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A b s t r a c t  
 

L i s t e ni ng  vi a  h e a d p h one s  i n op p os i t i on t o a  lou d s p e a k e r re p rod u c t i on 
i nt rod u c e s  c h a ng e s  i n t h e  p e rc e p t i on of  a c ou s t i c  a t m os p h e re  a nd  
s p a c i ou s ne s s  ( i nt e rna li s a t i on e f f e c t ) . T h i s  c a n b e  c h a ng e d  u s i ng  t h e  H e a d  
R e la t e d  T ra ns f e r F u nc t i on ( H R T F )  t e c h nolog y . I n t h e  p a p e r t h e re  i s  
p re s e nt e d  a n i d e a  of  t h e  h e a d p h one s  p roc e s s or w h i c h  u s e s  a n 
i nd i vi d u a li z e d  B i na u ra l R oom  I m p u ls e  R e s p ons e  ( B R I R )  m e a s u re d  f or  
a  g i ve n li s t e ne r a nd  f or a  g i ve n a c ou s t i c a l e nvi ronm e nt . T h e re  i s  
i nve s t i g a t e d  t h e  i nf lu e nc e  on t h e  p e rf orm a nc e  of  t h e  i nd i vi d u a li z e d  
h e a d p h one s  p roc e s s or of  a c ou s t i c a l p rop e rt i e s  of  t h e  room , le ng t h  of  t h e  
B R I R  a nd  e le c t roa c ou s t i c a l c h a i n q u a li t y . T h e  m a i n g oa l of  t h i s  re s e a rc h  
w a s  t o e va lu a t e  t h e  m i ni m u m  re q u i re m e nt s , w h i c h  h a ve  t o b e  f u lf i lle d  b y  
t h e  p roc e s s i ng  a lg ori t h m  t o ob t a i n a  g ood  s u b j e c t i ve  p e rf orm a nc e . 
 
K e y w o r d s :  a c ou s t i c a l m e a s u re m e nt s , d i g i t a l a u d i o s i g na l p roc e s s i ng , 
B R I R , H R T F , 3D  s ou nd , vi rt u a l a c ou s t i c s . 
 
P rzes trzen n a  rep rodu k c j a  dź w ię k u  p rzez 
s ł u c h a w k i z w y k orzy s ta n iem  dw u u s zn y c h  
odp ow iedzi im p u ls ow y c h  p om ies zc zen ia  
rej es trow a n y c h  in dy w idu a ln ie p rzez s ł u c h a c za  

 
S t r e s z c z e n i e  

 
O d s ł u c h  s ł u c h a w k ow y  w  p oró w na ni u  z  od s ł u c h e m  p rz e z  g ł oś ni k i  
w p row a d z a  z m i a ny  w  p os t rz e g a ne j  a t m os f e rz e  a k u s t y c z ne j   
i  p rz e s t rz e nnoś c i  na g ra ni a  ( e f e k t  i nt e rna li z a c j i ) . M oż na  t o z m i e ni ć  
k orz y s t a j ą c  z  t e c h nolog i i  H R T F  ( a ng . H e a d  R e la t e d  T ra ns f e r F u nc t i on) .  
W  ni ni e j s z y m  a rt y k u le  p rz e d s t a w i ono k onc e p c j ę  p roc e s ora  
s ł u c h a w k ow e g o w y k orz y s t u j ą c e g o d w u u s z ne  od p ow i e d z i  i m p u ls ow e  
p om i e s z c z e ni a  ( B R I R )  m i e rz one  w  k onk re t ny m  p om i e s z c z e ni u  
od s ł u c h ow y m  p rz e z  k oń c ow e g o u ż y t k ow ni k a  s y s t e m u . Prz e p row a d z ono 
b a d a ni a  d ot y c z ą c e  w p ł y w u  a k u s t y k i  p om i e s z c z e ni a , d ł u g oś c i  u ż y t y c h  
B R I R  i  j a k oś c i  e le k t roa k u s t y c z ne g o t oru  p om i a row e g o na  s k u t e c z noś ć  
d z i a ł a ni a  p roc e s ora . G ł ó w ny m  c e le m  t y c h  b a d a ń  b y ł o ok re ś le ni e  
m i ni m a lny c h  w y m a g a ń , j a k i e  m u s i  s p e ł ni ć  p rop onow a ny  a lg ory t m , a b y  
z a p e w ni ć  z a d ow a la j ą c e  e f e k t y  s u b i e k t y w ne . 
 
S ł o w a  k l u c z o w e :  p om i a ry  a k u s t y c z ne , c y f row e  p rz e t w a rz a ni e  s y g na ł ó w  
a u d i o, B R I R , H R T F , d ź w i ę k  3D , a k u s t y k a  w i rt u a lna . 

