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Human perception is a multisensory experience

We often use vision, audio, touch, smell to sense the world
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Perceptual experience based on objects
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Audio-visual classification Audio-visual separation Speech separation

MUSIC, 2018Audio Set, 2017

AVSpeech, 2018ACAV100M, 2021

VoxCeleb, 2019

MUSIC-Synthetic, 2020



Perceptual experience embodied in spaces

4



Why visual learning of sounds in spaces -
Robot learning

5

Home assistance robot Rescue robot

Robots that can navigate and localize sounding objects by reasoning the 
spatial, semantic, acoustic information in the audio and visual observation



Why visual learning of sounds in spaces -
Augmented reality / virtual reality
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Immersive experience Enhanced hearing

AR/VR systems that create immersive experience for users as well as 
augment the hearing ability of the device wearer



Visual learning of sounds in spaces 

My research: to learn how sounds are situated, produced and 
transformed physically in spaces based on visual inputs
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Empower robots to hear in spaces Visual understanding of room acoustics



Empower robots to hear in spaces
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Learning to Set Waypoints for Audio-Visual Navigation, ICLR 2021
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Changan Chen, Ziad Al-Halah, Kristen Grauman

Sound Adversarial Audio-Visual Navigation, ICLR 2022
Yinfeng Yu, Wenbing Huang, Fuhun Sun, Changan Chen, Yikai Wang, Xiaohong Liu
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Visual Acoustic Matching, CVPR 2022 (Oral)
Changan Chen, Ruohan Gao, Paul Calamia, Kristen Grauman

VisualEchoes: Spatial Image Representation Learning through Echolocation, ECCV 2020
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Changan Chen, Wei Sun, David Harwath, Kristen Grauman

Novel-view Acoustic Synthesis, Under Review
Changan Chen, Alexander Richard, Roman Shapovalov, Vamsi Ithapu, Natalia Neverova, Kristen Grauman, Andrea Vedaldi



Visual understanding of room acoustics
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Simulating embodiment in 3D scenes
Gibson

Xia et al., CVPR 2018
Matterport3D

Chang et al., 3DV 2017
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Replica
Straub et al., arXiV 2019

Savva et al., ICCV 2019 Xia et al., ICRA 2020 Kovle et al., arXiV 2017

Datasets

Simulators

Sim2Real Sim2Real Predictivity: Does Evaluation in Simulation Predict Real-World Performance, Kadian et al., IRAL 2020 
Sim-to-Real Transfer for Vision-and-Language Navigation, Anderson et al., CoRL 2020 
RoboThor: An Open Simulation-to-Real Embodied AI Platform, Deitke et al., CVPR 2020

Advantages: Large-scale training, fast experimentation, consistent benchmarking and replicable research



Today’s embodied agents (robots) are deaf
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• No existing simulation supports audio rendering
• No existing formulation for audio-visual navigation

Vision-Only
Gupta et al., 2017

Zhu et al., 2017
Sava et al., 2019

Vision-Interaction
Zhu et al., 2017

Gordon et al., 2018
Wortsman et all, 2019

Vision-Language
Anderson et al., 2018

Wang et al., 2018
Wang et al., 2019

Vision-Audio

C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020

Chen and Jain et al., 2020
(this work)

……

…

• We want robots that can hear and react in the environment



SoundSpaces demo
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C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020



Goal: simulate a perceptually-
valid approximation of the room 
impulse response (RIR)

Background: acoustic simulation

-13-

Late Reverberation

Time
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Early Reflections

Direct sound



3D Geometry

Simulate the sound received by the listener from a source location

Material Properties

Physics-based audio rendering

-14-



Sound propagation system

-15-

Reflection

Reflection

Transmission

HRTFHRTF

3D spatial audio for reflections and reverb with realistic acoustics 
based on bidirectional ray tracing 

ListenerListener

Dire
ct 

sound

Reverb



Real-scan environments
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Replica1 dataset Matterport3D2 dataset

1The Replica Dataset: A Digital Replica of Indoor Spaces, Straub et al., arXiv, 2019
2Matterport3D: Learning from RGB-D Data in Indoor Environments, Chang et al., 3DV, 2017 



SoundSpaces: our audio simulator
SoundSpaces produces realistic audio rendering based on the room 
geometry, materials, and sound source location by precomputing the room 
impulse response function (RIR)
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# Scenes Avg. Area # RIRs
Replica 18 47.24 m2 0.9M
Matterport3D 85 517.34 m2 16.7M

Table: Summary of dataset statistics 

C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020

Users can insert any sound of their choice at runtime. The received sound is 
obtained by convolving the RIR with the source sound.

