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Abstract

From infancy, humans have expectations about how objects will move and interact.
Even young children expect objects not to move through one another, teleport, or
disappear. They are surprised by mismatches between physical expectations and
perceptual observations, even in unfamiliar scenes with completely novel objects.
A model that exhibits human-like understanding of physics should be similarly
surprised, and adjust its beliefs accordingly. We propose ADEPT, a model that
uses a coarse (approximate geometry) object-centric representation for dynamic
3D scene understanding. Inference integrates deep recognition networks, extended
probabilistic physical simulation, and particle filtering for forming predictions
and expectations across occlusion. We also present a new test set for measuring
violations of physical expectations, using a range of scenarios derived from de-
velopmental psychology. We systematically compare ADEPT, baseline models,
and human expectations on this test set. ADEPT outperforms standard network
architectures in discriminating physically implausible scenes, and often performs
this discrimination at the same level as people.

1 Introduction

People have a rich understanding of everyday physics that they use to predict how the future might
unfold [Battaglia et al., 2013, Smith and Vul, 2013], plan actions, and manipulate tools [Osiurak and
Badets, 2016]. This commonsense reasoning includes a set of early developing or possibly innate
expectations about the behavior of objects, which are part of ‘core knowledge’ [Spelke and Kinzler,
2007]. For example, even very young infants generally expect objects to remain coherent wholes that
follow spatially contiguous paths, and not wink in and out of existence [Baillargeon, 1987, Spelke
et al.,, 1992]. Intelligent machines that can interact with the physical world in a human-like way
should hold human-like physical intuitions [Lake et al., 2017].

We propose that human-like physical understanding is based on explicit object-centric representations
and their associated dynamics, similar to the idea of a Mental Game Engine [Battaglia et al., 2013,
Ullman et al., 2017]. Such object representations have constant physical properties regardless of their
perceptual appearance, an appearance that can differ greatly depending on factors such as viewpoint,
distance, and occlusion. We assume these object-based representations as given, and propose that the
main computational burden is learning how visual input is parsed into these representations.

Our work has two aims. We first aim to formalize human (especially infant) physical cognition.
But we also aim to show how this modeling of infant cognition can inspire more robust Al vision
systems that extract physical object representations from video and can detect violations of physical
expectations to use as learning signals, similar to infants [Stahl and Feigenson, 2015].
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Figure 1: Frames taken from a physically implausible video, in which a yellow cube seems to disappear behind
the occluder. Agents that observe this scene should find it surprising, and use this knowledge as a guide to
explore the properties of the objects or dynamics that caused the yellow cube to disappear.

We present a new model, “Approximate Derenderer, Extended Physics, and Tracking” (ADEPT;
Fig. 2), that closes the loop between cognitive models of intuitive physics which assume object
parses are given [e.g. Battaglia et al., 2013, Smith and Vul, 2013, Hamrick et al., 2016, Ullman et al.,
2018], and computer vision models that parse images into physical object representations [Wu et al.,
2017a]. Importantly, we suggest that perception does not have to be exact to capture basic physical
expectations [Ullman et al., 2017]. Approximate perception allows the model to trivially extend to
novel objects at a loss of object identity information; this is similar to the way young infants can
reason about new objects but are insensitive to changes of object shape [Xu and Carey, 1996]. Our
model (i) learns to approximately parse novel arbitrarily shaped objects into approximate geometric
forms, (ii) makes extended predictions about future world states, by using a robust dynamics model
that combines the predictions of a standard physics engine with with the possibility of resampling
aspects of the dynamic scene from the prior, and (iii) uses a particle filter to tie together parsing and
predicting, allowing it to track objects over occlusion.

In the spirit of Riochet et al. [2018] and Piloto et al. [2018], we evaluate our model using the Violation
of Expectations (VoE) paradigm from developmental psychology. In this paradigm, models are shown
scenes that are matched as closely as possible, except that one scene contains an event that violates
intuitive physical expectations (e.g., an object disappearing; Fig 1). A model passes the test if its
predictions diverge from observations more strongly in the violation video than the control.