 
1 .  In trodu c tion  
 

T h e  h e a d p h o n e  p r o c e sso r  c o n si d e r e d  i n  t h i s p a p e r  sh a l l  b e  a n  
e l e c t r o n i c  a p p l i a n c e  t h a t  p r o c e sse s a  2 -c h a n n e l  a u d i o  si g n a l  i n  
su c h  a  w a y ,  t h a t  t h e  si g n a l  r e p r o d u c t i o n  t h r o u g h  h e a d p h o n e s 
c r e a t e s a u d i t o r y  se n sa t i o n s,  w h i c h  a r e  n o r m a l l y  p e r c e i v e d  d u r i n g  
l i st e n i n g  t o  a  2 -c h a n n e l  a u d i o  si g n a l  v i a  2  l o u d sp e a k e r s i n   
a  l i st e n i n g  r o o m  w i t h  so m e  a c o u st i c a l  p r o p e r t i e s.  E sp e c i a l l y  
m a i n t a i n i n g  t h e  “ o u t -o f -h e a d ”  e f f e c t  i s d e si r a b l e  [ 1 ] .  T o  r e a l i se  t h e  
e x t e r n a l i z a t i o n  t a sk  t h e  p r o c e ssi n g  a l g o r i t h m  m o d e l s p h y si c a l  
p h e n o m e n a ,  w h i c h  t a k e  p l a c e  i n  t h e  l i st e n i n g  r o o m  a n d  i n f l u e n c e  t h e  
a u d i o  si g n a l  o n  i t s p a t h  f r o m  l o u d sp e a k e r s t o  h u m a n  e a r s ( e a r d r u m s) .  
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T h e  m a i n  e f f e c t  p e r c e i v e d  b y  t h e  l i st e n e r  i s t h e  e x t e r n a l i sa t i o n  o f  
t h e  a u d i t o r y  sc e n e  a n d  i t s sh i f t  t o  a  st e r e o  b a se  b e t w e e n  t h e  
l o u d sp e a k e r s.  T h e  h e a d p h o n e  p r o c e sso r  a p p l i e s a  t r a n sf e r  
f u n c t i o n ,  w h i c h  i s a  su p e r p o si t i o n  o f :  a )  d i r e c t i o n a l  a n d  f r e q u e n c y  
c h a r a c t e r i st i c s o f  t h e  l o u d sp e a k e r s,  b )  r e f l e c t i o n  c h a r a c t e r i st i c s o f  
t h e  su r f a c e s i n  t h e  l i st e n i n g  r o o m ,  c )  d i f f e r e n c e s i n  t h e  a r r i v a l  t i m e  
f o r  t h e  d i r e c t  a n d  r e f l e c t e d  so u n d ,  a n d  d )  H R T F s ( H e a d  R e l a t e d  
T r a n sf e r  F u n c t i o n s [ 2 ,  3 ,  4 ,  5 ] )  f o r  e a c h  d i r e c t i o n  o f  a  d i r e c t  a n d  
i n d i r e c t  so u n d .  S u c h  c u m u l a t i v e  i m p u l se  r e sp o n se s a r e  c a l l e d  t h e  
Bi n a u r a l  R o o m  I m p u l s e  R e s p o n s e s  ( B R I R s)  o r  t h e  H e a d  a n d  
R o o m  R e l a t e d  T r a n s f e r  F u n c t i o n s  ( H & R R T F s)  [ 6 ,  7 ] .  T h i s B R I R  
p h i l o so p h y  i s sh o w n  i n  F i g .  1 .   

 
 a )  

         
 b )   

  
F i g .  1 .   T h e  c o n c e p t  ( a )  o f  t h e  H & R R T F s  a s  a  c u m u l a t i v e  t r a n s f e r  f u n c t i o n s  ( b )  

c o n t a i n i n g  i n f o r m a t i o n  a b o u t  d i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  s o u n d   
s o u r c e  ( S i ) ,  t r a n s f e r  f u n c t i o n s  o f  s o u n d  p a t h s  i n  t h e  l i s t e n i n g  r o o m  ( Pi )   
a n d  t h e  p i n n a -h e a d -t o r s o  i n f l u e n c e  ( H R T F i ) ;  X - t h e  i n p u t  a u d i o  s i g n a l ,  
YL , YR –s i g n a l s  n e a r  t h e  e a r  c a n a l  e n t r i e s    

R y s .  1 .   K o n c e p c j a  ( a )  f u n k c j i  p r z e n o s z e n i a  z w i ą z a n y c h  z  g ł o w ą  i  p o m i e s z c z e n i e m  
j a k o  s k u m u l o w a n y c h  f u n k c j i  p r z e j ś c i a  ( b )  z a w i e r a j ą c y c h  i n f o r m a c j e   
o  k i e r u n k o w o ś c i  ź r ó d ł a  d ź w i ę k u  ( S i ) ,  f u n k c j i  p r z e j ś c i a  z w i ą z a n y c h   
z  p o s z c z e g ó l n y m i  d r o g a m i  r o z c h o d z e n i a  s i ę  d ź w i ę k u  ( Pi )  o r a z  w p ł y w u  
u k ł a d u  m a ł ż o w i n a -g ł o w a -t u ł ó w  ( H R T F i ) ;  X -w e j ś c i o w y  s y g n a ł  a u d i o ,  
YL , YR – s y g n a ł y  w  p o b l i ż u  w l o t u  d o  k a n a ł u  s ł u c h o w e g o   
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Transfer functions (impulse responses) are to measure in any  
listening  room (F ig .  2a),  w h ere th e stimuli are rad iated  th roug h  th e 
loud speak ers and  th e measurement microph ones are placed  in th e 
ear canals of th e listener (F ig .  2b ).  

