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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 of naı¨ve mental 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 following:~i! the semantic
distinctions between physical ‘‘frequency’’ and perceptual ‘‘pitch,’’~ii ! the influence of dynamic
loudness on pitch, and~iii ! 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 naı̈ve beliefs and using the illusion as a salient and conspicuous example of a breakdown
of the correspondence between physics and perception. ©1997 American Association of Physics Teachers.
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I. INTRODUCTION

Despite instruction to the contrary, students in introdu
tory physics and acoustics courses often mistakenly as
that a sound source approaching a stationary observer
constant velocity will produce an observed rise in frequen
at the point of observation. In fact, outside the physics co
munity this erroneous belief appears to be ubiquitous. I
recent study over 90% of the 292 college freshman surve
618 Am. J. Phys.65 ~7!, July 1997
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believed that the pitch of a train horn would rise as the tr
approached.1 Some of these students identified the Dopp
effect as the phenomenon accounting for the rise.
The error often made by novices, physics students, an

some extent even those with advanced degrees is the b
that the observed frequency of a sound source traveling
constant velocity rises as it approaches an observer. It is
that the frequency ahead of the moving source ishigher than
the frequency actually emitted, which in turn is higher th
618© 1997 American Association of Physics Teachers
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the observed frequency behind the source. However, wh
source approaching a stationary observer at a constant v
ity first becomes audible, the observer hears the source a
higher than emitted frequency. As the source draws clo
the frequency at the point of observation begins to fall at
increasing rate. When the vector pointing from the source
the observer is exactly perpendicular to the source’s direc
of movement~see Fig. 1!, the observed frequency is equal
the emitted frequency. As the source recedes the obse
frequency drops further still. Thus, although the frequen
ahead of the traveling source is always higher than the e
ted frequency, a stationary observer never experiences a
in frequency as the source approaches, passes, and rec
Despite these facts, the belief that one experiences ri

pitch as a source approaches is so widespread that, w
many texts accurately describe the phenomenon, s
texts2–10 indicate that the Doppler shift specifies a ‘‘rise
pitch’’ as a sound source approaches followed by a ‘‘drop
pitch’’ as the source departs. The apparent pervasivenes
this belief led us to examine the phenomenon from a perc
tual perspective. Perhaps listeners mistakenly believe
frequency rises on approach because they actually he
pitch rise on approach. In a series of experiments repo
elsewhere1 we presented subjects with computer-genera
tones that simulated the frequency and intensity changes
would be produced by a passing sound source of cons
velocity. Indeed we found that despite the falling frequen
of Doppler-shifted tones, listeners perceived rising pitch
the simulated sound source approached and falling pitch
recessed~see Fig. 2!.
In the current paper we discuss this effect which we h

termed the ‘‘Doppler illusion.’’ We illustrate how the pitc
and loudness interact to create the illusion, and discus
role in creating a naı¨ve mental model of Doppler physics th
reinforces the erroneous belief that frequency rises a
sound source approaches an observer.

II. THE PHYSICS OF THE DOPPLER EFFECT

In the domain of acoustics the change in frequency t
occurs when there is relative motion between a sound so
and an observer is referred to as the Doppler effect. Fam
examples occur when moving sound sources such as am
lances or trains pass us. The frequency at any given ob
vation point is described by the following standard equat
which formalizes the higher than emitted frequency in fro
of the moving source and lower than emitted frequency
hind it:

Fig. 1. Path of a moving sound source relative to an observer.a is the vector
from the source to the observer as the source approaches.d is the vector
from the source to the observer at the point of the source’s closest appr
WhenS is far away~to the left!, Q is very small, increases to 90° at th
point of closest approach, and asymptotically approaches 180° asS recedes
to the right.
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Here f D is the observed frequency,f S is the source fre-
quency,v is the velocity of sound in air,vs is the velocity of
the moving sound source, andQ is the angle formed by the
observer, the source, and the direction the source is he
~see Fig. 1!.
‘‘Pitch’’ is defined as ‘‘that attribute of auditory sensatio

in terms of which sounds may be ordered on a scale exte
ing from high to low.’’11 Pitch is a perceptual variable tha
typically corresponds largely to the acoustic variable ‘‘fr
quency.’’ The relationship between pitch and frequency
such that they are often treated as functionally equivale
though intensity and spectral composition have both b
found to influence pitch.12–14When discussing the Dopple
effect these influences are typically considered minor, a
functional equivalence is assumed.15 The correspondence be
tween pitch and frequency implies that the drop in frequen
that occurs due to the Doppler shift should be heard as a d
in pitch.

