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EFFICIENT PERSONALIZATION OF longer measurement collection times . Some approaches 
HEAD - RELATED TRANSFER FUNCTIONS have utilized a priori information about the HRTF in an 
FOR IMPROVED VIRTUAL SPATIAL AUDIO attempt to aid interpolation from a generic HRTF to a 

listener specific HRTF . 
Pursuant to 37 C . F . R . § 1 . 78 ( a ) ( 4 ) , this application is a 5 While several of these conventional techniques show 

continuation of U . S . application Ser . No . 14 / 560 , 792 , filed 4 promising results in terms of reconstruction or modeling 
Dec . 2014 ( pending ) , which claims the benefit of and error , no explicit localization studies have been conducted to 
priority to prior filed Provisional Application Ser . No . determine the exact number of spatial measurements 
61 / 911 , 641 , filed 4 Dec . 2013 . The disclosures of these required to achieve accurate localization . One problem with 
previously filed applications are incorporated herein by 10 many of these conventional methods is the lack of a simple 
reference , in their entireties . HRTF representation , which characterizes all of the percep 

tually - relevant HRTF features using only a small number of 
RIGHTS OF THE GOVERNMENT parameters . Personalization techniques could also benefit 

from more detailed knowledge of exactly how HRTFs differ The invention described herein may be manufactured and 15 among individuals , which is currently scarce . Yet , these used by or for the Government of the United States for all 
governmental purposes without the payment of any royalty . methods do provide interesting frameworks for HRTF esti 

mation that should , theoretically , be much more fruitful than 
FIELD OF THE INVENTION current results would suggest . Thus , there remains a need for 

20 improved methods of personalizing HRTFs having percep 
The present invention relates generally to virtual spatial tually - relevant information for proper source origin identi 

audio systems and , more particularly , to systems and meth - fication . 
ods of generating and utilizing head - related transfer func 
tions for virtual spatial audio systems . SUMMARY OF THE INVENTION 

25 

BACKGROUND OF THE INVENTION The present invention overcomes the foregoing problems 
and other shortcomings , drawbacks , and challenges of inter 

A head - related transfer function ( “ HRTF ” ) is a set of polating a fully - individualized HRTF representation without 
filters which individually describe the acoustic transforma excessive expense and time . While the invention will be 
tion of a sound as it travels from a specific location in space 30 described in connection with certain embodiments , it will be 
to a listener ' s ear canals . This transformation is caused by understood that the invention is not limited to these embodi interaural differences in the acoustic transmission path and ments . To the contrary , this invention includes all alterna interactions with acoustic reflections from the head , shoul tives , modifications , and equivalents as may be included ders , and outer ears . The HRTF represents all of the per within the spirit and scope of the present invention . ceptually relevant acoustic information needed for a listener 35 According to an embodiment of the present invention , a to determine a direction of sound origin . 
Non - directional sounds , when transmitted to the listener , Head - Related Transfer Functions includes a listener - specific 

provide no cues as to the direction of sound origin . These component and a general component . The listener - specific 
otherwise non - directional sounds , with an HRTF applied component includes listener - specific , vertical variations in 
thereto , may be utilized by virtual auditory display ( “ VAD ” ) 40 the Head - Related Transfer Function . The general component 
designers to impart a directional precept . Such capability has includes non - listener - specific , lateral variations in the Head 
a broad range of applications from navigational aids for Related Transfer Function . 
pilots and the visually - impaired to virtual and augmented Still another embodiment of the present invention is 
reality for training and entertainment purposes . directed a database of Head - Related Transfer Function . The 

Yet , the spatially - auditory cues represented by the HRTF 45 database includes individual - specific , vertical variations 
are highly individualized . In other words , unique anatomical derived from a plurality of Head - Related Transfer Func 
and spatial differences require a distinct HRTF for each tions . 
individual to properly perceive the direction of sound origin . Additional objects , advantages , and novel features of the 
Thus , technologies to derive generalized HRTFs from mea invention will be set forth in part in the description which 
surements on individuals or acoustic manikins often result in 50 follows , and in part will become apparent to those skilled in 
unnatural sounding displays for listeners ( i . e . , a listener on the art upon examination of the following or may be leaned 
which the measurements were not made ) and result in a by practice of the invention . The objects and advantages of 
greater degree of mislocalization . When faithful reproduc - the invention may be realized and attained by means of the 
tion of spatial auditory cues is necessary , HRTFs must be instrumentalities and combinations particularly pointed out 
measured or estimated for each specific listener . Unfortu - 55 in the appended claims . 
nately , accurate measurement of individualized HRTFs by 
conventional methods requires taking acoustic measure BRIEF DESCRIPTION OF THE DRAWINGS 
ments at a large number of spatial locations around the 
listener , who is outfitted with miniature , in - ear microphones . The accompanying drawings , which are incorporated in 
The HRTF measurement process requires a large amount of 60 and constitute a part of this specification , illustrate embodi 
time and expensive equipment , which makes it use cost ments of the present invention and , together with a general 
prohibitive for many commercial applications . description of the invention given above , and the detailed 