 
a)          b ) 

       
F i g .  2 .   T h e  e x am p l e  o f  m e as u r e m e n t  ( an d  l i s t e n i n g ) s e t -u p  i n  an  ac o u s t i c al l y   

n o n -ad ap t e d  e n v i r o n m e n t  w i t h  d i f f i c u l t  s o u n d  r e p r o d u c t i o n  c o n d i t i o n s  ( a);  
t h e  m e as u r e m e n t  m i c r o p h o n e  p l ac e d  i n  t h e  l i s t e n e r s  e ar  c an al  ( b ) 

R y s .  2 .   P r z y k ł ad o w e  u s t aw i e n i e  w  t r ak c i e  p o m i ar u  ( i  o d s ł u c h u ) w  n i e ad ap t o w an y m  
ak u s t y c z n i e  o t o c z e n i u  o  t r u d n e j  ak u s t y c e  ( a);  w i d o k  m i n i at u r o w e g o  
m i k r o f o n u  p o m i ar o w e g o  u m i e s z c z o n e g o  w  k an al e  s ł u c h o w y m  s ł u c h ac z a ( b )   

 
Th e main req uirement for a proper spatial reprod uction of an 

aud io sig nal v ia h ead ph ones is th e precise measurement of th e 
B R I R .  Th ere are many  measurement meth od s d escrib ed  in 
literature w h ich  d iffer in a) th e measuring  sensor placement and  b ) 
ex citation sig nal.  Th e auth ors of th is paper used  th e M L S  sig nal as 
th e ex citation [ 8 ] .  Th e ex ponential sinusoid al sw eep can b e also 
used .  A n ex ample of one B R I R  pair for th e test sig nal emitted  b y  
th e rig h t loud speak er is sh ow n in th e time and  freq uency  d omains 
in F ig .  3 .    

 
 

  

  
F i g .  3 .   T h e  e x am p l e  o f  a B R I R  p ai r  ( f o r  t h e  l e f t  an d  r i g h t  e ar ) i n  t i m e  an d  

f r e q u e n c y  d o m ai n s  
R y s .  3 .   P r z y k ł ad o w e  d w u u s z n e  o d p o w i e d z i  i m p u l s o w e  p o m i e s z c z e n i a ( d l a l e w e g o  

i  p r aw e g o  u c h a) p r z e d s t aw i o n e  w  d z i e d z i n i e  c z as u  i  c z ę s t o t l i w o ś c i  
 

Th e ind iv id ualiz ed  h ead ph ones processor conv olv es an aud io 
sig nal (e. g .  from a C D -play er) w ith  th e measured  B R I R s.  Th e 
sig nal flow  in th e 2-ch annel processor is sh ow n in F ig .  4 .  Th e 
correction b lock s (C O R R i) are th ere to compensate irreg ularities 
in freq uency  ch aracteristics of th e B R I R  measurement sy stem.  I t 
w ill b e d iscussed  later.   
  

     
F i g .  4 .   T h e  s i g n al  f l o w  i n  t h e  2 -c h an n e l  h e ad p h o n e s  p r o c e s s o r  
R y s .  4 .   P r z e p ł y w  s y g n ał ó w  w  s ł u c h aw k o w y m  p r o c e s o r z e  2 -k an ał o w y m  

 
B ecause of computational complex ity  of th e conv olution 

alg orith m,  practical realiz ation of th e h ead ph ones processor as an 
appliance w ork ing  in real time sh ould  tak e into consid eration 
some ad d itional factors.  I n th e follow ing  part of th e paper some 
ex periment results are presented  allow ing  th e analy sis of th e 
influence of listening  room acoustics on th e h ead ph ones processor 
performance,  th e influence of th e B R I R  sh ortening  on th e 
perceiv ed  sound  spaciousness and  th e correction b lock s 
performance used  to compensate irreg ularities in freq uency  
ch aracteristics of th e measurement ch ain,  especially  of th e 
electrets microph ones used  as th e measurement sensors.      

 

2. E x p er i m en t s  c o n c er n i n g  p r o c es s o r  
p er f o r m a n c e 

 
2.1 . T h e i n f l u en c e o f  t h e r o o m  a c o u s t i c s  
 

To ev aluate th e efficiency  of th e h ead ph ones processor to 
simulate d ifferent listening  cond itions v ia h ead ph ones th e B R I R  
measurements w ere cond ucted  in 3  d ifferent env ironments 
(rooms) and  for 3  listeners.  Tw o env ironments simulated  
acoustical properties of ty pical listening  cond itions at h ome.  Th ird  
one,  for th e contrast,  represented  a d ifficult acoustical 
env ironment w ith  strong  reflections and  long  rev erb eration.  Th e 
record ed  impulse responses w ere th en used  to create testing  
sig nals.  D uring  th e tests listeners w ere ask ed ,  if th e localiz ation of 
ph antom sound  sources g enerated  b y  h ead ph ones is concurrent 
w ith  th e localiz ation of sound  sources created  b y  loud speak ers.   

