
1 
 

SYSTEMS AND METHODS FOR MODIFYING ROOM 

CHARACTERISTICS FOR SPATIAL AUDIO RENDERING OVER 

HEADPHONES 
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This application claims the benefit of priority from U.S. Provisional Patent Application: 

62/750,719, filed 25 October 2018, and titled, “SYSTEMS AND METHODS FOR 

MODIFYING ROOM CHARACTERISTICS FOR SPATIAL AUDIO RENDERING OVER 

HEADPHONES”, which incorporates by reference U.S. Provisional Patent Application: 

62/614,482, filed 7 January 2018, and titled, “METHOD FOR GENERATING CUSTOMIZED 

SPATIAL AUDIO WITH HEAD TRACKING”, the entirety of each of which are incorporated 

by reference for all purposes. This application also incorporates by reference U.S. Patent 

Number: 10,390,171, filed on 19 September 2018; issued on 20 August 2019 and titled, 

“METHOD FOR GENERATING CUSTOMIZED SPATIAL AUDIO WITH HEAD 

TRACKING”, the entirety of which is incorporated by reference for all purposes.  

 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to methods and systems for rendering audio over 

headphones.  More particularly, the present invention relates to using databases of personalized 

spatial audio transfer functions having room impulse response information for generating more 

realistic audio rendering.      

2. Description of the Related Art 

 The practice of Binaural Room Impulse Response (BRIR) processing is well known. 

According to known methods, a real or dummy head and binaural microphones are used to 

record a stereo impulse response (IR) for each of a number of loudspeaker positions in a real 

room.  That is, a pair of impulse responses, one for each ear, is generated.  A music track may 

then be convolved (filtered) using these IRs and the results mixed together and played over 

headphones.  If the correct equalization is applied, the channels of the music will then sound as if 

they were being played in the speaker positions in the room where the IRs were recorded.   

The BRIR and its related Binaural Room Transfer Function (BRTF) simulate the 

interaction of sound waves from a loudspeaker with the listener ears, head and torso, as well with 
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the walls and other objects in the room.  Room size affects sound as do the sound reflection and 

absorption qualities of the walls in the room.  Loudspeakers are typically encased in an enclosure 

the design and composition of which affect the quality of the sound.  When the BRTF is applied 

to an input audio signal and fed into separate channels of headphones, natural sounds are 

reproduced with directional and spatial impression cues that simulate the sound that would be 

heard from a real source in the same position as the loudspeaker in a real room as well as with 

the sound quality attributes of the loudspeaker.   

The actual BRIR measurements are typically made by seating an individual in a room and 

measuring with in-ear microphones the impulse responses from a loudspeaker.  The 

measurement process is extremely time consuming requiring the patient cooperation of the 

listener as a large number of measurements are taken for the different loudspeaker positions 

relative to the head location of the listener.  These typically are taken for at least every 3 or 6 

degrees in azimuth in the horizontal plane around the listener but can be fewer or greater in 

number and also can encompass elevation locations relative of the listener as well as 

measurements relating to different head tilts.  Once all of these measurements are completed, a 

BRIR dataset for that individual is generated and made available to apply to audio signals 

typically in the corresponding frequency domain form (BRTF) to provide the aforementioned 

directional and spatial impression cues.    

In many applications the typical BRIR dataset is inadequate for the listener’s needs. 

Typically, BRIR measurements are made with the loudspeaker at about 1.5 m from the listener’s 

head.  But often the listener might prefer to perceive the loudspeaker to be positioned at a greater 

or lesser distance.  For example, in music playback, a listener might prefer that stereo signals 

appear to be positioned at 3 or more meters from the listener.  In video gaming situations an 

audio object might be positionable with the proper directionality using the BRTFs but the 

distance of the object inaccurately represented by the distance associated with the single BRTF 

dataset available.  At best, even with attenuation applied to the signal to convey the sense of an 

increased distance from the measured listener head to loudspeaker distance, the perception of 

distance is indefinite.  It would be useful to have available BRIRs customized for the different 

listener head to speaker distances.  Further still, due to measurement constraints the loudspeaker 

used in the BRIR measurement process may have been limited in size and/or quality whereas the 

listener would have preferred that the BRIR dataset had been recorded using a higher quality 
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loudspeaker.  While these situations can be handled in some cases by remeasuring the individual 

under the changed circumstances, that would be a costly, time-consuming approach.  It would be 

desirable if selected portions of the BRIR for the individual could be modified to represent 

changed loudspeaker-room-listener distances or other attributes without resorting to 

remeasurement of the BRIR.    

 

SUMMARY OF THE INVENTION 

To achieve the foregoing, the present invention provides in various embodiments a 

processor configured to provide binaural signals to headphones to include room impulse 

responses to provide realism to the audio tracks.  Modifications to BRIRs are provided by 

applying one or more techniques to one or more segmented regions of BRIRs.  As a result, one 

or more of the loudspeaker-room-listener characteristics are modified without requiring a 

remeasurement of an individual.   

 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram illustrating graphically the different regions of the BRIRs subject to 

processing in accordance with one embodiment of the present invention. 

FIG. 2 is a block diagram illustrating modules for the modification of BRIRs without 

requiring additional in ear measurements in accordance with embodiments of the present 

invention. 

FIG. 3 is a diagram of a room illustrating speaker and room characteristics that can be 

targeted for modification in BRIRs by processing one or more regions of the BRIRs in 

accordance with some embodiments of the present invention. 

FIG. 4 is a diagram of a system for generating BRIRs for customization, acquiring 

listener properties for customization, selecting customized BRIRs for listeners, and for rendering 

audio modified by BRIRs in accordance with embodiments of the present invention. 

FIG. 5 is a diagram illustrating steps in modifying BRIRs to substitute a different room or 

to modify the characteristics of the selected room without requiring additional in-ear 

measurements in accordance with embodiments of the present invention.   
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Reference will now be made in detail to preferred embodiments of the invention.  

Examples of the preferred embodiments are illustrated in the accompanying drawings.  While the 

invention will be described in conjunction with these preferred embodiments, it will be 

understood that it is not intended to limit the invention to such preferred embodiments.  On the 

contrary, it is intended to cover alternatives, modifications, and equivalents as may be included 

within the spirit and scope of the invention as defined by the appended claims.  In the following 

description, numerous specific details are set forth in order to provide a thorough understanding 

of the present invention.  The present invention may be practiced without some or all of these 

specific details.  In other instances, well known mechanisms have not been described in detail in 

order not to unnecessarily obscure the present invention. 

