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EARLY REFLECTION METHOD FOR 
ENHANCED EXTERNALIZATION 

BACKGROUND 

[0001] This invention relates to electronic creation of vir­
tual three-dimensional (3D) audio scenes and more particu­
larly to increasing the externalization of virtual sound sources 
presented through earphones. 
[0002] When an object in a room produces sound, a sound 
wave expands outward from the source and impinges on 
walls, desks, chairs, and other objects that absorb and reflect 
different amounts of the sound energy. FIG. 1 depicts an 
example of such an arrangement, and shows a sound source 
100, three reflecting/absorbing objects 102, 104, 106, and a 
listener 108. 
[0003] Sound energy that travels a linear path directly from 
the source 100 to the listener 108 without reflection reaches 
the listener earliest and is called the direct sound (indicated in 
FIG. 1 by the solid line). The direct sound is the primary cue 
used by the listener to determine the direction to the sound 
source 100. 
[0004] A short period of time after the direct sound, sound 
waves that have been reflected once or a few times from 
nearby objects 102, 104, 106 (indicated in FIG. 1 by dashed 
lines) reach the listener 108. Reflected sound energy reaching 
the listener is generally called reverberation. The early-arriv­
ing reflections are highly dependent on the positions of the 
sound source and the listener and are called the early rever­
beration, or early reflections. After the early reflections, the 
listener is reached by a dense collection of reflections called 
the late reverberation. The intensity of the late reverberation is 
relatively independent of the locations of the listener and 
objects and varies little in a room. 
[0005] A room's reverberation depends on various proper­
ties of the room, e.g., the room's size, the materials of its 
walls, and the types of objects present in the room. Measuring 
a room's reverberation usually involves measuring the trans­
fer function from a source to a receiver, resulting in an 
impulse response for the specific room. FIG. 2 depicts a 
simplified impulse response, called a reflectogram, with 
sound level, or intensity, shown on the vertical axis and time 
on the horizontal axis. In FIG. 2, the direct sound and early 
reflections are shown as separate impulses. The late rever­
beration is shown as a solid curve in FIG. 2, but the late 
reverberation is in fact a dense collection of impulses. An 
important parameter of a room's reverberation is the rever­
beration time, which usually is defined as the time it takes for 
the room's impulse response to decay by 60 dB from its initial 
value. Typical values of reverberation time are a few hundred 
milliseconds (ms) for small rooms and several seconds for 
large rooms, such as concert halls and aircraft hangars. The 
length (duration) of the early reflections varies also, but after 
about 30-50 ms, the separate impulses in a room's impulse 
response are usually dense enough to be called the late rever­
beration. 
[0006] In creating a realistic 3D audio scene, or in other 
words simulating a 3D audio environment, it is not enough to 
concentrate on the direct sound. Simulating only the direct 
sound mainly gives a listener a sense of the angle to the 
respective sound source but not the distance to it. Simulating 
reverberation is also important as reverberation changes the 
loudness, timbre, and the spatial characteristics of sounds and 
can give a listener different kinds of information about a 
room, e.g., the room's size and whether it has hard or soft 
reflective surfaces. 
[0007] The ratio between reflected energy and direct energy 
is known to be an important cue for distance perception. S. H. 
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Nielsen, "Auditory Distance Perception in Different Rooms", 
Journal of the Audio Engineering Society, Vol. 41, No. 10 
(October 1993) and D. R. Begault, "Perceptual Effects of 
Synthetic Reverberation on Three-Dimensional Audio Sys­
tems", Journal of the Audio Engineering Society, Vol. 40, No. 
11 (November 1992) show that anechoic sounds, i.e., sounds 
without reverberation, are perceived as emanating from 
sources located close to the listener and that including rever­
beration results in sound sources that are perceived as more 
distant. 
[0008] The intensity of a sound source is another known 
distance cue, but in an anechoic environment, it is hard for a 
listener to discriminate between two sound sources at differ­
ent distances that result in the same sound intensity at the 
listener. The only distance-related effect in an anechoic envi­
ronment is the low-pass filtering effect of air between the 
source and the listener. This effect is significant, however, 
only for very large distances, and so it is usually not enough 
for a listener to judge which of two sound sources is farther 
away in common audio scenes. 
[0009] In simulating an audio scene or creating a virtual 
audio scene, the sound sources' direct sounds are usually 
generated by filtering a monophonic sound source with two 
head-related transfer functions (HRTFs), one for each ofleft 
and right channels. These HRTFs, or filters, are usually deter­
mined from measurements made in an anechoic chamber, in 
which a loudspeaker is placed at different angles with respect 
to an artificial head, or a real person, having microphones in 
the ears. By measuring the transfer functions from the loud­
speaker to the microphones, two filters are obtained that are 
unique for each particular angle of incidence. The HRTFs 
incorporate 3D audio cues that a listener would use to deter­
mine the position of the sound source. Interaural time differ­
ence (ITD) and interaural intensity difference (IID) are two 
such cues. An ITD is the difference of the arrival times of a 
sound at a listener's ears, and an IID is the difference of the 
intensities of a sound arriving at the ears. 
[0010] Besides ITD and IID, frequency-dependent effects 
caused primarily by the shapes of the head and ears are also 
important for perceiving the position(s) of sound source(s). 
Due to the absence of such frequency-dependent effects, a 
well known problem when listening to virtual audio scenes 
with headphones is that the sound sources appear to be inter­
nalized, i.e., located very close to a listener's head or even 
inside the head. 
[0011] Having binaural impulse responses measured in a 
reverberant room can result in distance perception in a simu­
lation of the room, but considering that a room's impulse 
response can be several seconds long, such measured binaural 
impulse responses are not a good choice with respect to 
memory and computational complexity, either or both of 
which can be limited, especially in portable electronic 
devices, such as mobile telephones, media (video and/or 
audio) players, etc. Instead, 3D audio scenes are usually 
simulated by combining anechoic HRTFs and computational 
methods of simulating the early and late reverberations. 
[0012] M. R. Schroeder, "Digital Simulation of Sound 
Transmission in Reverberant Spaces", The Journal of the 
Acoustical Society of America, Vol. 47, pp. 424-431 (1970) 
describes a 3D audio generator that uses an anechoic sound 
signal as input and generates simulated direct sound and early 
reflections with a tapped delay line, in which each tap simu­
lates a direct or reflected sound wave. The late reverberation 
is simulated in a more statistical way by a reverberator having 
comb and all-pass filters. Respective gains applied to the 
tapped signals simulate attenuation due to distance and, for 
the early reflections, the absorption of sound that occurs 
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during reflection. The gains can be made frequency-depen­
dent in order to account for the spectral modifications that 
occur during reflection. Such spectral modifications are often 
realized with a low-pass filter. 
[0013] J. A. Moorer, "About This Reverberation Business", 
Computer Music Journal, Vol. 3, no. 2, pp. 13-28, MIT Press 
(Summer 1979) describes various enhancements to the rever­
beration generators described in the Schroeder publication, 
including a generator having a recirculating part that includes 
six comb filters in parallel and six associated first-order low­
pass filters. 
[0014] Tapped delay lines and their equivalents, such as 
finite-impulse-response (FIR) filters, are still commonly used 
today for simulating early reflections. The delay(s) and 
amplification parameters can be calculated using reflection 
calculation algorithms, such as ray tracing and image source 
methods, as described by, for example, A. Krokstad, S. Strom, 
and S. Sorsdal, "Calculating the Acoustical Room Response 
by the Use of a Ray Tracing Technique", Journal of Sound 
and Vibration 8, pp. 118-125 (1968) andJ. B. Allen and D. A. 
Berkely, "Image Method for Efficiently Simulating Small­
Room Acoustics", The Journal of the Acoustical Society of 
America, Vol. 65, pp. 943-950 (April 1979). 
[0015] U.S. Pat. No. 4,731,848 to Kendall et al. for"Spatial 
Reverberator" also describes a tapped delay line for creating 
the early reflections, but adds filtering to all taps with respec­
tive HRTFs in order to simulate angles of incidence. The 
delays and angles of incidence are calculated using an image 
source method. This arrangement is depicted in FIG. 3. The 
HRTFs HL,o(z) and HR,o(z) are associated with the direct 
sound, which is given a gain Ao(z), and the HRTFs HL,I (z), 
HR,1 (z), HL,iz), HR,iz), ... are associated with the early 
reflections that are given respective gains A 1 ( z ), Ai z ), ... The 
first early reflection depicted in FIG. 3 is delayed by z-ml with 
respect to the direct sound, the second early reflection is 
delayed by a further z-m

