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Above about 1 kHz, the angular radiation pattern of a violin begins to vary rapidly not only with
direction but also with frequency, typically changing drastically from one semitone to the next. In
an enclosed space, this characteristic, which we have named “directional tone color,” can
sometimes produce the illusion that each note played by a solo violin comes from a different
direction, endowing fast passages with a special flashing brilliance. It also has important
consequences for the perception of vibrato, for the difference in sound between a solo violin and an
orchestral section playing in unison, for the problem of reproducing violin sounds through a
loudspeaker, and possibly for the mysterious quality called “projection.” This paper introduces the
theoretical basis of directional tone color, presents data to support its existence, and discusses the
various ways in which it can be musically important. 197 Acoustical Society of America.
[S0001-496627)05804-9

PACS numbers: 43.75.De, 43.20.R&JS

I. THEORY Y(a)=L co a+2M cog a sir? a+N sint @, (2)

Except at the lowest frequencies, a violin radiates soungvhereL, M, N are three independent elastic constants. We
primarily through the vibration of its wooden she(lt has  see from this that the wave speeds in two mutually perpen-
been suggestédhat air modes may possibly again becomedicular directions still do not provide a sufficient specifica-
important at very high frequencies, where their density betion of everything that we need to know. Further serious
comes larger than that of wood modes; but that would, in angomplications are introduced by the arching of the plates.

case, not greatly affect the argument of this pap&ecord- On the other hand, the fact that the average spacing of

ingly, we begin by discussing the nature of the modes ofmodes approaches constancy at high frequencies remains

such a shell. true even in these more complicated cases. We follow
Cremef in estimating it by replacing,, in Eq. (1) with the

A. Density of wood modes in frequency mean proportional of the wave speeds in the two principal

directions, resulting in values akf of 73 Hz for the top

If the elast|c. properties of the shell were isotropic, the late and 108 Hz for the back plate; the two then combine to
frequency density of wood modes would be easy to .

computé? First, we note that the density of such modes in"¢ 2" overall average spacing for the instrument of about
thek plane is approximately constant and equahié2m)?, 44 Hz.

whereA is the area of the shell. Second, we relate the abso-

lute val_ue ofk to2 the frequency of a bendmg wave, which is g pistribution of radiation from a shell mode

proportional tok*; hence, the area of the circle in theplane S o

containing modes up to a certain frequency is proportional to ~_In general, the zingular d'ft_”bu"'on of radiation from a
that frequency. Third, by multiplying this area by the density'adiating system, or “antenna,” is governed above all by the
of modesy we obtain the total number of modes with frequen[elatlon of the size of the antenna to the radiated Wa.VElength
cies up to any specified value; it, too, is proportional to thehs OF rather tox=x/2m. If the antenna is much smaller than.
maximum frequency. Finally, the amount by which the the details of its structure become unimportant. The radi-
maximum frequency changes when the number of modes @ted sound is then isotropic, and its amplitude is determined
incremented by 1 is the average spacinf between them. by the net amplitude of pulsating volume, with parts of the
The foregoing argument shows that it is constant; a simpléurface that move outward being compensated by others

calculation gives its value as which, at the same moment, move inwafén exception
occurs if the net pulsating volume is zero. This happens for a
Af=acy/Av3, (1)  violin at very low frequencied an effect that we shall men-

tion again in Sec. Il G

wherecyy is the speed of compressional waves in the wood, If, on the contrary, the antenna is large, individual re-
anda is the thickness of the shell. gions of approximate siz& will radiate more or less inde-

Unfortunately, the problem is made very much morependently, producing “beams” which do, however, spread
complicated by the anisotropy of the wood. Not only are theout with distance and hence interfere with each ofeeme-
speeds of compressional waves drastically different alongvhat the way the two slits in a double-slit diffraction experi-
and across the grain, but the effective Young’s modulus foment d9. The result is an angular distribution of radiation
compressions in a direction making an angleith the grain ~ which becomes progressively more complex with increasing
of the wood has the form number of independently radiating regions.
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To estimate the frequency at which a violin might be
expected to pass from the “small antenna” to the “large
antenna” regime, we note that for a spherical radiator this
transition occurs when its radius is equal Ao Taking the [
“radius” of a violin to be 7 cm, we then obtain a transition '
frequency of approximately 800 HAWe use a rather small
value of radius, corresponding to a path that connects top and
back via the C-bouts, since that is where the “short- &
circuiting” of the air flow, which defines the long-
wavelength regime, will first occyrAccordingly, we expect
the radiation of a violin to be roughly isotropic below 800
Hz, becoming progressively more anisotropic above.

