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The art of sound spatialization has assumed a similar position today as 
the art of orchestration had in the nineteenth century. To deploy space is to 
~horeogra~h sound: positioning sources and animating movement. Immers-
mg sound m reverberation, we bathe listeners in its lush ambience. 

Sound spatialization has two aspects: the virtual and the physical. In the 
virtual reality of the studio, composers spatialize sounds by imposing 
delays, filters, panning, and reverberation-lending the illusion of sounds 
emerging from imaginary environments. Sometimes these virtual spaces 
take on characteristics ~hat would be impossible to realize architecturally, 
such as a continuously changing echo pattern. In the physical world of 
concert halls, sounds can be projected over a multichannel sound system 
from a variety of positions: around, above, below, and within the audience. 

Sound architecture or spatialization has evolved into an important aspect 
of composition. A trend toward "cinematic" use of space is seen in compo-
sitions that feature dramatic appositions between sounds that are closely 
miked and those that are distantly reverberated. Some composers use 
microphone techniques and spatial processing in a manner similar to the 
cinematic use of camera angle, lens perspective (width), and depth of field. 
Jean-Claude Risset's Sud (1985, Wergo 2013-50) comes to mind. 

This chapter opens with a glimpse at the projection of sound in three-
dimensional space. The second part describes the art of digital reverbera-
tion, an area of spatialization that will continue to be refined in years to 
come. The final section extends the discussion of the first two sections by 
surveying research that attempts to model specific spatial environments. 
A recommended prerequisite to this chapter is a familiarity with the con-
cepts of filtering introduced in chapters 5 and 10. 

Sound Spatialization 

The movement of sound through space creates dramatic effects and can 
serve as an important structural element in composition. Composers can 
articulate the voices in a contrapuntal texture by giving each one a unique 
spatial location. The virtual and physical sound stage around the audience 
can be treated as a landscape, with its background and foreground, and 
fixed and moving sources. This sound stage can be fixed in playback, or 
controlled by gestures in concert (Harada et al. 1992). 

Digital simulations of moving sound sources pose special problems. In 
many concerts the audience is surrounded by a number of loudspeakers. 
How does one create the illusion of a sound traveling about the hall, moving 
away from or toward the listener as it goes? In listening situations with only 
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The different arrival times of a soun d to the two ears when the sound is 

coming from one side d h d b 
. . f hi h-frequency soun s ear y two ears, The difference m·amplitude O gfli t" of the head 

which results from the "shadow e ec 
Spectral cues provided by asymme trical reflections of sound off the outer 
ears (pinnae), shoulders, and upper torso 

The cues for distance are threefold: 

. . 1 erberated signal, when the direct signal The ratio of direct s1gna to rev f h d ' t 
decreases in intensity according to the square O . t e is ance 

The loss of high-frequency components with increasing distance 

The loss of detail (absence of softer sounds) with increasing distance 

When the distance between the sound and the listener is changing,_ the cue 
to the velocity of the sound is a pitch change called the Doppler shift effect 
(explained later). 

The main cue for zenith is a change in the spectrum caused by sound 
reflections off the pinnae and shoulders. 

Simulating the Azimuth Cue 

Listeners can easily localize an intense high-frequency sound coming from 
a particular direction at ear level. Logically enough, for a sound source to 
be positioned directly at a loudspeaker position, all of the signal should 
come from that loudspeaker. As the source pans from one loudspeaker to 
another, the amplitude in the direction of the target loudspeaker increases, 
and the amplitude in the direction of the original source loudspeaker 
decreases. 

In performances where a number of loudspeakers are placed equidis-
tantly in a circle around the audience, an algorithm for spatial position 
needs only to calculate the amplitudes of two adjacent loudspeakers at a 
time, regardless of the total number of loudspeakers. To position a sound 
source at a precise point P between the two loudspeakers A and B, first find 
the angle (0) of the source measured from the middlepoint between A and B (figure 11 .5). 

Many different panning curves are possible, each of which lends a slightly 
different spatial impression of sound movement. We discuss two panning 
curves next: linear and constant power. For a symmetrical pan these curves 
assume that a listener sits in the exact center between the two loudspeakers. 
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Figure 11.6 A linear panning curve is perceived as receding in the middle due to a 
diminution of intensity. The amplitude curves for each channel are shown at the 
top; the perceived trajectory is shown at the bottom. 

Thus the intensity drops to 0. 707 in the middle, from a starting point of 1 at 
the side. This is a difference of 3 dB. To the ear, whose sensitivity is more 
correlated to intensity than to amplitude, the sound appears to be fainter in 
the center, as if it has moved away from the listener. 