Other conventional strategies for attaining individual description of the embodiments given below , serve to 
measurements have included building costly and extensive explain the principles of the present invention . 
spherical speaker arrays so that measurements can be made 65 FIGS . 1A and 1B are schematic representations of a polar 
more rapidly . Alternatively still , smaller and cheaper mov - coordinate system for use in systems and methods according 
able speaker arrays may be used , but result in significantly to embodiments of the present invention . 
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124 . por ( cos ( 7 . – 2 ) ) If m = 0 Equation 1 

FIG . 2 is a schematic representation of individual left and Head Related Transfer Function ( “ S - HRTF ” ) may be used to 
right magnitude and phase responses for use in systems and describe the acoustic transformation of a sound traveling 
methods according to embodiments of the present invention . from each point in space on the sphere ( 0 , 0 ) about the 

FIG . 3 is a flowchart illustrating a method of generating listener to the listener ' s ear canals . Lateral localization cues 
a composite HRTF for a listener according to an embodi - 5 embodi 5 ( FIG . 1A ) are given as an angle , 0 , left or right from a point 
ment of the present invention . directly in front of the listener ; vertical localization cues 

FIG . 4 is a schematic representation of a computer suit ( FIG . 1B ) are given as an angle , , above or below the point 
able for use with systems and methods according embodi directly in front of the listener . 

With reference now to FIG . 2 , lateral localization cues ments of the present invention . may be taken from interaural timing differences ( “ ITD ' ) at FIG . 5 is a side - elevational view of a schematic repre - 10 low frequencies and interaural level differences ( “ ILD ” ) at sentation of an auditory localization facility suitable for use high frequencies increase as a sound moves from midline to 
with embodiments of the present invention . either side of the listener 20 . Individual characters of the FIG . 6 is a schematic representation illustrating the listener , such as anatomical dimensions of the ear and ITD , method of FIG . 3 . influence these lateral localization factors . FIG . 7 is a flowchart illustrating a method of generating 15 Each s - HRTF may , thus , be represented as a set of real spherical harmonic coefficient values by comparing an indi spherical harmonic functions ( Ym ( 0 , 0 ) ) having an order , n , vidual ' s response to a database and in accordance with and a mode ( degree ) , m , of spherical angles { - 1 / 250st / 2 } , embodiments of the present invention . { - ISQs } . For each spherical harmonic order n , there are FIG . 8 is a flowchart illustrating a method of applying a 2n + 1 individual basis functions , designated by the mode composite HRTF , generated in accordance with an embodi - 20 - number { - nsmsn } . For a pth order spherical harmonic ment of the present invention , to a mono - channel sound for representation , there are ( P + 1 ) 2 basis functions : 
audio presentation to a listener . 

FIG . 9 is a schematic representation illustrating the 
method of FIG . 8 . 

FIG . 10 is a graphical representation of the mean square 25 
error for a least squares coefficient estimation and Bayesian 
coefficient estimation according to an embodiment of the Ynum ( $ , 6 ) = { num PI ( cos ( 5 . – 6 ) ) cos ( mp ) If m > 0 
present invention . l ( cos ( 6 – 6 ) ) sin ( mv ) If m < 0 FIG . 11 is a two - dimensional graphical representation of 
4th order HRTF magnitude ( in dB ) for three exemplary 30 
listeners ( one per row ) plotted as a function of angle about where P , " corresponds to the associated Legendre Polyno 
the median plane . mial and N , " is a normalization constant to ensure ortho 
FIGS . 12A - 12C are graphical representations of average normality of the basis functions . 

total angular response error , lateral response error , and An arbitrary continuous spatial function , h ( 0 , 0 ) , can be 
intra - conic response error ( corrected for target lateral posi - 35 formed by summation of a set of weighted P " order spheri 
tion ) , respectively , measured in degrees , for all tested spheri - cal harmonics : 
cal harmonic representation orders . 

It should be understood that the appended drawings are 
not necessarily to scale , presenting a somewhat simplified Equation 2 
representation of various features illustrative of the basic 40 hie . O ) = Ynm ( 6 , ) Com Z nm 
principles of the invention . The specific design features of 
the sequence of operations as disclosed herein , including , for 
example , specific dimensions , orientations , locations , and where Cum includes a set of spherical harmonic coefficients . 
shapes of various illustrated components , will be determined While lateral localization cues tend to be fairly consistent 
in part by the particular intended application and use envi - 45 a across individuals , intraconic localization cues vary greatly . ronment . Certain features of the illustrated embodiments As such , those coefficients within Cum corresponding to 
have been enlarged or distorted relative to others to facilitate lateral variation may be listener - independent while those 
visualization and clear understanding . In particular , thin coefficients within Cnm corresponding to intraconic spatial features may be thickened , for example , for clarity or variation are largely listener - dependent . Moreover , highest 
illustration . " degrees of inter - listener variance correspond to spherical 

harmonics where n = lm? , hereafter , “ sectoral harmonics . ” DETAILED DESCRIPTION OF THE That is , spatial auditory perception is most individualistic INVENTION for those points in space ( , 0 ) within a medial , sagittal 
plane , which is illustrated in FIGS . 1A and 1B as a dashed While provided in some detail below , additional features 55 line on each sphere 20 . and embodiments of the methods and systems described By defining an average coefficient values for lateral herein are provided in G . D . ROMIGH , “ Individualized variations , Cnm , a spherical harmonic representation for an Head - Related Transfer Functions : Efficient Modeling and individualized s - HRTF can be determined : Estimation from Small sets of Spatial Samples , ” Ph . D . 