The next question is: To what degree, and beginning at
what frequency, does the detailed pattern of a shell mode
affect the directional distribution of radiation? In other
words, are the sizes of the regions that move independently
sufficiently large compared to an air wavelength to be indi-
vidually effective? If we think of each of those regions as a
rigid piston whose size is half a wavelength of the bending ;
wave, we obtain as the corresponding transition frequency ‘
f/m?, wheref, is the so-calleccoincidence frequengyhe g
frequency at which the wavelength of a bending wave is ‘;&
equal to the wavelength of an air wave. For the violin top, -

g A

-

for example, Cremérestimatesf, as 4.87 kHz for waves
along the grain and 18.42 kHz for waves perpendicular to it, _ s

which would give us transition frequencies of about 500 Hz o _ _ _

and 2 ki, respectively. Wit ttemping (0o detaied arf(. %, ¥0 % 15 [ame susbers 1 e Sorexined chamber, e
interpretation, it is clear that the individual modes are apt tQyiolin. “Speaker 1" is overhead; “speaker 2,” pointed to by the neck of the
influence the radiation pattern at all frequencies that are ofiolin, is not visible.

interest to us.

o o nal application of the principle to violin physiést was de-
C. Excitation of individual modes sired to obtain the radiativity as an expansion in multipole

A driving force of a certain frequency, such as is pro- moments, which required the angular dependence of the cor-
vided by a steadily bowed string, will, in principle, put each responding incoming fields to have a controlled multipole
mode of the violin into vibration; quantitatively, however, nature as well. In the present work, the situation is concep-
this excitation will be appreciable only for modes whosetually much simpler: In order to measure the radiativity for
normal frequency is within a resonance width of a strongoutgoing waves in a particular direction, we need to expose
Fourier component of the driving signal. It is not always easythe violin to an incoming plane wavieom the same direc-
to determine, by simple inspection of radiativity curves,tion, and normalize the signal by the pressure amplitude as
whether the individual peaks and valleys of the response ar@easured by a microphone in the same location as the violin
produced by single modes or by statistical combinations ofs going to be.
many; knowing, however, that the modes have an average Since our aim is to search for strong directional depen-
spacing of around 45 Hec. | A, it becomes clear that the dence, we have arbitrarily chosen two directions in which to
observed peaks correspond either to single modes or, §ompare the radiativity, namely]) more or less normal to
most, to combinations of a small number of thésee Sec. the top plate of the violin, ant®) outward in the direction of
Il H). Accordingly, we would expect the angular pattern of the neck.
violin radiation, once it begins to change at all, to changea Transducers and electronics
fairly drastically every 50 Hz or so. )

We remind the reader that, by our definition, it is this ~ The fwo necessary stimulus waves are generated by a

very rapid variation of directivity with frequency that consti- Pair of identical JBL model 4408 loudspeakers placed in our
tutes “directional tone color.” quasi-anechoic chamber, which is an approximately rectan-

gular space 1812x10 ft high fully lined with 4-in. Sonex.
The velocity of the violin bridge is sensed by a standard
magnetic phonograph pickup whose stylus rests on the
All of our measurements are based on the principle obridge halfway between the D and A notches. The violin is
reciprocity, which relates theutgoingacoustic field radiated loosely held in a horizontal position by a padded wooden
per unit transverse force on the brid@ke radiativity to the  frame which is in turn suspended from the ceiling of the
motion of the bridge that results from a corresponding chamber by three metal chairisig. 1). The phonograph
comingunit acoustic field applied to the violin. In the origi- pickup is mounted on a “tone arm” which rests on a knife

Il. EXPERIMENT
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edge attached to the frame so as to allow it to pivot freelychoice of origin with respect to which the radiativity will
around a horizontal axis, maintaining the stylus at the corredinally be specified. As explained in Sec. Il A, we chose this
vertical force. This force is adjusted by a counterweight at-origin to be, for simplicity, at the same place where the
tached to the arm. bridge velocity will be measured, but in fact it could just as

The normalizing signal is measured by an inexpensivavell be anywhere els@lthough it is, naturally, important to
electret microphone at the end of a thin boom which is in-keep it consistent between measurements
troduced when the violin is removed; it, too, then occupies  Of course the situation changes if, as must be true in real
what would otherwise be the midpoint between D and Alife, the incoming-signal isiot a pure traveling plane wave.
notches of the bridgéThe choice of microphone position is Accordingly, we cannot interpret our results before carefully
discussed in Sec. Il €. examining our stimulus waves.

