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Raw Audio based Acoustic Source 
Localization Using Deep Learning
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)
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)
<latexit sha1_base64="hVxvKSK/IU+E9UqDfV4q1m/Fuq0="></latexit>

)
<latexit sha1_base64="hVxvKSK/IU+E9UqDfV4q1m/Fuq0="></latexit>

)
<latexit sha1_base64="hVxvKSK/IU+E9UqDfV4q1m/Fuq0="></latexit>

)
<latexit sha1_base64="hVxvKSK/IU+E9UqDfV4q1m/Fuq0="></latexit>

Ref: J. M. Vera-Diaz, D.Pizarro, and J. M. Guarasa, “Towards end-to-end acoustic localization using deep learning: From audio 
signal to source position coordinates,” CoRR, vol. abs/1807.11094, 2018.



Multiple Source Localization:  
Permutation Problem

Deep  
Net. 
For 

MSL

}
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Multiple Source Localization as  
Multi-Label Classification

· · ·<latexit sha1_base64="7nbTc5DFS8TQf+NuDPolP13gW8w="></latexit> Deep  
Neural 

Network
...

<latexit sha1_base64="e37ClpA2sTiwBEEihywmLEV+2V4="></latexit> }
<latexit sha1_base64="epoFf96Zdg0s9oDjfgyl4n4rA84="></latexit>

Discretized Grid 
Of Angular  
Locations

No Permutation Problem 

Regression —> Classification

Spatial resolution is limited by grid size 

Off grid?  

Requires training from all combination of 
grid points chosen up to 3 at a time.

Ref: S. Adavanne, A. Politis, and T. Virtanen, “Direction of arrival estimation for multiple sound sources using convolutional recurrent 
neural network,” in 2018 26th European Signal Processing Conference (EUSIPCO), Sep. 2018, pp. 1462–1466.

Pr (✓0)
<latexit sha1_base64="Z1N5CUgRdDaQsz2jEvHvIbOZWC4="></latexit>

Pr (✓1)
<latexit sha1_base64="MeE6EcN52bYhjxeajVzytj10HGE="></latexit>

Pr (✓L)
<latexit sha1_base64="XkiO9POohAlIEcFJGnWYaGy0Oxk="></latexit>



In this Paper…

Multiple Source Localization 

End-to-End Starting from Raw Audio 

Avoid Permutation Problem 

Arbitrary Spatial Resolution



The Setup

Uniform 
Circular  
Array of 

Microphones

Rectangular Enclosure

Ref: H. Sundar, T. V. Sreenivas, and C. S. Seelamantula, “TDOA based multiple acoustic source localization without association 
ambiguity,” IEEE/ACM Trans. on Audio, Speech, and Language Process., vol. 26, no. 11, pp. 1976–1990, Nov. 2018.
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R1
<latexit sha1_base64="XeREYuSjQNvbmcQlnW1VFp7JwKY=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQq6LLoxmUV+4A2hMl00g6dTMLMRKghX+LGhSJu/RR3/o2TNgttPTBwOOde7pkTJJwp7Tjf1srq2vrGZmWrur2zu1ez9w86Kk4loW0S81j2AqwoZ4K2NdOc9hJJcRRw2g0mN4XffaRSsVg86GlCvQiPBAsZwdpIvl0bRFiPCebZfe5nbu7bdafhzICWiVuSOpRo+fbXYBiTNKJCE46V6rtOor0MS80Ip3l1kCqaYDLBI9o3VOCIKi+bBc/RiVGGKIyleUKjmfp7I8ORUtMoMJNFTLXoFeJ/Xj/V4ZWXMZGkmgoyPxSmHOkYFS2gIZOUaD41BBPJTFZExlhiok1XVVOCu/jlZdI5a7jnDffuot68LuuowBEcwym4cAlNuIUWtIFACs/wCm/Wk/VivVsf89EVq9w5hD+wPn8A/VGTTA==</latexit>
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· · ·<latexit sha1_base64="7nbTc5DFS8TQf+NuDPolP13gW8w="></latexit> · · ·<latexit sha1_base64="7nbTc5DFS8TQf+NuDPolP13gW8w="></latexit>