dissertation , Carnegie Mellon University , Pittsburgh , Pa . , 60 
Dec . 5 , 2012 , 108 pages total . The disclosure of this disser H Hlat + H Sec Equation 3 
tation is incorporated herein by reference , in its entirety . 

Turning now to the figures , and in particular to FIGS . 1A 
and 1B , one theory of spatial auditory perception centering Equation 4 
on differences in times a sound arrives at a listener ' s two 65 Hlat = > Ynm Cnm 
ears is shown . For a listener 20 positioned at center of a 
sphere 22 ( note that listener 20 is shown in FIG . 2 ) , a sample 

n = 0 m = 

where 

Pn - 1 

n = 1 = - ( n - 1 ) 

Meta Platforms, Inc. 
Exhibit 1025 

Page 015



US 10 , 070 , 239 B2 

n = 0 

nu 

- continued And now , with reference to the flowchart of FIG . 3 , a 
Equation 5 method 24 of estimating a composite Head Related Transfer 

Hsec = ( ynn Cnn + Yn , - nCn , - n ) Function ( “ HRTF ” ) from a measured , subset of s - HRTFs 
according to an embodiment of the present invention is 

5 shown . The method 24 , given the iterative processes and 
Coefficients of the sectoral HRTF model may then be mathematical complexity or transforming audio waveforms 

estimated from a limited number of sample HRTF measure - via the particular s - HRTF , should be completed by way of a 
ments , typically taken along sagittal planes and correspond computing system 26 ( FIG . 4 ) . 
ing to regions having the greatest degree of individuality . In that regard , and with reference to FIG . 4 , the details of 
More particularly , and as described in greater detail below a 10 the computing system 26 suitable for performing the method 
number of measured , sectoral , s - HRTFs may be limited by 24 of FIG . 3 is described . The illustrative computing system 
constraining measurements to a median plane . 26 may be considered to represent any type of computer , 
Given a number , S , of spatial measurements and a trun computer system , computing system , server , disk array , or 

cation order , P , ITD at a single frequency , h , may be 5 programmable device such as multi - user computers , single 
reconstructed from a linear combination of the spherical user computers , handheld devices , networked devices , or 
harmonic basis functions given in Y via an individualized set embedded devices , etc . The computing system 26 may be of spherical harmonic coefficients , c : implemented with one or more networked computers 28 

h = Yc using one or more networks 30 , e . g . , in a cluster or other 
20 distributed computing system through a network interface 

where 32 ( illustrated as “ NETWORK I / F ” ) . The computing system 
26 will be referred to as “ computer ” for brevity ' s sake , h = [ h ( $ 1 , 01 ) , ( 42 , 02 ) , . . . hs0s ) ] although it should be appreciated that the term “ computing 

c = [ Coo C1 - 1 , C10 , C11 . . . , Cpp ] system ” may also include other suitable programmable 
25 electronic devices consistent with embodiments of the 

Y = [ y00 . 91 – 1910 , 911 , . . . , Ypp ] invention . 
The computer 26 typically includes at least one process 

and ing unit 34 ( illustrated as “ CPU ” ) coupled to a memory 36 
along with several different types of peripheral devices , e . g . , 

Ynm = [ Yum ( $ 1 , 0 , ) , . . . Ynm ( $ 5 , 0s ) ] Equation 6 30 a mass storage device 38 wi a mass storage device 38 with one or more databases 40 , an 
Two terms can now be obtained by splitting this repre input / output interface 42 ( illustrated as “ I / O 1 / F ” ) coupled to 

sentation according to the sectoral model described above : a a user input 39 and display 41 , and the Network I / F 32 . The 
first term that is dependent only on sectoral coefficients and memory 36 may include dynamic random access memory 
a second term that is dependent only on non - sectoral coef - ( “ DRAM ” ) , static random access memory ( " SRAM ” ) , non 
ficients : volatile random access memory ( “ NVRAM ” ) , persistent 

h = YLallar + YSecCsec Equation 7 memory , flash memory , at least one hard disk drive , and / or 
another digital storage medium . The mass storage device 38 As only sectoral coefficients are presumed to be listener is typically at least one hard disk drive and may be located specific , a new sectoral - HRTF vector , he may be defined 

having the full s - HRTF with non - sectoral components 40 40 externally to the computer 26 , such as in a separate enclo 
removed , e . g . , having only the listener - specific , sectoral sure or in one or more networked computers 28 , one or more 

networked storage devices 44 ( including , for example , a tape components . 
or optical drive ) , and / or one or more other networked 
devices ( including , for example , a server ) . 

