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Abstract

We introduce ThreeDWorld (TDW), a platform for interactive multi-modal physical
simulation. TDW enables simulation of high-fidelity sensory data and physical
interactions between mobile agents and objects in rich 3D environments. Unique
properties include: real-time near-photo-realistic image rendering; a library of ob-
jects and environments, and routines for their customization; generative procedures
for efficiently building classes of new environments; high-fidelity audio rendering;
realistic physical interactions for a variety of material types, including cloths, lig-
uid, and deformable objects; customizable “agents” that embody Al agents; and
support for human interactions with VR devices. TDW’s API enables multiple
agents to interact within a simulation and returns a range of sensor and physics
data representing the state of the world. We present initial experiments enabled by
TDW in emerging research directions in computer vision, machine learning, and
cognitive science, including multi-modal physical scene understanding, physical
dynamics predictions, multi-agent interactions, models that ‘learn like a child’, and
attention studies in humans and neural networks.

1 Introduction

A longstanding goal of research in artificial intelligence is to engineer machine agents that can
interact with the world, whether to assist around the house, on a battlefield, or in outer space. Such
Al systems must learn to perceive and understand the world around them in physical terms in order to
be able to manipulate objects and formulate plans to execute tasks. A major challenge for developing
and benchmarking such agents is the logistical difficulty of training an agent. Machine perception
systems are typically trained on large data sets that are laboriously annotated by humans, with new
tasks often requiring new data sets that are expensive to obtain. And robotic systems for interacting
with the world pose a further challenge — training by trial and error in a real-world environment is
slow, as every trial occurs in real-time, as well as expensive and potentially dangerous if errors cause
damage to the training environment. There is thus growing interest in using simulators to develop
and benchmark embodied Al and robot learning models [23, 42, 33, 35, 44, 10, 38, 45, 7].

World simulators could in principle greatly accelerate the development of Al systems. With virtual
agents in a virtual world, training need not be constrained by real-time, and there is no cost to errors
(e.g. dropping an object or running into a wall). In addition, by generating scenes synthetically, the
researcher gains complete control over data generation, with full access to all generative parameters,
including physical quantities such as mass that are not readily apparent to human observers and
therefore difficult to label. Machine perceptual systems could thus be trained on tasks that are not
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Figure 1: TDW’s general, flexible design supports a broad range of use-cases at a high level of
multi-modal fidelity: a-c) Indoor and outdoor scene rendering; d) Advanced physics — cloth draping
over a rigid body; e) Robot agent picking up object; f) Multi-agent scene — "parent” and "baby"
avatars interacting; g) Human user interacting with virtual objects in VR; h) Multi-modal scene —
speaker icons show playback locations of synthesized impact sounds.

well suited to the traditional approach of massively annotated real-world data. A world simulator can
also in principle simulate a wide variety of environments, which may be crucial to avoid overfitting.

The past several years have seen the introduction of a variety of simulation environments tailored to
particular research problems in embodied Al, scene understanding, and physical inference. Simulators
have stimulated research in navigation (e.g., Habitat [35], iGibson [43]), robotic manipulation (e.g.,
Sapien [45]), and embodied learning (e.g., AI2Thor [23]). The impact of these simulators is evident
in the many challenges they have enabled in computer vision and robotics. Existing simulators each
have various strengths, but because they were often designed with specific use cases in mind, each
is also limited in different ways. In principle a system could be trained to see in one simulator, to
navigate in another and to manipulate objects in a third. However, switching platforms is costly for
the researcher. We saw the need for a single simulation environment that is broadly applicable to the
science of intelligence, by combining rich audio-visual rendering, realistic physics, and flexibility.

ThreeDWorld (TDW) is a general-purpose virtual world simulation platform that supports multi-
modal physical interactions between objects and agents. TDW was designed to accommodate a
range of key domains in Al, including perception, interaction, and navigation, with the goal of
enabling training in each of these domains within a single simulator. It is differentiated from existing
simulation environments by combining high-fidelity rendering for both video and audio, realistic
physics, and a single flexible controller.