It should be noted herein that throughout the various drawings like numerals refer to like 

parts.  The various drawings illustrated and described herein are used to illustrate various 

features of the invention.  To the extent that a particular feature is illustrated in one drawing and 

not another, except where otherwise indicated or where the structure inherently prohibits 

incorporation of the feature, it is to be understood that those features may be adapted to be 

included in the embodiments represented in the other figures, as if they were fully illustrated in 

those figures.  Unless otherwise indicated, the drawings are not necessarily to scale.  Any 

dimensions provided on the drawings are not intended to be limiting as to the scope of the 

invention but merely illustrative. 

A room has many characteristics which have substantial effects on the audio 

reproduction, i.e., what is heard by the listener.  These include, among others, wall texture, wall 

composition, sound absorption, and the presence of objects.  Moreover, the relationship between 

the room and speakers and the dimensions and configurations of the room and other 

environmental characteristics also affect the sound heard in a room or other environment by the 

listener.  Accordingly, if a room changes or room/speaker characteristics change, these changed 

characteristics will have to be replicated in the spatial audio perceived by the listener through 

headphones.  One method would comprise remeasuring the listener for a new BRIR dataset 

under the changed conditions, i.e., in the new room.  But if one wished to provide to the listener 

the perception of being in the new room with specified changed characteristics, and such a “new” 
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room was not available, even the time consuming BRIR dataset in-ear measurement techniques 

would not be available.  Given the limitations presented by taking in-ear BRIR measurements for 

providing individualized BRIR datasets, alternate and efficient methods are provided to shorten 

the process by simulating the modifications that would occur if the measurements were taken in 

a resized room, a room where one or more room characteristics have been modified, or for an 

entirely different room (room swapping).  Modifying any of several different portions (regions) 

of the determined BRIRs presents to the listener a different spatial audio experience. 

To achieve the foregoing, the present invention provides in various embodiments a 

processor configured to provide binaural signals to headphones to include room impulse 

responses to provide realism to the audio tracks.  Modifying the BRIRs to allow the listener to 

perceive the audio in a different way to mimic changed room/speaker characteristic changes 

requires generally: (1) segmenting the BRIR into regions; (2) performing a digital signal 

processing (DSP) operation (techniques) on selected one or more of the regions; and (3) 

recombining the regions after modification, including in some embodiments BRIRs or BRIR 

regions culled from other rooms/loudspeakers.  Care must be taken when recombining to ensure 

smooth transitions between the regions of the BRIR after modification to avoid creation of 

unwanted sound artifacts.   

Spatial audio positioning changes are generated by applying one or more processing 

techniques to one or more segmented regions of BRIRs.  The combination of techniques selected 

are a function of the desired room characteristics to be modified.  As a result, one or more of the 

BRIR regions relating to the interplay between loudspeaker-room-listener characteristics are 

modified without requiring a remeasurement of an individual.  

 FIG. 1 is a diagram illustrating graphically the different regions (time segments) of the 

BRIRs subjected to processing in accordance with some embodiments of the present invention. 

The BRIR 100 is shown graphically in FIG. 1 with 4 different regions illustrated.  The direct 

region 102, head and torso influenced region 104, and early reflections region 106 precede the 

late reverberations region 108.  The listener receives first the direct path signal after time T0.  At 

this point in time, no reflections have reached the listener’s ears.  Next, the listener perceives 

signals influenced by the listener’s head and torso, depicted generally at the location identified as 

the head and torso influenced region 104.  Next, a series of early reflections are received during 

an initial period of the reverberation response in the early reflections region 106.  Finally, late 
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reverberations are received at the ears of the listener, depicted by the late reverberations region 

108.  The magnitudes of the delays from the initial direct-path signal and the arrival of the early 

and late reverberations are typically dependent on the size of the room and on the position of the 

source and the listener in the room.  Reverberation can be characterized by measurable criteria, 

one of which is the RT60.  This is an abbreviation for Reverberation Time -60dB.  RT60 

provides an objective reverberation time measurement.  It is defined as the time it takes for the 

sound pressure level to reduce by 60 dB, which is a measure of the time it takes for the 

reverberation to become effectively imperceptible.  Typically, the late reverberations region 108 

will commence at about 50 ms after initiation of the impulse response, but this figure can vary 

from room to room depending on the room characteristics.  In preferred embodiments, 

identifying the time for start and end of this region (and the other isolated regions) are performed 

in conjunction with segmentation operations designed to identify and modify only those portions 

of the BRIR necessary for modification of the parameter or parameters selected.  

 FIG. 2 is a block diagram illustrating modules for the modification of BRIRs in 

accordance with room characteristic changes and without requiring additional in-ear 

measurements in accordance with embodiments of the present invention.  For each desired BRIR 

region modification selected, the system 200 further involves a combination of operations 

including selection of the BRIR segments, selection of appropriate DSP techniques, and 

combining BRIR data from other sources as appropriate.  Examples of BRIR region 

modifications that can be performed in block 208 of the processor 201 in accordance with some 

embodiments of the invention are summarized below.  A non-limiting sampling of the room and 

loudspeaker dimensions to room objects and other sound affecting characteristics that can be 

changed by directly modifying BRIR regions includes changing the loudspeaker, changing the 

loudspeaker position in relation to the room walls, and changing the loudspeaker distance in 

relation to the listener.  Additionally, without limiting the scope of the invention, changes to the 

RT60 reverberation time, the room size/dimensions; the room construction features, and the 

room furnishings (by addition or subtraction) and positions may be mimicked by the BRIR 

region modifications in accordance with some embodiments of the present invention.   

 Some embodiments of the invention cover the combination of any suitable DSP 

techniques with any of the segments derived from the customized BRIR for the individual, 

together with modified parameters for BRIRs that may be available in a library or collection of 
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already modified BRIR parameters from another BRIR database.  For example, a BRIR may 

have been generated for a high-quality loudspeaker and stored, in this case likely having a higher 

frequency range content in at least the direct region 102.  Regions of that BRIR may be isolated 

for combining with regions of the customized (individualized) BRIR for the individual at hand.  

These modification techniques may be necessarily performed in some cases on only one 

of the 4 identified regions of the impulse response (see FIG.1) and in other cases on 2 or more of 

the regions.  In cases where the DSP techniques are applied to at least one of the plurality of the 

4 distinct regions of the impulse response, segmentation of the received input BRIR 202 occurs 

in block 203.  Segmentation into distinct regions of the impulse response may be performed by 

any suitable method.  For example, time estimates may be made for the start time of the late 

reverberations region at 50 ms and the impulse response isolated to that region at 50 ms and 

beyond.  The 50 ms value is only an approximate/typical time for the start of the reverb.  The 

actual value will depend on the dimensions of the room and other physical factors.  Other 

techniques for identifying and isolating the Impulse Response regions include echo density 

estimation or measures of interaural coherence. 