hsec zh - Y Lat?Lat Equation 8 45 The CPU 34 may be , in various embodiments , a single 
thread , multi - threaded , multi - core , and / or multi - element 
processing unit ( not shown ) as is well known in the art . In 
alternative embodiments , the computer 26 may include a 
plurality of processing units that may include single - thread Sectoral , listener - dependent components may be esti 50 processing units , multi - threaded processing units , multi - core mated using a Bayesian estimation strategy according to one processing units , multi - element processing units , and / or embodiment of the present invention , by modeling the combinations thereof as is well known in the art . Similarly , 

HRTF with a multi - variate normal distribution on the coef the memory 36 may include one or more levels of data , 
ficient vector , c . In other words , given some mean coefficient instruction , and / or combination caches , with caches serving 
vector , Coor , and a covariance matrix , Rsec the HRTF coef - 55 the individual processing unit or multiple processing units 
ficients are presumed to be distributed as c : N ( Csec , Rsec ) . ( not shown ) as is well known in the art . 

The memory 36 of the computer 26 may include one or 
more applications 46 ( illustrated as “ APP . ” ) , or other soft 

?sec = E [ c | hsec ] = Equation 9 ware program , which are configured to execute in combi 
Csec + Rsec YŠec ( Ysec sec Yfec + o + 1 ) ! ( hsec – Ysec sec ) 60 nation with the Operating System 48 ( illustrated as " OS ” ) 

and automatically perform tasks necessary for performing 
the method of FIG . 3 , with or without accessing further 

Thus , sectoral coefficients may be estimated from mea information or data from the database ( s ) 40 of the mass 
surements made at a first plurality of locations . The s - HRTF storage device 38 . 
at any location ( 4 , 0 ) can then be estimated according to 65 Those skilled in the art will recognize that the environ 
Equation 7 , with estimated values for the sectoral coeffi - ment illustrated in FIG . 4 is not intended to limit the present 
cients and the listener - independent later coefficients . invention . Indeed , those skilled in the art will recognize that 

Y Sec CSec 
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other alternative hardware and / or software environments processed in accordance with the methods provided above . 
may be used without departing from the scope of the Briefly , each listener , respectively , is positioned and a test 
invention . stimulus is played from each loudspeaker 56 ( FIG . 5 ) . The 

In any event , and with reference again to FIG . 3 , a first test stimulus may vary , but according to the particular 
plurality of s - HRTF for the listener 20 ( FIG . 2 ) is measured 5 illustrative embodiment , consisted of a train of seven peri 
at a first plurality of locations ( Block 50 ) . The first plurality odic chirp signals , each sweeping from about 200 Hz to 
may include any arrangement and number of locations about about 15 kHz in the span of 2048 samples and at a 44 . 1 kHz the listener 20 ( FIG . 2 ) , whether regular or irregular . That is , sampling rate . This 325 - ms chirp train was prefiltered to the locations may be randomly selected or may comprise a remove differences in the frequency response between particular arrangement , such as circumferentially , sagittally , 10 speakers 56 ( FIG . 5 ) and presented to the listener 20 ( FIG . coronally , axially , and so forth . According to one particular 

2 ) . Binaural recordings were made of each stimulus , and raw embodiment of the present invention , and as laid out in 
detail above , the first plurality may be arranged along a HRTFs were calculated by averaging the response of the five 
sagittal plane . interior chirps of each train and stored as an inverse discrete 

The number of measured s - HRTFs may be at least par - 15 F Fourier Transform of the HRTF ( hereafter , “ HRIR ” ) . 
tially dependent on the arrangement selected and on the According to some embodiments of the present invention , 
method of measurement . Generally , the number of s - HRTF a position of the listener ’ s head 58 ( FIG . 2 ) may be recorded 
may range from 1 to infinity . before , during , or after presentation of the stimulus from 