III. THE ILLUSION THAT CONFIRMS
THE ERRONEOUS BELIEF

Despite the theoretical expectation of falling pitch, liste
ers report a rise in pitch as a sound source approaches~see
Fig. 2!. In the perceptual literature pitch and loudness ha
been shown to be interacting perceptual dimensions.1,16–19In
this context the word dimension refers to a characteristic o
sensory modality. Pitch and loudness are dimensions of

ch.

Fig. 2. Characteristic changes in frequency, intensity, and perceived p
with a Doppler-shifted tone. Pitch change is a typical response obtained
11 listeners and 54 trials per listener~Ref. 1!. They axis for perceived pitch
is an ordinal scale of arbitrary pitch units that corresponds to the amoun
displacement of a response wheel.
619J. G. Neuhoff and M. K. McBeath
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dition. Selective attention to one dimension that intera
with another cannot be accomplished without a great dea
effort or practice.20 Therefore, the change in intensity th
occurs as a source approaches and recedes influences
ers’ perception of the changing pitch.
In work previous to ours the effect of intensity change

pitch was considered to be quite small. Using discrete st
tones S. S. Stevens found that in upper frequency ran
~greater than 4 kHz! a discrete increase in intensity produc
a higher perceived pitch, and in lower frequency ranges~less
than 2 kHz! a discrete increase in intensity produced a low
perceived pitch.14 Although there is some dispute concerni
the magnitude of pitch change due to discrete intensity sh
the finding itself is robust.21 Typically, a change in intensity
of 40 dB elicits a change in pitch equal to a frequen
change of less than 5%.
In our work we found that dynamic intensity sweeps~a

directional change in intensity over time! influence the per-
ception of pitch change much more than discrete inten
shifts. In addition, the direction of experienced pitch chan
follows the direction of the intensity change.22 Thus the in-
fluence of dynamic intensity is both much greater than a
often in the opposite direction to that of the discrete intens
shifts. In a stimulus matching task a Doppler-shifted to
with a dynamic intensity change of 16 dB led subjects
estimate the average change in pitch to be 8 semitone~a
frequency change of 37%! when in fact the actual change i
frequency was only 2 semitones~a frequency change o
11%!. Moreover, the dynamic upward sweep in intensity o
Doppler-shifted tone elicits the perception of rising pit
even with a source frequency of 175 Hz, well below 2 kH
where a static intensity increase elicits a decrease in pitc
The Doppler illusion then, is the perception of an illuso

rise in pitch that occurs as a sound undergoes the chang
frequency and intensity that occur when there is relative m
tion ~or simulated relative motion! between a sound sourc
and a listener. The rise in perceived pitch follows the cha
in intensity and occurs despite the fact that the physical
quency of the stimulus falls.
The illusion occurs because the perceptual processin

frequency and intensity interact. Listeners cannot selectiv
attend to frequency change in the face of changing inten
without a great deal of effort. That is, judgments about m
nitude and direction of pitch change are influenced
changes in loudness. Because the intensity of a Dopp
shifted tone rises as the source approaches and loud
change influences pitch change, pitch is also perceive
rise.1,22

When a source passes a listener the observed intensi
the source reaches its highest point when the source is clo
to the observer, and then begins to fall. This intensity p
appears to be an important cue for identifying when a sou
has reached its point of closest approach. In fact, inten
change has been found to be a more effective cue to loc
ing a passing sound source than either frequency chang
interaural time differences.23 In addition, it has been show
that the pattern of intensity change created by an appro
ing source provides information that specifies when
source will reach the listener~time-to-contact!.24,25We found
that the point in time where perceived pitch is highest is
point at which intensity is greatest and the source is clo
to the listener. It may be then that the perception of pi
change of a moving sound source has evolved to enhanc
salient intensity peak that occurs when the source is clos
620 Am. J. Phys., Vol. 65, No. 7, July 1997
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thus enhancing information about time-to-contact and p
haps providing a selective advantage in dealing with s
sources.