Additional input data are generally required for selection of the BRIR parameters to be 

modified as well as the actual modification.  For example, if it is desired to change the 

loudspeaker from that used in the original BRIR determinations, the BRIR data from other 

sources in block 210 involve loudspeaker impulse response measurements for the “new” 

loudspeaker.  In one sample embodiment, the processor 201 is involved in both analyzing the 

BRIR or HRIR  to estimate the onset and offset of direct sound in the BRIR to replace the direct 

portion with the impulse response of the different loudspeaker, preferably obtained previously.  

In some embodiment Processor 201 is involved in synthesizing the resulting BRIR by extracting 

(deconvolving) the measured loudspeaker response from the direct portion of the BRIR/HRIR in 

block 203 and in combining by convolution the deconvolved result with the impulse response of 

the target loudspeaker. 

Alternatively, additional or other input data are provided to the processor 201 via block 

206.  According to one or more embodiments, it may be desired to change the distance between 

the listener (subject) and the loudspeaker.  Input data 206 required for such a change include the 

distance for the original BRIR and the distance for the synthesized BRIR.  Additionally, BRIR 

data are provided via block 210; here the BRIR database of impulse responses measured at 1 or 
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more different distances (the plural databases needed when interpolation is desired).  In this 

implementation, at least the direct region, the early reflections region, and the late reverberation 

regions are involved.  In this implementation, the processor 201 performs a segmentation 

operation by first identifying the 3 regions involved.  The processor preferably estimates a late 

reverb time, for example by echo density estimation or other suitable techniques.  The early 

reflection time is also estimated.  Finally, the onset and offset of the direct sound (see the direct 

region 102) is performed.  Further, the processor module 208 in processor 201 synthesizes the 

new BRIR by applying attenuation to the direct sound based on the relative distance between the 

original and the synthesized BRIRs.  Further, the early reflections are modified by one of several 

techniques.  For example, the original BRIR may be time stretched or interpolated between two 

different BRIRs.  Filtering or the use of ray tracing, including in one non-limiting embodiment, 

simplified ray tracing, may alternatively be used to determine the timings of the reflections.  Ray 

tracing generally involves determining possible paths for every new ray emitted from the sound 

source; considering the ray to be a vector that changes its direction upon every reflection, it is 

energy decreasing as a consequence of the sound absorption of the air and of the walls involved 

in the propagation path. 

 In other preferred implementations, the interplay between the loudspeaker and the room 

characteristics are modified.  These are discussed in more detail below in the sections describing 

music, movies, and gaming applications.  But generally, these include: (1) loudspeaker position; 

(2) room size, dimensions, and shape, (3) room furnishings; and (4) room construction. Input 

data for the changed loudspeaker position include the original loudspeaker position, the new 

loudspeaker position, and the room dimensions.  The processor 201 via processing blocks 203 

and 208 performs a room geometry estimation.  This is an area of signal processing that attempts 

to identify the position and absorption of room boundaries from an impulse response.  It could be 

used in some embodiments to identify acoustically significant objects.  In some other 

embodiments the room geometry is already known and its audio characteristics can be computed 

from ray tracing or other means.  Room geometry estimation may still be performed to guide the 

computation, or it may be skipped if there is sufficient data.  

  The processor 201 is further involved in synthesizing new BRIRs by modifying the 

early reflections region according to proximity to the walls and validating the energy at the old 

and new positions by using the inverse square law.  Speaker rotation can be changed by changing 
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the azimuth and elevation angles with interpolation available for fine tuning the results.  The 

speaker distance to the listener can be modified by referencing the BRIR dataset to find one 

corresponding to the new distance.  Distance primarily affects the attenuation of the direct 

portion of the sound.  However, the early reflections will also change.  Changing the distance 

inevitably means changing the position of the speaker, which will also change the distance to 

walls and other objects.  These changes will affect the early reflections part of the impulse 

response.  

In similar fashion, for the room furnishings and room construction estimations, the 

processor 201 analyzes the impulse response by performing a room geometry estimation as 

discussed above.  In these cases, the additional input data needs to include the target furnishing 

(for room furnishing implementations) and the target room construction (for room construction 

modifications). 

It should be noted that the system illustrated in FIG. 2 may be used with any BRIRs 

without limitation.  That is, the BRIR parameter modification techniques of the present invention 

such as illustrated by the system of FIG. 2 may be applied to all types of BRIRs, no matter how 

they are obtained. For example, they will work on any of: (1) customized in-ear measured 

(BRIRs) for an individual;  (2) semi-custom BRIRs derived by extracting image based properties 

and/or other measurements for an individual and determining suitable BRIRs from a candidate 

database of BRIRs with correlated properties, for a further nonlimiting example, as determined  

by using Artificial Intelligence methods (AI) or other image-based property matching methods; 

and (3) commercially available datasets of BRIRs such as including those based on in-ear 

microphones positioned in the ears of mannequins or “average” individuals for a population or 

based on other research results.   

FIG. 3 is a diagram of a room illustrating speaker and room characteristics that can be 

targeted for modification in BRIRs by processing one or more regions of the BRIRs in 

accordance with some embodiments of the present invention.  The room 300 is shown with 

loudspeaker 302 positioned at a distance 308 from listener 304.  The room dimensions such as 

room width 310 have significant influence on the room audio as does the loudspeaker placement, 

such as represented by distance 306 for the loudspeaker from the room wall.  The room wall 

construction 312, such as the materials used in the wall construction has major effects on the 

room acoustics.  For example, reflections off of hard walls, floor, and ceiling will affect the room 
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acoustics differently from those surfaces made of more absorptive materials such as gypsum 

drywall.  The addition or subtraction of room furnishing 314 and their locations likewise affect 

room acoustics.  As noted above, RT60 (denoted by reference number 316) provides an objective 

reverberation time measurement.  This metric is an important measure of the suitability of a room for 

different genres of music, for optimizing a room for cinema playback, and for gaming.  

In order to synthesize or modify one or more regions of BRIRs to identify improved or 

optimized changes an understanding of the application in mind for the methods and systems of 

the present invention.  Three prominent applications include: (1) music, (2) cinema and (3) 

gaming/virtual reality.  

For music applications, the room/speaker characteristics having the greatest impact on the 

listening experience include the selection of the loudspeaker; the loudspeaker position in relation 

to the room walls; the room RT60; and the room size, dimensions, and shape.  Of these, 

changing the loudspeaker will have the greatest impact.  Music aficionados may have 

preferences for different speakers to be matched to the playback of certain music genres.  The 

real-world room would require a room full of alternatively selectable speakers and switching 

networks.  Instead, and according to some embodiments of the present invention this can be 

readily achieved by modifying the loudspeaker relevant regions of the BRIR for the individual. 