Measuring the first plurality of s - HRTFs may be com each speaker 56 ( FIG . 5 ) , or combinations thereof . Accord 
pleted in any acoustically treated facility and in accordance 20 ingly , the acoustically treated facility may include a tracking 
with any manner known to those of ordinary skill in art . system ( not shown ) , such as a commercially - available 
According to the illustrative embodiment of FIG . 5 , the IS - 900 ( InterSense , Billerica , Mass . ) , configured to detect a 
facility may be the Auditory Localization Facility ( “ ALF ” ) position and location of the listener ' s head 58 ( FIG . 2 ) 
at the Air Force Research Laboratory , Dayton , Ohio . As within space and to relate the position and location of the 
shown , ALF includes a 7 ft radius geodesic sphere 52 25 listener ' s head 58 ( FIG . 2 ) to the location of the perceived 
located within a large anechoic chamber 54 . A plurality of sound source . In that regard , when the signal is input into the 
speakers 56 ( 277 speakers for the ALF , although not all 277 and split into left and right signals , tracking data , indicative 
are shown ) are placed about , and at vertices of , the geodesic of the head position and location as determined by the sphere 52 . The listener 20 is positioned within the sphere 52 tracking system , is input as well . such that the listener ' s head 58 is located approximately 30 Once the procedure is complete for each speaker 56 ( FIG . centrally therein . 5 ) , ITD values may be extracted , as indicated above . The Referring now to FIG . 6 with FIG . 5 , and with the listener raw 2048 sample HRIRs may be windowed , for example , by positioned with the sphere 52 , the listener ' s ears ( not shown ) 
are fitted with miniature , in - ear microphones ( also not applying a 401 sample Hanning window , centered on the 
shown ) . An audio signal 60 , for example , a single tone or a 35 Stro 35 . strongest peak of each HRIR , to reduce the effects of any 
train of a plurality of chirps , may be transmitted from any residual reflections due to the acoustically treated facility . 
one of the plurality of speakers 56 ( positioned at a point The windowed HRIRs were then converted to minimum 
( 0 , 0 ) relative the listener ' s heard 58 ) and a received signal phase before being truncated to 256 taps with a rectangular 
( that is , a head - related impulse response ( “ HRIR ” ) is 
received by each in - ear microphone . According to the par - 40 Referring again to FIG . 3 , and with the database 40 ( FIG . 
ticular illustrative embodiment , the audio signal 60 con - 4 ) established and s - HRTFs acquired for a first plurality of 
sisted of a train of seven periodic chirp signals , each locations for a listener 20 ( FIG . 2 ) , s - HRTFs at a second 
sweeping from about 200 Hz to about 15 kHz in the span of plurality of locations may be estimated for the listener 20 
2048 samples and at a 44 . 1 kHz sampling rate . This 325 - ms ( FIG . 2 ) ( Block 66 ) . In that regard , a method 68 of estimat 
chirp train may be prefiltered to remove differences in 45 ing is described with reference to FIG . 7 and Equation 9 . 
frequency response between speakers 56 and presented to Within Equation 9 , the term ( hc - Y cser ) is the difference 
the listener 20 . The process may be repeated for any number between the listener ' s s - HRTF at a given location and the 
of speakers 56 , for example , a number of speakers correlated average ( or other generalization of the distribution of coef 
with the number of locations comprising the first plurality . ficients ) s - HRTF at the given location . The received HRIR 60 , 62 from each in - ear microphone 50 30 To start a To start , arbitrary values for the hypercoefficients , RSec is recorded and a Fourier transform of each yields left and and sec , are set ( Block 70 ) such that Bayesian estimates can right s - HRTF , respectively , for the point ( 4 , 0 ) at a radius , r , be made of the spherical harmonic coefficients ( Block 72 ) . from center 64 . The left and right s - HRTFs may , if desired , Of course , those skilled in the art would readily appreciate , be cross - correlated to determine the ITD for the listener 20 . 
More specifically , ITD values may be extracted from the raw 55 g s given the disclosure herein , that other estimation algorithms 
HRIRs by comparing the best linear fit to the phase response may alternatively be used . Estimation values may be deter 
of each ear , for example , from between 300 Hz and 1500 Hz . mined from a measurable individual character of the listener 

With listener - specific s - HRTFs measured for a first plu 20 , such as a previous HRTF measurement , an anthropo 
rality of locations ( Block 50 ) , the s - HRTFs are fit to the metric measurement ( distance between ears , size of ears , 
spherical harmonic representation using the Bayesian esti - 60 etc . ) , a spatial audio evaluation , or an interaural timing 
mation , as explained above . Such coefficients may be saved difference , just to name a few . Resultant estimated coeffi 
in the databases 40 ( FIG . 4 ) and / or used to comparison cient values may then be used to update the estimates of R See 
against the database 40 ( FIG . 4 ) of coefficients so as to and Tse ( Block 74 ) , which are evaluated against the distri 
determine an individual listener ' s deviation from normal , as bution of coefficients of the database ( Block 76 ) . Any 
described in greater detail below . 65 suitable evaluation strategy may be used , such as by a 

With respect to establishing the database 40 ( FIG . 4 ) , conventional Minimum Variance Unbiased ( “ MVUB ” ) esti 
S - HRTFs are acquired for each of a plurality of listeners and mator , where : 
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quency response between speakers and was presented to 
Equation 10 each listener . Binaural recordings were made of each stimu 

lus . 
Before the onset of each stimulus presentation , the posi 

Equation 11 5 tion of the listener ' s head was recorded and , later , used to 
calculate a head - relative location for storage . 
Raw s - HRTFs were calculated by averaging the response 

of the five interior chirps of each train and were stored as 
HRIRs ( the inverse Discrete Fourier Transform of the Estimation and evaluation continue , iteratively ( “ No ” HRTF ) . The raw 2048 HRIRs were windowed by applying branch of Decision Block 78 ) , until estimates converge 1 a 401 sample Hanning window , centered on the strongest 