Th e loud speak ers-listener set-up w as th e same in all th ree 
env ironments.  L oud speak ers and  listener h ead ' s positions created  
an eq uilateral triang le w ith  th e d istance b etw een corners of 1 . 8 m.  
Th e h eig h t of listener’ s ears and  loud speak er’ s tw eeters w as near 
th e same (ab out 1 . 3 m ov er th e floor).  Th e sound  pressure lev el of 
th e test sig nal measured  near th e h ead  w as 6 0  d B  S P L .  Th e 
impulse responses w ere record ed  using  miniature electrets 
microph ones located  in th e entry  of th e ear canals.  Th e av erag e 
d istance b etw een microph ones w as 1 8 cm.  Th e sig nals from each  
microph one after amplification in a low -noise custom-mad e 
microph one preamp w as connected  to th e line inputs of th e 
D ig id esig n aud io interface D ig i0 0 2.  F or each  listener  (w ith  normal 
h earing  and  some ex perience in sub j ectiv e aud io tests) four k ind s of 
responses to th e 21 4  samples long  M L S  sig nal (th e sampling  
freq uency  4 4 . 1 k H z ) w ere record ed :  tw o responses from th e left and  
rig h t ear to th e M L S  emitted  b y  th e left loud speak er and  tw o 
responses from th e left and  rig h t ear to th e M L S  emitted  b y  th e rig h t 
loud speak er.  U sing  th e fast H ad amard  transform alg orith m,  impulse 
responses w ere calculated  [ 8 ,  9 ,  1 0 ] .  A ll calculations and  processing  
w ere carried  out using  a M atlab  softw are.  

F or th e listening  tests,  th e pink  noise w as used  to create testing  
sound s.  Th e tests w ere cond ucted  in tw o stag es.  Th e loud speak ers-
listener set-up w as th e same as d uring  measurements d escrib ed  
b efore.  I n th e first stag e,  tw o k ind s of sound s w ere presented  to 
th e listener in a rand om seq uence:   
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- o r i g i n a l  p i n k  n o i s e  w i t h o u t  a n y  p r o c e s s i n g ,  e m i t t e d  b y  o n e  
l o u d s p e a k e r  ( l e ft  o r  r i g h t ) ,  

-  p i n k  n o i s e  c o n v o l v e d  w i t h  t h e  B R I R  m e a s u r e d  fo r  t h e  a c t u a l  
l i s t e n e r  a n d  e n v i r o n m e n t ,  e m i t t e d  b y  h e a d p h o n e s .   
T h e  e x p e r i m e n t s  h a v e  s h o w n ,  t h a t  t h e  s o u n d  i m a g e  c r e a t e d  b y  

h e a d p h o n e s  w a s  c o r r e c t l y  e x t e r n a l i z e d  a n d  t h e  p e r c e i v e d  d i s t a n c e  
w a s  n e a r l y  t h e  s a m e  a s  t h e  a c t u a l  d i s t a n c e  t o  t h e  l o u d s p e a k e r .  T h i s  
e ffe c t  i s  r a r e l y  t o  a c h i e v e  i n  p r o c e s s o r s  b e i n g  o n  t h e  c o n s u m e r  
m a r k e t .  A v e r a g e d  r e s u l t s  fo r  a l l  l i s t e n e r s  a r e  p r e s e n t e d  i n  t a b l e  1 .  

 
Tab. 1.  P e r c e i v e d  d i s t an c e  an d  w i d t h  o f  a p h an t o m  s o u n d  s o u r c e  g e n e r at e d  by  t h e  

h e ad p h o n e s  p r o c e s s o r  c o m p ar i n g  t o  t h e  l o u d s p e ak e r  l i s t e n i n g     
Tab. 1.  P o s t r z e g an a o d l e g ł o ś ć  i  s z e r o k o ś ć  p o z o r n y c h  ź r ó d e ł  d ź w i ę k u  p r z y  o d s ł u c h u  

p r z e z  p r o c e s o r  s ł u c h aw k o w y  w  p o r ó w n an i u  z  o d s ł u c h e m  p r z e z  g ł o ś n i k i  
 

E n v i r o n m e n t  1 E n v i r o n m e n t  2  E n v i r o n m e n t  3  Subjective 
f ea tur e L e f t  R i g h t  L e f t  R i g h t  L e f t  R i g h t  
D is ta n ce  
to  th e 

p h a n to m  
s o ur ce 
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O u r  e x p e r i m e n t s  c o n d u c t e d  i n  d i ffe r e n t  a c o u s t i c a l  e n v i r o n m e n t s  

p r o v e  t h a t  t h e  m e t h o d  o f t h e  j o i n e d  m e a s u r e m e n t  o f a c o u s t i c a l  
p r o p e r t i e s  o f t h e  r o o m  a n d  c u m u l a t i v e  i n fl u e n c e  o f t h e  
i n d i v i d u a l i z e d  p i n n a -h e a d -a n d -t o r s o  ( m e a s u r e m e n t  o f B R I R ) ,  
w o r k s  w e l l  i n  e x t e r n a l i z a t i o n  o f s o u n d  i m a g e  u s i n g  h e a d p h o n e s  
p r a c t i c a l l y  fo r  e v e r y  a c o u s t i c a l  e n v i r o n m e n t .   
 