This is done by first estimating the onset and offset of the direct sound in the HRIR in order to 

replace the impulse response with one that would be generated by the substitute speaker.  Once 

the direct region for the captured loudspeaker is obtained, the measured loudspeaker impulse 

response is deconvolved from the direct region of the HRIR.  According to one embodiment the 

original loudspeaker is deconvolved from the direct region of the BRIR.  In another embodiment 

the original loudspeaker is deconvolved from the entire BRIR.  In the first example embodiment, 

the operation is reversed by convolving the new loudspeaker with the direct region of the 

response.  In the second embodiment, the reverse operation is performed by convolving the new 

loudspeaker with the entire response.  While full deconvolution is the more accurate method, the 

deconvolution of only the direct region is submitted as providing satisfactory results as the 

influence of the loudspeaker on the room reflections is probably small.  In other embodiments, 

we replace the direct region with the corresponding direct region from other BRIRs. 



11 
 

From a high level, the most prominent effects of the measured loudspeaker are removed 

for the individualized impulse response and those prominent regions from the target loudspeaker 

are substituted in to the individual’s measured impulse response.  

It is common that loudspeakers sound different when moved to a new room.  This occurs 

due to the early reflections and late reverberation effects of the room.  In order to substitute in 

the new loudspeaker’s characteristics, the target loudspeaker impulse response is not a room 

response.  That is, the target loudspeaker is preferably measured under anechoic conditions, 

thereby providing through input data module 210 impulse response data to the processor 201.  

Alternatively, the target loudspeaker direct region may be extracted from a stored or otherwise 

available BRIR and input.  In the latter case the complete BRIR, such as provided via input 211, 

would be need to be segmented to generate the direct region from the complete BRIR.   

As noted earlier, the RT60 room parameter is a metric for evaluating the room 

reverberation decay characteristics and useful in the music context.  Certain music genres are felt 

to be best appreciated when matched to rooms having matched RT60 values.  For example, jazz 

music is felt to be best appreciated in rooms having an RT60 value around 400 ms.  In order to 

perceive a change to the new RT60 value, i.e., the new target reverb time, in some embodiments 

an estimate of the energy decay curve of the impulse is made using reverse integration.  Then 

linear regression techniques are applied to estimate the slope of the decay curve and hence the 

reverberation time.  To match the targeted value an amplitude envelope is applied in the time 

domain or the warped frequency domain.   

Further still, changes may be made to the loudspeaker position.  These changes require 

input information, such as provided through block 206, as to the original loudspeaker location, 

the new loudspeaker location, and the room dimensions.  The analysis stage performed in 

processor 201 includes a room geometry estimation in some embodiments.  Room geometry 

estimation is an area of signal processing that aims to identify the position and absorption of 

room boundaries from an impulse response.  It could also be used to identify acoustically-

significant objects.  In music settings, one generally prefers not to place loudspeakers too close 

to a wall to avoid a dominating bass presence.  In some embodiments, speaker rotation is 

implemented by the processor 201 by changing azimuth and/or elevation angles.  In further detail 

filtering is applied to rotate the azimuth and elevation angles and interpolation applied to fine 

tune the results.  Speaker distance can be modified by applying the same techniques applicable 
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when modifying the listener to loudspeaker distance.  More particularly, in some embodiments 

we apply attenuation to the direct sound based on the relative distance between the distance 

setting for the original and synthesized BRIRs.  We then modify the early reflections according 

to the proximity to walls.  Several different techniques could be applied here.  For example, in 

some embodiments, choices are made between interpolating between two different BRIRs, time 

stretching the original BRIR, filtering, or using ray-tracing to determine the timings of 

reflections.  In one embodiment, simplified ray tracing is used.  The input data could include a 

BRIR database of impulse responses measured at different distances for interpolation purposes.   

Other room characteristics that can be targeted in the music realm for BRIR 

modifications include the room size, dimensions, and shape.  These can be most easily modified 

by focusing on the early reflections region and the late reverberations region.  In analyzing the 

BRIR, in one embodiment we estimate the first reflection in order to remove reverberation.  The 

inputs required could include the target room dimensions, or alternatively the Room impulse 

response (provided through input 211 for segmenting or presegmented through input 210).  In 

synthesizing the new reverberation for the new room chosen we can generate reverberation for 

the BRIR late reverberation region via several methods including but not limited to: (1) a 

feedback delay network; (2) a combination of all-pass filters, delay lines, and a noise generator; 

(3) ray tracing, or (4) actual BRIR measurements.  We then can filter the room reverberation 

according to some embodiments according to the Head Related Impulse Response (HRIR).  

Since room reflections will be modified by the HRTF/HRIR of the subject, analogous processing 

of the reverberation needs to be performed to adapt the reverberation for the new subject.  This 

could be applied with a time-varying filter or via STFT.   

The methods and systems identified in embodiments of the present invention can be 

suitably applied to movie applications.  Movie theatres/cinemas have sound systems generally 

configured to maximize the spatial quality given the constraints imposed by the audio format and 

the widely-distributed seating arrangements.  One way for delivering evenly balanced sound is to 

use multiple speakers distributed across multiple locations in movie theatres.  For this 

application, the most useful room/loudspeaker characteristics for modification focus includes: (1) 

loudspeaker to listener distance; (2) loudspeaker position; (3) room RT60; (4) room size, 

dimensions, and shapes; and (5) room furnishings.  The specific Digital Signal Processing steps 

involved in analysis and synthesis for modifying the first four characteristics have been 
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described above in the music application and will only be described here in summary form. 

Modifying the room furnishings will have a significant effect on movie theatre (such as including 

home theatres).  The input data 206 include the target furnishings.  A room geometry estimate is 

performed to identify the position and related absorption of room boundaries from an impulse 

response and to also identify acoustically significant objects.  Since room reflections in the room 

with changed absorption/reflectivity (due to the changes in furnishings) will necessitate 

modification by the HRTF of the listener, an analogous processing takes place for the 

reverberation region to adapt the new furnishing-based reverberation to the listener. This is 

preferably applied with a time varying filter or via STFT.  