( “ Yes ” branch of Decision Block 78 ) . The resultant , con - peak of each HRIR so as to reduce the effects of any residual 
verged coefficients may be applies to a sound for the reflections within the ALF facility . 
particular listener 20 ( FIG . 2 ) . Although not specifically ITD values were extracted from the raw HRIRs by 
shown , the process may further be repeated for any numbers comparing the best linear fit to a phase response of each ear 
of locations , establishing a second plurality . 15 between 300 Hz and 1500 Hz . The windowed HRIRs were 

Referring again to FIG . 3 , and with s - HRTFs estimated then converted to minimum phase before being truncated to 
256 taps with a rectangular window . for the second plurality of locations , a composite HRTF for Each listener ' s s - HRTFs were used to estimate a set of the listener may be generated ( Block 80 ) , which may then be coefficients of a 6 " order spherical harmonic representation 

used to augment audio signal in accordance with embodi - 20 for the 274 available locations . The estimations were made 
ments of the present invention . As such , and with reference using ( 1 ) a conventional least squares technique and ( 2 ) a 
now to FIGS . 8 and 9 , a method 82 of applying a listener Bayesian technique in accordance with an embodiment of 
specific HRTF to a mono - channel sound source according to the present invention . Sampled locations were picked to be 
an embodiment of the present invention is shown . Generally , approximately equally distributed along a surface of the 
a sound and a to - be perceived location for that sound are 25 sphere and varied from one HRTF to the next . 
determined ( Block 84 ) . The to - be perceived location may be FIG . 10 illustrates the mean square error ( “ MSE ” ) 

between the coefficients estimated using the reduced set and translated into spherical coordinates so as to correlate with the coefficients found using all 274 locations is plotted in as the individual HRTF . The sound , being mono - channel , is a function of the number of samples used in the estimation . split into two channels ( Block 86 ) , for example , left and For example , a 6th - order model included 49 coefficients . 
right channels corresponding to the listener ’ s left and right 30 The least squares approach begins to degrade significantly as 
ears , respectively ( although the sounds are generally sup with small numbers of available spatial samples towards the 
plied to the listener 20 by way of left and right earphones 88 , theoretical limit for a unique solution . In contrast , the mean 

square coefficient error using the proposed Bayesian tech 
A digital delay is generated between the left and right nique remains quite stable , and shrinks linearly as the 

channels as determined by the ITD ( Block 92 ) . The ITD . as 3 number of spatial samples increases . Accordingly , the 
Bayesian estimation technique may be capable of accurately discussed above , is determined by cross - correlating the 

HRIR . Thus , the previously determined ITD values may be estimating the SH coefficients with as few spatial samples as 
the number of coefficients in the model , or less . loaded and applied to the channels as appropriate . Subse 

quently , the left and right s - HRTFs are applied to respective 40 EXAMPLE 2 
channels by way of a real - time FIR filter ( Block 94 ) , which 
is then provided to the listener 20 by way of the headphones Generation of a database of lateral s - HRTF was per 
96 ( Block 98 ) . formed by acquiring s - HRTFs in accordance with the 

The process may be repeated for changes in the perceived method of Example 1 for 44 listeners . Estimation of coef 
location of the sound , movement of the listener ' s head or 45 ficients by establishing initial values for hyperparameters , 
both . Otherwise , the process may end . Csee and R Sec according to embodiments of the present 

The following examples illustrate particular properties invention was completed . In that regard , the Bayesian tech 
nique of Example 1 was used to estimate the set of coeffi and advantages of some of the embodiments of the present cients of the 6th order spherical harmonic representation . An 

invention . Furthermore , these are examples of reduction to Expectation - Maximization algorithm for a 6th - order SH practice of the present invention and confirmation that the 50 representation . 
principles described in the present invention are therefore FIG . 11 illustrates three estimated subject HRTFs ( one per 
valid but should not be construed as in any way limiting the row ) taken along the median plane with a decreasing number 
scope of the invention . of spatial measurements used ( indicated by column head 

ings ) . The subject HRTFs begin to lose individuality and 
EXAMPLE 1 55 become more similar to an average HRTF ( zero measure 

ments ) as the number of spatial samples is reduced . FIG . 9 
S - HRTFs for listeners were recorded using the Auditory further illustrates an increased noisy characteristic of the 

Localization Facility ( “ ALF ” ) of the Air Force Research estimated subject HRTFs when only a few measurements are 
Labs in Dayton , Ohio ( illustrated in FIG . 5 ) , which has been used , which may be due to the frequency - by - frequency form 
shown to produce HRTFs which maintain the localization 60 of the estimation . It is likely that the degradation is unde 
abilities of human subjects with free field stimuli . tectable due to the frequency resolution limitations of the 

For each s - HRTF , a test stimulus is played from each of peripheral auditory system . 
the 277 loudspeakers located at vertices of the sphere . The 
test stimulus consisted of a train of seven periodic chirp EXAMPLE 3 
signals each swept from 200 Hz to 15 kHz in the span of 65 
2048 samples at a 44 . 1 kHz sampling rate . The 325 - ms chirp Perceptual evaluations were conducted in the ALF , 
train was prefiltered to remove any differences in the fre - described above in Example 1 , wherein each vertex of the 