Output Encoding:  
Coarse -Fine Localization Strategy

p0
<latexit sha1_base64="WMb0WnniT3pgwql+a6qoPQm0GJI="></latexit>

pS`
<latexit sha1_base64="naP6A15lTkzhzN2gwPkYYR4uUOc="></latexit>

R`
<latexit sha1_base64="AP15tVxCBxHNInu5JBasW38mM/U="></latexit>

d`
<latexit sha1_base64="ZolQ5ZRe4ucjStkNfl8JGMQalJw="></latexit>

d` = kpS` � p0k
✓` = \(pS` � p0)

<latexit sha1_base64="rnxzHxM6iHs7zKPzVC7Sv92yWvI="></latexit>

✓`
<latexit sha1_base64="dOygubY3cNZ3SsElr+EfNQP6+/8="></latexit>

d` = kpS` � p0k
✓` = \(pS` � p0)

<latexit sha1_base64="rnxzHxM6iHs7zKPzVC7Sv92yWvI="></latexit>

pS` = d` \✓`
<latexit sha1_base64="EpqMWZgAhktykzM7nUjRYCYJ+7Y="></latexit>



Normalized Source Co-ordinates

p0
<latexit sha1_base64="WMb0WnniT3pgwql+a6qoPQm0GJI="></latexit>

R`
<latexit sha1_base64="AP15tVxCBxHNInu5JBasW38mM/U="></latexit>

pS`
<latexit sha1_base64="naP6A15lTkzhzN2gwPkYYR4uUOc="></latexit>

d`
<latexit sha1_base64="ZolQ5ZRe4ucjStkNfl8JGMQalJw="></latexit>

✓`
<latexit sha1_base64="dOygubY3cNZ3SsElr+EfNQP6+/8="></latexit> ✓min

`
<latexit sha1_base64="ZFDcyGk4csvmeiEy61ZOP+CeNDI="></latexit>

✓
m
ax

`
<latexit sha1_base64="gzV/1ba1q7oXniPl9gkX4uw0n2o="></latexit>

dmin
`

<latexit sha1_base64="vgZp348QK5z/HlY5EMP6mFnczAg="></latexit>

d
max

`
<latexit sha1_base64="HjgAWwARm7rxVZ2P9vOoPkNwWKQ="></latexit>

d̃` =
d` � dmin

`

dmax
` � dmin

`
<latexit sha1_base64="61uFR62POWcrHaIwBrRuqNX4ibg="></latexit>

✓̃` =
✓` � ✓min

`

✓max
` � ✓min

`
<latexit sha1_base64="Wa+2rDN1KtLY/VX82rdNSAYbH5I="></latexit>

d` 2
⇥
dmin
` , dmax

`

⇤

✓` 2
⇥
✓min
` , ✓max

`

⇤
<latexit sha1_base64="hTb3tW7gfh13bRALvr8O7fLs47U="></latexit>

d̃` 2 [0, 1]

✓̃` 2 [0, 1]
<latexit sha1_base64="8Nce7jLgkZHDHjfkawuCE40KMgo="></latexit>



Input-Output Description of the  
Proposed End-to-End System

...
<latexit sha1_base64="PmRgYlQrlEvbI2qWn/XYE/Nldeg="></latexit>

Deep  
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Pr (R2 is Active)⇣
˜̂d2,

˜̂✓2
⌘

<latexit sha1_base64="1TzntMfaT3tA8YgbfeCj+VuDKwY="></latexit>

R2
<latexit sha1_base64="/lsYFPuTgdN9ajNPZdbjRtbuugQ=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWpgi6LblxWsQ9oQ5hMp+3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45QcyZ0o7zbZXW1jc2t8rblZ3dvf2qfXDYUVEiCW2TiEeyF2BFORO0rZnmtBdLisOA024wvcn97iOVikXiQc9i6oV4LNiIEayN5NvVQYj1hGCe3md+2sh8u+bUnTnQKnELUoMCLd/+GgwjkoRUaMKxUn3XibWXYqkZ4TSrDBJFY0ymeEz7hgocUuWl8+AZOjXKEI0iaZ7QaK7+3khxqNQsDMxkHlMte7n4n9dP9OjKS5mIE00FWRwaJRzpCOUtoCGTlGg+MwQTyUxWRCZYYqJNVxVTgrv85VXSadTd87p7d1FrXhd1lOEYTuAMXLiEJtxCC9pAIIFneIU368l6sd6tj8VoySp2juAPrM8f/taTTQ==</latexit>