2
, etc. This generator can simulate 

early reverberation accurately, but applying HRTFs to the 
direct sound and all early reflections is costly with respect to 
the number of calculations required. In addition, the sound 
paths in a scene having moving sound sources change con­
tinually, and thus the corresponding HRTFs must be updated 
continually, which is also computationally costly. 
[0016] J.-M. Jot, V. Larcher, and 0. Warusfel, "Digital Sig­
nal Processing Issues in the Context of Binaural and Transau­
ral Stereophony", Audio Engineering Society Preprint 3980 
(1995) describes a generator like that of U.S. Pat. No. 4,731, 
848 but in which the frequency-dependence part of the 
HRTFs for the reflections is removed and only the IID and 
ITD are kept. An average directional filter is applied to the 
sum of the early reflections and used to produce frequency­
dependent features obtained by a weighted average of the 
various HRTFs and absorptive filters. 
[0017] U.S. Pat. No. 4,817,149to Myersfor"Three-dimen­
sional Auditory Display Apparatus and Method Utilizing 
Enhanced Bionic Emulation of Human Binaural Sound 
Localization" describes a generator like that of the Jot et al. 
Preprint, but instead of applying an average directional filter 
to the sum of the early reflections, band-pass filters are 
applied. By changing the band-pass frequencies, the resulting 
sound image can be broadened or made more or less diffuse. 
The Myers patent also describes that the reflections should be 
simulated to come from the extreme left and right of the 
listener in order to increase the externalization of the virtual 
sound sources. 
[0018] D. Griesinger, "The Psychoacoustics of Apparent 
Source Width, Spaciousness and Envelopment in Perfor­
mance Spaces", Acoustica, Vol. 83, pp. 721-731 (1997) also 
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proposes that the reflections should be lateralized as much as 
possible, i.e., the reflections should be simulated to come 
from the far left and far right of the listener. 
[0019] International Patent Publication No. WO 02/25999 
to Sibbald for "A Method of Audio Signal Processing for a 
Loudspeaker Located Close to an Ear" concentrates on the 
externalization of sound sources for earphones-based listen­
ing instead of on replicating room acoustics, and concludes 
that it is not the main reflections from the floor, ceiling, and 
walls of a room that result in externalization. Instead, other 
objects in the room, e.g., tables and chairs, that scatter sound 
waves are essential for good externalization. A generator is 
described, depicted in FIG. 4, in which respective scattering 
filters are applied to left and right channels of a direct-sound 
signal produced by an HRTF from a monophonic input source 
signal. The scattering filters are intended to simulate the effect 
of sound-wave scattering. 
[0020] When several sound sources are present in an audio 
scene, using separate early-reflection simulators for each 
source can be computationally costly. U.S. Pat. No. 5,555,306 
to Gerzon for "Audio Signal Processor Providing Simulated 
Source Distance Control" and No. 6,917,686 to Jot et al. for 
"Environmental Reverberation Processor" propose to direct a 
monophonic sound source to two separate channels. The first 
channel processes the direct sound, and the second channel, 
the reflection channel, is directed after delay and gain opera­
tions to a summing unit, which sums together all sources' 
reflection channels. The sum is directed to one early-reflec­
tion simulator. 
[0021] Simulating the early reflections properly is impor­
tant for achieving good externalization of virtual sound 
sources when listening through earphones. WO 02/25999 
investigates how much a room's impulse response can be 
truncated without losing too much externalization, and con­
cludes that the period from 5-30 ms after the direct sound's 
arrival cannot be removed and thus that the late reverberation 
has no or little impact on the externalization of virtual sound 
sources. 
[0022] Attempts have been made to reduce the computa­
tional load imposed by the generators described above. The 
above-cited Preprint by Jot et al., U.S. patent to Myers, and 
paper by Griesinger all remove the unique HRTF filtering 
applied to each reflection and apply frequency-dependent 
features of the early reflections after all reflections have been 
sunnned together. This, however, results in that all reflections 
reaching a listener's ears have the same spectral content, 
which degrades the externalization and the sound quality. The 
same is true for WO 02/25999 that applies scattering filters to 
the HRTF-processed direct sound in order to simulate reflec­
tions coming from angles of arrival similar to the angle of 
arrival of the direct sound. WO 02/25999 also has the problem 
that the intensity of its simulated early reflections follows the 
intensity of the simulated direct sound if the scattering filters 
are kept constant, which is not realistic. Even if the scattering 
filters continually change, the result is not satisfactory. 

SUMMARY 

[0023] In accordance with aspects of this invention, there is 
provided a method of generating signals that simulate early 
reflections of sound from at least one simulated sound-re­
flecting object. The method includes the steps of filtering a 
simulated direct-sound first-channel signal to form a first­
direct filtered signal; filtering the simulated direct-sound 
first-channel signal to form a first-cross filtered signal; filter­
ing a simulated direct-sound second-channel signal to form a 
second-cross filtered signal; filtering the simulated direct­
sound second-channel signal to form a second-direct filtered 
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signal; forming a simulated early-reflection first-channel sig­
nal from the first-direct and second-cross filtered signals; and 
forming a simulated early-reflection second-channel signal 
from the second-direct and first-cross filtered signals. 
[0024] In accordance with further aspects ofthis invention, 
there is provided a generator configured to produce, from at 
least first- and second-channel signals, simulated early-re­
flection signals from a plurality of simulated sound-reflecting 
objects. The generator includes a first direct filter configured 
to form a first-direct filtered signal based on the first-channel 
signal; a first cross filter configured to form a first-cross 
filtered signal based on the first-channel signal; a second 
cross filter configured to form a second-cross filtered signal 
based on the second-channel signal; a second direct filter 
configured to form a second-direct filtered signal based on the 
second-channel signal; a first combiner configured to form a 
simulated early-reflection first-channel signal from the first­
direct and second-cross filtered signals; and a second com­
biner configured to form a simulated early-reflection second­
channel signal from the second-direct and first-cross filtered 
signals. 
[0025] In accordance with further aspects of the invention, 
there is provided a computer-readable medium having stored 
instructions that, when executed by a computer, cause the 
computer to generate signals that simulate early reflections of 
sound from at least one simulated sound-reflecting object. 
The signals are generated by filtering a simulated direct­
sound first-channel signal to form a first-direct filtered signal; 
filtering the simulated direct-sound first-channel signal to 
form a first-cross filtered signal; filtering a simulated direct­
sound second-channel signal to form a second-cross filtered 
signal; filtering the simulated direct-sound second-channel 
signal to form a second-direct filtered signal; forming a simu­
lated early-reflection first-channel signal from the first-direct 
and second-cross filtered signals; and forming a simulated 
early-reflection second-channel signal from the second-di­
rect and first-cross filtered signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The various objects, features, and advantages of this 
invention will be understood by reading this description in 
conjunction with the drawings, in which: 
[0027] FIG. 1 depicts an arrangement of a sound source, 
reflecting/absorbing objects, and a listener; 
[0028] FIG. 2 depicts a reflectogram of an audio environ­
ment; 
[0029] FIG. 3 depicts a known 3D audio generator that 
consists of a tapped delay line with head-related-transfer­
function filters and gains applied to the taps; 
[0030] FIG. 4 depicts a known 3D audio generator having 
wave scattering filters that are applied to filtered direct sound; 
[0031] FIG. SA is a block diagram of an audio simulator 
having HRTF processors and an early-reflection generator; 
[0032] FIG. 5B is a block diagram of another embodiment 
of an audio simulator having HRTF processors and an early­
reflection generator; 
[0033] FIG. SC is a block diagram of another embodiment 
of an audio simulator having HRTF processors, an early­
reflection generator, and a late-reverberation generator; 
[0034] FIG. 6A is a block diagram of an early-reflection 
generator using cross-coupling; 
[0035] FIG. 6B is a block diagram of an early-reflection 
generator using cross-coupling and attenuation filters; 
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[0036] FIG. 6C is a block diagram of an early-reflection 
generator using cross-coupling of an arbitrary number of 
channels; 
[0037] FIG. 7A is a flow chart of a method of simulating a 
three-dimensional sound scene; 
[0038] FIG. 7B is a flow chart of a method of generating 
simulated early-reflection signals; 
[0039] FIG. 8 is a block diagram of a user equipment; 
[0040] FIG. 9 shows spectra of actual and approximated 
left HRTFs for 25 degrees; 
[0041] FIG. 10 shows spectra of actual and approximated 
right HRTFs for 25 degrees; 
[0042] FIG. 11 shows spectra of actual and approximated 
left HRTFs for -20 degrees; 
[0043] FIG. 12 shows spectra of actual and approximated 
right HRTFs for -20 degrees; 
[0044] FIG. 13 shows spectra of actual and approximated 
left HRTFs for -20 degrees using the right HRTF of direct 
sound;and 
[0045] FIG. 14 shows spectra of actual and approximated 
right HRTFs for -20 degrees using the left HRTF of direct 
sound. 

