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Main Problem

- 3D maps that have 2 capabilities

1. Open-Set: capture a large variety of concepts

2. Multimodal: diverse range of possible queries

“can of soda” ≃ “something to drink” ≃ “Coke”  ≃ “a refreshment”
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Key Ideas

SLAM, 3D reconstructionFoundation Model
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Key Ideas

Planning 
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Control

Perception
System

- Foundation  Models for Robotics

Foundation Model
RT-2 [arXiv 2023]
RT-1 [RSS 2023]
Code as Policies [ICRA 2023]
SayCan [CoRL 2022]
… “ConceptFusion”
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Problem Setting

- The open-set multimodal 3D mapping problem

sequence of image
Open-set

Multimodal
3D Map
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Problem Setting

- The open-set multimodal 3D mapping problem

sequence of image
Open-set

Multimodal
3D Map

Multiple Modalities

Points with
Similar Concepts
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Related Work – Instance Segmentation
- Mask2Former: Masked-attention Mask Transformer for Universal Image 

Segmentation [Bowen Cheng et al., CVPR 2022]

- Segment Anything (SAM) [Alexander Kirillov et al., ICCV 2023]
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Related Work – Foundation Model (Image-Language)

- CLIP: Learning Transferable Visual Models From Natural Language 
Supervision [Alec Radford et al.,ICML 2021]
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Related Work – Foundation Model (Image-Language)

- ALIGN: Scaling Up Visual and Vision-Language Representation Learning 
With Noisy Text Supervision [Chao Jia et al., ICML 2021]
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Related Work – Foundation Model (Image-only)

- DINO: Emerging Properties in Self-Supervised Vision Transformers
[Caron et al., ICCV 2021]

http://www.youtube.com/watch?v=8I1RelnsgMw
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Related Work – Foundation Model (Audio)

- AudioCLIP [Andrey Guzhov et al., ICASSP 2022]
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Related Work – Pixel-aligned Foundation Features
- LSeg: Language-driven Semantic Segmentation [Boyi Li et al., ICLR 2022]
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Related Work – Pixel-aligned Foundation Features
- OpenSeg: Scaling Open-Vocabulary Image Segmentation with Image-Level 

Labels [Golnaz Ghiasi et al., ECCV 2022]
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Related Work – Pixel-aligned Foundation Features
- MaskCLIP: Masked Self-Distillation Advances Contrastive Language-Image 

Pretraining [X Dong, J Bao et al., ECCV 2022]
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Limitation of Prior Works – Pixel-aligned Features

- Struggle with delineating object boundaries
- Forget concepts infrequent in the label set (long-tailed concept)

OpenSeg

LSeg



CS391R: Robot Learning (Fall 2023) 26

ConceptFusion – Overview

Sequence of Image Open-set Multimodal 3D Map

Pixel-aligned
Foundation Features

Concept
Features
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ConceptFusion – 1) Computing Pixel-aligned Features
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ConceptFusion – 1) Computing Pixel-aligned Features

Universal Instance 
Segmentation Model

(e.g., Mask2Former, SAM)



CS391R: Robot Learning (Fall 2023) 29

ConceptFusion – 1) Computing Pixel-aligned Features

Universal Instance 
Segmentation Model

(e.g., Mask2Former, SAM)

Foundation Model
(e.g., Image Encoder of CLIP)
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- Fusing Local and Global Features

Mask2Former

RSS 2023

ConceptFusion – 1) Computing Pixel-aligned Features
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- Fusing Local and Global Features

Segment Anything Model (SAM)

arXiv, GitHub

ConceptFusion – 1) Computing Pixel-aligned Features
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ConceptFusion – 2) Fusing pixel-aligned features to 3D

- PointFusion (Indoor)
[Maik Keller et al., 3DV 2013]

- LegoLOAM (Outdoor)
[T Shan, B Englot, IROS 2018]

Feature Fusion
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ConceptFusion – Multimodal Querying

CLIP
Text Encoder

CLIP
Image Encoder

AudioCLIP

Cosine Similarity



CS391R: Robot Learning (Fall 2023) 34

Experimental Setup

- Benchmark
1) Indoor (apartment-scale, tabletop) scenes

2) Outdoor (urban driving) scenes

- Baselines
1) LSeg-3D

2) OpenSeg-3D

3) MaskCLIP-3D
UnCoCo Dataset
(tabletop scene)
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Experimental Results – UnCoCo dataset

Text Query - Structured

Text Query - Unstructured
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Experimental Results – UnCoCo dataset

Image Query

Audio Query
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Experimental Results – Other dataset