Visit soundspaces.org for more information!



Audio-visual navigation in 3D environments
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C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020

Door

Source

Door

An agent navigates to a sounding object with vision and audio perception 



Learning with deep reinforcement learning
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C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020

Action ~ [MOVE FORWARD, TURN LEFT, TURN RIGHT, STOP]

Observation

Reward

• The robot learns to navigate in simulation via trials and errors.
• Rewarded +1 for getting close and +10 for reaching the goal



Navigation policy
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C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020
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Actor Action 
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Navigation demo

The agent leverages the complementary spatial information in audio and 
vision, and navigates to the goal efficiently 
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Shortest path Agent pathGoal Occupied areaAgent Start Seen/Unseen area Red Frame: Collision

C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020

Goal



What do the learned audio features capture?
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C. Chen*, U. Jain*, et al., SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020

CNN

Left

Right

T-SNE of audio features from an AudioGoal agent
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Goal to the left

Goal to the right

Close
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Empower robots to hear in spaces
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SoundSpaces 2.0: A Simulation Platform 
for Visual-Acoustic Learning

Changan Chen*1,4, Carl Schissler*2, Sanchit Garg*2, Philip Kobernik2, Alexander William Clegg4, 
Paul Calamia2, Dhruv Batra3,4, Philip Robinson2, Kristen Grauman1,4

1UT Austin, 2Reality Labs at Meta, 3Georgia Tech, 4FAIR
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NeurIPS 2022



A fast, continuous, configurable and 
generalizable audio-visual simulation platform
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Direct sound
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Continuous rendering
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Navigating to a sliding drawer

We offer both spatial and acoustic continuity.



Configurable simulation
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Microphone types

• Mono
• Binaural
• Stereo
• Quad
• Surround_5_1
• Surround_7_1
• Ambisonics
• Your mic array
• …

Material properties

• Absorption coefficients
• Scattering coefficients
• Transmission coefficients
• Damping coefficients
• Frequency band specs
• Instance level config
• …

You can change all these parameters!

• Frequency bands
• Direct sound
• Indirect sound
• Transmission
• Diffraction
• Number of rays
• Number of threads
• Sample rate
• …

Simulation parameters



Generalizable simulation
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Gibson
Xia et al., CVPR 2018

Matterport3D
Chang et al., 3DV 2017

Replica
Straub et al., arXiV 2019

We support arbitrary scene datasets. 

HM3D
Ramakrishnan et al., NeurIPS 2021

Ego4D
Grauman et al., CVPR 2022

Your own environment!



Visual-acoustic learning

35

We support an array of tasks!
Audio-Visual Navigation

Chen et al., ECCV 2020
Audio-Visual Mapping

Purushwalkam et al., ICCV 2021

Visual Acoustic Matching
Chen et al.,CVPR 2022

Neural Acoustic Rendering
Luo et al., arXiv 2022

Audio-Visual Separation
Majumder et al., ICCV 2021

Echolocation Learning
Gao et al., ECCV 2020



Studying acoustics as a perception task

38

How the space 
transform the 

sound we hear?

What is the 
room 

geometry?

Do these glass 
doors lead to 

longer reverb?

Where are the 
speaker and 

listener?



1 drum kit 5 different spaces

39Source: Shred Shed Studio



Visual acoustic learning

Augmented reality Film dubbing

Can we alter the acoustic signature of the sound if we understand the 
acoustics of the space based on visuals?

Chen et al., Visual Acoustic Matching, CVPR 2022

Video conferencing

4



Chen et al., Visual Acoustic Matching, CVPR 2022

Source Audio

Target Space

Output Audio

The visual acoustic matching task
We propose to transform the sound recorded in one space to another 
depicted in the target visual scene.