Though not specifically significant for theatre applications, the room construction can 

also be changed.  These would be inclusive of but not limited to any materials used for 

walls/cladding, any additional sound absorption, ceiling materials and structure.  Specific 

methods for analyzing the room construction are analogous to those applicable to changing room 

furnishings.  That is, a room geometry estimate is first performed to identify the position and 

absorption of room boundaries from an impulse response.  Once the target room construction is 

input, a room reverberation is generated based on the room geometry estimation.  The 

synthesized room reverberation is then filtered in the STFT (frequency) domain to adapt the 

reverberation to the listener’s HRTF.  This could be applied with a time varying filter or via 

STFT.  Room construction modifications are useful to modify the acoustic environment for 

gaming and Virtual Reality (VR) applications.  

Most of the analysis and synthesis techniques discussed above are applicable to the 

Gaming/VR implementations.  Exceptions to this general statement include swapping 

loudspeakers.  Dynamic changes dictate the modifications since a participant may be changing 

rooms or the environments quickly.  For example, the listener may be moving form a cave to a 

forest to space.  It is important to model the environment, one which is often synthesized in 3D 

design space.  Ray tracing is an especially important technique for identifying the properties of 

the room or environment.  In summary, the most important modifications to the 

room/loudspeakers in the Gaming/VR realm include: (1) the loudspeaker distance to listener; (2) 

the room RT60; (3) room size, dimensions, and shape; (4) room furnishings; (5) non interior 

room environments; (6) fluid property variation; (7) body size of listener; and (8) acoustic 

morphing.  The first 4 analysis synthesis techniques have been described above in relation to the 
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music and movie applications.  

In order to generate non-room environments, in some embodiments the existing BRIR is 

segmented to identify and remove the late reverberation and early reflections regions.  This can 

be done by estimating the first reflection. Information on the target environment is input and a 

corresponding reverberation generated by ray tracing.  The synthesized reverberation is then 

joined to the original BRIR.  These techniques can be important for outdoor or in general any 

non-interior room environments.  The techniques described above are also applicable to vary 

fluid properties.  These properties can include temperature, humidity, and density.  The 

properties can be changed by time and/or pitch shifting/stretching.  Of course, the steps 

undertaken will be dictated by the information retrieved regarding the target environment.  

The Gaming/VR applications might require changes to a body size and generate acoustic 

changes as well.  To accurately synthesize the new environment over headphones, an estimate 

for the current body size is made and filtering is performed to generate the acoustics for the 

target body size.   

Acoustic morphing creates another need for BRIR modifications in the gaming area.  

These arise from moving sources, dynamic room properties such as moving walls, or transitions 

between different acoustic spaces.  In embodiments of the present invention, these are handled 

by accepting input information as to the source or environmental change occurring.  These are 

applicable to any of the properties or other characteristics described above in the music, movies, 

or gaming applications.  Accommodating these dynamic changes involves mixing together one 

or more of the impulse responses according to the context.  In many of the BRIR modifications 

described above, changes are focused on one or more regions of the room response with the 

listener remaining.  There are many instances where the individual listener needs to be removed 

from the room for use elsewhere or to bring in a measured (captured) HRTF for a new individual 

to place him in the current room.  Initially, this is performed by estimating the onset and offset of 

the direct sound region, such as region 102 in FIG. 1.  Extraction of the individual’s direct 

region, and in another embodiment additionally the head and torso region occurs through 

frequency warping.  In another embodiment simple truncation is used.  When another subject is 

to be substituted into the current room, the new subject’s direct region impulse response and in 

another embodiment the direct region and head and torso influenced regions are used to replace 

the corresponding region(s) of the corresponding regions of the current subject’s BRIR.  Since 



15 
 

the new subject’s HRTF will modify the room reflections processing of the reverberation, it is 

necessary to adapt it to the reverberation of the new subject.  This is done in preferred 

embodiments by time varying filters or via an STFT.   

For added clarity additional examples of segmenting BRIR regions and performing DSP 

operations are providing below. FIG. 5 is a diagram illustrating steps in modifying the 

personalized spatial audio transfer functions to substitute a different room or to modify the 

characteristics of the selected room without requiring additional in-ear measurements in 

accordance with embodiments of the present invention.  Initially, the process starts at step 502 

wherein a BRIR or a personalized spatial audio transfer functions having both the direct HRTF 

functionality and the room response functionality are received.  In reference to the BRIR and in 

accordance with embodiments of the invention the BRIR from the BRIR dataset can be 

associated with a single point in 3-dimensional space.  More preferably, the entire set of transfer 

functions selected or determined for an individual are modified.  These can be a plurality of 

BRIRs such as for 5.1 multichannel setups or can include an entire spherical grid of impulse 

responses to completely represent the directional space around a listener’s head.  Next in step 

504 the BRIR is segmented into separate regions.  As illustrated with respect to FIG. 1 these 

regions preferably will include: (1) the direct region; (2) the head and torso influenced region; 

(3) early reflections; and (4) late reverberations.  The types of room modifications or swapping 

desired will determine both the region selected and the type of operation performed.  For a non-

limiting example the starting point for revising the room's size is in modifying the timing of the 

early reflections (they would arrive later in a larger room).  The timing and duration of the late 

reverberation is a product of the room's size and absorptivity of its boundaries. 

Next in step 506, a first operation is focused on a first region.  The modifying operations 

available include but are not limited to truncation, altering the slope of the decay rate, 

windowing, smoothing, ramping, and full room swapping.  For example, if we desired to modify 

the reverberations of a room we can focus on the late reverberations of the impulse response and 

change the decay rate.  This can be done by using the same initial position for the reverberations 

region but shortening the end position.  Preferably the energy or amplitude is measured at the 

original end point followed by attenuation of the reverberation signal to the newly selected end 

point (shorter in time), resulting in a new slope which more quickly decays to the small value 

known as room noise.  This provides the sensation to the listener of a smaller room.  In yet 
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another embodiment, a simpler operation can include truncation.  This works to provide a 

different sensation to the listener of a smaller room but also tends to leave an impression that 

signs of the original room are still present.  To endure smoothness in the intermediate points 

interpolation is preferably performed.  In one embodiment to more accurately mimic the room 

response in room resizing operations a second region is processed.  This preferably includes the 

early reflections region.  

These steps could also be applied for isolation of another segment of the impulse 

response.  In the example noted above this can include focusing on the early reflections region. 

The early reflections ideally are separated from the late reverberations.  Early reverberations are 

present in the early reflections region but are typically masked by the early reflections.  

Generally, the early reflections will decay differently than the reverberations.  That is, the 

reverberation decay will have a gentler (lower) slope in comparison to the early reflections slope.  

There are a number of methods, including "echo density estimation" to separate out the early 

reflections.  The early reflections occur in a region when the echo density is low.  Once this 

second region is isolated, a DSP operation is performed on this isolated segment of the impulse 

response.  This preferably would include those operations that would provide a best match to an 

estimate as to how, in this example, the resized room would respond in this region of the impulse 

response.  