The speakers are driven by a signal comprised of a re-
petitive series of 8192 digital values generated at a 50-kHz
sampling rate by the 12-bit D/A converter of a Data Trans-D. Characterization of the stimulus waves
lation DT2821 board controlled by a Pentium 100-MHz desk
computer. It has the form of a Schroeder chitpat covers
the range from 122 Hz to 24.4 kHz in steps of 6.2 Hz. In
synchronism with it, the 12-bit A/D converter of the same
board receives the response signal, accumulating the sum
16 passes after first allowing four pasgabout two-thirds of
a secongfor the violin to reach steady state.

The driving voltage is filtered by an eight-pole Butter-

In order to test the degree to which sound waves gener-
ated by the speakers in our chamber conform to the above
requirements, we compared the two complex amplitudes re-
ceived from a given speaker when the microphone is dis-
BFaced a few inches in a direction away from the speaker. As
indicated in the previous sectiofg) the magnitude of this
ratio should be unity independent of frequency, d@hyits
phase should be linear in frequency, changing bywhen

worth anti-alias filter with an 18-kHz cutoff before being 4 . frequency increases lyAL, whereAL is the displace-
applied to the voice coil of the appropriate speaker by 3nent ande the speed of sounoi

Crown D-150 power amplifier. The return signal—whether Figure 2 shows the experimental value of this ratio plot-

from the phonograph plcku.p. or the m|crophone—|s ampli-yo for each of the two speakers. It is clear that, although the
fied by a low-noise preampln‘ler before leaving th? Ch"."mbert)verall behavior resembles what is expected, deviations do
and enters th_e A/I.D Input .Of fche PT2821 after being flItereOIexist, indicating the presence of residual reflections; under
by a second identical anti-alias filter. such circumstances, our experimentally deduced radiativity
in a particular direction will contain a coherent admixture of
B. Frequency limitations the radiativity in the reflected direction. We discuss the im-
Even though the computer-generated driving signals caRlications of this separately for the regions below and above
easily cover a range of 18 kHz or more, the properties of outt kHz. o ] )
system are such as to make the data at very high frequencies APove 1 kHzthe directivity data are, as discussed in
undependable. The chief limitations come fréay the pho-  S€C- | C, expected to vary rapidly with frequency by consid-
nograph pickup and the properties of the tone arm, Whosgrably. Iqrger_ amounts, gnd on a finer freguency scalg, than
own resonances appear clearly in the high-frequency datthe driving signals of Fig. 2, an expectation which will pe
especially when stylus motion is examined in the verticaloorn out by our resultgSec. Il B. So long as our purpose is
direction; and(b) direct electromagnetic coupling between © establlsh. the existence of strong dlregtlonal tone color,
the speaker cable and the cable that connects the magneffiher than investigate its precise fine details, a small amount
pickup to the preamplifier, since the signal level decreases &f directional mixing is not important. _ _
higher frequencies while capacitative coupling increases. _ Below 1 kHzthe deviation from wave purity shown in
Although it is possible to address these factors, we defFl9- 2 becomes worse, which is not surprising in view of the
cided that, for an investigation whose basic aim is the demdecreasing absorptivity of Sonex in this range. On the other
onstration of directional tone color, it is sufficient to limit hand, our expectation is, as discussed in Sec. | B, to see a
ourselves to the region up to 5 kHz, whéte the best of our MOre or less isotropic radiativity here; this expectation, too,

knowledge the data can be taken at face value. will be born out by our data. But if the radiativity is truly the
same in all directions, then the admixture of two directions

should, in principle, make no difference, regardless of how
large it is.