5



Chen et al., Visual Acoustic Matching, CVPR 2022

Source Audio

Target Space

Output Audio

The visual acoustic matching task
We propose to transform the sound recorded in one space to another 
depicted in the target visual scene.

Main challenges: 
1. Crossmodal (audio-visual) reasoning 
2. Obtaining the right data for the task

6



Chen et al., Visual Acoustic Matching, CVPR 2022

Source Audio

Target Space

Output Audio

The visual acoustic matching task
We propose to transform the sound recorded in one space to another 
depicted in the target visual scene.

Key ideas: 
1. Reasoning how image patches affect acoustics with attention.
2. Leveraging Web videos with novel self-supervision for learning.
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Chen et al., Visual Acoustic Matching, CVPR 2022

Audio-Visual Transformer for Audio Generation (AViTAR)

ResNet-18

𝑉!

1D
Conv. 𝐴!

Input Image 𝐼"

𝑀! -𝐴"1D 
Conv.

Nx

Self Attention

Feed Forward

Cross-modal 
Attention

Convolution

Feed Forward
+

+

+

+

+

1/2 x

1/2 x

Cross-modal Encoder

𝐴#

Multi-resolution
Speech Loss

𝐴"

Acoustics Alteration
iff no mismatched audio



45

Dereverberation Acoustic Randomization Adding Noise

Goal: create audio with the same content but different acoustics as self-supervision.

𝐴" 𝐴$ 𝐴% 𝐴#

Acoustics alteration strategy

Chen et al., Visual Acoustic Matching, CVPR 2022



SoundSpaces-Speech
● Panoramic observation of the environment
● Impulse responses are available
● Serves as a clean test bed

Chen et al., Visual Acoustic Matching, CVPR 2022

Datasets

Acoustic AVSpeech
● A web speech video dataset
● Single speaker and no interfering noise
● No impulse responses available
● Use acoustics alteration strategy to obtain inputs



STFT Distance:
● Closeness to the ground truth (applicable only to synthetic dataset)
● Mean squared error between two magnitude spectrograms

RT60 Error (RTE):
● Correctness of the synthesized acoustics
● RT60 is defined as the time of reverberation decaying by 60dB

Mean Opinion Score Error (MOSE):
● The speech quality preserved in the synthesized speech
● Difference between MOS of target speech and synthesized speech

Chen et al., Visual Acoustic Matching, CVPR 2022

Evaluation Metrics



● Strongly outperforms traditional and heavily supervised approaches
● Acoustics is better estimated for seen images

Chen et al., Visual Acoustic Matching, CVPR 2022

Experiment results



Anechoic Image2Reverb[1] AV U-Net [2]AViTARGT Target

Examples on SoundSpaces-Speech

49

In this example, we show comparison of our model with 
baselines on SoundSpaces-Speech (unseen). 

[1] Image2Reverb: Cross-Modal Reverb Impulse Response Synthesis, Singh et al., ICCV 2021
[2] 2.5D Visual Sound, Gao et al., CVPR 2019

Chen et al., Visual Acoustic Matching, CVPR 2022



Matching different environments on AVSpeech

50

Input

Office Garage Auditorium

AViTAR 

Our AViTAR model reasons the image content and learns to inject 
more reverberation into the speech as the environment gets larger.

RT60  0.34s  0.40s 0.58s  

Chen et al., Visual Acoustic Matching, CVPR 2022



Input Output

Chen et al., Visual Acoustic Matching, CVPR 2022

Here we show one example of virtual phone call in augmented 
reality where we want a remote participant to sound like they are 
in the room with us.