DETAILED DESCRIPTION 

[0046] As noted above, properly generating simulated early 
reflections is important for externalization of virtual sound 
sources that are rendered for listening via headphones. Early 
reflections can be generated accurately with respective long 
FIR filters for left and right channels that have been measured 
in real rooms, but the computational complexity in terms of 
memory and number of computations is prohibitive when the 
simulation is done in real-time with a processor having lim­
ited resources, e.g., a personal computer (PC), a mobile 
phone, a media player, etc. Simplifications can be made to 
reduce the computational complexity of the simulation 
method in such processors, but the simplifications must not 
reduce the quality of the simulation results. Simulating only a 
few reflections enables buffer memories or tapped delay lines 
to take the place of long FIR filters, and depending on how 
many or few taps are used, the computational demands can be 
very small. Tapped delay lines have been used extensively in 
the past, but the simplifications performed have mainly been 
only to account for reflections from walls, floor, and ceiling, 
which results in very poor externalization. 
[0047] The inventors have recognized the advantages of 
considering early reflections from other objects in a room, 
e.g., desks, chairs, and other furniture, besides the room's 
walls, floor, and ceiling. Properly simulating early reflections 
from such objects gives good externalization, but only if each 
of these reflections provides directional cues. The inventors 
have also recognized that suitable directional cues can be 
obtained by HRTF processing, i.e., filtering according to an 
HRTF, although such filtering is a computationally demand­
ing task. 
[0048] In accordance with this invention, an HRTF-pro­
cessed direct-sound signal is used for generating simulated 
early-reflection signals but is modified in order to approxi­
mate the spectral content of the early reflections. This results 
in enhanced externalization of virtual sound sources. Further­
more, by using cross-coupling in the early-reflection genera­
tor, a good approximation of reflections coming from the 
other side of the listener compared to the direct sound path 
can be achieved. This also results in a proper intensity balance 
between left and right channels of the early reflections and 
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enables the same modification parameters to be used inde­
pendently of the position(s) of the sound source( s ). Thus, the 
modification parameters of the early-reflection generator can 
be held constant and one early-reflection generator can be 
used for multiple virtual sound sources. 

[0049] FIG. SA is a block diagram of a sound-scene simu­
lator 500 that includes HRTF filters H10(z), Hr 0 (z), an early­
reflection generator 502, and two attenuatio{i filters Ao(z) 
504, 506, one for each of left and right channels. The sub­
script/indicates the left channel, the subscript r indicates the 
right channel, and the subscript O indicates the direct sound. A 
monophonic signal from an input source is provided to an 
input of each of the HRTF filters H1 0 (z), Hr 0 (z), and the 
outputs of the HRTF filters, which m~y be called the simu­
lated direct-sound left- and right-channel signals, are pro­
vided to the early-reflection generator 502 and the attenuation 
filters 504, 506. The HRTF for the direct sound depends on 
only the incidence angle from the sound source to the listener. 
The outputs of the attenuation filters 504, 506 and the early­
reflection generator 502 are combined by respective summers 
508, 510 that produce left-channel and right-channel ( stereo­
phonic) output signals. 

[0050] It will be appreciated that the simulator 500 and this 
application generally focusses on two-channel audio systems 
simply for convenience of explanation. The left- and right­
channels of such systems should be considered more gener­
ally as first and second channels of a multi-channel system. 
The artisan will understand that the methods and apparatus 
described in this application in terms of two channels can be 
used for multiple channels. 

[0051] FIG. 6A is a block diagram of a suitable early­
reflection generator 502 that includes four adjustment filters, 
a left-direct filter Hu(z), a left-cross filter H1/z), a right-cross 
filter Hri(z), and a right-direct filter Hr/z). The adjustment 
filters are cross-coupled as shown to modify the simulated 
direct-sound left- and right-channel signals from the HRTF 
filters H10(z), Hr o(z) (which enteron the left-hand side of the 
diagram) to sim'ulate spectral content of early reflections. 
Left- and right-channel signals of the modified simulated 
direct sound are combined by respective summers 602, 604, 
and the generated simulated early-reflection signals exit on 
the right-hand side of the diagram. 

[0052] As described in more detail below, the left-channel 
and right-channel output signals Yz(z), Y/z), respectively, of 
the simulator 500 can be expressed in the frequency (z) 
domain as follows: 

j 
H,o(z)X(z)(Ao(z) + Hu(z)) + 

Y,(z) = . 
H,.o(z)X(z)Hc1(z) 

H,.o(z)X(z)(Ao(z) + Hrr(Z)) + 
Y,(z) = 

H,.o (z)X (z)H,,(z) 

Eq. 1 

where H10(z) is the left HRTF for the direct sound, Hr 0 (z) is 
the right 

0

HRTF for the direct sound, X(z) is a monophonic 
input source signal, Ao( z) is the attenuation filter for the direct 
sound, and Hu(z), H1r(z), Hr,(z), Hr/z) are the adjustment 
filters shown in FIG. 6A. The level change implemented by 
the attenuation filter Ao(z) is discussed below. 

[0053] The left-direct, right-direct, left-cross, and right­
cross adjustment filters are advantageously set as follows: 

4 

s 

Hu(z) = I Humod.,(z)z-m'A,(z) 
s=l 

s 

Hrr(Z) = I H,=od.AZ)Z-m' A,(z) 
s=l 

T 

H,,(z) = I Ht=od.,(z)z-m, A,(z) 
t=l 

T 

H,,(z) = I H,tmod.,(z)z-m' A,(z) 
t=l 

Nov. 6, 2008 

Eq. 2 

where Hu modsCz), Hrr mod sCz), Hr, mod,(z), andHri mod,(z) are 
modification filters,A,(z) andA,(z) are attenuation filters, Sis 
a number of reflections s that have incidence angles (azi­
muths) that have the same sign as the incidence angle of the 
direct sound, and T is a number of reflections t that have 
incidence angles that have a different sign from the incidence 
angle of the direct sound. The left-direct modification filter 
H (z), right-direct modification filter Hrr mod ,(z), left­
cJbss"modification filter H,r mod ,(z), and right-cross modifi­
cation filter Hri mod,( z ), the attenuation filters AsC z) and A,( z ), 
and the delays m; and m, for the respective reflections are 
determined in manners that are described in more detail 
below, for example in connection with Eqs. 22, 23. 
[0054] In an alternative arrangement, the adjustment filters 
in the early-reflection generator 502 can be implemented by 
modification filters that use only gains and delays to modify 
the HRTF-processed direct sound in order to approximate the 
HRTFs of the reflections. In such an alternative arrangement, 
the modification filters Hu mod ,(z), Hrr mod ,(z), Hrz mod ,(z), 
and Hri mod,,(z) can be set as follows: . . 

j 
Hamad.AZ) "gumod.,Z-&N, 

H,=od.AZ) "g,=od., 

Htnnod,t(Z);:::: glnnod,tZ-!:.Nt 

Hrtmod,t(Z);:::: grlmod,t 

Eq. 3 

where gu mods' grr mods' g,r mod,, and gr/ mod tare modification 
gains, llN,is

0

a delay that adjusts the ITD for the s-threflection 
having an incidence angle with a sign that is the same as the 
sign of the incidence angle of the direct sound, and llN, is a 
delay that adjusts the ITD for the t-th reflection having an 
incidence angle with a sign that is different from the sign of 
the incidence angle of the direct sound. The modification 
gains gin Eq. 3 are preferably chosen to conserve the energy 
of the early reflections as follows (in the discrete-time 
domain): 

energy( ht., (n)) Eq. 4 
gumod,s = 

energy(h,.o(n)) 

energy( h,., ( n)) 
grnnod,s = 

energy(h,.o(n)) 

glnnod,t = 
energy(h,.,(n)) 

energy( h,.o ( n)) 

grlmod,t = 
energy(h1.,(n)) 

energy(h,.o(n)) 

Meta Platforms, Inc. Exhibit 1017 
Page 15 of 23



US 2008/0273708 Al 

where h1 0 (n) is the left HRTF for the direct path, hr 0 (n) is the 
right HRTF for the direct path, h1 ,(n) is the left HRTF for the 
s-threflection, hrsCn) is the right HRTF for the s-threflection, 
h1 ,(n) is the left HRTF for the t-th reflection, and hr ,(n) is the 
right HRTF for the t-th reflection. · 
[0055] The left and right output signals of the simulator500 
given by Eq. I can be re-written using the approximations 
expressed by Eq. 3 as: 

Eq. 5 

It will be understood that the only HRTF filtering included in 
Eqs. I and 5 for the simulator500 is for creating the simulated 
direct-sound signal. 
[0056] If it is assumed that all early reflections undergo 
similar frequency-dependent shaping, the attenuation filters 
A/z) andA,(z) can be considered as applying the same spec­
tral shaping but different gains to different reflections. This 
simplifies Eq. 5 to the following: 