In order to obtain a valid measurement of radiativity, the This reasoning assumes that the violin is sensitive only
complex velocity of the bridge must, at each frequency, bdo the pressuréthat being what the microphone measires
divided by the complex pressure amplitude of the incomingand not, for example, to its gradient. Since we know that in
wave. Now it is, of course, a property of a pure travelingthe long-wavelength region the monopole radiativity of the
plane wave that its amplitude has the same value regardles®lin is much larger than % times its dipole radiativity,
of where it is measured, only the phase changing as a funthe assumption of pure monopole sensitivity is valid as long
tion of position. Therefore, a displacement of the micro-as we do not place the violin too near a node of the field,
phone that provides the normalizing signal would merelywhich we have taken care not to d@nother possible ex-
change the phase of the measured radiativity; in other wordgeption, also discussed in Ref. 3, will be taken up in Sec.
the choice of microphone position corresponds simply to dl G below)

C. Choice of microphone position
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FIG. 2. Complex ratio by which the microphone’s signal is multiplied when it is moved away from the speaker by a few inches. Solid curve: “speaker 1;”
dotted curve: “speaker 2.” Top: amplitude of ratio; bottom: phase of rgfibe amount by which the microphone was moved is not the same in the two
cases.

We conclude that, in either frequency region, the stimu-quite different from each other, and that in a completely
lus signals produced by our two speakers are sufficientlyrregular manner—again in agreement with our theoretical
close to pure traveling waves for the purposes of this inveseiscussion.
tigation.

F. Results for the directivity

E. Results for the radiativity Our four violins were picked to sample a large range, the

As already indicated, our aim in the present work is topurpose being to demonstrate a property which, we claim, is
compare the radiativities of a violin in two arbitrarily chosen a necessary consequence of the instrument’s structure. We
directions, by first obtaining the response of the bridge stylusdentify them as follows:
to a signal from each of the loudspeakers, then dividing byLAB: A very ordinary student instrument;
the microphone signal from the same speaker. Of course thdEL: A high-quality student instrument;
data consist, after Fourier transformation, of a complex ambAN: A modern professional instrument;
plitude for each of 4096 frequencies, so that “dividing one COM: A violin made of laminated synthetic material.
signal by another” means performing one complex divisionln each case, we obtain a measure of the directivity by di-
at each frequency. viding the radiativity along the nedkdirection 2") by that

Figure 3 shows a comparison of the two radiativities soperpendicular to the top platé‘direction 1"). Figure 4
obtained for two frequency ranges: 150-1000 (i) and  shows the results of performing this division for the four
1500-3500 Hzbottom). It will be seen from the top graph violins, plotted on a log—log scale, and omitting the phase to
that, except for an unusual feature at about 230 Hz to bsimplify the graphs. Here the ratio is specified in decibels
discussed in Sec. Il G, the radiativities are pretty much thevhere, of course, 0 dB denotes isotrdpy least with regard
same up to about 800 Hz, in agreement with our expectation® the two chosen directiohsand positive values mean that
of isotropy(Sec. | B. the radiativity in “direction 2" exceeds the one in “direction

The situation is, however, radically different at higher 1.” The four graphs are offset vertically for clarity.
frequencies, as shown in the bottom graph of Fig. 3. We note  The frequency axis in Fig. 4 is also logarithmic, so that
that the frequency placementf peaks and valleys which equal horizontal displacements mean equal musical intervals.
characterize the radiativities in the two directions are venyin fact, this axis is labeled, in addition to the logarithmic
similar—which is, of course, exactly what one would expect,frequency scale at the bottom, with steps of one-third octave,
since the same normal modes are represented in both casesfour semitones, at the top, using the conventional musical
The magnitudes and phases of the two curves are, howeverptation in whichA, corresponds to a frequency of 440 Hz.
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FIG. 3. Two frequency ranges of the radiativity amplitude and phase of violin “DAliear scal¢ measured in two directions. Solid curves: “direction 1;”
dotted curves: “direction 2.” The vertical scales are the same for both ranges.

We observe the following features in all four graphs: lar, jumping up and down by amounts that sometimes exceed
(a) Except for the peculiar phenomenon around A3, all four40 dB peak-to-peak; this is, of course, precisely the quality
violins exhibit a fair degree of isotropy up to about,fas  of “directional tone color” that we defined at the beginning
expected. of the paper. We also note that, as expected from the discus-

(b) Above that frequency, the patterns become wildly irregu-sion of Sec. | C, the spacing of these peaks and valleys is in
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expected density of wood modes.
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H. To what degree do the modes overlap?