2.2. T h e  i n f l u e n c e  o f  t h e  B R I R ’ s  l e n g t h  
 

B y  c o n v o l v i n g  a n  i n p u t  a u d i o  s i g n a l  w i t h  p r o p e r l y  m e a s u r e d  
B R I R s  i n  c e r t a i n  r o o m  a n d  i n  c e r t a i n  l i s t e n e r s  e a r s  t h e  e ffe c t  o f 
s p a t i a l i z a t i o n  w a s  p r a c t i c a l l y  a l w a y s  a c h i e v e d .  H o w e v e r  i t  
r e q u i r e d  a  h u g e  c o m p u t a t i o n a l  e ffo r t  b e c a u s e  e v e n  i n  m e d i u m  
s i z e d  r o o m s  t h e  r e c o r d e d  i m p u l s e  r e s p o n s e s  w e r e  a b o u t  t h o u s a n d s  
s a m p l e s  o f l e n g t h  u s i n g  t h e  s t a n d a r d  4 4 , 1  k H z  s a m p l i n g  
fr e q u e n c y .  E v e n  u s i n g  fa s t  c o n v o l u t i o n  a l g o r i t h m s  ( e . g .  
p a r t i t i o n e d  FFT  [ 1 1 ] ) ,  p r o c e s s i n g  i n  r e a l  t i m e  r e q u i r e s  v e r y  fa s t  
( a n d  e x p e n s i v e )  s i g n a l  p r o c e s s o r s .  S o  t h e  q u e s t i o n  w a s ,  i f fo r  
d e c r e a s i n g  a  c o m p u t a t i o n a l  p o w e r  d e m a n d s  t h e  B R I R s  l e n g t h  
c o u l d  b e  s h o r t e n  a n d  s i m u l t a n e o u s l y  t h e  e x t e r n a l i z a t i o n  
p e r fo r m a n c e  o f t h e  h e a d p h o n e  p r o c e s s o r  c o u l d  b e  m a i n t a i n .  S o  t h e  
a u t h o r s  w a n t e d  t o  e x a m i n e ,  h o w  m u c h  t h e  B R I R s  c a n  b e  s h o r t e n  
a ft e r  m e a s u r e m e n t s  t o  m a i n t a i n  t h e  e x t e r n a l i z a t i o n  p r o p e r t i e s  o f 
t h e  p r o c e s s i n g  a l g o r i t h m .  D u r i n g  t h e  e x p e r i m e n t  1 1  l i s t e n e r s  w e r e  
l i s t e n i n g  t h e  t e s t  s i g n a l  c o n t a i n i n g  3 0  p a i r s  o f 2 -s e c o n d s  p r o c e s s e d  
p i n k  n o i s e .  Fi r s t  s i g n a l  i n  e a c h  p a i r  w a s  a l w a y s  t h e  m a s t e r  s i g n a l  – 
i . e .  p i n k  n o i s e  c o n v o l v e d  w i t h  fu l l  l e n g t h  B R I R s  ( 1 5 0 0 0  s a m p l e s ) ,  
t h e  s e c o n d  s i g n a l  i n  e a c h  p a i r  w a s  c a l c u l a t e d  u s i n g  t h e  s a m e  p i n k  
n o i s e  a n d  t h e  B R I R  w i t h  a  v a r i a b l e  l e n g t h  ( b e fo r e  p r o c e s s i n g  t h e  
H a n n  w i n d o w  w i t h  3 0 0 0  t o  8 0 0 0  s a m p l e s  w a s  a p p l i e d  t o  s h o r t e n  
t h e  B R I R ) .  T h e  s t e p  l e n g t h  w a s  5 0 0  s a m p l e s .  D u r i n g  t h e  t e s t  t h e  
p a i r s  w e r e  e m i t t e d  v i a  h e a d p h o n e s  i n  a  r a n d o m  o r d e r .  I n  o n e  t e s t  
w i t h  3 0  p a i r s  t h e  s i g n a l  w h i c h  w a s  s h o r t e n  t o  c e r t a i n  l e n g t h  
a p p e a r e d  3  t i m e s  o n  a v e r a g e .  T h e  l i s t e n e r  t a s k  w a s  t o  a n s w e r ,  i f 
s h e / h e  d e t e c t s  t h e  d i ffe r e n c e  i n  s p a t i a l  p r o p e r t i e s  ( e s p e c i a l l y  t h e  
d i s t a n c e  t o  p h a n t o m  s o u r c e s )  o f t h e  d i ffe r e n t l y  p r o c e s s e d  s i g n a l s  
i n  t h e  p a i r .  C u m u l a t i v e  r e s u l t s  o f t h e  e x p e r i m e n t  a r e  s h o w n  i n  
t a b l e  2 .  T h e  e x p e r i m e n t  s h o w e d ,  t h a t  fo r  a  c e r t a i n  a c o u s t i c a l  
e n v i r o n m e n t  t h e r e  i s  a  b o u n d a r y  B R I R  l e n g t h  c a l l e d  t h e  t r a n s i t i o n  
r e g i o n .  I f t h e  B R I R  i s  l o n g e r  t h a n  t h e  b o u n d a r y  v a l u e ,  t h e  
p r o c e s s o r  p e r fo r m a n c e  r e m a i n s  c o n s t a n t ,  a n d  i f t h e  B R I R  b e c o m e s  
s h o r t e r ,  t h e  p e r fo r m a n c e  o f t h e  p r o c e s s o r  g e t s  w o r s e .  I n  o u r  
e x p e r i m e n t  t h e  b o u n d a r y  l e n g t h  w a s  o v e r  2  t i m e s  s h o r t e r  t h a n  t h e  
fu l l  l e n g t h  o f t h e  m e a s u r e d  B R I R .  T h e r e fo r e  t h e r e  i s  a  p o s s i b i l i t y  
t o  o p t i m i z e  t h e  B R I R  l e n g t h  t o  a c h i e v e  t h e  l o w e s t  c o m p u t a t i o n a l  
c o m p l e x i t y  o f t h e  a l g o r i t h m  a n d  s t i l l  m a i n t a i n i n g  i t s  h i g h e s t  