Pr (R1 is Active)⇣
˜̂d1,

˜̂✓1
⌘

<latexit sha1_base64="QP2QO6XDRfNM4YNeFuWjHyNyC50="></latexit>

R1
<latexit sha1_base64="XeREYuSjQNvbmcQlnW1VFp7JwKY=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQq6LLoxmUV+4A2hMl00g6dTMLMRKghX+LGhSJu/RR3/o2TNgttPTBwOOde7pkTJJwp7Tjf1srq2vrGZmWrur2zu1ez9w86Kk4loW0S81j2AqwoZ4K2NdOc9hJJcRRw2g0mN4XffaRSsVg86GlCvQiPBAsZwdpIvl0bRFiPCebZfe5nbu7bdafhzICWiVuSOpRo+fbXYBiTNKJCE46V6rtOor0MS80Ip3l1kCqaYDLBI9o3VOCIKi+bBc/RiVGGKIyleUKjmfp7I8ORUtMoMJNFTLXoFeJ/Xj/V4ZWXMZGkmgoyPxSmHOkYFS2gIZOUaD41BBPJTFZExlhiok1XVVOCu/jlZdI5a7jnDffuot68LuuowBEcwym4cAlNuIUWtIFACs/wCm/Wk/VivVsf89EVq9w5hD+wPn8A/VGTTA==</latexit>

Assume: 

One Source Per 

Region

...
<latexit sha1_base64="PmRgYlQrlEvbI2qWn/XYE/Nldeg="></latexit>

· · ·<latexit sha1_base64="Trvp7tLh2lWTpa1F220ElYazkeg="></latexit>

· · ·<latexit sha1_base64="Trvp7tLh2lWTpa1F220ElYazkeg="></latexit>

· · ·
<latexit sha1_base64="Trvp7tLh2lWTpa1F220ElYazkeg="></latexit>

· · ·<latexit sha1_base64="Trvp7tLh2lWTpa1F220ElYazkeg="></latexit> · · ·<latexit sha1_base64="Trvp7tLh2lWTpa1F220ElYazkeg="></latexit>

Pr (RL is Active)⇣
˜̂dL,

˜̂✓L
⌘

<latexit sha1_base64="KQWJcGi4Of9xxAV4kRCWVU5wqcQ="></latexit>

RL
<latexit sha1_base64="NU960Y4Ey/wPKxxuOPHDnWmrVk0="></latexit>

L Coarse regions ! 3L Outputs

Training Targets ! Active Regions + Normalized Source Co-ordinates
<latexit sha1_base64="W6PUith54Lr+ECqZjRq9nnqbZDw="></latexit>



Conv - 1D

Batch  
Norm

ReLU

Basic Block

Global Average  
Pooling - 1D

Dense

Dense

Multiply

Squeeze & Excitation Block

ReSe-2 Block

Conv - 1D

Batch Norm

Max Pooling - 1D

ReLU

Sum

Squeeze & 
Excitation Block

Dropout

Basic Block
Building Blocks

Ref: T. Kim, J. Lee, and J. Nam, “Comparison and analysis of SampleCNN 
architectures for audio classification,” IEEE Journal of Selected Topics in 
Signal Processing, vol. 13, no. 2, pp.285–297, May 2019.



Linear  Outputs

Sigmoidal  Outputs

Overall Architecture: Deep Conv. Net with Skip Connections

Wave  
Norm

Dense (256)

ReSE-2  
Block

Global  
Max Pool - 1D

Batch  
NormReLUDropout

Dense 

. . . <latexit sha1_base64="NSS5bBUEvAZzhhzkONVb/HwlAe0=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDabTbt0sxt3J4US+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3A2KY4JK1gINg3UQzEgeCdYLxXe53JkwbruQjTBPmx2QoecQpASt1+5NQgalUBtWaW3fnwKvEK0gNFWgOql/9UNE0ZhKoIMb0PDcBPyMaOBVsVumnhiWEjsmQ9SyVJGbGz+b3zvCZVUIcKW1LAp6rvycyEhszjQPbGRMYmWUvF//zeilEN37GZZICk3SxKEoFBoXz53HINaMgppYQqrm9FdMR0YSCjSgPwVt+eZW0L+reZd17uKo1bos4yugEnaJz5KFr1ED3qIlaiCKBntErenOenBfn3flYtJacYuYY/YHz+QM5yo9t</latexit>

