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S
p

atial aco
u

stics

 

•
R

eceived
 so

u
n

d
 = so

u
rce + ch

an
n

el

 

-
so far, only considered ideal source w

aveform

 

•
S

o
u

n
d

 carries in
fo

rm
atio

n
 o

n
 its sp

atial o
rig

in

 

-
e.g. “ripples in the lake”

-
evolutionary significance

 

•
T

h
e b

asis o
f scen

e an
alysis?

 

-
yes and no - try blocking an ear

1
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R
ip

p
les in

 th
e lake

 

•
E

ffect o
f relative p

o
sitio

n
 o

n
 so

u
n

d

 

-
delay =

 

 

∆

 

r

 

/

 

c

 

-
energy decay ~

 

 

1/

 

r

 

2

 

-
absorption ~

 

 

G

 

(

 

f

 

)

 

r

 

-
direct energy plus reflections

 

•
G

ive cu
es fo

r recoverin
g

 so
u

rce p
o

sitio
n

•
D

escrib
e w

avefro
n

t by its n
o

rm
al

S
ource

S
ource

Listener

W
avefront (@

 c
 m

/s)

E
nergy ∝

 1/r 2
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R
ecoverin

g
 sp

atial in
fo

rm
atio

n

 •
S

o
u

rce d
irectio

n
 as w

avefro
n

t n
o

rm
al

 

-
m

oving plane found from
 tim

ing at 3 points

-
need to solve correspondence

 

•
S

p
ace: 

n
eed

 3 p
aram

eters

 

-e.g. 2 angles and range

w
avefront

A

BC
tim

e

pressure

∆
t/c =

 ∆
s =

 A
B

·cosθ

θ

range r
azim

uth
θ

elevation
φ
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T
h

e effect o
f th

e enviro
n

m
en

t

 

•
R

efl
ectio

n
 cau

ses ad
d

itio
n

al w
avefro

n
ts

 

-
+

 scattering, absorption
-

m
any paths 

 

→

 

 m
any echoes

 

•
R

everb
eran

t effect

 

-
causal ‘sm

earing’ of signal energy

reflection

diffraction
&

 shadow
ing
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R
everb

eratio
n

 im
p

u
lse resp

o
n

se

 

•
E

xp
o

n
en

tial d
ecay o

f refl
ectio

n
s:

•
F

req
u

en
cy-d

ep
en

d
en

t

 

-
greater absorption at high frequencies

 

→

 

 faster decay

 

•
S

ize-d
ep

en
d

en
t

 

-
larger room

s 

 

→

 

 longer delays 

 

→

 

 slow
er decay

 

•
S

ab
in

e’s eq
u

atio
n

:

•
T

im
e co

n
stan

t as size, ab
so

rp
tio

n

t

h
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(t)
~
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h
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O
u

tlin
e

 

S
p

atial aco
u

stics

B
in

au
ral p

ercep
tio

n

 

-
T

he sound at the tw
o ears

-
A

vailable cues
-

P
erceptual phenom

ena

 

S
yn

th
esizin

g
 sp

atial au
d

io

E
xtractin

g
 sp

atial so
u

n
d

s
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B
in

au
ral p

ercep
tio

n

 

•
W

h
at is th

e in
fo

rm
atio

n
 in

 th
e 2 ear sig

n
als?

 

-
the sound of the source(s) (L+

R
)

-
the position of the source(s) (L-R

)

 

•
E

xam
p

le w
avefo

rm
s (S

h
A

T
R

 d
atab

ase)

2

path length
difference

path length
difference head shadow

(high freq)
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L
R
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R
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M
ain

 cu
es to

 sp
atial h

earin
g

 

•
In

terau
ral tim

e d
ifferen

ce (IT
D

)  

-
from

 different path lengths around head
-

dom
inates in low

 frequency (<
 1.5 kH

z)
-

m
ax ~

 750 

 

µ

 

s 

 

→

 

 am
biguous for freqs >

 600 H
z

 

•
In

terau
ral in

ten
sity d

ifferen
ce (IID

)  

-
from

 head shadow
ing of far ear

-
negligable for LF

; increases w
ith frequency

 

•
S

p
ectral d

etail (fro
m

 p
in

n
a relfectio

n
s) 

u
sefu

l fo
r elevatio

n
 &

 ran
g

e

•
D

irect-to
-reverb

eran
t u

sefu
l fo
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g

e
C
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s 33 an

d
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H
ead

-R
elated

 Tran
sfer F

n
s (H

R
T

F
s)

 

•
C

ap
tu

re so
u

rce co
u

p
lin

g
 as im

p
u

lse resp
o

n
ses

•
C

o
llectio

n
:  (

 

http://interface.cipic.ucdavis.edu/

 

)

•
H

ig
h

ly in
d

ivid
u

al!
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R
,

,
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R
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,
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C
o

n
e o

f co
n

fu
sio

n

 

•
In

terau
ral tim

in
g

 cu
e d

o
m

in
ates (b

elo
w

 1kH
z)

 

-
from

 differing path lengths to tw
o ears

 

•
B

u
t: o

n
ly reso

lves to
 a co

n
e

 

-
U

p/dow
n? Front/back?

azim
uth

θ

C
o

n
e o

f co
n

fu
sio

n
�

(ap
p

ro
x eq

u
al IT

D
)
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F
u

rth
er cu

es

 

•
P

in
n

a cau
ses elevatio

n
-d

ep
en

d
en

t co
lo

ratio
n

•
M

o
n

au
ral p

ercep
tio

n

 

-
separate coloration from

 source spectrum
?