Augmented reality demo



<latexit sha1_base64="DB6IHqvM66/U2Zrzj2obSpIFx38=">AAACHHicbVDLSgMxFM34rOOr6tJNsAhdlZkKKq4KblxWsA9oS8lkbtvQTDIkmUoZ+iFu/BU3LhRx40Lwb0zbEbT1QOBwzrlJ7glizrTxvC9nZXVtfWMzt+Vu7+zu7ecPDutaJopCjUouVTMgGjgTUDPMcGjGCkgUcGgEw+up3xiB0kyKOzOOoRORvmA9RomxUjd/1g6gz0RKQRhQE5ckIZNXeH4/HjG4jyUTxm2DCH9C3XzBK3kz4GXiZ6SAMlS7+Y92KGkS2XHKidYt34tNJyXKMMph4rYTDTGhQ9KHlqWCRKA76Wy5CT61Soh7UtkjDJ6pvydSEmk9jgKbjIgZ6EVvKv7ntRLTu+ykTMSJAUHnD/USjo3E06ZwyBRQw8eWEKqY/SumA6IItR1o15bgL668TOrlkn9eKt+WC5ViVkcOHaMTVEQ+ukAVdIOqqIYoekBP6AW9Oo/Os/PmvM+jK042c4T+wPn8Bh/gopA=</latexit>

audio: source viewpoint
<latexit sha1_base64="XZLNGEBTmZWFfCrxLoBgXuXESXQ=">AAACHHicbVDLSgMxFM34rOOr6tJNsAhdlZkKKq4KblxWsCq0pWQytzWYSYbkTqUM/RA3/oobF4q4cSH4N6YPQasHAodzzuXmniiVwmIQfHpz8wuLS8uFFX91bX1js7i1fWl1Zjg0uJbaXEfMghQKGihQwnVqgCWRhKvo9nTkX/XBWKHVBQ5SaCesp0RXcIZO6hQPWhH0hMo5KAQz9FkWC31CkZkeIO0LuEu1UOi3QMXfoU6xFFSCMehfEk5JiUxR7xTfW7HmWeLGuWTWNsMgxXbODAouYei3Mgsp47esB01HFUvAtvPxcUO675SYdrVxTyEdqz8ncpZYO0gil0wY3thZbyT+5zUz7B63c6HSDEHxyaJuJilqOmqKxsIARzlwhHEj3F8pv2GGcdeB9V0J4ezJf8lltRIeVqrn1VKtPK2jQHbJHimTkByRGjkjddIgnNyTR/JMXrwH78l79d4m0TlvOrNDfsH7+AIPgqKG</latexit>

audio: target viewpoint

<latexit sha1_base64="FqwoHxlVQf+RHmpskhy/1w+4r/I=">AAACD3icbVDLSsNAFJ3UV42vqEs3waJ0VZIu1GXBjcsK9gFNKJPJTTt0MgkzE6GE/oEbf8WNC0XcunXn3zhpI2jrgYHDOfdw554gZVQqx/kyKmvrG5tb1W1zZ3dv/8A6POrKJBMEOiRhiegHWAKjHDqKKgb9VACOAwa9YHJd+L17EJIm/E5NU/BjPOI0ogQrLQ2tcy+AEeU5Aa5AzEwdDikpPNMDHv7oQ6vmNJw57FXilqSGSrSH1qcXJiSLdZwwLOXAdVLl51goShjMTC+TkGIywSMYaMpxDNLP5/fM7DOthHaUCP24sufq70SOYymncaAnY6zGctkrxP+8QaaiKz+nPM0UcLJYFGXMVoldlGOHVABRbKoJJoLqv9pkjAUmugNp6hLc5ZNXSbfZcC8azdtmrVUv66iiE3SK6shFl6iFblAbdRBBD+gJvaBX49F4Nt6M98VoxSgzx+gPjI9vFHedPQ==</latexit>

prediction
<latexit sha1_base64="wgq9kiYeoddM9HQ0RQef4oYy1Z8=">AAACCnicbVDLSsNAFJ3UV42vqEs30SJ0VZIu1GXBjcsK9gFNKJPJTTt0MgkzE6GErt34K25cKOLWL3Dn3zhNI2jrgYHDOfdw554gZVQqx/kyKmvrG5tb1W1zZ3dv/8A6POrKJBMEOiRhiegHWAKjHDqKKgb9VACOAwa9YHI993v3ICRN+J2apuDHeMRpRAlWWhpap14AI8pzAlyBmJmUp5kyPeDhjzS0ak7DKWCvErckNVSiPbQ+vTAhWazjhGEpB66TKj/HQlHCYGZ6mYQUkwkewUBTjmOQfl6cMrPPtRLaUSL048ou1N+JHMdSTuNAT8ZYjeWyNxf/8waZiq78vDgPOFksijJmq8Se92KHVABRbKoJJoLqv9pkjAUmugNp6hLc5ZNXSbfZcC8azdtmrVUv66iiE3SG6shFl6iFblAbdRBBD+gJvaBX49F4Nt6M98VoxSgzx+gPjI9vCkWbCg==</latexit>

input
<latexit sha1_base64="gmuaOXNBHdGGiasD0JLjq1fYTJ0="></latexit>

novel-view
acoustic
synthesis
(NVAS)