H,.o(z)X (z)A,,p(z{ t gr1mod.1Zm' a,) 

Y,(z) = H,.o(z)X(z{ Ao(z) + A,,p(Z) t g,rmod.,Z-m'a,) + 

Eq. 6 

where Are_/z) is a common spectral shaping applied to all 
early reflections, and as and a, are respective gains for the s-th 
and t-th reflections. The common shaping filter Are_/z) can 
also be used to adjust the overall intensity, or volume, of the 
early reflections, which usually decays with respect to dis­
tance from the listener in a different way from the volume of 
the direct sound. 
[0057] An early-reflection generator 502' that includes 
such common spectral shaping filters Arejz) is depicted in 
FIG. 6B, and the four adjustment filters H'11(z), H',r(z), H'rzCz), 
H'rrCz) can be set according to the following: 

s 
H ' ( ) °\' -(m,+&N,) 

ll Z = L....,. gllmod,sZ as 

s=l 

s 

H;,(z) = Ig,rmod,AZ)Z-m'a, 
s=l 

T 

H[r(Z) = Iglnnod,t(Z)Z-(mr+&Nr)at 

t=l 

T 

H;,(z) = Ig,,mod,t(Z)Z-m'a, 
t=l 

Eq. 7 
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It can be seen from Eq. 7 that the four adjustment filters now 
advantageously contain only gains g without spectral shap­
ing, and such filters can be implemented as tapped delay lines 
with frequency-independent gains (amplifiers) at the output 
taps. 

[0058] A suitable arrangement of an early-reflection gen­
erator 502" having an arbitrary number N of cross-coupled 
channels is depicted in FIG. 6C. In the early-reflection gen­
erator 502", the adjustment filters are denoted as Hu(z), where 
i is the channel that is cross-coupled and j is the channel the 
signal is cross-coupled to. As in the generator 502, each 
channel 1, 2, ... N has a direct filter, which in the generator 
502" is denoted H,,(z). The adjustment filters are cross­
coupled as shown to modify direct-sound N-channel input 
signals, which enter on the left-hand side of the diagram, to 
simulate spectral content of early reflections. For 5.1-channel 
surround sound, N is 5 ( or 6 if the bass channel is considered). 
For headphone use, N would usually be 2, resulting in the 
arrangement depicted in FIG. 6A, and the input signals would 
typically come from HRTF filters H1 0 (z) and H2 0 (z). Chan­
nel signals of the modified simulated direct sou~d are com­
bined by respective summers 602, 604, ... , 60(2N), and the 
generated simulated early-reflection signals exit on the right­
hand side of the diagram. It will be understood that FIG. 6C 
shows a number of additional subsidiary summers simply for 
economy of depiction. 

[0059] The early-reflection generators 502, 502', 502" 
depicted in FIG. 6 can also be applied to ordinary stereo and 
other multi-channel signals without HRTF-processing in 
order to create simulated early reflections. In that case, the 
direct-sound signal applied to a generator 502, 502', for 
example, would be simply the left- and right-channels of the 
stereo signal. 

[0060] For today's multi-channel sound systems, such as 
5. I -channel and 7. I -channel surround-sound systems, the 
audio signals provided to the several loudspeakers are usually 
not HRTF-processed, as in the case of a 3D audio signal 
intended to be played through headphones. Instead, the vir­
tual azimuth position of a sound source is achieved by stereo 
panning between two of the loudspeakers. Filtering to simu­
late a higher or lower elevation may be included in the pro­
cessing of the surround sound. Although HRTF-processing is 
not typically involved in surround sound, it should be under­
stood that the early-reflection generators depicted in FIGS. 
6A, 6B can be used for surround sound by increasing the 
number of channels and distributing sounds from one channel 
to other channels by cross-coupling, as in FIG. 6C. Thus, each 
surround-sound channel can be cross-coupled to all other 
channels via adjustment filters, which can also be used for 
adjusting the elevation of the simulated reflection and the 
panning of the sound level. 

[0061] Further simplification of the simulator 500 is pos­
sible, e.g., the attenuation filters Ao(z) for the direct sound 
shown in FIG. SA can be applied to the monophonic input 
before the HRTF filters H1 0 (z), Hr 0 (z). The common spectral 
modification filters Arejz) in the ~arly generator 502' shown 
in FIG. 6B should compensate for that in order to keep the 
distance attenuation for the early reflections independent of 
the distance attenuation for the direct sound. If the distance 
attenuation is implemented as a gain, the compensation is 
easily implemented through suitable gain adjustments. When 
other attenuation effects, such as occlusion and obstruction, 
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are implemented in the attenuation filter, the compensation 
becomes more difficult if these effects are simulated by low­
pass filtering. 

[0062] FIG. SB depicts a simulator 500' in which the 
HRTF-processed direct sound signals ofN different sources 
are individually scaled and then combined by summers 512, 
514 before being sent to an early-reflection generator 502 
such as those depicted in FIGS. 6A, 6B. The filters A1 (z), 
Aiz), ... , A~z) are respective attenuation filters for the 
sources 1, 2, ... , N that were denotedAo(z) in FIG. SA. The 
outputs of the attenuation filters are combined by summers 
516, 518, and their outputs are combined with the outputs of 
the early reflection generator 502 by summers 508, 510. The 
input to the early-reflection generator 502 is the sum of ampli­
tude-scaled HRTF processed data, and the gains used for the 
amplitude scaling, which may be applied by suitable ampli­
fiers 520-1, 522-1; 520-2, 522-2; ... ; 520-N, 522-N, corre­
spond to the distance gains of the early reflections for each 
source. It is preferable that the same scaling gains 520, 522 
are applied to both channels, although this is not strictly 
necessary. It should be noted that the gains 520, 522 can also 
be represented as frequency-dependent filters, and such rep­
resentation can be useful, for example, when air absorption is 
simulated as differently affecting different sound sources. 

[0063] FIG. SC depicts a simulator 502" that is similar to 
the simulator 502' depicted in FIG. SB but with a late-rever­
beration generator 524 that receives the monophonic sound 
source signal( s) and generates from those input signal(s) left­
and right-channel output signals that are sent to the summers 
508, 510, which combine them with the respective direct­
sound signals from the summers 516, 518, and the early­
reverberation signals from the generator 502. The generator 
524 can include two FIR filters for simulating the late rever­
beration, but more preferably it may be a computationally 
cost-effective late-reverberation generator. The Schroeder 
and Moorer publications discussed above describe suitable 
late-reverberation generators, although it is currently 
believed that those described by Moorer are better alterna­
tives than those described by Schroeder. In addition, such a 
late-reverberation generator can easily be added to the multi­
channel early-reflection generator 502" depicted in FIG. 6C 
by using the channel 1, 2, ... N signals as inputs to the 
late-reverberation generator. 

[0064] The artisan can now appreciate the flow chart shown 
in FIG. 7 A, which depicts a method of simulating a 3D scene 
having at least one sound source and at least one sound­
reflecting object. The method includes a step 702 of process­
ing a direct-sound signal with at least one HRTF, thereby 
generating a simulated direct-sound signal. The method also 
includes a step 704 of generating simulated early-reflection 
signals from the simulated direct-sound signal, including 
simulating early reflections having incidence angles different 
from the incidence angle of the direct sound. The method may 
also include a step 706 of generating simulated late-rever­
beration signals from the direct-sound signal. 

[0065] As described above, generating simulated early-re­
flection signals may include processing the simulated direct­
sound signal with a plurality of adjustment filters, and at least 
two of the adjustment filters may be cross-coupled. Process­
ing the simulated direct-sound signal may also include con­
serving the energy of the simulated early reflections. Gener­
ating simulated early-reflection signals may include 
processing the simulated direct-sound signals with at least 
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one spectral modification filter, in which case each of the 
plurality of adjustment filters may include only a respective 
gain. 

[0066] FIG. 7B is a flow chart of a method of generating the 
simulated early-reflection signals in step 704 by modifying a 
simulated direct-sound signal to approximate spectral content 
of early reflections from the at least one sound-reflecting 
object with cross-coupling between left- and right-channels 
of the simulated direct-sound signal. The method includes a 
step 704-1 of filtering the left-channel of the simulated direct­
sound signal to form a left-direct signal, a step 704-2 of 
filtering the left-channel of the simulated direct-sound signal 
to form a left-cross signal, a step 704-3 of filtering the right­
channel of the simulated direct-sound signal to form a right­
cross signal, and a step 704-4 of filtering the right-channel of 
the simulated direct-sound signal to form a right-direct signal. 
The method further includes a step 704-5 of forming a simu­
lated early-reflection left-channel signal from the left-direct 
and right-cross signals, and a step 704-6 of forming a simu­
lated early-reflection right-channel signal from the right-di­
rect and left-cross signals. As described above, the filtering 
steps can be carried out in several ways, including selectively 
amplifying and delaying the left- and right-channel signals of 
the simulated direct sound. By these methods, externalization 
of a simulated sound source is enhanced. 