Although this example has been described as performing the second operation on a 

second (and different) region, the invention is not so limited.  The scope of the invention is 

intended to cover multiple operations performed on the same region as well as sequentially 

performing operations (the same or different) on different regions.  

In yet another sample embodiment frequency warping is applied for extracting an HRTF 

from the combined HRTF/Room Impulse Response (the BRIR).  Since FFT resolution is a 

function of time in order to avoid loss of resolution in the low frequency regions (e.g., below 500 

Hz) frequency warping is preferably performed initially. As a result, we generate a frequency 

response capturing all relevant frequency bins and preserve the tonality of the voice.  In essence, 

we apply frequency warping to extract the HRTF from the BRIR.   

Once the extracted HRTF is generated (by any of several different possible steps) the 

freshly extracted HRTF is placed in a different room in a combining step 508 by combining the 

extracted HRTF with a template for the Room Impulse Response for the new room. 
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Alternatively, the extracted HRTF may be placed in the same room and the room operations 

described earlier in this specification are applied.  The process ends at step 510.  

Extracting the HRTF can provide important improvements in the clarity of video games. 

In such games, the room reverberation provides conflicting or blurred directional information 

and may overwhelm his sense of directionality from cues provided in the audio.  One solution is 

to remove the room (reduce the room to zero) then extract the HRTF.  We then use the derived 

HRTF to process the game, providing better directionality without the blurred directional 

information caused by too much reverb. 

    The systems and methods for modifying BRIR regions discussed above work best 

when the BRIR is individualized for the listener by either direct in-ear microphone measurement 

or alternatively individualized BRIR datasets where in-ear microphone measurements are not 

used.  In accordance with preferred embodiments of the present invention, a “semi-custom” 

method for generating the BRIRs is used which involves the extraction of image-based 

properties from a user and determining a suitable BRIR from a candidate pool of BRIRs as 

depicted generally by FIG. 4.  In further detail, FIG. 4 illustrates a system for generating HRTFs 

for customization use, acquiring listener properties for customization, selecting customized 

HRTFs for listeners, providing rotation filters adapted to work with relative user head movement 

and for rendering audio as modified by BRIRs in accordance with embodiments of the present 

invention.  Extraction Device 702 is a device configured to identify and extract audio related 

physical properties of the listener.  Although block 702 can be configured to directly measure 

those properties (for example the height of the ear) in preferred embodiments the pertinent 

measurements are extracted from images taken of the user, to include at least the user’s ear or 

ears.  The processing necessary to extract those properties preferably occurs in the Extraction 

Device 702 but could be located elsewhere as well.  For a non-limiting example, the properties 

could be extracted by a processor in remote server 710 after receipt of the images from image 

sensor 704.  It should be noted that in some embodiments we make use of images of the head and 

upper torso, in order to extract additional features regarding the size of the head and size of the 

torso and other head or torso related features.    

In a preferred embodiment, image sensor 704 acquires the image of the user’s ear and 

processor 706 is configured to extract the pertinent properties for the user and sends them to 

remote server 710.  For example, in one embodiment, an Active Shape Model can be used to 
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identify landmarks in the ear pinnae image and to use those landmarks and their geometric 

relationships and linear distances to identify properties about the user that are relevant to 

selecting a BRIR from a collection of BRIR datasets, that is, from a candidate pool of BRIR 

datasets.  In other embodiments an RGT model (Regression Tree Model) is used to extract 

properties.  In still other embodiments, machine learning such as neural networks and other 

forms of artificial intelligence (AI) are used to extract properties.  One example of a neural 

network is the Convolutional neural network.  A full discussion of several methods for 

identifying unique physical properties of the new listener is described in WIPO Application: 

PCT/SG2016/050621, filed on 28 December 2016 and titled, “A METHOD FOR 

GENERATING A CUSTOMIZED/PERSONALIZED HEAD RELATED TRANSFER 

FUNCTION”, which disclosure is incorporated fully by reference herein.   

The remote server 710 is preferably accessible over a network such as the internet.  The 

remote server preferably includes a selection processor 710 to access memory 714 to determine 

the best matched BRIR dataset using the physical properties or other image related properties 

extracted in Extraction Device 702.  The selection processor 712 preferably accesses a memory 

714 having a plurality of BRIR datasets.  That is, each dataset will have a BRIR pair preferably 

for each point at the appropriate angles in azimuth and elevation and perhaps also head tilt.  For 

example, measurements may be taken at every 3 degrees in azimuth and elevations to generate 

BRIR datasets for the sampled individuals making up the candidate pool of BRIRs. 

As discussed earlier, these are preferably derived by measurement with in ear 

microphones on a population of moderate size (i.e., greater than 100 individuals) but can work 

with smaller groups of individuals and stored along with similar image related properties 

associated with each BRIR set.  These can be generated in part by direct measurement and in part 

by interpolation to form a spherical grid of BRIR pairs.  Even with the partially 

measured/partially interpolated grid, further points not falling on a grid line can be interpolated 

once the appropriate azimuth and elevation values are used to identify an appropriate BRIR pair 

for a point from the BRIR dataset.  For example, any suitable interpolation method may be used 

including but not limited to the adjacent linear interpolation, bilinear interpolation, and spherical 

triangular interpolation, preferably in the frequency domain. 

Each of the BRIR Datasets stored in memory 714 in one embodiment includes at least an 

entire spherical grid for a listener.  In such case, any angle in azimuth (on a horizontal plane 
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around the listener, i.e. at ear level) or elevation can be selected for placement of the sound 

source.  In other embodiments the BRIR Dataset is more limited, in one instance limited to the 

BRIR pairs necessary to generate loudspeaker placements in a room conforming to a 

conventional stereo setup (i.e., at + 30 degrees and – 30 degrees relative to the straight ahead 

zero position or, in another subset of a complete spherical grid, speaker placements for 

multichannel setups without limitation such as 5.1 systems or 7.1 systems. 

The HRIR is the head-related impulse response.  It completely describes the propagation 

of sound from the source to the receiver in the time domain under anechoic conditions.  Most of 

the information it contains relates to the physiology and anthropometry of the person being 

measured.  HRTF is the head-related transfer function.  It is identical to the HRIR, except that it 

is a description in the frequency domain.  BRIR is the binaural room impulse response.  It is 

identical to the HRIR, except that it is measured in a room, and hence additionally incorporates 

the room response for the specific configuration in which it was captured.  The BRTF is a 

frequency-domain version of the BRIR.  It should be understood that in this specification that 

since BRIRs are easily transposable with BRTFs and likewise, that HRIRs are easily 

transposable with HRTFs, that the invention embodiments are intended to cover those readily 

transposable steps even though they are not specifically described here.  Thus, for example, 

when the description refers to accessing another BRIR dataset it should be understood that 

accessing another BRTF is covered.  

