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The	  genera3on	  of	  plausible	  
acous3c	  effects	  is	  challenging	  
for	  interac3ve	  applica3ons	  like	  
virtual	  reality	  and	  games	  which	  
require	  low	  latency	  and	  involve	  
complex	  scenes	  with	  many	  
sources.	  

Introduc)on	  

Our	  approach	  is	  the	  first	  to	  compute	  
sound	  for	  dozens	  of	  sources	  in	  
complex	  environments	  at	  interac3ve	  
rates.	  
	  
Our	  Contribu)ons:	  
1.  Backward	  sound	  propaga3on	  
2.  Source	  clustering	  
3.  Impulse	  response	  cache	  
4.  Adap3ve	  impulse	  response	  length	  
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Background	  

Sound	  Propaga)on	  –	  given	  
sources,	  listener,	  scene	  
geometry,	  simulate	  how	  sound	  
interacts	  with	  environment	  and	  
is	  heard	  by	  the	  listener.	  

Acous)c	  phenomena:	  

Diffrac3on	  Specular	  
reflec3on	  

Diffuse	  
reflec3on	  

Impulse	  response	  (IR)	  –	  1D	  linear	  filter,	  
transfer	  func3on	  between	  source	  and	  
listener.	  
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Figure	  1:	  We	  use	  path	  tracing	  to	  compute	  an	  IR	  for	  each	  source.	  Specular	  early	  reflec9ons	  and	  
diffrac9on	  are	  handled	  separately.	  A=er	  IR	  processing	  (IR	  cache,	  adap9ve	  IR	  length),	  the	  result	  
is	  rendered	  using	  streaming	  convolu9on	  and	  played	  for	  the	  user	  over	  headphones.	  	  

Overview	  

Backward	  Sound	  Propaga)on	  

Figure	  2:	  Backward	  ray	  tracing	  from	  the	  
listener	  is	  used	  to	  compute	  specular	  
early	  reflec9ons	  for	  spherical	  sound	  
sources.	  	  

• 	  Tradi3onal	  approaches	  emit	  rays	  from	  
each	  sound	  source,	  intersect	  with	  
listener.	  
• 	  This	  is	  slow	  for	  scenes	  with	  many	  
sources.	  
	  
Reciprocity	  principle	  –	  IR	  is	  the	  same	  if	  
source	  and	  listener	  exchange	  posi3ons	  
	  
We	  trace	  rays	  from	  the	  listener	  instead	  
and	  intersect	  the	  rays	  with	  sound	  
sources	  in	  the	  scene.	  
1.  	  Listener-‐centric	  sampling	  produces	  

be[er	  IR	  quality.	  
2.  	  Faster	  than	  tracing	  rays	  from	  each	  

source.	  	  	  
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Figure	  6:	  top-‐down	  view	  of	  a	  tradeshow	  
scene,	  200	  sound	  sources	  (red),	  50	  clusters	  
(purple),	  listener	  (yellow).	  

Sound	  Source	  Clustering	  
In	  scenes	  with	  many	  sources,	  the	  IRs	  
for	  nearby	  sources	  are	  frequently	  
similar.	  
	  
We	  cluster	  sources	  based	  on	  their	  
spa3al	  proximity	  and	  rela3on	  to	  the	  
listener	  and	  simulate	  each	  cluster	  as	  a	  
single	  source.	  
	  
	  
	  
This	  gives	  a	  2x	  to	  4x	  reduc3on	  in	  the	  
number	  of	  sources	  and	  results	  in	  a	  
significant	  speedup.	   Figure	  5:	  The	  main	  results	  of	  our	  system	  for	  three	  complex	  benchmark	  scenes	  running	  on	  an	  

Intel	  i7	  4770k	  CPU.	  
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Results	  

Impulse	  Response	  Cache	  

Ray	  tracing	  involves	  a	  tradeoff	  
between	  the	  number	  of	  primary	  
rays	  and	  the	  latency/quality	  of	  
the	  simula3on.	  
	  
With	  the	  IR	  cache,	  fewer	  rays	  
need	  to	  be	  traced	  because	  
previous	  simula3on	  results	  are	  
reused.	  
	  
The	  result	  is	  lower	  latency	  for	  
interac3ve	  simula3ons.	  	  

Adap)ve	  IR	  Length	  

• 	  It	  is	  difficult	  to	  know	  the	  length	  of	  the	  
impulse	  response	  that	  must	  be	  
computed.	  
• 	  Surface	  materials,	  dynamic	  scene	  
elements	  influence	  the	  IR	  length.	  
• 	  A	  constant	  IR	  length	  can	  result	  in	  
wasted	  computa3on	  or	  truncated	  IR.	  	  

Our	  method	  dynamically	  determines	  
the	  IR	  length	  using	  a	  psychoacous3c	  
metric	  and	  uses	  that	  informa3on	  to	  
determine	  how	  far	  to	  trace	  rays	  on	  
the	  next	  frame..	  	  
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Figure	  7:	  The	  threshold	  of	  hearing	  for	  a	  
human	  listener	  varies	  with	  frequency.	  
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Figure	  8:	  We	  use	  the	  threshold	  of	  hearing	  to	  
determine	  the	  last	  audible	  sample	  in	  the	  
impulse	  response	  for	  each	  frequency	  band.	  	  
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Figure	  4:	  The	  contribu9on	  of	  the	  coarse	  IRs	  from	  
previous	  frames	  decreases	  over	  9me.	  

Figure	  3:	  The	  output	  IR	  on	  frame	  n	  is	  a	  linear	  
combina9on	  of	  the	  IR	  cache	  from	  frame	  n-‐1	  and	  a	  
low-‐quality	  IR	  computed	  on	  frame	  n.	  
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Our	  approach	  can	  compute	  plausible	  acous3c	  effects	  for	  scenes	  with	  
dozens	  of	  sources	  at	  interac3ve	  rates	  and	  is	  over	  an	  order	  of	  magnitude	  
faster	  than	  previous	  techniques.	  
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