[0067] FIG. 8 is a block diagram of a typical user equip­
ment (UE) 800, such as a mobile telephone, which is just one 
example of many possible devices that can include the 
devices and implement the methods described in this appli­
cation. The UE 800 includes a suitable transceiver 802 for 
exchanging radio signals with a communication system in 
which the UE is used. Information carried by those radio 
signals is handled by a processor 804, which may include one 
or more sub-processors, and which executes one or more 
software applications and modules to carry out the methods 
and implement the devices described in this application. User 
input to the UE 800 is provided through a suitable keypad or 
other device, and information presented to the user is pro­
vided to a suitable display 806. Software applications may be 
stored in a suitable application memory 808, and the device 
may also download and/or cache desired information in a 
suitable memory 810. The UE 800 also includes a suitable 
interface 812 that can be used to connect other components, 
such as a computer, keyboard, etc., to the UE 800. 
[0068] It will be appreciated that the simulation of early 
reflections is made more efficient by utilizing the externaliza­
tion in the direct-sound positioning filtering, which must be 
done anyway. Such externalization subjectively sounds good. 
The externalization of early reflections is usually more inde­
pendent of the direction from which the direct sound comes, 
and the level changes and the mixing left/right take care of 
this. As seen in FIG. SB, each 3D source is positioned/exter­
nalized, but without applying the level change that is implicit 
from the positioning. The level change (An(z)) is then applied 
for the direct sound separately for each source n. The posi­
tioned/externalized signals-without the level change-are 
mixed into the early reflection effect. By mixing is meant that 
separately for left/right the level is changed ( e.g., by the 
amplifiers in FIGS. SB, SC) for each source and summed per 
channel. This means that Are;A z) shown in FIG. 6B should not 
include the source-dependent level change, but only the 
attenuation that is common for all sources. An alternative is 
that all sources have their ownAre_/z), which means that the 
respective channel of the sources would be summed in a 
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similar way as above after Arefi(z). The early-reflection gen­
erator 502' in FIG. 5B would then contain the right-hand part 
of FIG. 6B. 
[0069] When simulating a dynamic 3D audio scene with 
moving objects and a moving listener, the parameters used by 
the described early-reverberation generators 502, 502' must 
be updated continuously in order to simulate the reflection 
paths accurately. This is a computationally expensive task 
since a geometry-based calculation algorithm must be used, 
e.g., ray tracing, and all parameters of the early-reverberation 
generator must be changed smoothly in order to avoid 
unpleasant-sounding artifacts. 
[0070] The inventors have recognized that it is possible to 
keep all parameters of the above-described early-reverbera­
tion generators static except the attenuation parameter that 
adjusts the volume with respect to the source-listener dis­
tance. Most simulated reflections come from objects other 
than the walls, floor, and ceiling of a room, and so if such an 
object, e.g., a chair or a table, moves a little, the simulated 
early reflections change. Nevertheless, humans do not notice 
such small movements. Therefore, adjustments of the differ­
ent parameters of the early-reflection generator done for one 
particular position of a sound source can also result in good 
externalization for all other source positions. Since the adjust­
ments are applied on the HRTF-filtered direct sound, the 
simulated early reflections change with respect to the position 
of the sound source, which is also the case for real early 
reflections. And since the adjustments are relative to the direct 
sound, the result is always that reflections coming from 
angles around the angle of the direct sound path are simu­
lated. 
[0071] An advantage of the cross-coupling in the early­
reflection generators shown in FI GS. 6A, 6B when the param­
eters are kept static is that the intensities of the left and right 
channels of the early reverberation are kept more balanced for 
all positions of a sound source than is the case for the direct 
sound. For example, the difference between the intensities of 
the left and right HRTFs for angles to the sides of the listener 
can be large, but for the early reverberation, the intensity 
difference should not be large. This is achieved by the cross­
coupling. When using static filters without cross-coupling, on 
the other hand, the intensity difference would change linearly 
with the intensity difference between the left and right chan­
nel of the direct sound, which neither reflects reality nor 
sounds good. 
[0072] The good performance when using static parameters 
in the early-reverberation generator irrespective of the posi­
tion of a sound source also makes it possible to use the same 
generator for all sound sources in an auditory scene, which 
reduces the computational complexity compared to the case 
in which each sound source is processed in its own respective 
early-reflection generator. Despite using the same adjustment 
parameters for all sources, the simulated early reflections will 
be different for sources at different positions since the HRTF­
processed input signals (the simulated direct sounds) will be 
different. 
[0073] The following is a further technical explanation and 
mathematical development of the simulators and generators 
described above. 
[0074] As noted above, the times of arrival and the inci­
dence angles of reflections can be calculated using for 
example ray tracing or an image source method. Advantages 
of using these methods are that one can design different 
rooms with different characteristics and that the early reflec-
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tions can be updated when simulating a dynamic scene with 
moving objects. Another way of obtaining early reflections is 
to make an impulse response measurement of a room. This 
would enable accurate simulation of early reverberation, but 
impulse response measurements are difficult to perform and 
correspond only to a static scene. 
[0075] Referring again to FIG. 1, in which a listener is 
reached by the direct sound from a sound source 100 and 
reflections from three objects 102, 104, 106, the sounds 
reaching the left and right ears of the listener, yz(n) and y rCn), 
respectively, are given by: 

l 
3 Eq. 8 

y1(n) = h1.0(n) u(n) *ao(n) + ~h,.,(n) u(n-m,) *a,(n) 

y,(n) = h,.o(n) *X(n) * ao(n) + I h,.k (n) *X(n - m,) * a, (n) 
k=l 

where x(n) is a monophonic input signal, h1 in) is the left 
HRTF for the k-th reflection, hr in) is the right HRTF for the 
k-threflection, ain) is the attenuation filter for the k-threflec­
tion and mk is the delay of the k-th reflection with respect to 
the direct sound (not the additional delay shown in FIG. 3). 
Subscript O means the direct sound and * means convolution. 
In the frequency domain, Eq. 8 is given by: 

j 
3 Eq. 9 

Y,(z) = H,.o(z)X(z)Ao(z) + ~ H,.,(z)X(z)z-mk A,(z) 

Y,(z) = H,.o(z)X(z)A 0(z) + I H,.,(z)X(z)z-mk A,(z) 
k=l 

[0076] It will be noted that the delay of the direct sound 
from the sound source to the listener is omitted from Eqs. 8 
and 9 for simplicity, but that delay can be taken into account 
by adding an additional delay to x(n) and all x(n-mk). The 
attenuation filter for the direct sound, a0 (n), simulates the 
distance attenuation and can be implemented as a low-pass 
filter or more commonly as a frequency-independent gain. It 
is also possible to include the effects of obstruction and occlu­
sion in the attenuation filter, and both effects usually cause the 
sound to be low-pass filtered. The attenuation filters for the 
reflections, ain), simulate the same effects as the attenuation 
filter for the direct sound, but here also the attenuation of the 
sound that occurs during reflection may be considered. Most 
materials absorb high-frequency energy more than low-fre­
quency energy, which results in an effective low-pass filtering 
of the reflected sound. 
[0077] In an arrangement like that depicted in FIG. 1, no 
sound path is obstructed or occluded, and if the lengths of the 
sound paths are short, the distance attenuation can be simu­
lated by frequency-independent gains. Sound intensity gen­
erally follows an inverse-square law, meaning that for each 
doubling of distance, the intensity drops by 6 dB, but Eqs. 8 
and 9 are written in terms of sound amplitude, which follows 
an inverse law given by the following: 

(
d/refmnce) 

anew = Greference · ~ 
Eq. 10 
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where areference is the reference gain at distance dreference and 
anew is the amplitude attenuation to be calculated at the dis­
tance cl,,ew from the sound source. Thus, in order to calculate 
the gain for a given distance, a reference gain for a reference 
distance is needed. 

[0078] For example, assume a reference gain of 0.5 for a 
distance of0.5 m from the source 100 in FIG. 1, and let the 
distance traveled by the sound from the source 100 to the 
listener 108 be 2.00 m for the direct sound, 2.06 m for the 
reflection from object 102, 2.17 m for the reflection from 
object 104, and 2.67 m for the reflection from object 106. For 
this example, the respective distance-attenuation gains can be 
calculated as 0.125, 0.121, 0.115, and 0.094, and thus, the 
attenuation filter for the direct sound, Ao(z), is frequency­
independent and equals 0.125. The attenuation filters for the 
reflections, however, should also take into account the filter­
ing that occurs during the reflection. 