  FIG. 4 further depicts a sample logical relationship for the data stored in memory.  The 

memory is shown including in column 716 BRIR Datasets for several individuals (e.g., HRTF 

DS1A, HRTF DS2A, etc.)  These are indexed and accessed by properties associated with each 

BRIR Dataset, preferably image related properties.  The associated properties shown in column 

715 enable matching the new listener properties with the properties associated with the BRIRs 

measured and stored in columns 716, 717, and 718.  That is, they act as an index to the candidate 

pools of BRIR Datasets shown in those columns.  Column 717 refers to a stored BRIR at 

reference position zero and is associated with the remainder of the BRIR Datasets and can be 

combined with rotation filters for efficient storage and processing when the listener head rotation 

is monitored and accommodated.  Further description of this option is described in detail in U.S. 

Provisional Application: 62/614,482, filed 7 January 2018, and titled, “METHOD FOR 

GENERATING CUSTOMIZED SPATIAL AUDIO WITH HEAD TRACKING”.   
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In some embodiments of the present invention 2 or more distance spheres are stored.  

This refers to a spherical grid generated for 2 different distances from the listener.  In one 

embodiment, one reference position BRIR is stored and associated for 2 or more different 

spherical grid distance spheres.  In other embodiments each spherical grid will have its own 

reference BRIR to use with the applicable rotation filters.  Selection processor 712 is used to 

match the properties in the memory 714 with the extracted properties received from Extraction 

device 702 for the new listener.  Various methods are used to match the associated properties so 

that correct BRIR Datasets can be selected.  These include comparing biometric data by 

Multiple-match based processing strategy; Multiple recognizer processing strategy; Cluster 

based processing strategy and others as described in U.S. Patent Application: 15/969,767, titled, 

“SYSTEM AND A PROCESSING METHOD FOR CUSTOMIZING AUDIO EXPERIENCE”, 

and filed on 2 May 2018, which disclosure is incorporated fully by reference herein.  Column 

718 refers to sets of BRIR Datasets for the measured individuals at a second distance.  That is, 

this column posts BRIR datasets at a second distance recorded for the measured individuals.  As 

a further example, the first BRIR datasets in column 716 may be taken at 1.0 m to 1.5 m whereas 

the BRIR datasets in column 718 may refer to those datasets measured at 5 m. from the listener.  

Ideally the BRIR Datasets form a full spherical grid but the present invention embodiments apply 

to any and all subsets of a full spherical grid including but not limited to: a subset containing 

BRIR pairs of a conventional stereo set; a 5.1 multichannel setup; a7.1 multichannel setup, and 

all other variations and subsets of a spherical grid, including BRIR pairs at every 3 degrees or 

less both in azimuth and elevation as well as those spherical grids where the density is irregular.  

For example, this might include a spherical grid where the density of the grid points is much 

greater in a forward position versus those in the rear of the listener. Moreover, the arrangement 

of content in the columns 716 and 718 apply not only to BRIR pairs stored as derived from 

measurement and interpolation but also to those that are further refined by creating BRIR 

datasets that reflect conversion of the former to an BRIR containing rotation filters.  

After selection of one or more matching BRIR Datasets, the datasets are transmitted to 

Audio Rendering Device 730 for storage of the entire BRIR Dataset determined by matching or 

other techniques as described above for the new listener, or, in some embodiments, a subset 

corresponding to selected spatialized audio locations.  The Audio Rendering Device then selects 

in one embodiment the BRIR pairs for the azimuth or elevation locations desired and applies 
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those to the input audio signal to provide to headphones 735 spatialized audio.  In other 

embodiments the selected BRIR datasets are stored in a separate module coupled to the audio 

rendering device 730 and/or headphones 735.  In other embodiments, where only limited storage 

is available in the rendering device, the rendering device stores only the identification of the 

associated property data that best match the listener or the identification of the best match BRIR 

Dataset and downloads the desired BRIR pair (for a selected azimuth and elevation) in real time 

from the remote sever 710 as needed.  As discussed earlier, these BRIR pairs are preferably 

derived by measurement with in ear microphones on a population of moderate size (i.e., greater 

than 100 individuals) and stored along with similar image related properties associated with each 

BRIR data set.  Where measurements are taken every 3 degrees in azimuth on the horizontal 

plane, and further extended to include corresponding elevation points at 3 degrees for the upper 

hemisphere, approximately 7200 measurement points would be required.  Rather than taking all 

7200 points, these can be generated in part by direct measurement and in part by interpolation to 

form a spherical grid of BRIR pairs.  Even with the partially measured/partially interpolated grid, 

further points not falling on a grid line can be interpolated once the appropriate azimuth and 

elevation values are used to identify an appropriate BRIR pair for a point from the BRIR dataset.  

Various embodiments of the present invention have been described above, typically with 

at least some of the BRIR parameters modified including room aspects such as room size, wall 

materials, and so on.  It should be noted that the invention is not limited to modification 

parameters involving indoor room parameters.  The scope of the invention is intended to further 

cover an environment where the “room” will be seen as an outdoor environment, such as a 

common space between city buildings, an outdoor amphitheater, or even an open field.  
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CLAIMS: 

What is claimed is: 

 

1.  A method for modifying Binaural Room Impulse Reponses (BRIRs) comprising: 

segmenting a first BRIR into at least 2 regions, wherein the first BRIR is a BRIR for an 

individual generated by accessing a database comprising a candidate pool of BRIRs for a 

population of individuals, each BRIR in the pool indexed according to extracted biometric 

properties and the generation of the first BRIR determined by a matching operation applied to 

the extracted biometric properties;  

performing a modification operation on at least one of the at least 2 regions to generate at 

least one modified region including a direct region corresponding to different loudspeaker 

acoustic properties wherein the modification operation comprises adapting different perceived 

loudspeaker acoustic properties and room acoustic properties from the first BRIR and wherein 

the modification operation includes applying a deconvolution to the direct region of the first 

BRIR to remove first loudspeaker effects from the direct region and convolving an impulse 

response for a target loudspeaker with the deconvolved direct region of the first BRIR; and 

combining the at least one modified region and any unmodified regions of the at least two 

regions to form a second BRIR, wherein the second BRIR relative to the first BRIR reflects 

changes in the perceived loudspeaker acoustic properties and the room acoustic properties when 

the second BRIR is used to process an audio signal.  