p e r fo r m a n c e .  Fo r  t h e  r o o m  u s e d  d u r i n g  e x p e r i m e n t  t h e  b o u n d a r y  
l e n g t h  c o r r e s p o n d e d  t o  t h e  t i m e ,  d u r i n g  w h i c h  t h e  r e v e r b e r a t i o n  
d e c a y  c u r v e  c a l c u l a t e d  b y  t h e  b a c k  i n t e g r a t i o n  o f t h e  B R I R  
d e c r e a s e d  o f a b o u t  2 0  d B .  T h i s  r e l a t i o n s h i p  w i l l  b e  i n v e s t i g a t e d  i n  
fu r t h e r  r e s e a r c h .    

 
Tab. 2 .  P e r c e i v e d  d i f f e r e n c e s  i n  s o u n d  i m ag e  ( t h e  d i s t an c e  t o  p h an t o m  s o u r c e s )   

i n  f u n c t i o n  o f  t h e  B R I R  l e n g t h   
Tab. 2 .  P o s t r z e g an i e  z m i an y  w r aż e n i a s ł u c h o w e g o  ( s z c z e g ó l n i e  d y s t an s u  d o  

p o z o r n y c h  ź r ó d e ł  d ź w i ę k u )  p o d c z as  s k r ac an i a d ł u g o ś c i  B R I R   
 

B R I R  l e n g t h   
[ s am p l e s ]  

P e r c e n t ag e  o f  p e r c e i v e d  
d i f f e r e n c e s  [ % ]   

( 0% -n o bo d y  d e t e c t e d   
t h e  d i f f e r e n c e ,   

100%  - t h e  d i f f e r e n c e  
w as  d e t e c t e d  i n  al l  t r i al s )  

E v al u at i o n  

8 000 0 
7 5 00 0 
7 000 11 
6 5 00 18  

L e n g t h  s u f f i c i e n t  f o r  t h e  
m aj o r i t y  o f  l i s t e n e r s  

6 000 5 0 
5 5 00 2 6  
5 000 6 1 
4 5 00 6 0 

Th r e s h o l d  o f  s e n s i t i v i t y  
( t r an s i t i o n  r e g i o n )  

4 000 8 3  
3 5 00 8 1 
3 000 9 6  

L e n g t h  i n s u f f i c i e n t  f o r  t h e  
m aj o r i t y  o f  l i s t e n e r s  

 
 
2.3 . T h e  i n f l u e n c e  o f  c o r r e c t i n g  b l o c k s  
 

W h e n  t h e  e x p e r i m e n t s  w i t h  p i n k  n o i s e  w e r e  c o m p l e t e d ,  
h e a d p h o n e  p r o c e s s o r  w a s  u s e d  t o  e x t e r n a l i z e  r e a l  m u s i c  a n d  
s p e e c h  s i g n a l s .  T h e  l i s t e n e r s  r e p o r t e d  v e r y  g o o d  e x t e r n a l i z a t i o n  
e ffe c t s .  M a n y  l i s t e n e r s  h a d  p r o b l e m s  t o  d i s t i n g u i s h ,  w h e n  t h e  
p r o c e s s e d  s i g n a l  i s  t r a n s m i t t e d  v i a  h e a d p h o n e s  a n d  w h e n  o r i g i n a l  
s i g n a l  v i a  l o u d s p e a k e r s .  D u r i n g  t h e  p r o c e s s o r  t e s t s  w i t h  m u s i c  a n d  
s p e e c h  s i g n a l s  s o m e  p r o b l e m s  a p p e a r e d .  T h e  q u a l i t y  o f t h e  
p r o c e s s e d  a u d i o  s i g n a l  w a s  l o w e r  t h a n  t h e  o r i g i n a l  s i g n a l  
r e p r o d u c e d  v i a  h e a d p h o n e s .  T h e  q u a l i t y  o f o r i g i n a l  s i g n a l s  w a s  
h i g h e r  ( fl a t  fr e q u e n c y  c h a r a c t e r i s t i c s  a n d  b e t t e r  s i g n a l -t o -n o i s e  
r a t i o )  b u t  t h e  u n d e s i r a b l e  i n t e r n a l i z a t i o n  e ffe c t  w a s  e v i d e n t .  O n  t h e  
o t h e r  h a n d  t h e  p r o c e s s e d  s i g n a l s  w e r e  c o r r e c t l y  e x t e r n a l i z e d  b u t  
t h e i r  q u a l i t y  w a s  t y p i c a l  w h e n  t h e  s i g n a l s  w o u l d  b e  l i s t e n  v i a  
l o u d s p e a k e r s  i n  a  fl a t .  S o  t h e  p e o p l e  a c c u s t o m e d  t o  t h e  d i ffe r e n c e  
b e t w e e n  l o u d s p e a k e r s  a n d  h e a d p h o n e s  l i s t e n i n g  c o m p l a i n  o f t h e  
t i m b r e  d i s t o r t i o n  i n t r o d u c e d  b y  h e a d p h o n e s  p r o c e s s o r .  H o w e v e r  
t h e s e  c o m p l a i n t s  fr o m  t h e  a u t h o r ’ s  p o i n t  o f v i e w  a r e  u n fo u n d e d ,  
b e c a u s e  o u r  a i m  w a s  t o  s i m u l a t e  l i s t e n i n g  c o n d i t i o n s  v i a  
l o u d s p e a k e r s ,  w h i c h  h a v e  k n o w n  l i m i t s .  N e v e r t h e l e s s  s o m e  
a t t e m p t s  w e r e  m a d e  t o  i m p r o v e  t h e  s i g n a l  t i m b r e  w i t h o u t  l o o s i n g  
t h e  p r o c e s s o r  a b i l i t y  t o  e x t e r n a l i z e  t h e  s o u n d .  I t  w a s  a l s o  
c o n s i d e r e d  t h a t  B R I R  m e a s u r e m e n t  e q u i p m e n t  w a s  n o t  i d e a l  a n d  i t  
c o u l d  i n fl u e n c e  t h e  q u a l i t y  o f t h e  fi n a l  a u d i o  s i g n a l  fe e d  t o  
h e a d p h o n e s .   B e l o w  t h e  a s s u m p t i o n s  a n d  e x p e r i m e n t s  r e s u l t s  
c o n c e r n i n g  t h e  s i g n a l  t i m b r e  i m p r o v e m e n t  a r e  p r e s e n t e d .   