FIG. 4. Ratio of radiativity in “direction 2” to that in “direction 1" for

four violins. The phases are not shown. Figure 5 repeats, for one of the violifsDAN" ), the

same directional characteristic already shown in Fig. 4; this

o ) ] ) ~time, however, the frequency axis is linear instead of loga-

the vicinity of one semitone where they first begin, with vithmic, and the region from 1 to 5 kHz is stretched out into
some tendency to become progressively finer as the frggy sections so as to make its details more visible. For ref-

quency rises. erence, we also show, at the top of the diagram, a scale

Our results appear to be7gen.erally consistent with thos§ hose divisions are 44 Hz, equal to the estimated average
of Meyef® and of Saldneet al.” neither one of whom, how- spacing of wood mode€Sec. | A. It appears that the first
ever, 'used the close frequency spacing required to detect “?Snge of the graph, from 1 to 2 kHz, has a structure whose
directional tone color phenomenon. frequency scale is reasonably well described by this estimate;
but the directivity becomes successively more “washed out”
as we go toward higher frequencigdthough not on a loga-
rithmic scale).

As indicated in Sec. Il D, the stimulus signals tend to The most likely explanation of this behavior is, of
deviate appreciably from pure traveling waves below about Tourse, that in the range of a few kHz the damping of modes
kHz. Although this makes it difficult to interpret anisotropy increases so that they begin to overlap each other. It should
data in detail in that band, it is nonetheless true, as we merbe noted, however, that there may well be an additional fac-
tioned, that if the radiativity were truly isotropic such a de- tor contributing to this effect, namely the gradual appearance
viation ought not to make any difference. Accordingly, evenof air modes, whose density will be approaching that of the
if a quantitative characterization is risky, one may state witrwood modes in the same approximate redion.
some assurance thbtlow about 250 Hz the radiativity of
our violins again begins to deviate from isotropgdeed, the
patterns in which they do so are rather similalthough by
no means identicalfor the four instruments. IIl. DISCUSSION

In fact, this behavior appears precisely in the frequency
region where the dipole moment of the violin begins to The phrase “directional tone color” in the sense of this
dominate® That is, in our opinion, the most probable reasonpaper was first introducééh 1993. In this section we outline
for the low-frequency anisotropy, which seems otherwisesome of its consequences from the point of view of musical
difficult to explain. performance.

G. The feature around low A
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A. “Flashing brilliance”

F3 A3 C#a Fa Aa C#s Fs As C#e Fe Ae C#7 F7 A7 C#f Fs

This phrase, also first introduced in Ref. 8, describes the T T 1T T T 0T T T
fact that, in an enclosed space large enough for the ear to
perceive the timing of separate reflections, the way that the
radiation pattern of a violin changes drastically from one
semitone to the next can confuse the common psychoacous-
tic directional cues, thus endowing the sound of the instru-
ment with a characteristically striking spatial sense. Al-
though, as always with subjective perceptions, it is difficult
to find a verbal description that satisfies all listeners, we have
heard comments that range from “every note appears to be
coming from a different direction” to the much less specific
“the sound of a violin seems to be disembodied in mysteri-
ous and fascinating ways.” - —

The perception of this property of “flashing brilliance”
is, of course, made especially compl@nd, we suspect, es- L d Al | A I AN
pecially brilliany by the fact that the directional cues can be __W-T ! Va2
quite different for different harmonics of the same note. It "DAN.” FILTERED BY 1/6 DCTAVE
should be noted here that, according to. the discussjon of o NN
Secs. I B and I F,_the effect we are talking about will be PSRN R R AN AR AR AR
strong for all partials of notes above the bottom of the FREQUENCY [KHz)

E-string; but even for the lowest notes of the G-string it will
be present starting with about the fourth partial.