[0079] Different objects usually affect sound differently, 
but for simplicity, let the three reflecting objects 102,104,106 
in this example affect the sound equally and let the reflection 
be simulated by a low-pass infinite impulse response (IIR) 
filter described by the following: 

0.28 + 0.28 ·z-l 
H(z) = 1.0 - 0.38 · z-1 

Eq. 11 

The attenuation filter for the k-th reflection, Aiz), should 
include both this reflection filter and the respective distance­
attenuation gain calculated above, which can be accom­
plished by multiplying the numerator ofH(z) by the respec­
tive distance-attenuation gain. 

[0080] Assuming the speed of sound is 340 mis and the 
sampling frequency is 48 kHz, the delays mk of the reflections 
with respect to the direct sound can also be computed accord­
ing to the following: 

mk ~( dk-do)-48000/340 Eq. 12 

where d0 is the distance for the direct sound, and dk is the 
distance for the k-th reflection. For this example, the delay is 
m 1 =8.5 samples for the reflection from object 102, m2 =24.0 
samples for the reflection from object 104, and m3 =94.6 
samples for the reflection from object 106. It can be seen that 
the delays are not integer numbers of samples taken at 48 kHz, 
and so interpolation can be used to compute the delays. Inter­
polation is not necessary, however, as the delays can be 
rounded to integers. Rounding reduces the accuracy of the 
simulation in comparison to interpolation, but integer resolu­
tion is in many cases accurate enough. 

[0081] As can be seen from Eqs. 8 and 9, apart from the 
HRTF filtering needed to create the simulated direct-sound 
signal, it is also necessary to perform HRTF filtering for each 
reflection. If the ITD is extracted from the HRTF s, a common 
length of those filters is 1 ms, which means 48 samples at a 
sampling rate 48 kHz. Filtering an input sequence with a FIR 
filter of length 48 samples usually requires about 2 mega­
operations per second (MOPS), which means that for each 
reflection, 4 MOPS is needed for creating a stereo output 
sequence. In this example of three reflections, 12 MOPS is 
needed for the HRTF filtering, but for a convincing external­
ization effect, simulating only three reflections is not enough. 
Thus, the additional computational load will be much more 
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than 12 MOPS for a properly simulated early reverberation. 
In the following description, it is assumed that there exist K 
reflections. 
[0082] Reducing the lengths of the HRTFs is a first obvious 
simplification that has been used in prior simulators to 
decrease the number of computations required, but this also 
severely degrades the quality of the simulated early rever­
beration because the directional cues are decreased or even 
removed. Therefore, this is not further considered here. 
[0083] A second, better simplification is to assume that 
most reflections come from angles similar to the angle of the 
direct sound. In that case, the directional cues obtained when 
using the HRTFs for the direct sound can be reused and 
modified so that they approximate the directional cues of each 
reflection. 
[0084] Assume that the directional cues of the HRTFs used 
for the direct sound can be changed by filtering those HRTFs 
with the modification filters h1 mod in) and hr mod in) such 
ilirt . . 

{ 

ht.k (n) = h,.o (n) * htmod.k (n) 

h,.,(n) = h,.o(n) * hrmod.k (n) 

or equivalently in the frequency domain: 

{ 

H,.,(z) = H1.o(z)H1mod.k(Z) 

H,.k (z) = H,.o(z)Hrmod.k (z) 

Eq. 13 

Eq. 14 

Inserting Eq. 14 in Eq. 9 and assuming K reflections yields the 
following: 

j 
),(,) c H,,o(,)X(,{ Ao(,) <; He,.,;(,),:: N (,)i 

Y,(z) = H,.o(z)X (z{ Ao(z) + ~ Hrmod.k (z)z k A, (z)) 

or equivalently in the discrete-time domain: 

1 

y,(n) = h,.o(n) *(x(n)*ao(n) + t htmod.k(n)u(n- m,) *a,(n)) 

y,(n) = h,.o(n) *(x(n) * ao(n) + t hrm00.,(n) u(n - m,) * a, (n)) 

Eq. 15 

Eq. 16 

[0085] It can be seen from Eqs. 15 and 16 that the HRTF 
filtering of the reflections has been removed, but finding a 
solution to Eq. 13 involves deconvolution, which is known to 
be a difficult task in signal processing today. If an exact and 
stable solution exists, the modification filters h1 mod in) and hr 
mod,k(n) will most probably need to be realized a; very long 
FIR filters or complex IIR filters. From a computational com­
plexity point of view, therefore, nothing has been gained by 
the second simplification. 
[0086] Ifanexact solution to Eq. 13 is not required, then the 
modification filters h1 mod in) and hr mod in) can be realized 
as short, low-complexity, FIR filters, or e~en as constants and 
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delays. Using a single constant and a single delay for each 
reflection means that the entire spectral content of the direct 
sound's HRTFs are reused, and only the IID and the ITD are 
modified. As one example, such single modification constants 
g can be chosen such that the energy change that would have 
been imposed by the actual HRTFs of the reflection is con­
served when the HRTFs of the direct sound are used as fol­
lows: 

energy( ht.k ( n)) Eq. 17 

( ,~,,, C energy( h,.o ( n)) 

energy(h,., (n )) 
grm.od,k = 

energy(h,.o(n)) 

[0087] The ITD of the HRTFs can be fractional, but for 
simplicity it can be assumed that they are integer values. 
Assuming that the ITD of the direct sound is N0 samples and 
the ITD of the k-th reflection is Nk samples, then the adjust­
ment of the ITD for the k-th reflection should be set as: 

Eq. 18 

[0088] Adjusting the ITD can be accomplished by chang­
ing the delay of both the channels, e.g., adjusting half of it on 
the left channel and the other half on the right channel, but the 
delay adjustment can instead be applied to only one of the 
channels, i.e., the left channel. This results in that the modi­
fication filters can be approximated as: 

{ 

Htmoo.k(Z) "glmod.kZ-&Nk 

H rm.od,k ( Z) ;:::: g rm.od,k 

Inserting Eq. 19 in Eq. 15 gives: 

f Y,(z)" H,.o(z)X(z{ Ao(z) +; g,mod.kZ-tm,+&N,i A, (z)) 

1 Y,(z) "H,.o(z)X(z{ Ao(z) + t-t g=00.,z-mk A,(z)) 

or equivalently in the discrete-time domain: 

j [ x(n) * ao(n) + t g,moo.k * i 
y,(n)" h1.o(n) * ,~1 

x(n-m, - llN,) *a,(n) 

y,(n) se h,.o(n) * (x(n) * ao(n) + t gcmoo.k *X(n - m,) * a, (n)) 

Eq. 19 

Eq. 20 

Eq. 21 

[0089] As can be seen, the HRTF filtering of the reflections 
has been removed and only a multiplication by a gain param­
eter (in general, an amplifier) is needed for each reflection. If 
in FIG. 1 it is assumed that the sound source 100 and the 
reflective objects 102,104, 106 lie in the same plane as the 
listener's ears, i.e., the elevation angle is 0, then all sound 
paths reach the listener in the horizontal plane from different 
angles (azimuths), which can be said arbitrarily to have posi-
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tive signs if they are to the left of a normal to the listener and 
negative signs if they are to the right of the normal to the 
listener. Azimuth O is straight ahead from (normal to) the 
listener. Applying this convention to the arrangement 
depicted in FIG. 1, the incidence angle of the direct sound is 
35°, the reflection from object 102 is 25°, and the reflection 
from object 106 is -20°. Assuming a sampling frequency of 
48 kHz and the energy of the left HRTF for the angle 35° is 
3.316, the energy of the right HRTF is 0.366 and the ITD is 
-13 samples. The corresponding energy values of the left and 
right HRTFs for the angle 25° are 2.695 and 0.570, respec­
tively, and the ITD is -9 samples, and the corresponding 
energy values of the left and right HRTFs for the angle -20° 
are 0.688 and 2.355, respectively, with an ITD of 8 samples. 
Applying further simplifications that the HRTFs from the 
direct sound can be reused and that only the amplitude and 
ITD are modified, the spectra shown in FIGS. 9-14 are 
obtained. 
[0090] FIG. 9 shows the spectra of the left HRTFs for an 
angle of arrival of 25°, with the actual HRTF indicated by the 
solid line and the approximated HRTF indicated by the 
dashed line, and FIG. 10 shows the spectra of the right HRTFs 
for 25°, with the actual HRTF indicated by the solid line and 
the approximated HRTF indicated by the dashed line. The 
approximated HRTFs were obtained by scaling the HRTFs of 
the direct sound with the modification filters given by Eq. 19. 
The gain g1 mod k was set according to Eq. 17 to 0.9015 (i.e., 
the square root' of 2.695/3.316), the gain gr mod k was set to 
1.2479 (i.e., the square root of0.570/0.366), anct'!lNk was set 
according to Eq. 18 to 4 (i.e., (-9)-(-13)). In both figures, the 
x-axis shows the frequency and the y-axis shows the intensity 
in decibels (dB). From FIGS. 9 and 10, it can be seen that the 
deviations between the actual HRTFs and the approximated 
ones appear to be small, but even such small deviations arise 
from incidence angles that differ by only 100. 
[0091] FIGS. 11 and 12 illustrate the deviations when the 
incidence angles differ by 55°, which is the difference 
between the incidence angle of the direct sound and the inci­
dence angle (-20°) ofreflections from object 106 in FIG. 1. 
FIG.11 shows the spectra oftheleftHRTFs for-20°, with the 
actual HRTF indicated by the solid line and the approximated 
HRTF indicated by the dashed line, and FIG. 12 shows the 
spectra of the right HRTFs for -20°, with the actual HRTF 
indicated by the solid line and the approximated HRTF indi­
cated by the dashed line. As in the previous example, the 
approximated HRTFs were obtained by scaling the HRTFs of 
the direct sound with the modification filters given by Eq. 19. 
The gain g1 mod k was set according to Eq. 17 to 0.4555 (i.e., 
the square root