D u r i n g  t h e  m e a s u r e m e n t  o f t h e  B R I R  t h e  fr e q u e n c y  
c h a r a c t e r i s t i c s  o f t h e  t e s t  s i g n a l  e m i t t e d  b y  l o u d s p e a k e r s  i s  
m o d i fi e d  w h e n  r e c o r d e d  b y  m i c r o p h o n e s  l o c a t e d  i n  t h e  e a r   
c a n a l s .  E x c e p t  t h e  c h a n g e s  r e s u l t i n g  fr o m  B R I R  p r o c e s s i n g ,  w h i c h  
c a r r y  l o c a l i z a t i o n  i n fo r m a t i o n ,  n o n -i d e a l  e l e c t r o a c o u s t i c a l   
c h a i n  a m p l i fi e r -l o u d s p e a k e r -w a l l s -m i c r o p h o n e s -p r e a m p l i fi e r s -A / D  
c o n v e r t e r s  c a n  d i s t o r t  t h e  fr e q u e n c y  c h a r a c t e r i s t i c s .  T h e  m o s t  
c r i t i c a l  e l e m e n t  i s  t h e  m i c r o p h o n e .  I t  h a v e  t o  b e  s m a l l  ( m o u n t a b l e  
i n  a  e a r  c a n a l ) ,  r a t h e r  c h e a p ,  a n d  b e c a u s e  o f m o u n t i n g  c o n d i t i o n s  
i t  i s  e x p o s e d  t o  v i b r a t i o n  a l s o  a s  a  w h o l e  d e v i c e ,  n o t  o n l y  i t s  
m e m b r a n e .  T h e s e  fa c t o r s  c a n  c a u s e  l o w e r  fi d e l i t y  t h a n  e x p e c t e d  i n  
i d e a l  c o n d i t i o n s .      

T o  c o u n t e r a c t  t h e s e  d i s a d v a n t a g e o u s  e ffe c t s  c e r t a i n  c o r r e c t i o n  
fi l t e r s  c a n  b y  a p p l i e d  a t  t h e  p r o c e s s o r  o u t p u t  ( c o r r e c t i o n  b l o c k s  i n  
Fi g .  4 ) .  
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The main task for these filters is to flatten the transfer function 
of the p rocessor in a w ay ,  that the w hole p rocessing  alg orithm 
( tog ether w ith the B R I R  measurement)  w ill chang e only  sp atial 
attrib utes of the sound  imag e and  w ould  not chang e its timb ral 
characteristics.      

A n ad eq uate selection of the correction filter characteristics is 
not a triv ial p rob lem.    

The correction filter should  not eliminate the information ab out 
the sp atial d istrib ution of sound  sources b ut it should  only  
comp ensate the irreg ularities in freq uency  characteristics of 
measuring  microp hones and  loud sp eakers.  The transfer function of 
correction filters should  av erag e and  inv erse the attenuation 
effects ex isting  d uring  the B R I R  measurement p rocess.   