In this paper, we describe the TDW platform and its key distinguishing features, as well as several
example applications that illustrate its use in Al research. These applications include: 1) A learned
visual feature representation, trained on a TDW image classification dataset comparable to ImageNet,
transferred to fine-grained image classification and object detection tasks; 2) A synthetic dataset
of impact sounds generated via TDW’s audio impact synthesis and used to test material and mass
classification, using TDW’s ability to handle complex physical collisions and non-rigid deformations;
3) An agent trained to predict physical dynamics in novel settings; 4) Sophisticated multi-agent
interactions and social behaviors enabled by TDW’s support for multiple agents; 5) Experiments on
attention comparing human observers in VR to a neural network agent.

A download of TDW’s full codebase and documentation is available at: https://github.com/
threedworld-mit/tdw; the code for creating the datasets described below are available at:
TDW-Image, TDW-Sound, and TDW-Physics.

Related Simulation Environments TDW is distinguished from many other existing simulation
environments in the diversity of potential use cases it enables. A summary comparison of TDW’s
features to those of existing environments is provided in Table 1. These environments include
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AI2-THOR[23], HOME[42], VirtualHome[33], Habitat[35], Gibson[44], iGibson [43], Sapien [45]
PyBullet [10], MuJuCo [38], and Deepmind Lab [7].

TDW is unique in its support of: a) Real-time near-photorealistic rendering of both indoor and
outdoor environments; b) A physics-based model for generating situational sounds from object-
object interactions (Fig. 1h); ¢) Procedural creation of custom environments populated with custom
object configurations; d) Realistic interactions between objects, due to the unique combination of
high-resolution object geometry and fast-but-accurate high-resolution rigid body physics (denoted
“R*” in Table 1); €) Complex non-rigid physics, based on the NVIDIA Flex engine; f) A range of
user-selectable embodied agent agents; g) A user-extensible model library.

Table 1: Comparison of TDW’s capabilities with those of related virtual simulation frameworks.

Platform Scene Physics Acoustic Interaction Models
(L,O) (R/RT.,S,C,F) (E,P) (D,AH) (L,E)

Deepmind Lab [7] D, A

MuJuCo [38] R¥,C, S D, A

PyBullet [10] RT,C, S E D, A

HoME [42] R E

VirtualHome [33] I D, A

Gibson [44] 1

iGibson [43] I RT D,A H L

Sapien [45] I RT D, A L

Habitat [35] 1 E

AI2-THOR [23] I R D L

ThreeDWorld IO RT,C,S,F E,P D,AH L.E

Summary: Table 1 shows TDW differs from these frameworks in its support for different types of:

¢ Photorealistic scenes: indoor (I) and outdoor (O)

» Physics simulation: just rigid body (R) or improved fast-but-accurate rigid body (R™), soft body
(S), cloth (C) and fluids (F)

* Acoustic simulation: environmental (E) and physics-based (P)

 User interaction: direct API-based (D), agent-based (A) and human-centric using VR (H)

* Model library support: built-in (L) and user-extensible (E)

2 ThreeDWorld Platform

2.1 Design Principles and System Overview

Design Principles. Our core contribution is to integrate several existing real-time advanced physics
engines into a framework that can also produce high-quality visual and auditory renderings. In
making this integration, we followed three design principles:

* The integration should be flexible. That is, users should be able to easily set up a wide variety of
physical scenarios, placing any type of object at any location in any state, with controllable physical
parameters. This enables researcher to create physics-related benchmarks with highly variable
situations while also being able to generate near-photorealistic renderings of those situations.

* The physics engines should cover a wide variety of object interactions. We achieve this aim by
seamlessly integrating PhysX (a good rigid-body simulator) and Nvdia Flex (a state-of-the-art
multi-material simulator for non-rigid and rigid-non-rigid interactions).

* There should be a large library of high-quality assets with good physics colliders as well as realistic
rigid and non-rigid material types, to allow users to take advantage of the power of the physics
engines and easily be able to produce interesting and useful physical scenes.

System Overview. The TDW simulation consists of two basic components: (i) the Build, a compiled
executable running on the Unity3D Engine, which is responsible for image rendering, audio synthesis
and physics simulations; and (ii) the Controller, an external Python interface to communicate with
the build. Users can define their own tasks through it, using an API comprising over 200 commands.
Running a simulation follows a cycle in which: 1) The controller sends commands to the build; 2)
The build executes those commands and sends simulation output data back to the controller. Unlike
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