<latexit sha1_base64="M/oXgzzvTTQZBpW0tUZ/skQulpQ=">AAACHXicbVDLSgMxFM34rONr1KWbYBG6KjNFVFwV3LisYB/QlpJJb9vQTDIkmUoZ+iNu/BU3LhRx4Ub8G9N2BG09EDiccy4394QxZ9r4/pezsrq2vrGZ23K3d3b39r2Dw5qWiaJQpZJL1QiJBs4EVA0zHBqxAhKFHOrh8Hrq10egNJPizoxjaEekL1iPUWKs1PHOWiH0mUgpCANq4o6YTgi/wvMFeMTgPpZMGLcFovuT6nh5v+jPgJdJkJE8ylDpeB+trqRJZMcpJ1o3Az827ZQowyiHidtKNMSEDkkfmpYKEoFup7PrJvjUKl3ck8o+YfBM/T2RkkjrcRTaZETMQC96U/E/r5mY3mU7ZSJODAg6X9RLODYST6vCXaaAGj62hFDF7F8xHRBFqO1Au7aEYPHkZVIrFYPzYum2lC8Xsjpy6BidoAIK0AUqoxtUQVVE0QN6Qi/o1Xl0np03530eXXGymSP0B87nNyKCoxw=</latexit>

visual: source viewpoint
<latexit sha1_base64="9UpGCzo0YEBsWgEaPdo5vXYYl9I=">AAACI3icbVDLSsNAFJ34Nr6qLt0MFqGrknSh0lXBjUsFawtNKJPJbR2cTMLMTaWE/osbf8WNC0XcuPBfnD4EbT0wcDjnXO7cE2VSGPS8T2dpeWV1bX1j093a3tndK+0f3Jo01xyaPJWpbkfMgBQKmihQQjvTwJJIQiu6vxj7rQFoI1J1g8MMwoT1legJztBK3VI9iKAvVMFBIeiROxAmZ7IeBC4y3QekQUCtCA9ZKhS6Aaj4J9stlb2qNwFdJP6MlMkMV93SexCnPE/sOJfMmI7vZRgWTKPgEkZukBvIGL9nfehYqlgCJiwmN47oiVVi2ku1fQrpRP09UbDEmGES2WTC8M7Me2PxP6+TY+88LITKcgTFp4t6uaSY0nFhNBYaOMqhJYxrYf9K+R3TjNsOjGtL8OdPXiS3tap/Wq1d18qNyqyODXJEjkmF+OSMNMgluSJNwskjeSav5M15cl6cd+djGl1yZjOH5A+cr2+pi6TS</latexit>

visual:
target

viewpoint

<latexit sha1_base64="VvksTeSlNE+VBbTxSJ14XZHmE4M=">AAACHHicbVC7SgNBFJ31GddX1NJmMAixCbsR1DJgYxnBPCAbwuzs3WTI7MwyMyuEJR9i46/YWChiYyH4N04egiae6nDOPdx7T5hypo3nfTkrq2vrG5uFLXd7Z3dvv3hw2NQyUxQaVHKp2iHRwJmAhmGGQztVQJKQQyscXk/81j0ozaS4M6MUugnpCxYzSoyVesXzIIQ+EzkFYUCN3bIUfISDwI2lwgpiUCAonLkBiOhnqFcseRVvCrxM/DkpoTnqveJHEEmaJTZOOdG643up6eZEGUY5jN0g05ASOiR96FgqSAK6m0+fG+NTq0R4ck4shcFT9XciJ4nWoyS0kwkxA73oTcT/vE5m4qtuzkSaGfvjbFGccWwknjSFI6aAGttGxAhVzN6K6YAoQm0H2rUl+IsvL5NmteJfVKq31VKtPK+jgI7RCSojH12iGrpBddRAFD2gJ/SCXp1H59l5c95noyvOPHOE/sD5/AaTR6GZ</latexit>