The smoothing  p rocess should  b e d one in p rop erly  selected  
freq uency  b and s to not to lose the sp atial information includ ed  in 
the B R I R  d etails ( the B R I R  filter is in g eneral non-minimum-
p hase and  after av erag ing  the correction filter w ill b e minimum-
p hase) .  S o the b asis for ev aluating  the transfer function can b e the 
smoothed  B R I R  or H & R R TF  ( each correction function C O R R i is 
ev aluated  on the b ase of the av erag ed  H R R TF I-i from p reced ing  
b lock) .  The smoothing  can b e d one in d ifferent w ay s in a time and  
freq uency  d omain.  D uring  ex p eriments the efficiency  of the 
correction filters b asing  on three B R I R ’ s av erag ing  method s in  
a freq uency  d omain w ere ex amined :  
1 .  linear av erag ing  ( referred  in the tab le 3  as L I N )  
2 .  av erag ing  in one-third  octav e b and s ( referred  in the tab le 3  as 

TH I R D )  
3 .  av erag ing  in critical b and s using  b ark scale [ 1 2 ]  ( referred  in the 

tab le 3  as B A R K ) .  
S o the av erag ing  p rocess w as also cond ucted ,  w hen the freq uency  
scale w as p artitioned  using  a human aud itory  sy stem mod els.   

I n F ig .  5  the B R I R s after the av erag ing  p rocess are show n.  
U sing  the av erag ed  B R I R s correcting  filters w ere sy nthesised .   

 
 

  
F i g . 5 .  T h e  B R I R  p a i r  a f t e r  t h e  a v e r a g i n g  p r o c e s s  i n  a  f r e q u e n c y  d o m a i n  
R y s . 5 .  P a r a  d w u u s z n y c h  o d p o w i e d z i  i m p u l s o w y c h  p o m i e s z c z e n i a  p o  p r o c e s i e  

u ś r e d n i a n i a  w  d z i e d z i n i e  c z ę s t o t l i w o ś c i  
 

S ub j ectiv e tests of the p rocessor w ith the freq uency  characteristics 
correction b asing  on the d escrib ed  av erag ing  method s d id  not 
d etect a d istinct p red ominance of only  one method .  S ummary  of 
the sub j ectiv e test results concerning  the timb re correction and  the 
localiz ation correctness is p resented  in the tab le 3 .    

 
T a b . 3 .  I n f l u e n c e  o f  c o r r e c t i o n  f i l t e r s  o n  a  s o u n d  t i m b r e  a n d  s o u r c e  l o c a l i z a t i o n  

( 1 0 0 % = b e s t  f i t ,  0 % =  n o  f i t ) . 
T a b . 3 .  W p ł y w  k o r e k c j i  n a  p o s t r z e g a n ą  b a r w ę  i  l o k a l i z a c j ę  ź r ó d e ł  

 

M e t h o d  T i m b r e  
c o n s i s t e n c y  [ % ]  

L o c a l i z a t i o n  
c o n s i s t e n c y  [ % ]  

T o t a l  s c o r e   
[ % ]  

L I N  1 0 0  3 3  6 7  
T H I R D  8 9  5 6  7 2  
B A R K  1 1  8 9  5 0  

 
 

3. D i s c u s s i o n  a n d  c o n c l u s i o n s  
 

The concep t of the sound  sp atializ ation rep rod uced  v ia 
head p hones has b een inv estig ated  since 1 9 8 9  ( at least)  [ 3 ,  1 3 ] .  
S ome commercial solutions in the form of a softw are or hard w are-
b ased  p rocessors are also av ailab le on the market tod ay .  H ow ev er 
these p rocessors use av erag ed  or mod elled  B R I R s [ 1 4 ]  and  the 
rep rod uced  sound  imag e hard ly  ev er corresp ond s to the listening  
ex p erience in real-life situation or b y  using  loud sp eakers.  The 
main g oal of the authors w as to ex ternaliz e the sound  imag e,  
w hich b y  listening  v ia head p hones is normally  localiz ed  “ in the 
head ” .  I t can b e d one using  the head p hones p rocessor and  B R I R s 
ind iv id ually  measured  in the listening  cond itions and  ears of the 
end  user.  A n achiev ement of this targ et d ep end s on the 
d ev elop ment of cheap  and  efficient B R I R  measurement method s 
and  cost-effectiv e conv olution and  correction alg orithms.   

The authors show ed  that the head p hone p rocessor b ased  on 
B R I R s measured  in a listening  room is ab le to create aud itory  
sensations using  head p hones that are comp arab le w ith real 
listening  cond itions using  loud sp eakers.  E x p eriments cond ucted  in 
d ifferent acoustical env ironments p rov e that p rop osed  method  of 
j oined  measurement of acoustical p rop erties of the room and  
cumulativ e influence of ind iv id ualiz ed  p inna-head -and -torso 
p erforms w ell p ractically  for ev ery  acoustical env ironment.   

I t is show n,  that the satisfactory  p erformance can b e achiev ed  
also w hen using  B R I R s w ith a red uced  leng th,  w hat d ecreases the 
p rocessor comp utational load .   

The ind iv id ualiz ed  head p hones p rocessor ab ility  to ex ternaliz e 
head p hones sound  is hig h,  b ut for some p urists chang es introd uced  to 
freq uency  characteristics of the rep rod uced  sound s can b e not 
accep tab le and  p erceiv ed  as q uality  d eg rad ation.  A  solution to this 
p rob lem can b e a d ev elop ment of b etter correction inv erse filters.  The 
correction method s p rop osed  in the p ap er seem to b e not op timal.   
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