Text Label Query
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Experimental Results – on real robotic system
Autonomous Navigation

http://www.youtube.com/watch?v=rkXgws8fiDs&t=237
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Experimental Results – on real robotic system
Zero-shot tabletop rearrangement

http://www.youtube.com/watch?v=rkXgws8fiDs&t=268
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Discussion of Results

UnCoCo dataset
- Outperformed both finetuned model and zero-shot model for multimodal queries

Text label Query on other dataset (ScanNet, Replica, Semantic KITTI)
- Underperformed compared to finetuned model

- Outperformed zero-shot model

Real Robotic system
- Works well in localizing the novel objects

(LSeg, OpenSeg) (MaskCLIP)
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ConceptFusion – 3D Spatial Comparator (3DSC)

- Scalar (Distance)

- Boolean (Spatial Relationship)

Prompt to LLM
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Outlook

- 3D Spatial Reasoning Abilities
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Outlook

- Integration with Large Language Models (LLMs)
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Outlook

- Multilingual Abilities (with Multilingual CLIP models)
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Limitations

1. Memory Intensity
- Millions of 3D points (apartment-scale scene)

- High-dimensional concept embeddings for each point

2. Computational Demand
- Requires processing similarity for every point for a single query

3. Mapping Challenges in Dynamic Scene
- Offline feature extraction process (10~15 seconds / image)

- Inherits challenges of SLAM
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Future Work

1. Scalability & Efficiency

- Filter essential features (e.g., Object-centric 3D representation)

2. Dynamic updates

- Exclude irrelevant dynamic objects for map (e.g., Human)

- Continual map updates for object movement
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Follow-up Work

- ConceptGraphs: Open-Vocabulary 3D Scene Graphs for Perception and Planning 
[Q Gu, A Kuwajerwala et al., arXiv. preprint arXiv:2309.16650, 2023]

https://arxiv.org/abs/2309.16650
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Concurrent Work – 2D Foundation Features for 3D Scene

- CLIP-Fields: Weakly Supervised Semantic Fields for Robotic Memory
[Mahi Shafiullah et al., RSS 2023]

https://arxiv.org/abs/2210.05663


CS391R: Robot Learning (Fall 2023) 49

- OpenScene: 3D Scene Understanding With Open Vocabularies
[Songyou Peng et al., CVPR 2023]

Concurrent Work – 2D Foundation Features for 3D Scene

https://arxiv.org/abs/2211.15654


CS391R: Robot Learning (Fall 2023) 50

- PLA: Language-Driven Open-Vocabulary 3D Scene Understanding
[R Ding, J Yang et al., CVPR 2023]

Concurrent Work – 2D Foundation Features for 3D Scene

https://arxiv.org/abs/2211.16312
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- Feature-Realistic Neural Fusion for Real-Time, Open Set Scene Understanding
[Kirill Mazur et al., ICRA 2023]

Concurrent Work – 2D Foundation Features for 3D Scene

https://arxiv.org/abs/2210.03043
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- Semantic Abstraction: Open-World 3D Scene Understanding from 2D 
Vision-Language Models [Huy Ha & Shuran Song, CoRL 2022]

Concurrent Work – 2D Foundation Features for 3D Scene

https://arxiv.org/abs/2207.11514
https://arxiv.org/abs/2207.11514
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- 3D-CLR: 3D Concept Learning and Reasoning from Multi-View Images
[Yining Hong et al., CVPR 2023]

Concurrent Work – 2D Foundation Features for 3D Scene

https://arxiv.org/abs/2303.11327
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- LERF: Language Embedded Radiance Field [J Kerr, CM Kim et al., ICCV, 2023]

Concurrent Work – 2D Foundation Features for 3D Scene

https://arxiv.org/abs/2303.09553
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Extended Readings
- Weakly Supervised 3D Open-vocabulary Segmentation

[Kunhao Liu et al., arXiv. preprint arXiv:2305.14093, 2023]

- Audio Visual Language Maps for Robot Navigation
[Chenguang Huang et al., arXiv preprint arXiv:2303.07522, 2023]

- RegionPLC: Regional Point-Language Contrastive Learning for Open-World 3D 
Scene Understanding [J Yang, R Ding et al., arXiv preprint arXiv:2304.00962, 2023]

https://arxiv.org/abs/2305.14093
https://arxiv.org/abs/2303.07522
https://arxiv.org/abs/2304.00962
https://arxiv.org/abs/2304.00962
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Summary

- ConceptFusion build open-set multimodal queryable 3D map

→  Foundation models   +   Traditional Mapping System

- Pixel-aligned features capturing long-tailed and fine-grained concepts

- No training required (Zero-Shot)