 

•
H

ead
 m

o
tio

n

 

-
synchronized spectral changes

-
also for IT

D
 (front/back) etc.
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C
o

m
b

in
in

g
 m

u
ltip

le cu
es

 

•
B

o
th

 IT
D

 an
d

 IL
D

 in
fl

u
en

ce azim
u

th
;

W
h

at h
ap

p
en

s w
h

en
 th

ey d
isag

ree?

 

-
trading @

 around 0.1 m
s / dB

t
t

r(t)1 m
s

l(t)

t
t

r(t)
l(t)

Identical signals to both ears
→

 im
age is centered

D
elaying right channel

m
oves im

age to left

t
t

r(t)
l(t)

A
ttenuating left channel

returns im
age to center
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B
in

au
ral p

o
sitio

n
 estim

atio
n

 

•
Im

p
erfect resu

lts:

 

 (A
rruda, K

istler &
 W

ightm
an 1992)

 

-
listening to ‘w

rong’ hrtfs 

 

→

 

 errors
-

front/back reversals stay on cone of confusion
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T
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T
h

e P
reced

en
ce E

ffect

 

•
R

efl
ectio

n
s g

ive m
islead

in
g

 sp
atial cu

es

•
B

u
t: S

p
atial im

p
ressio

n
 b

ased
 o

n
 1st w

avefro
n

t 
th

en
 ‘sw

itch
es o

ff’ fo
r ~50 m

s
-

.. even if ‘reflections’ are louder
-

.. leads to im
pression of room

t

l(t)

t
R

/c

R
r(t)

direct
reflected
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B
in

au
ral M

askin
g

 R
elease

•
A

d
d

in
g

 n
o

ise to
 reveal targ

et

-
w

hy does this m
ake sense?

•
B

in
au

ral M
askin

g
 L

evel D
ifferen

ce u
p

 to
 12d

B
-

greatest for noise in phase, tone anti-phase

tt

Tone +
 noise to one ear:

tone is m
asked+

tt

Identical noise to other ear:
tone is audible

t

+
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O
u

tlin
e

S
p

atial aco
u

stics

B
in

au
ral p

ercep
tio

n

S
yn

th
esizin

g
 sp

atial au
d

io
-

P
osition

-
E

nvironm
ent

E
xtractin

g
 sp

atial so
u

n
d

s

1234
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S
yn

th
esizin

g
 sp

atial au
d

io

•
G

o
al: recreate realistic so

u
n

d
fi

eld
-

hi-fi experience
-

synthetic environm
ents (V

R
)

•
C

o
n

strain
ts

-
resources

-
inform

ation (individual H
R

T
F

s)
-

delivery m
echanism

 (headphones)

•
S

o
u

rce m
aterial typ

es
-

live recordings (actual soundfields)
-

synthetic (studio m
ixing, virtual environm

ents)

3
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C
lassic stereo

•
‘In

ten
sity p

an
n

in
g

’: 
n

o
 tim

in
g

 m
o

d
ifi

catio
n

s, ju
st vary level ±20 d

B
-

w
orks as long as listener is equidistant (ILD

)

•
S

u
rro

u
n

d
 so

u
n

d
:

extra ch
an

n
els in

 cen
ter, sid

es, ...
-

sam
e basic effect - pan betw

een pairs

L
R
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S
im

u
latin

g
 reverb

eratio
n

•
C

an
 ch

aracterize reverb
 by im

p
u

lse resp
o

n
se

-
spatial cues are im

portant - record in stereo
-

IR
s of ~

 1 sec →
 very long convolution

•
Im

ag
e m

o
d

el: refl
ectio

n
s as d

u
p

licate so
u

rces

•
‘E

arly ech
o

s’ in
 ro

o
m

 im
p

u
lse resp

o
n

se:

•
A

ctu
al refl

ectio
n

 m
ay b

e
 h

reflect (t), n
o

t δ(t)

source
listener

virtual (im
age) sources

reflected
path

t

h
room

(t)

direct path
early echos
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A
rtifi

cial reverb
eratio

n

•
R

ep
ro

d
u

ce p
ercep

tu
ally salien

t asp
ects

-
early echo pattern (→

 room
 size im

pression)
-

overall decay tail (→
 w

all m
aterials...)