· · ·<latexit sha1_base64="uCnMyl9SCa79tfu+5uFNiiGkUUw=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lU0GPRi8cKthbaUDabTbt0sxt3N0IJ/RNePCji1b/jzX/jps1BWx8MPN6bYWZemHKmjed9O5WV1bX1jeqmu7W9s7tX2z/oaJkpQttEcqm6IdaUM0HbhhlOu6miOAk5fQjHN4X/8ESVZlLcm0lKgwQPBYsZwcZK3T6JpNGuO6jVvYY3A1omfknqUKI1qH31I0myhApDONa653upCXKsDCOcTt1+pmmKyRgPac9SgROqg3x27xSdWCVCsVS2hEEz9fdEjhOtJ0loOxNsRnrRK8T/vF5m4qsgZyLNDBVkvijOODISFc+jiClKDJ9Ygoli9lZERlhhYmxERQj+4svLpHPW8M8b/t1FvXldxlGFIziGU/DhEppwCy1oAwEOz/AKb86j8+K8Ox/z1opTzhzCHzifPxyMj1o=</latexit>

ReSE-2 
 Block

Basic  
Block

Max  
Pool - 1D

Pr (RL is Active)⇣
˜̂dL,

˜̂✓L
⌘

<latexit sha1_base64="KQWJcGi4Of9xxAV4kRCWVU5wqcQ="></latexit>

Pr (R1 is Active)⇣
˜̂d1,

˜̂✓1
⌘

<latexit sha1_base64="QP2QO6XDRfNM4YNeFuWjHyNyC50="></latexit>

Pr (R2 is Active)⇣
˜̂d2,

˜̂✓2
⌘

<latexit sha1_base64="1TzntMfaT3tA8YgbfeCj+VuDKwY="></latexit>

16000 x 8 16000 x 8 16000 x 8 5333 x 64 1777 x 128

21 x 128128256 256 256

256

··
·

<latexit sha1_base64="uCnMyl9SCa79tfu+5uFNiiGkUUw=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lU0GPRi8cKthbaUDabTbt0sxt3N0IJ/RNePCji1b/jzX/jps1BWx8MPN6bYWZemHKmjed9O5WV1bX1jeqmu7W9s7tX2z/oaJkpQttEcqm6IdaUM0HbhhlOu6miOAk5fQjHN4X/8ESVZlLcm0lKgwQPBYsZwcZK3T6JpNGuO6jVvYY3A1omfknqUKI1qH31I0myhApDONa653upCXKsDCOcTt1+pmmKyRgPac9SgROqg3x27xSdWCVCsVS2hEEz9fdEjhOtJ0loOxNsRnrRK8T/vF5m4qsgZyLNDBVkvijOODISFc+jiClKDJ9Ygoli9lZERlhhYmxERQj+4svLpHPW8M8b/t1FvXldxlGFIziGU/DhEppwCy1oAwEOz/AKb86j8+K8Ox/z1opTzhzCHzifPxyMj1o=</latexit>



Training Data
Training Data ! (W ,R,D)

<latexit sha1_base64="g90l8WV9DOd/YL2tiqXkZhA0n58="></latexit>

h
d(1),d(2), · · · ,d(J)

i

d(j) =

2

6666664

⇣
d̃(j)1 , ✓̃(j)1

⌘

⇣
d̃(j)2 , ✓̃(j)2

⌘

...⇣
d̃(j)L , ✓̃(j)L

⌘

3

7777775

<latexit sha1_base64="1b98+wP3OkE+BnYKj2EjtTqtVjM="></latexit>

h
r(1), r(2), · · · , r(J)

i

r(j) =
h
r(j)1 , r(j)2 , · · · , r(j)L

iT

r(j)` =

8
<

:

1 If R` is active

in the jth sample

0 Otherwise
<latexit sha1_base64="R7HW+HAUmkFUn9g7yK1V++6GozY="></latexit>

h
w(1),w(2), · · · ,w(J)

i

J ! No. of Samples

w(j) 2 R16000⇥8
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Coarse Localization:  
Multi-Label Classification Loss