2. The method as recited in claim 1 wherein the first BRIR is segmented into at least two 

of 4 regions that include a direct region, an early reflections region, a head and torso influenced 

region, and a late reverberation region.  

3. The method as recited in claim 1 wherein the second BRIR relative to the first BRIR 

reflects changes in perceived loudspeaker acoustic properties.   

4. The method as recited in claim 1 wherein the second BRIR is intended to mimic an 

audio processing performed by the target loudspeaker different from a first loudspeaker used for 

the first BRIR and a target room having different dimensions than the room used for the first 

BRIR and the at least one modified region is generated from a corresponding region culled from 

the impulse response for the target loudspeaker, wherein segmenting includes determining the 

direct region of the first BRIR. 
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5. The method as recited in claim 4 wherein the first loudspeaker effects are deconvolved 

from the first BRIR and further comprising convolving the impulse response for the target 

loudspeaker with the deconvolved BRIR response for the first loudspeaker. 

 6. The method as recited in claim 4 wherein the direct region of the first BRIR is 

replaced with a direct region of the BRIR for the target loudspeaker.  

7. The method recited in claim 1 wherein the second BRIR is intended to mimic an audio 

processing performed by a target room different from a first room used for the first BRIR and at 

least one modified region is generated from a corresponding region derived from an impulse 

response for the target room wherein segmenting includes determining at least one of an early 

reflections region and late reverberations region of the first BRIR and further comprising 

applying changes to at least one of an early reflections region and late reverberations region to 

reflect the sound characteristics of the target room. 

8.  The method as recited in claim 1 wherein the second BRIR corresponds to an audio 

processing performed in a target room different from a room corresponding to the first BRIR and 

at least one modified region is generated from a corresponding region culled from the impulse 

response for the target room.  

9. The method as recited in claim 1 wherein the modification operation is optimized for 

cinema applications and corresponds to changes in room characteristics comprising at least one 

of loudspeaker to listener distance; loudspeaker position; room RT60;  room size, dimensions, 

and shapes; and  room furnishings. 

10. The method as recited in claim 1 wherein the modification operation is optimized for 

gaming applications and corresponds to changes in at least one of  the loudspeaker distance to 

listener; room RT60; room size, dimensions, and shape; room furnishings; non interior room 

environments; fluid property variation; body size of listener; and acoustic morphing. 

11. The method as recited in claim 1 wherein the modification operation is optimized for 

music applications and corresponds to changes in at least one of selection of the loudspeaker; 

room RT60;  room size, dimensions, and shapes; and the loudspeaker position in relation to the 

room walls. 

12. The method as recited in claim 11 wherein the room acoustic characteristics are 

matched to a genre of a music by selection of an RT60 room parameter value.   
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13. The method as recited in claim 1 wherein the segmentation of regions is based on one 

or more of time estimates for a start and a stop time for a selected one of the at least 2 regions; an 

echo density estimation; and measures of interaural coherence. 

14.  The method as recited in claim 1 wherein the second BRIR mimics changes derived 

from at least one of changes in loudspeaker distance to room walls; loudspeaker distance to 

listener; room size and or dimensions; room construction; and room furnishings. 

15.  The method as recited in claim 1 wherein the modification operation corresponds to 

one of changing the distance of the speakers relative to the listener and changing the distance of 

the speakers relative to the room walls.   

16.  A system for modifying room or speaker characteristics for spatial audio rendering 

over headphones comprising:  

a processor configured for: 

receiving a first Binaural Room Impulse Response (BRIR) corresponding to a first 

loudspeaker in a first room, said first BRIR generated by accessing a database comprising a 

candidate pool of BRIRs for a population of individuals, each BRIR in the pool indexed 

according to extracted biometric properties and the generation of the first BRIR determined by a 

matching operation applied to the extracted biometric properties;  

segmenting the first BRIR into at least 2 regions;  

performing a digital signal processing operation on at least one of the at least 2 regions to 

generate at least one modified region including a direct region corresponding to different 

loudspeaker acoustic properties wherein the signal processing operation comprises adapting 

different perceived loudspeaker acoustic properties and room acoustic properties from the first 

BRIR and wherein the signal processing operation includes applying an deconvolution to the 

direct region of the first BRIR to remove first loudspeaker effects from the direct region and 

convolving an impulse response for a target loudspeaker with the deconvolved direct region of 

the first BRIR; and 

combining the at least one modified region and any unmodified regions of the at least 2 regions 

to form a modified BRIR, wherein the at least one modified region corresponds to at least one 

change reflecting the perceived loudspeaker acoustic properties and the room acoustic properties, 

and 

headphones configured for rendering audio processed using the modified BRIR.  
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17. The system as recited in claim 16 wherein the modified BRIR is intended to mimic 

changes in at least one of a loudspeaker selection, a loudspeaker distance to room walls; a 

loudspeaker distance to listener; a room dimension; room construction; and room furnishings.  

18. The system as recited in claim 16 wherein the modified BRIR is synthesized to 

simulate non-room environments and further comprising: 

using a processor to segment the first BRIR into the at least 2 regions that include a direct 

region, an early reflections region, a head and torso influenced region, and a late reverberation 

region; 

identifying and removing the late reverberations and early reflections region; and  

using ray tracing to synthesize the new reverberation corresponding to the non-room 

environment.   

 19. A method for generating modified spatial audio transfer functions comprising: 

generating a first spatial audio transfer function customized for an individual by accessing a 

database comprising a candidate pool of spatial audio transfer functions for a population of 

individuals, each spatial audio transfer function indexed according to extracted image based 

properties, said generation based on a matching operation applied to the extracted image based 

properties; 

segmenting the first spatial audio transfer function into at least two regions; 

performing a modification operation on at least one of the at least two regions to generate at least 

one modified region including a direct region corresponding to different loudspeaker acoustic 

properties wherein the modification operation comprises adapting different perceived 

loudspeaker acoustic properties and room acoustic properties from the first spatial audio transfer 

function and wherein the modification operation includes applying deconvolution to the direct 

region of the first spatial audio transfer function to remove first loudspeaker effects from the 

direct region; and convolving an impulse response for the target loudspeaker with the 

deconvolved direct region of the first spatial audio transfer function; and 

combining the at least one modified region and any unmodified regions of the at least two 

regions to form a modified spatial audio transfer function, wherein the modified spatial audio 

transfer function has at least one change reflecting changed loudspeaker acoustic properties and 

room acoustic properties. 
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20. The method as recited in claim 19 wherein the modified spatial audio transfer 

function provides virtualization of a target loudspeaker having different acoustic properties than 

the loudspeaker used as a basis for the first spatial audio transfer function.  