IV. THE USE OF THE WORD ‘‘RISE’’

Relative to a passing sound source, a stationary obse
goes from being in front of the source to behind the source
the sound source passes. Consequently, the frequency a
observation point goes from high to low. However, in som
ways this might appear counterintuitive. If the frequency
front of the source is higher than the source frequency, t
the frequency must at some point rise. Indeed it would as
source accelerates to its final velocity. Once the sou
reaches a constant velocity a stationary observer will exp
ence only falling frequency as the source approaches
passes. However, if the most salient component in one’s
derstanding of the Doppler shift is that frequency ahead
the source rises, it may be natural to assume that one w
experience a rise in frequency as a sound source approa
even at a constant velocity.
Thus, in addition to the actual perception of rising pitc

part of the difficulty in understanding the Doppler shift a
pears to stem from the use of the word ‘‘rise.’’ Man
textbooks2–10 imply that the frequency ahead of a movin
sound source rises. However, the frequency in front o
source moving at a constant velocity remains constant.
fortunately, this latter point is often neglected, and the c
densed description of the Doppler shift becomes ‘‘frequen
in front of a moving sound source rises.’’6 This erroneous
knowledge coupled with the actual perception of rising pit
due to dynamic intensity change, contributes to the be
that the frequency of a source moving at a constant velo
somehow goes from low to high as the source approach

V. ASSUMING A FUNCTIONAL EQUIVALENCE
OF FREQUENCY AND PITCH

The points of noncorrespondence between the physica
mension of frequency and its perceptual correlate pitch
apparently subtle. Psychologists, physicists, and music
all commonly use the terms interchangeably. However,
differences are great enough that in English we have dif
ent words to describe each dimension. There are similar
stances in audition such as the lexical distinction betw
waveform and timbre, intensity and loudness, and in visi
wavelength and hue, and light intensity and brightness.
These examples stand in contrast to highly correspond

dimensions such as physical and perceived length. There
examples of discrepancy between the actual length of a
and its perceived length~e.g., Müller-Lyer and Ponzo
illusions!.26 However, in most situations our perception
length is a relatively close representation of the physical
vironment. Since there is normally little functional differenc
between the physical and perceptual dimensions of len
only one word is used to express both concepts.
It appears that the differences between physical freque

and perceived pitch are greater or more salient than dif
ences between physical length and perceived length. Yet
difference between frequency and pitch is not so great a
prevent their frequent interchangeable use. Given that lis
ers may actually experience rising pitch as a sound sou
approaches, the interchangeable use of pitch and frequ
probably adds to the difficulty in understanding the mech
ics of the Doppler shift. In this case the distinction betwe
620J. G. Neuhoff and M. K. McBeath
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frequency and pitch is important, and interchangeable
leads to erroneous conclusions. Listeners may believe
frequency rises as a sound source approaches because
hear pitch rise. What they perceive is rising pitch due to
influence of dynamic intensity change.

VI. IMPLICATIONS FOR TEACHING
THE DOPPLER EFFECT

The confusion surrounding the physics of the Dopp
shift appears to stem from several sources. We propose
the introductory student and most listeners employ a heu
tic in treating pitch and frequency as functionally equivale
However, when a Doppler-shifted stimulus is encounter
the holistic processing of pitch and loudness and the cha
in intensity that occurs render the heuristic ineffective. R
ing pitch is experienced despite falling frequency. If one
sumes a functional equivalence of frequency and pitch
would be reasonable to believe that frequency rises a
sound source approaches. In addition, texts that erroneo
refer to a rise in frequency as a sound source approa
contribute to the confusion; this suggests that even exp
experience the illusion.
Previous work has shown that students often exhibit be

in naı̈ve principles of physics~e.g., impetus theories of mo
tion! even after taking college level physics courses.27 This
may occur in part because the naı¨ve beliefs and their origin
are infrequently addressed when the principles of physics
taught. We suggest that in teaching the mechanics of
Doppler shift it may be advantageous to forewarn stude
that an illusion exists. We recommend that teachers ackno
edge that pitch can rise despite the fall in frequency. T
should dispel some of the confusion since the errone
mental models are probably based on perceptual experie
Teachers could explain that while the functional equiv

lence between frequency and pitch serves us well in m
situations, the Doppler shift is a special case in which
equivalence breaks down. The physical principles are c
trary to the perceptual experience. Once this is noted
Doppler effect may stand out as a conspicuous exampl
how the relationship between physics and perception
break down, and at the same time render the actual phy
of the Doppler shift more memorable. In short, one co
emphasize to students not to believe everything they he
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FACT-FREE SCIENCE

I must explain why I 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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