AVERAGE OF 4 VIOLINS

1 DIVISION = 10dB

/]

B. Vibrato FIG. 6. Top: directivity amplitude of violin “DAN,” repeated from Fig. 4.
: Center: average of directivity amplitudes of the four violins of Fig. 4. Bot-

As discussed in detail by Meygrvibrato on a violin—  ftom: Directivity amplitude of “DAN,” as shown in the top graph, but
filtered through a one-sixth octave filter.

executed by a motion of the left wrist that causes the finger-
tip to roll forward and back on the fingerboard, thus causing

an oscillatory variation of the string length—is reflected not :
. . . . even though theresenceof large and closely spaced varia-
only in frequency modulation but also in amplitude modula-; ; . A o s
tfons in the instrument’s directivity, which is what “direc-

tion of the played note, because of the way that the normal

. . donal tone color” means, appears to be characteristic of ev-
frequency of the string moves with respect to the peaks an . . -
ery violin, theexact placementf these maxima and minima

valleys that characterize the instrument's radiativity. SinC‘Tahas no detailed correlation among different instruments. As a

the peak-to-peak frequency range covereq by a typical V'Fesult, the process of summing a number of them will
brato can exceed three-quarters of a semitone, we now se

that the result will be a strong modulation of the d|rect|onalSﬁongl.y d|m|n|§h the variability (.Jf the total. .
L This effect is demonstrated in Fig. 6, which shows three
radiation pattern as well. . N
. . . different directivity curves. On top, we repeat the character-
The effect can be visualized in terms of a number of. . L Y
. L . ; istic for one of the violing“DAN" ) that was already shown
highly directional sound beacons, all of which the vibrato.” ~." ™ . . .
: . in Fig. 4; in the middle, the average of all four of our violins
causes to undulate back and forth in a coherent and highl ) ,
plotted; and finally, the bottom curve shows the one for

organized fashion. It is obvious that such a phenomenon W"‘DAN” digitally filtered through a one-sixth octave filter,

help immensely in fusing sounds of the “differently di- which might be considered a reasonable estimate for what

rected” partials into a single auditory stream; one may eve . .
speculate that it is a reason why vibrato is used so univerr}:"’ippens when 10 or 12 violins are playing togetiuer the

o . assumption that the frequency scale on which any one violin

sally by violinists—as compared to wind players, from the N L . X

. I . changes its directivity is in the vicinity of a semitgnét is
sound of whose instruments directional tone color is gener- . o e
. L clear that averaging as few as four violins diminishes the
ally absent. The reason is not, of course, that wind instru-." . . : ,
L . directional tone color considerably, while the one-sixth oc-
ments lack directivity, but that they are unlikely to show a

L ST L tave filter essentially eliminates it entirely. Under such cir-
variation in their directivity which is anywhere near as large o L : . :
. . . cumstances it is not surprising that a single solo violin, with
in amplitude or as dense in frequency.

a good vibrato to consolidate its auditory stream, can musi-
cally soar with ease above its orchestral environment.

In this connection it is interesting to note a curious situ-

Although various explanations have been giesf the  ation that occurs in the fourth movement of the Sixth Sym-
striking way in which a solo violin can be clearly heard phony of Tchaikovski, the score of the first few measures of
above an orchestra even when the latter contains two dozemhich (string parts onlyis shown in Fig. 7. In this case the
violins playing at more or less the same dynamic level, ditheme has its notes alternating between the first and second
rectional tone color may well, in fact, be the major factor violins, so that the first note is played by the second violins,
contributing to this phenomenon. The point is, of course, thathe next note by the first violins, and so ¢ similar alter-

C. Solo versus tutti
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its own directivity. Specifically, when music is played

. through a loudspeaker the quality of directional tone color is
Adagio lamentoso /- 56 . ;
__ lergmmanion e instantly and totally obliterated.
Violine 1 %ﬁiﬁﬁﬁr e e The damage is, perhaps, not excessively serious for
S == {mf=—=p v = |nf—— . . . .
g largnments - . wind instruments, and especially for the brasses, whose live
Violine 2 B et P L o di . d th h : lar bell of .
e i H———} sound is projected through a circular bell of a size not too
== |n p— —_— . . .
L /=7 radically different from that of a typical loudspeaker. As a
Viola E“."ﬂ e i e B R e e e e e R | h : . [ : f thi iall
= ==l result, the directional properties of this sound, essentially
largamente nf==—p S = == 1 H 1
igd 4 those of a circular piston of comparable diameter,
Violoncell |7 Fg e remain—by coincidence, to be sure—relatively faithful. But
S S = === . . .
i ] __ when violin music undergoes the same process, the result is
ontrabal =4 - similar to what one would hear if the violinist were on the