(only
for reference)

<latexit sha1_base64="6lJBr/qgL1rvMh3XYJx3cXo7qa0=">AAACHXicbVDLSgMxFM3UVx1foy7dBIvQVZkpoi4LblxWsA/olJJJb9vQTDIkmUoZ+iNu/BU3LhRx4Ub8G9OHoK0HAodzziX3nijhTBvf/3Jya+sbm1v5bXdnd2//wDs8qmuZKgo1KrlUzYho4ExAzTDDoZkoIHHEoRENr6d+YwRKMynuzDiBdkz6gvUYJcZKHe88jKDPREZBGFAT1xDVB4NHDO4TyYTBYegmUoMbguj+pDpewS/5M+BVEixIAS1Q7XgfYVfSNLbjlBOtW4GfmHZGlGGUw8QNUw0JoUPSh5algsSg29nsugk+s0oX96Syzy40U39PZCTWehxHNhkTM9DL3lT8z2ulpnfVzphIUgOCzj/qpRwbiadV4S5TQA0fW0KoYnZXTAdEEWo70K4tIVg+eZXUy6XgolS+LRcqxUUdeXSCTlERBegSVdANqqIaougBPaEX9Oo8Os/Om/M+j+acxcwx+gPn8xuOFaK9</latexit>

target viewpoint
pose

Novel-view Acoustic Synthesis
Changan Chen, Alexander Richard, Roman Shapovalov, Vamsi Ithapu, 

Natalia Neverova, Kristen Grauman, Andrea Vedaldi
Under Review



Collected hundreds of hours of multi-view AV data



Conclusion

54

R
ob

ot
 L

ea
rn

in
g

SoundSpaces: Audio-Visual Navigation in 3D Environments, ECCV 2020 (Spotlight)
Changan Chen, Unna Jain, Carl Schissler, Sebastia V. Amengual Gari,  Ziad Al-Halah, Vamsi K. Ithapu,  Philip Robinson, Kristen Grauman

Learning to Set Waypoints for Audio-Visual Navigation, ICLR 2021
Changan Chen, Sagnik Majumder, Ziad Al-Halah, Ruohan Gao, Santhosh K. Ramakrishnan, Kristen Grauman

Semantic Audio-Visual Navigation, CVPR 2021
Changan Chen, Ziad Al-Halah, Kristen Grauman

Sound Adversarial Audio-Visual Navigation, ICLR 2022
Yinfeng Yu, Wenbing Huang, Fuhun Sun, Changan Chen, Yikai Wang, Xiaohong Liu

SoundSpaces 2.0: A Simulation Platform for Visual-Acoustic Learning, NeurIPS 2022
Changan Chen*, Carl Schissler*, Sanchit Garg*, Philip Kobernik, Alexander Clegg, Paul Calamia, Dhruv Batra, Philip W Robinson, Kristen 
Grauman

Ac
ou

st
ic

 L
ea

rn
in

g

Visual Acoustic Matching, CVPR 2022 (Oral)
Changan Chen, Ruohan Gao, Paul Calamia, Kristen Grauman

VisualEchoes: Spatial Image Representation Learning through Echolocation, ECCV 2020
Ruohan Gao, Changan Chen, Carl Schissler, Ziad Al-Halah, Kristen Grauman

Few-Shot Audio-Visual Learning of Environment Acoustics, NeurIPS 2022
Sagnik Majumder, Changan Chen*, Ziad Al-Halah*, Kristen Grauman

Learning Audio-Visual Dereverberation, Under Review
Changan Chen, Wei Sun, David Harwath, Kristen Grauman

Novel-view Acoustic Synthesis, Under Review
Changan Chen, Alexander Richard, Roman Shapovalov, Vamsi Ithapu, Natalia Neverova, Kristen Grauman, Andrea Vedaldi