0

of0.688/3.316), the gain gr modk was set to 
2.5366 (i.e., the square root of2.355/0.366), anct'!lNk was set 
according to Eq. 18 to 21 (i.e., 8-(-13)). In both figures, the 
x-axis shows the frequency and the y-axis shows the intensity 
in dB. 
[0092] From FIG. 11, it can be seen that the approximation 
of the left HRTF has too little low-frequency energy and too 
much high-frequency energy. For the approximated right 
HRTF, the situation is the opposite: too much low-frequency 
energy and too little high-frequency energy, which can be 
seen from FIG. 12. Thus, for an angle of arrival of -20°, the 
approximation would produce simulated reflections that 
sound annoying, especially because of the boost of the low 
frequencies caused by the approximated right HRTF. 
[0093] One way of avoiding this is to restrict the modifica­
tion gains when approximating a reflection that comes from 
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the other side of the listener compared to the direct sound 
path, i.e., when the sign of the azimuth angle of the reflection 
differs from the sign of the azimuth angle of the direct sound. 
Restricting the gain for the right HRTF to a lower value than 
the one used in the example depicted in FIG. 12 reduces the 
low frequency artifacts, but the approximation is still not 
good as the spectra does not match the actual HRTFs well and 
the restriction results in an erroneous IID. 
[0094] Because a person's head and body are more or less 
symmetrical, the HRTFs of a reflection coming from the 
person's right would be better approximated from the HRTFs 
ofa direct sound coming from the person's left if the filters are 
switched, i.e., the left HRTF of the reflection is approximated 
based on the right HRTF of the direct sound and the right 
HRTF of the reflection is approximated based on the left 
HRTF of the direct sound. FIGS. 13 and 14 illustrate this 
technique applied to reflections from object 106 in FIG. 1. As 
in the previous examples, the energies of the filtered signals 
are preserved and the ITD has been changed. 
[0095] FIG. 13 shows the spectra of the left HRTFs for 
-20°, with the actual HRTF indicated by the solid line and the 
approximated HRTF indicated by the dashed line when the 
right HRTF of the direct sound has been used, and FIG. 14 
shows the spectra of the right HRTF s for -20°, with the actual 
HRTF indicated by the solid line and the approximated HRTF 
indicated by the dashed line when the left HRTF of the direct 
sound has been used. The approximated left HRTF was 
obtained by scaling the right HRTF of the direct sound with a 
gain of 1.3711 (i.e., the square root of 0.688/0.366), the 
approximated right HRTF was obtained by scaling the left 
HRTF of the direct sound with a gain of 0.8427 (i.e., the 
square root of2.355/3.316), the ITD would be adjusted by -5 
samples (i.e., 8-13). In both figures, the x-axis shows the 
frequency and the y-axis shows the intensity in dB. 
[0096] Comparing FIGS. 11 and 12 with FIGS. 13 and 14, 
it can be seen that the latter approximation is much more 
accurate than the former. Hence, for reflections coming from 
the same side of the listener as the direct sound, the left HRTF 
of the direct sound should be used for the left HRTF of the 
reflection and the right HRTF of the direct sound should be 
used for the right HRTF of the reflection. For reflections 
coming from a side of the listener that is opposite to the direct 
sound, the left and right HRTFs should be switched when 
approximating the HRTFs of the reflection. 
[0097] This changes the definitions of the modification fil­
ters. If the signs of the azimuths of the direct sound and the 
reflection are the same, then the modification filters h11 mod,k 
(n) and hrr modin) should be chosen such that the following 
is fulfilled: 

{ 

h,.,(n) = h,.o(n)*hllmoo.k(n) 

h,.dn) = h,.o(n)*hr=od.dn) 

Eq. 22 

[0098] If the signs are different, i.e., the reflection comes 
from the opposite side of the listener compared to the direct 
sound, then the modification filters h,r mod, in) and hr, mod,in) 
should be chosen such that the following is fulfilled: 

{ 
ht.k (n) = h,.o (n) * h,tmod.k (n) 

h,.,(n) = h,.o(n)*ht=od.k(n) 

Eq. 23 
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The left and right output signals are then given by: 

y,(n) = h,.o(n)*(x(n)*ao(n) + thllmod_,(n)* 

x(n - m,) * a,(n)) + h,.o(n) * 

(t h,1m00.,(n) u(n-m,) *a,(n)) 

y,(n) = h,.o(n) * (x(n) *ao(n) + t h,=od_,(n) * 
=l 

x(n - m,) *a,(n)) + h1•0(n) * 

(t ht=od.,(n)u(n- m,) *a,(n)) 

Eq. 24 

where Sis a number of reflections s that have incidence angles 
with signs that are the same as the sign of the incidence angle 
of the direct sound, and Tis a number ofreflections t that have 
incidence angles with signs that are different from the sign of 
the incidence angle of the direct sound. Eq. 24 can be given in 
the equivalent frequency domain as Eq. 1. 
[0099] Systems and methods implementing these expres­
sions are shown in FIGS. 5-7 described above. 
[0100] The above-described systems and methods for 
simulating 3D sound scenes and early reverberations provide 
early reverberation that sounds good with good externaliza­
tion at low computational cost. In comparison to prior efforts, 
the above-described systems and methods enjoy the benefits 
ofreusing the spectral content of the simulated direct sound, 
which removes the computationally costly HRTF filtering 
needed for each early reflection. In addition, cross-coupling 
in the early-reflection generator provides good approxima­
tions of reflections coming from a side of a listener opposite 
to that of the direct sound, and also results in a balanced 
intensity difference between left and right channels of the 
early reverberation. The modification parameters of the early 
reflection generator can be kept constant, which means that 
no update is needed when the sound source(s) and/or the 
listener move and that the same generator can be used for an 
arbitrary number of sound sources without increasing the 
computational cost. The early-reflection generator is scalable 
in the sense that the computations and memory required can 
be adjusted by changing the number of reflections that are 
simulated, and the early-reflection generator can be applied to 
audio data that already has been 3 D audio rendered in order to 
enhance the externalization of such data. 
[0101] It is expected that this invention can be implemented 
in a wide variety of environments, including for example 
mobile communication devices. It will be appreciated that 
procedures described above are carried out repetitively as 
necessary. To facilitate understanding, many aspects of the 
invention are described in terms of sequences of actions that 
can be performed by, for example, elements of a program­
mable computer system. It will be recognized that various 
actions could be performed by specialized circuits ( e.g., dis­
crete logic gates interconnected to perform a specialized 
function or application-specific integrated circuits), by pro­
gram instructions executed by one or more processors, or by 
a combination of both. Many communication devices can 
easily carry out the computations and determinations 
described here with their programmable processors and asso­
ciated memories and application-specific integrated circuits. 
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[0102] Moreover, the invention described here can addi­
tionally be considered to be embodied entirely within any 
form of computer-readable storage medium having stored 
therein an appropriate set of instructions for use by or in 
connection with an instruction-execution system, apparatus, 
or device, such as a computer-based system, processor-con­
taining system, or other system that can fetch instructions 
from a medium and execute the instructions. As used here, a 
"computer-readable medium" can be any means that can con­
tain, store, communicate, propagate, or transport the program 
for use by or in connection with the instruction-execution 
system, apparatus, or device. The computer-readable medium 
can be, for example but not limited to, an electronic, mag­
netic, optical, electromagnetic, infrared, or semiconductor 
system, apparatus, device, or propagation medium. More spe­
cific examples (a non-exhaustive list) of the computer-read­
able medium include an electrical connection having one or 
more wires, a portable computer diskette, a RAM, a ROM, an 
erasable programmable read-only memory (EPROM or Flash 
memory), and an optical fiber. 
[0103] Thus, the invention may be embodied in many dif­
ferent forms, not all of which are described above, and all 
such forms are contemplated to be within the scope of the 
invention. For each of the various aspects of the invention, any 
such form may be referred to as "logic configured to" perform 
a described action, or alternatively as "logic that" performs a 
described action. 
[0104] It is emphasized that the terms "comprises" and 
"comprising", when used in this application, specify the pres­
ence of stated features, integers, steps, or components and do 
not preclude the presence or addition of one or more other 
features, integers, steps, components, or groups thereof. 
[0105] The particular embodiments described above are 
merely illustrative and should not be considered restrictive in 
any way. The scope of the invention is determined by the 
following claims, and all variations and equivalents that fall 
within the range of the claims are intended to be embraced 
therein. 