other side of a solid wall in which a circular hole the size of
the speaker had been cut: none of the effects that we have
FIG. 7. Opening of the fourth movement of Tchaikovski's Sixth Symphony enumerated in Secs. Ill A-D can any longer occur.
(string parts only. The Well—kn(_)wn descending s_ca_ile theme is heard as an Indeed. a number of music lovers with whom the author
alternation of notes between first and second violins. ’ L .
has spoken are of the opinion that separating the sound of a
solo violin from an accompanying orchestra is much easier
nation appears in the two lower parts as weéemembering to do in a concert hall than when listening to a recording,
that the normal way for an orchestra to be seated was, at thglthough others strongly disagree. Unfortunately, the ques-
time, to have the first violins at the left of the stage and thejon is complicated on the one hand by the presence of visual
second violins at the right, such an orchestration results igues in a live performance, and on the other by the ability of
alternate notes of the same theme coming from radically difrecording engineers to enhance whatever part they wish to
ferent directions. It is hard to avoid the speculation thatemphasize.
Tchaikovski, perhaps unconsciously, chose this unusual
voice leading in order to give the violin sections a kind of
artificial directional tone color, thus endowinddti passage ACKNOWLEDGMENTS
with some of the tonal quality of solo instruments. This project benefitted enormously from the talent and
expertise of Colin Holmes, who designed and built most of
— the electronics; from the help of Maureen Mellody, who to-
D. "Projection gether with him did most of the data collecting; and from the
Violinists place an attribute which they call “projec- support of Joseph Curtin, wh@mong other thingslent us
tion” of an instrument high on their list of desirable quali- some of the violins that were used. The manuscript was criti-
ties; it seems to refer to an ability for its sound to fill a hall, cally read by Xavier Boutillon, Judith Brown, Rei@ausse
although its adherents will emphasize that this does not justoseph Curtin, Carleen Hutchins, Juergen Meyer, Thomas
mean generating a lot of power but something rather differRossing, Robert Schumacher, Olivier Warusfel, and James
ent. If one tries to paraphrase such a quasi-definition by say&/oodhouse, every one of whom provided interesting and
ing that “projection” refers not so much to the ability to helpful commentsit goes without saying that all remaining
permeate an auditorium with decibels asctonmand atten- blunders are the authoy'sLast but by no means least, the
tion from listeners in various parts of it, then the physical support of the National Science Foundation under Grant No.
quality of directional tone color immediately comes to mind. PHY-9319567 is gratefully acknowledged.
It might be, for example, that for a given individual instru-
ment[ there are bands I.n which th(.e Varl.atlon of dlreCt.IVIty IS 1G. Weinreich, “Sound radiation from boxes with tone holes,” J. Acoust.
relatively weak or relatively slow, in which case that instru- 5. am. 99, 2502A) (1996: see also G. Weinreich, “Vibration and
ment might be observed to “lack projection” for frequencies radiation of structures with application to string and percussion instru-
that have important harmonic content in those bands. We ments,” in Mechanics of Musical Instrumentsdited by A. Hirschberg, J.

; ; - Kergomard, and G. Weinreict8pringer-Verlag, New York, 1995
emphasize that this hypothesis is, at the present momenE’L. Cremer, The Physics of the Violintranstated by J. S. AlleqMIT,

entirely speculative. Cambridge, MA, 198% pp. 284—292.
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rooerty of “anonvmizing” the sound of musical instru- J. Meyer, Dlrec_tlvny of bowed string instruments and its effect on or-
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ments, that is, of making them all sound the same. Given the (1975
superb objective specifications of good modern loudspeak?H. 0. Saldner, N.-E. Molin, and E. V. Jansson, “Measurements of the
ers, it is hard to put physical meaning to such a statement insound distribution from vibration modes of a violin using reciprocity and

i : : electronic holography,” irProceedings International Symposium on Mu-
terms of qualities such as frequency response or dls;t(‘,rtlon'sical AcousticsCatgut Acoustical Society/Sotegfrangaise d’Acoustique,

Yet there is one attribute of a loudspeaker which it does, 1995 pp. 413-419.
indeed, impose upon all sounds that it generates, and that &G. Weinreich, “Radiativity revisited: theory and experiment ten years
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later,” in SMAC 93: Proceedings of the Stockholm Music Acoustics Con- 1°See, for example, J. Backu§he Acoustical Foundations of Music
ference, edited by A. Friberg, J. lwarsson, E. Jansson, and J. Sundberg(Norton, New York, 197%, 2nd ed., p. 121.
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