90 ) . 
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sphere contains a loudspeaker ( Bose Acoustimass , Bose excluded from testing because of interference from the 
Corp . , Framingham , Mass . ) and a cluster of four LEDs . The listener platform contained in the ALF . The HRTFs for all 
ALF included a 6 - DOF tracking system ( Intersense IS900 , trials within one 60 trial block were generated using the 
Thales Visionix , Inc . , Billerica , Mass . ) configured to simul spherical harmonic smoothing technique discussed above 
taneously track the listener ' s head position and the position 5 for a specific spherical harmonic order . A baseline condition 
of a small hand - held pointing device . The system is such that was also included in the study which consisted of the 
real - time visual feedback can be given to the listener about original processed HRTF with no spatial processing . 
the orientation of the wand or the listener ' s head by lighting FIGS . 12A - 12C illustrates results from the perceptual 
up the LED cluster which corresponds most closely to the validation task and demonstrate the average absolute angular orientation direction . During HRTF collection , listeners 10 localization error between the intended location and the were asked to stand in the center of the sphere with their listener ' s directional response . This total angular error is head oriented toward a designated speaker location . Before then broken down into its lateral and intraconic components each set of test stimuli were presented , the position and 
orientation of the listener ' s head was recorded and the in FIGS . 12B and 12C , respectively . The bold dotted lines in 
corresponding location modified to correspond to its posi - 15 15 each of FIGS . 12A - 12C represent the corresponding errors 
tion relative to the head . from a previous study using free - field stimuli ( bottom lines ) 

The test stimulus consisted of a train of seven periodic and non - individualized HRTFs ( top lines ) . 
chirp signals which swept from 100 Hz to 15 kHz in the span The total angular error when locations are equally dis 
of 2048 points at a 44 . 1 - kHz sampling rate . This 325 ms tributed ( SH ) and when locations are confined to the median 
chirp train was pre - filtered to remove any differences in the 20 plane ( SEC ) increases as the number of locations is 
frequency response between speakers , and presented with decreased from around 15° with all 277 measurement loca 
the stimuli from 15 other speaker locations with a 250 ms tions to around 20° with only a single location . Across all 
inter - stimulus interval . Binaural recordings were made of conditions , the sectoral model seems to perform similarly to 
the response to each signal . Raw HRTFs were calculated by that of the full SH model . Both models resulted in perfor 
averaging the response of the five interior chirps of each 25 mance similar to free - field performance when all 277 mea 
train and stored as HRIRs ( the inverse Discrete Fourier surement locations were used and significantly better than 
Transform ( “ DFT ” ) of the HRTF ) . This procedure was non - individualized performance even with only a single 
repeated until all 277 loudspeaker positions had been mea - measurement . The intraconic errors seem to account for 
sured . A similar technique was also employed to calculate a most of the performance degradations as the number of 
set of custom headphone correction filters . In this case the 30 locations decrease since the lateral error shows little differ 
test signal was presented overhead phones and recorded with ence amongst the two measurement distributions or the 
the in - ear binaural microphones . The resulting correction number of measurements . 
filters were then used to correct the HRTF measurements for As provided in detail herein , sectoral HRTF models 
the headphone presentation . according to the embodiments of the present invention 

The raw 2048 - sample HRIRs were windowed by applying 35 describe herein may be utilized to improve performance 
a 401 - sample Hanning window centered on the strongest with any HRTF personalization strategy seeking to improve 
peak of each HRIR to reduce the effects of any residual the accuracy of estimated HRTFs by relating the personal 
reflections within the ALF . ITD values were extracted from ization strategy to individual characteristics of the listener 
the raw HRIRs by comparing the best linear fit to the phase ( e . g . , individualized HRTF measurements , anthropometric 
response of each ear between 300 Hz and 1500 Hz . The 40 measurements , subjective selection , etc . ) . If a small number 
windowed HRIRs were then corrected for the response of of individualized HRTF measurements are available , then 
the headphones and converted to minimum phase before the estimation methods according to the embodiments of the 
being truncated to 256 taps with a rectangular window . The present invention may be applied , regardless of the methods 
ITDs were reintroduced by delaying the contralateral mini - with which the HRTFs were measured . The preferred set of 
mum - phase HRIR by the ITD value . 45 measurements is acquired for locations that are a ) spatially 