What is claimed is: 
1. A method of generating signals that simulate early 

reflections of sound from at least one simulated sound-re­
flecting object, comprising the steps of: 

filtering a simulated direct-sound first-channel signal to 
form a first-direct filtered signal; 

filtering the simulated direct-sound first-channel signal to 
form a first-cross filtered signal; 

filtering a simulated direct-sound second-channel signal to 
form a second-cross filtered signal; 

filtering the simulated direct-sound second-channel signal 
to form a second-direct filtered signal; 

forming a simulated early-reflection first-channel signal 
from the first-direct and second-cross filtered signals; 
and 

forming a simulated early-reflection second-channel sig­
nal from the second-direct and first-cross filtered sig­
nals. 

2. The method of claim 1, wherein each filtering step com­
prises steps of filtering the respective simulated direct-sound 
signal based on each simulated sound-reflecting object, and 
combining respective simulated direct-sound signals filtered 
according to simulated sound-reflecting objects to form the 
respective filtered signal. 

3. The method of claim 2, wherein at least one of the steps 
of filtering the respective simulated direct-sound signal based 
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on each simulated sound-reflecting object comprises selec­
tively amplifying and delaying the respective simulated 
direct-sound signal. 

4. The method of claim 3, wherein selectively amplifying 
the respective simulated direct-sound signal comprises con­
serving an energy of the respective simulated early-reflection 
signal. 

5. The method of claim 3, wherein at least one of the steps 
of filtering the respective simulated direct-sound signal based 
on each simulated sound-reflecting object further comprises 
applying a spectral shape that is common to the simulated 
sound-reflecting objects. 

7. The method of claim 1, further comprising the step of 
filtering a direct-sound signal according to first and second 
head-related transfer-functions, thereby forming the simu­
lated direct-sound first- and second-channel signals. 

8. The method of claim 7, further comprising the steps of: 
filtering the simulated direct-sound first- and second-chan­

nel signals with respective attenuation filters; 
combining the simulated early-reflection first-channel sig­

nal with a filtered simulated direct-sound first-channel 
signal to form a first-channel output signal; and 

combining the simulated early-reflection second-channel 
signal with a filtered simulated direct-sound second­
channel signal to form a second-channel output signal. 

9. The method of claim 8, further comprising the steps of: 
generating simulated late-reverberation first- and second­

channel signals from the direct-sound signal; 
combining the simulated late-reverberation first-channel 

signal with the first-channel output signal; and 
combining the simulated late-reverberation second-chan­

nel signal with the second-channel output signal. 
10. A generator configured to produce, from at least first­

and second-channel signals, simulated early-reflection sig­
nals from a plurality of simulated sound-reflecting objects, 
comprising: 

a first direct filter configured to form a first-direct filtered 
signal based on the first-channel signal; 

a first cross filter configured to form a first-cross filtered 
signal based on the first-channel signal; 

a second cross filter configured to form a second-cross 
filtered signal based on the second-channel signal; 

a second direct filter configured to form a second-direct 
filtered signal based on the second-channel signal; 

a first combiner configured to form a simulated early­
reflection first-channel signal from the first-direct and 
second-cross filtered signals; and 

a second combiner configured to form a simulated early­
reflection second-channel signal from the second-direct 
and first-cross filtered signals. 

11. The generator of claim 10, wherein each filter is con­
figured to filter the respective channel signal based on each 
simulated sound-reflecting object, and to combine the respec­
tive channel signal filtered according to the simulated sound­
reflecting objects to form the respective filtered signal. 

12. The generator of claim 11, wherein at least one of the 
filters comprises an amplifier having a selectable gain and a 
delay element having a selectable delay, the amplifier and 
delay element being configured selectively to amplify and 
delay the respective channel signal. 

13. The generator of claim 12, wherein the respective chan­
nel signal is selectively amplified such that an energy of the 
respective simulated early-reflection signal is conserved. 
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14. The generator of claim 12, wherein at least one of the 
filters further comprises a shaping filter that applies a spectral 
shape that is common to the simulated sound-reflecting 
objects. 

15. The generator of claim 10, further comprising a first 
head-related transfer-function (HRTF) filter configured to 
form the first channel signal from a direct-sound signal based 
on a first HRTF, and a second HRTF filter configured to form 
the second channel signal from the direct-sound signal based 
on a second HRTF. 

16. The generator of claim 15, further comprising: 
a first attenuation filter configured to receive the first-chan­

nel signal and produce a first filtered signal; 
a second attenuation filter configured to receive the second­

channel signal and produce a second filtered signal; 
a third combiner configured to form a first channel output 

signal from the first filtered signal and the simulated 
early-reflection first-channel signal; and 

a fourth combiner configured to form a second channel 
output signal from the second filtered signal and the 
simulated early-reflection second-channel signal. 

17. The generator of claim 16, further comprising: 
a late-reverberation generator configured to form simu­

lated late-reverberation first- and second-channel sig­
nals from the direct-sound signal; 

a fifth combiner configured to combine the simulated late­
reverberation first-channel signal with the first channel 
output signal; and 

a sixth combiner configured to combine the simulated late­
reverberation second-channel signal with the second­
channel output signal. 

18. The generator of claim 10, further comprising: 
a late-reverberation generator configured to form at least 

first- and second-channel simulated late-reverberation 
signals from the at least first- and second-channel sig­
nals; and 

a fifth combiner configured to combine the simulated late­
reverberation signals with the simulated early-reflection 
signals. 

19. A computer-readable medium having stored instruc­
tions that, when executed by a computer, cause the computer 
to generate signals that simulate early reflections of sound 
from at least one simulated sound-reflecting object by the 
steps of: 

filtering a simulated direct-sound first-channel signal to 
form a first-direct filtered signal; 

filtering the simulated direct-sound first-channel signal to 
form a first-cross filtered signal; 

filtering a simulated direct-sound second-channel signal to 
form a second-cross filtered signal; 
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filtering the simulated direct-sound second-channel signal 
to form a second-direct filtered signal; 

forming a simulated early-reflection first-channel signal 
from the first-direct and second-cross filtered signals; 
and 

forming a simulated early-reflection second-channel sig­
nal from the second-direct and first-cross filtered sig­
nals. 

20. The medium of claim 19, wherein each filtering step 
comprises filtering the respective simulated direct-sound sig­
nal based on each simulated sound-reflecting object, and 
combining respective simulated direct-sound signals filtered 
according to simulated sound-reflecting objects to form the 
respective filtered signal. 

21. The medium of claim 20, wherein at least one of the 
steps of filtering the respective simulated direct-sound signal 
based on each simulated sound-reflecting object comprises 
selectively amplifying and delaying the respective simulated 
direct-sound signal. 

22. The medium of claim 21, wherein selectively amplify­
ing the respective simulated direct-sound signal comprises 
conserving an energy of the respective simulated early-reflec­
tion signal. 

23. The medium of claim 21, wherein at least one of the 
steps of filtering the respective simulated direct-sound signal 
based on each simulated sound-reflecting object further com­
prises applying a spectral shape that is common to the simu­
lated sound-reflecting objects. 

24. The medium of claim 19, further comprising the step of 
filtering a direct-sound signal according to first and second 
head-related transfer-functions, thereby forming the simu­
lated direct-sound first- and second-channel signals. 

25. The medium of claim 24, further comprising the steps 
of: 

filtering the simulated direct-sound first- and second-chan­
nel signals with respective attenuation filters; 

combining the simulated early-reflection first-channel sig­
nal with a filtered simulated direct-sound first-channel 
signal to form a first-channel output signal; and 

combining the simulated early-reflection second-channel 
signal with a filtered simulated direct-sound second­
channel signal to form a second-channel output signal. 

26. The medium of claim 25, further comprising the steps 
of: 

generating simulated late-reverberation first- and second­
channel signals from the direct-sound signal; 

combining the simulated late-reverberation first-channel 
signal with the first-channel output signal; and 

combining the simulated late-reverberation second-chan­
nel signal with the second-channel output signal. 

* * * * * 
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