L(j)
Coarse = � 1

L

LX

`=1

h
r(j)` log

⇣
r̂(j)`

⌘
+
⇣
1� r(j)`

⌘
log

⇣
1� r̂(j)`

⌘i
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L = No. of Coarse Regions

r̂(j)` = Pr
�
R` is Active in the jth Sample

�
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Squared Error

Fine Localization: Regression Loss

L(j)
Fine =

1

L

LX

`=1

n
r(j)` =1

o

r⇣
d̃(j)` � ˆ̃d(j)`

⌘2

+
⇣
✓̃(j)` � ˆ̃✓(j)`

⌘2
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Joint Coarse - Fine Localization Loss

L(j) = ↵ · L(j)
Coarse + � · L(j)

Fine

L =
1

J

JX

j=1

L(j)
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Performance Analysis



Simulated Dataset Details
R2
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Simulated Dataset Details

Acoustic Condition Train Validation Test
Anechoic 33,356 443 414

Reverb (RT60 = 300 ms) 34,196 460 456

Table 1: Simulated Data set statistics. No. of 1s Audios.
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Proposed Approach: SMESLP

Sample based Multiple Encoded Source 
Location Predictor (SMESLP) 

Trained only on Anechoic Data: SMESLP-
Anechoic 

Trained only on reverb Data: SMESLP-Reverb



Performance Metrics
Task Performance Metric

Coarse Localization Accuracy Hamming Score (Jacard Index)

Fine Localization Accuracy Absolute Direction of Arrival Error

T = Set of True Active Regions

P = Set of Predicted Active Regions

Hamming Score =
|T

T
P |

|T
S
P |
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Baseline for Comparison
A Signal Processing Approach based on Time 
Difference of Arrival (TDoA) avoiding the 
permutation problem. 

Also uses Uniform Circular Array (UCA) 

Referred to as IIDIR-UCA (Intersection of 
Inverse Delay-Interval Region)

Ref: H. Sundar, T. V. Sreenivas, and C. S. Seelamantula, “TDOA based multiple acoustic source localization without association 
ambiguity,” IEEE/ACM Trans. on Audio, Speech, and Language Process., vol. 26, no. 11, pp. 1976–1990, Nov. 2018.



Coarse Localization Performance 

Anechoic  
Test Set

Reverb  
Test Set



Fine Localization Performance
Anechoic Test Set Reverb Test Set

One Source One Source

Two Sources Two Sources

Three Sources Three Sources



Real Dataset: AV16.3 Corpus

x

y

A
B

C

UCA

T
ab

le

R1

R2

R3

R4 R5
R6

R7

R8

8.2 m
3.
6
m

Ref: G. Lathoud, J.-M. Odobez, and D. Gatica-Perez, “AV16.3: An audio-visual corpus for speaker localization and tracking,” in 
Machine Learning for Multimodal Interaction, S. Bengio and H. Bourlard, Eds., Berlin, Heidelberg, 2005, pp. 182–195, Springer.



Performance on Real Data

Sp. B Sp. B, C Sp. A, B, C

Absolute DOA Error
SMESLP 1.13�(100%) 1.96�(97.95%) 2.05�(100%)

RMSE DOA Error
SMESLP 1.45�(100%) 2.33�(97.95%) 2.33�(100%)

I-IDIR-UCA [1] 1.00� (92%) 1.83� (79 %) 4.1� (60%)
CHB [2] 1.18 � 2.00 � 2.98 �

Table 1: DOA Error and Percentage of non-anomalous frames (indicated within
parentheses) in real recordings for the three approaches being compared.
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Fine Tuning: 110 Samples each Real Data +  
 100 samples each of Anechoic and Reverb Data

[1] H. Sundar, T. V. Sreenivas, and C. S. Seelamantula, “TDOAbased multiple acoustic source localization without association 
ambiguity,” IEEE/ACM Trans. on Audio, Speech, and Language Process., vol. 26, no. 11, pp. 1976–1990, Nov. 2018.

[2] A. M. Torres, M. Cobos, B. Pueo, and J. J. Lopez, “Robust acoustic source localization based on modal beamforming and time–
frequency processing using circular microphone arrays,” J. Acoust. Soc. Amer., vol. 132, no. 3, pp. 1511–1520, 2012.



Outlook
First End-to-End Deep Network for Localizing Multiple Sources from 
Raw Audio. 

Easily Deployable with Existing DL Frameworks; 

Easier for Model maintenance and updates. 

A novel Output Encoding Scheme based on Coarse-Fine Localization 
Strategy allowed for circumventing the Permutation Problem. 

Limitation: In case of multiple source in the same region (violation of 
assumption) 

Active regions are still correctly detected. 
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