding the physics of the Doppler 'C. Morris, Academic Press Dictionary of Science and Technoldma-
shift appears to stem from several sources. We propose thagemic, San Diego, CA, 1992 o ' _
the introductory student and most listeners employ a heuris-:r- gzh”f;ﬂeLZ”gH:rSg‘;eo'\?vemgmt'ifrif ?gg'zonary of Science in Ev-
fic in treating pItCh and frequer.]cy as f.unCtlon.a”y eqUIvalent' gC.y E.ySpeagks,Igntrodupction to Sound: Acoustics for the Hearing and
However, when a I.Doppler.-shlfted stimulus is encountered, Speech SciencéSingular, San Diego, CA. 1992
.the. hOlIS'FIC processing of pitch and IOUd.n(?SS. and th_e Cha.ng’ﬁE. B. Uvarov and A. Isaac§he Penguin Dictionary of Scien¢Benguin
in intensity that occurs render the heuristic ineffective. Ris- gooks, Middlesex, England, 1986
ing pitch is experienced despite falling frequency. If one as+!american National Standards Institute, ANSI S1.1-1984erican Na-
sumes a functional equivalence of frequency and pitch, it tional Standard Acoustical Terminolodpcoustical Society of America,
would be reasonable to believe that frequency rises as gWoodbury, New York, 1994 o
sound source approaches. In addition, texts that erroneousiyf- Terhardt and A. Grubert, “Factors affecting pitch judgment as a func-
refer to a rise in frequency as a sound source approachggd®n ©f spectral composition,” Percept. Psychoph®,. 511-514(1987.
. . . R. Platt and R. J. Racine, “Effect of frequency, timbre, experience, and
gggg:‘li)eurfget?hgﬁlt?;)ig;us'on' this suggests that even expertsfeedback on musical tuning skills,” Percept. Psychopt8&.543-553
: 1985.
Previous work has shown that students often exhibit belief4(s, S?Stevens, “The relation of pitch to intensity,” J. Acoust. Soc. &m.
in nave principles of physicge.g., impetus theories of mo-  150-154(1935.
tion) even after taking College level physics couréeshis 5R. E. Kelly, “Musical pitch variations caused by the Doppler effect,” Am.
may occur in part because the veabeliefs and their origin ~ J- Phys42, 452-455(1974. ) o _
are infrequently addressed when the principles of physics are;'m Z‘n';/:g'rgf"s le "Eém“’;if',‘i agpr'P%,fhoglts’Hfﬁgﬁ’ioé'rsct'ecpf r‘;‘;erfs;;g or
taught. We suggest that in teaching the mechanics of the(s)’ 1114-11201993.
Doppler shift it may be advantageous to forewarn studentsig ‘p "Melara and L. E. Marks, “Perceptual primacy of dimensions: Sup-
that an illusion exists. We recommend that teachers acknowl-port for a model of dimensional interaction,” J. Exp. Psychol. Human
edge that pitch can rise despite the fall in frequency. This Percept. Performl6 (2), 398—414(1990.
should dispel some of the confusion since the erroneou$R. D. Melara and L. E. Marks, “Interaction among auditory dimensions:
mental models are probably based on perceptual experiencelimbre, pitch, and loudness,” Percept. Psychophy8.(2), 169-178
Teachers could explain that while the functional equiva- (199 . o
lence between frequency and pitch serves us well in most": E. Marks, “On cros_s-modal §|m|lar|ty. The perceptual structure of
. . o - . . pitch, loudness, and brightness,” J. Exp. Psychol. Human Percept. Per-
situations, the Doppler shift is a spe.C|aI case in which the ¢ "1 (3), 586-602(1989.
equivalence breaks down. The physical principles are coreay R Garner,The Processing of Information and Structug@rlbaum,
trary to the perceptual experience. Once this is noted thepotomac, MD, 1974
Doppler effect may stand out as a conspicuous example Gfw. L. Gulick, Hearing: Physiology and Psychophysi¢®xford U. P.,
how the relationship between physics and perception canNew York, 197).
break down, and at the same time render the actual physi¢d/- K. McBeath and J. G. Neuhoff, “Dramatic auditory pitch change due
of the Doppler shift more memorable. In short, one could,.[° dynamic intensity changeunpublished
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FACT-FREE SCIENCE

I must explain why | have a general feeling of unease when contemplating complex systems
dynamics. Its devotees are practicing fact-free science. A fact for them is, at best, the output of a
computer simulation: it is rarely a fact about the world.
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