Constant Power Panning 

A constant power pan uses sinusoidal curves to control the amplitude 
emanating from the two loudspeakers (Reveillon 1994). This creates the 
impression of a pan with a more stable loudness: 

.fi 
Aamp = 2 x [cos(0) + sin(0)] 

.fi 
Bamp = 2 x [cos(0) - sin(0)]. 

In the middle of this pan, A = B = o 707 thus· 
amp amp • , . 
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Figure 11.7 A constant-power panning curve maintains the perceived distance and 
intensity in the middle. The amplitude curves for each channel are shown at the top; 
the perceived trajectory is shown at the bottom. 

1 = Jo.1012 + 0.1012 = Jo.s + o.s =Ji= 1 

and a constant intensity is preserved. 
Figure 11. 7 shows the constant intensity pan. The perceived pan is seen 

as rotating between the two loudspeakers at a constant distance from the 
listener. 

Reflections 

As sound pans from loudspeaker to loudspeaker in a concert hall, reflec-
tions in the hall provide more cues to source position. (At certain positions 
in some halls they may confuse the sense of directionality, but this is a 
degenerate case.) Thus to enhance the localization effect, the composer can 
add small delays to the signal coming from the "nondirect" channels (i.e., 
the channels from which the main source is not being projected). These 
delays simulate the reflections of a hall; they tell the ear that the source 
direction is elsewhere. In the ideal, the reflection pattern should change as 

the sound pans. 
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• d A the sound approaches, the wavefronts become movmg soun source. s . 
closer together, producing an upward pitc~ s~ift. . 

At a given instant the Doppler effect is shiftmg a!l frequencies b~ the same 
logarithmic interval. For example, an approaching sou~d moVIng at 20 
meters/second (about 45 miles/hour) raises by about a mmor second (6.15 
percent). A shift of 6.15 percent for a component at 10 KHz is is 615 Bz, 
while a 6.15 percent shift for a l 00 Hz component is_ only 6-15 H~. Thus the 
Doppler effect preserves the logarithmically scaled mterh~rmoruc relations 
within a sound. This is opposed to a linear frequency shift that occurs in 
modulation. An example of linear frequency shift is the addition of 50 Hz 
to all components. Shifting a pitch from 100 to 150 Hz constitutes a major 
fifth interval, while at a range of IO KHz, a 50 Hz shift is barely perceptible. 
Linear frequency shifting destroys existing interharmonic relationships in a 
sound. (See chapter 6.) 

Simulating Altitude (Zenith) Cues 

The effect of sound sources descending from on high can be dramatic. Since 
the 1970s it has been shown that vertical sound illusions can be achieved 
with a regular stereo sound system positioned at ear level. This research has 
inspired the development of commercially available vertical spatialization 
systems, the effects of which can be heard in numerous recordings. 

In general, "3D sound" systems are based on research that shows that 
high-frequency sound (greater than about 6 KHz) reflecting off the outer 
ears (pinnae) and shoulders provides a critical cue to vertical localization. 
The surfaces of the pinnae and shoulders act as reflectors, creating short 
time delays that are manifested in the spectrum as a comb filter effect 
(Bloom 1977; Rodgers 1981; Kendall and Martens 1984; Kendall, Martens, 
and Decker 1989). 

Zenith cues can be simulated electronically, giving the impression that a 
sound is emanating from high places. This is done by filtering the input 
signal, imposing the change in spectrum caused by reflections off the head 
and shoulders. The filters are set according to the position of the source 
that one is trying to simulate. This frequency response of this filtration is 

Figure 11.11 HRTF spectra for sounds heard at 90 degrees (straight into left ear) 
at various altitudes. (Top) 15 degrees above ear level. (Middle) Ear level. (Bottom) 
Below ear level. (After Rodgers 198 I; published courtesy of the Audio Engineering 
Society.) 



467 Sound Spatialization and Reverberation 

•10 

0 / ""-.... j'----_.. -r('" tv \ r ~' V -
·10 

·20 

·30 

-40 

•20 

0 

·10 

·20 

-30 

-40 

•2C 

•10 

0 

•10 

·20 

-30 

-40 

V'-

2 6 

/ 
r _='1 r 

'\{ 
1r 

4 6 e 

J "'-, .L ' 
V_ 
' 

2 6 8 

Vi~ 

I() ,2 14 16 18 2 0 

v--
\.-

IQ 12 14 16 ,e 2 0 

/ r-'---
. V \( I\. 

y V 

10 12 14 16 18 20 





















































{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":true}


{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}



{"type":"Document","isBackSide":false,"languages":["en-us"],"usedOnDeviceOCR":false}