At the beginning of each 30 min experimental session , distributed on a sphere or b ) distributed around the median 
HRTF and headphone correction were measured using the plane . Once a set of measurements are available , the meth 
procedure outlined above . This overall process from micro - ods according to embodiments of the present invention can 
phone fitting to the end of collection took approximately 5 be used to interpolate the samples to any arbitrary set of 
min to 6 min after which the listener was asked to complete 50 directions desired for playback of spatialized audio . 
three 60 trial blocks of a localization task . On each trial the The methods according to the present invention , and as 
listener was presented with a short stimulus and asked to described herein , may significantly reduce the number of 
indicate the perceived direction by orientating the tracked spatial samples ( from the conventional 150 spatial samples 
wand toward the perceived location and pressing a response shown to fully preserve localization accuracy ) necessary for 
button . The correct location was then presented to the 55 modeling an individualized HRTF . Accordingly , the meth 
subject by illuminating the LEDs on the actual speaker ods as described herein could , theoretically , be used with 
location , which was then acknowledged via a button press . most existing HRTF estimation techniques to improve per 
Listeners were then required to reorient toward the zero - zero formance as the representation contains all of the HRTF 
direction before they could initiate the start of the next trial information in a smaller number of parameters . 
by again pressing the button . 60 The methods according to embodiments of the present 

All of the stimuli were a 250 ms burst of white noise invention and as describe herein further help to avoid 
which had been band - passed between 500 Hz and 15 kHz over - fitting problems commonly seen when models have a 
and windowed with 10 ms onset and offset ramps . The large number of variables . In turn , the methods can help 
stimuli was convolved with an HRTF and presented to the estimation performance generalize better to unseen samples . 
subject through a pair of custom earphones . All target 65 Additionally , because these individualized coefficients rep 
locations corresponded to one of 245 speaker locations resent spatial variation mainly in the intraconic dimension , 
which are above - 45° in elevation . Low elevations were the simplification may make it possible to confine acoustic 
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measurements used to estimate the HRTF parameters to the What is claimed is : 
median plane when used in conjunction with an estimation 1 . A system for generating a personalized Head - Related 
strategy . Transfer Function for a listener , wherein the personalized 

The estimation method based shown above based on Head - Related Transfer function comprises a listener - specific 
acoustic measurements is one way to take advantage of the 5 component and a general component , the system compris 
sectoral HRTF model to aid HRTF personalization . How ing : 

a processor that receives the listener - specific component ever , those of ordinary skill in the art having the benefit of comprising lateral variations in a sample Head - Related 
the disclosure herein will readily appreciate that other stan Transfer Function ; and 
dard estimation techniques ( e . g . , multiple regression , neural a database that contains a distribution of known spherical 
network , etc . ) for fitting parameters may also be employed . harmonic coefficients derived from a plurality of indi 

While methods according to one or more embodiments of viduals ; 
the present invention are designed to work on a frequency wherein the processor is configured to fit the listener 
by - frequency basis , where the number of frequency bins is specific component to a spherical harmonic represen 
dictated by the number of Discrete Fourier Transform 16 tation and to compare the fitted listener specific com 

15 ponent to the known spherical harmonic coefficients in ( “ DFT ” ) coefficients describing the HRTF , methods accord order to estimate the general component ; and ing to other embodiment may utilize DFT representations of wherein the processor is configured to generate the per any size , and with spectral representations in which indi sonalized Head - Related Transfer Function using the 
vidual frequency bins are combined across neighboring listener specific component and the general component 
frequencies to get wider bands at higher frequencies which 20 and to apply the personalized Head - Related Transfer 
would better reflect the auditory system ' s spectral resolu Function to a mono - channel sound signal . 
tion . 2 . The system of claim 1 , wherein the listener - specific 

The invention may be used in conjunction with any spatial component includes coefficients of a first plurality of spatial 
audio display technology which requires head - related trans basis functions fitting left and right measured frequency 
fer functions to achieve directional positioning of sound 25 sound 25 dependent gain parameters of a Head - Related Impulse 

Response . sources . In a typical implementation , the embodiments of 3 . The system of claim 2 , wherein the Head - Related the invention would be used to efficiently estimate a set of Impulse Response is measured for the listener . 
individualized head - related transfer functions in order to 4 . The system of claim 3 , wherein an intraural timing 
provide the audio display user with a more realistic set of difference is derived from the measured Head - Related 
spatial auditory cues than what can typically be achieved » Impulse Response . 
with non - individualized HRTFs . 5 . The system of claim 1 , wherein the general component 

While the present invention has been illustrated by a includes coefficients of a second plurality of spatial basis 
description of one or more embodiments thereof and while re embodiments thereof and while functions fitting left and right measured frequency - depen 
these embodiments have been described in considerable 35 dent gain parameters of a Head - Related Impulse Response . 

6 The system of claim 1 , wherein the listener - specillc , detail , they are not intended to restrict or in any way limit the 
scope of the appended claims to such detail . Additional vertical variations of the listener - specific component are 

estimated from a number of measured HRTFs . advantages and modifications will readily appear to those 
skilled in the art . The invention in its broader aspects is 7 . The system of claim 6 , wherein locations of the number 

therefore not limited to the specific details , representative 40 of measured HRTFs are arranged circumferentially , sagit 
40 tally , coronally , axially , or randomly . apparatus and method , and illustrative examples shown and 8 . The system of claim 7 , wherein the locations are along described . Accordingly , departures may be made from such 

details without departing from the scope of the general a medial , sagittal plane about the listener . 
inventive concept . * * * * * 
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