-
interaural coherence (→

 spaciousness)

•
N

ested
 allp

ass fi
lters

 (G
ardner ’92)

z
-k

+
+

-g

g

g,k

x[n]
y[n]

n
k

2k
3k

-g

1-g
2g(1-g

2)
g

2(1-g
2)

h[n]

 z
-k - g

1 - g·z
-k

H
(z) =

20,0.3

A
llp

ass

N
ested

+C
ascad

e A
llp

ass
S

yn
th

etic R
everb

30,0.7
50,0.5

A
P

0
+

A
P

1
A

P
2

LP
F

g

a
0

a
1

a
2

+
+
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S
yn

th
etic b

in
au

ral au
d

io

•
S

o
u

rce co
nvo

lved
 w

ith
 {L

,R
} H

R
T

F
s g

ives 
p

recise p
o

sitio
n

in
g

-
...for headphone presentation

-
can com

bine m
ultiple sources (by adding)

•
W

h
ere to

 g
et H

R
T

F
s?

-
m

easured set, but: specific to individual, discrete
-

interpolate by linear crossfade, P
C

A
 basis set

-
or: param

etric m
odel - delay, shadow

, pinna

•
H

ead
 m

o
tio

n
 cu

es?
-

head tracking +
 fast updates

S
ource

D
elay

S
hadow

P
inna

z -tD
L (θ)

1 - az t
1 - b

L (θ)z -1

z -tD
R (θ)

1 - az t
1 - b

R (θ)z -1

Σ
 p

kL (θ,φ)·z -tP
kL (θ,φ)

Σ
 p

kR (θ,φ)·z -tP
kR (θ,φ)

R
oom

 echo
K

E ·z -tE

++

(after B
row

n &
 D

uda '97)
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Tran
sau

ral so
u

n
d

•
B

in
au

ral sig
n

als w
ith

o
u

t h
ead

p
h

o
n

es?

•
C

an
 cro

ss-can
cel w

rap
-aro

u
n

d
 sig

n
als

-
speakers S

L
,R , ears E

L
,R , binaural signals B

L
,R .

•
N

arro
w

 ‘sw
eet sp

o
t’

-
head m

otion?

S
L

H
L

L 1–
B

L
H

R
L S

R
–

(
)

=

S
R

H
R

R 1–
B

R
H

L
R

S
L

–
(

)
=

E
L

E
R

H
R

R

H
R

L
H

LR

H
LL

S
L

B
L

S
R

B
R

M
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S
o

u
n

d
fi

eld
 reco

n
stru

ctio
n

•
S

to
p

 th
in

kin
g

 ab
o

u
t ears

ju
st reco

n
stru

ct p
ressu

re + sp
atial d

erivatives

-
ears in reconstructed field receive sam

e sounds

•
C

o
m

p
lex reco

n
stru

ctio
n

 setu
p

 (am
b

iso
n

ics)

-
able to preserve head m

otion cues?

p(x,y,z,t)

∂p(t)/∂z
∂p(t)/∂x

∂p(t)/∂y
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O
u

tlin
e

S
p

atial aco
u

stics

B
in

au
ral p

ercep
tio

n

S
yn

th
esizin

g
 sp

atial au
d

io

E
xtractin

g
 sp

atial so
u

n
d

s
-

M
icrophone arrays

-
M

odeling binaural processing

1234



E
6820 S

A
P

R
 - D

an E
llis

L08 - S
patial sound

2006-03-23 - 26

E
xtractin

g
 sp

atial so
u

n
d

s

•
G

iven
 access to

 so
u

n
d

fi
eld

, 
can

 w
e recover sep

arate co
m

p
o

n
en

ts?
-

degrees of freedom
: 

>
N

 signals from
 N

 sensors is hard
-

but: people can do it (som
ew

hat)

•
In

fo
rm

atio
n

-th
eo

retic ap
p

ro
ach

-
use only very general constraints

-
rely on precision m

easurem
ents

•
A

n
th

ro
p

ic ap
p

ro
ach

-
exam

ine hum
an perception

-
attem

pt to use sam
e inform

ation

4



E
6820 S

A
P

R
 - D

an E
llis

L08 - S
patial sound

2006-03-23 - 27

M
icro

p
h

o
n

e arrays

•
S

ig
n

als fro
m

 m
u

ltip
le m

icro
p

h
o

n
es can

 b
e 

co
m

b
in

ed
 to

 en
h

an
ce/can

cel certain
 so

u
rces

•
‘C

o
in

cid
en

t’ m
ics w

ith
 d

iff. d
irectio

n
al g

ain
s

•
M

icro
p

h
o

n
e arrays (en

d
fi

re)

m
1

s1

m
2

s2

a
21

a
22

a
12

a
11

m
1

m
2

a
11

a
12

a
21

a
22

s1s2

   
⋅

=
   

s1 ˆs2 ˆ
⇒

A
1–

m⋅
=D

D
+

D
+

+

-40 -20 0

λ =
 4D

λ =
 2Dλ =

 D
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A
d

ap
tive B

eam
fo

rm
in

g
 &

In
d

ep
en

d
en

t C
o

m
p

o
n

en
t A

n
alysis (IC

A
)

•
F

o
rm

u
late m

ath
em

atical criteria to
 o

p
tim

ize

•
B

eam
fo

rm
in

g
: D

rive in
terferen

ce to
 zero

-
cancel energy during nontarget intervals

•
IC

A
: m

axim
ize m

u
tu

al in
d

ep
en

d
en

ce o
f o

u
tp

u
ts

-
from

 higher-order m
om

ents during overlap
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