We tested the ADEPT model on eight different scenarios, which replicate tests from developmental
psychology and capture different aspects of early core object knowledge. These scenarios examine
concepts such as permanence (objects do not appear or disappear for no reason), continuity (objects
move along connected trajectories), and solidity (objects cannot move through one another). We
compared ADEPT to models that acquire physical expectations without explicit object representations,
and found that only ADPET discriminates violations from control stimuli at above chance rates in all
eight scenarios, and did so at similar rates as humans.

In sum, this paper makes three contributions: (1) ADEPT, a novel, object-centric model that can
discriminate physically implausible scenes at near-human levels; (2) A new stimulus set closely based
on developmental psychology for probing core physics knowledge, with more differentiated training
and test sets to test stronger generalization than previous such stimuli; (3) A new data set of human
adult judgments on our stimuli, allowing us to investigate not just whether a model discriminates
violations above chance, but whether it has human-like expectations about physical events.

2 Related Work

The ADEPT model relies on two modules: an ‘inverse graphics’ module that infers an object-centric
representation from raw images, and a ‘physical simulation’ module that predicts future object
states from current beliefs. Working within the framework of ‘vision-as-inverse-graphics’ [Yuille
and Kersten, 2006], researchers have come up with various ways to integrate recognition nets with
rendering engines [e.g, Wu et al., 2017b, Che et al., 2018, Kulkarni et al., 2015, Huang et al., 2018],
in order to extract information about objects (e.g., their number and attributes) from pixel input. The
ADEPT model extends this work by extracting very coarse shape information, which allows it to
naturally generalize to new objects.

Recent work on physical prediction can be roughly divided into models that learn in a pure end-to-end
way from raw pixels with minimal built-in structure [e.g, Mottaghi et al., 2016, Agrawal et al., 2016,
Finn et al., 2016, Fragkiadaki et al., 2016, Eslami et al., 2016, 2018, Lerer et al., 2016, Vondrick et al.,
2016], and models that integrate object-based representations with off-the-shelf physics engines [e.g.,
Battaglia et al., 2013, Wu et al., 2017a, Zheng et al., 2015, Kloss et al., 2017]. Graph-based networks
lie in between these broad categories, allowing for minimal object representations and relations as
nodes and edges in a graph [Battaglia et al., 2016, Chang et al., 2017, Mrowca et al., 2018]. ADEPT
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Figure 2: The ADEPT model contains two parts. A. The perception module segments objects, and then extracts
coarse object attributes from each object segment, approximating all non-occluders as ellipsoids. B. The
reasoning module tracks and updates beliefs based on the perception results, using the particle filter algorithm
and an extended stochastic physics engine.

infers approximate object representations from visual input rather than precise geometric bodies, and
integrates them with an extended physics engine that allows for robust dynamics and non-standard
events. Similar to Vul et al. [2009], we represent belief distributions over object states using a particle
filter to track objects and their properties even during occlusion.

Physical reasoning models are often evaluated by comparing a model’s accuracy to the ground-truth
unfolding of a scene, or the known physical parameters of objects. Recently, however, two groups
of researchers have proposed that developmental psychology can offer bench-marks for evaluating
model performance, by comparing it to the looking time patterns of young infants [Piloto et al., 2018,
Riochet et al., 2018]. Our paper builds on those proposals, but differs from them in three important
ways. First, the previous work used stimuli from developmental psychology in both training and
testing. While the test stimuli may differ from the training in terms of object properties (a blue cube
flattened by a red screen in training, but by a yellow screen in test), the training and testing are still
relatively similar. In contrast, we only use developmental-psychology-like stimuli during testing. Our
training videos contain a small set of objects with a relatively unconstrained motion that does not
include collisions. Our test set can contain motions that are not contained in the training set, but are
compositions of trained motions. Similarly, our test set includes only objects outside of the training
set. This train and test split provides a stricter test of generalization, reduces the risk of overfitting,
and is more human-like in that infants do not see anything like developmental psychology test stimuli
in their everyday life. Second, we focus on violations of core physical principles that are observed
very early in infancy (such as solidity and permance), rather than violations that are noticed only
in older infants (such as changes in object shape or color [Xu and Carey, 1996], or violations of
conservation of energy). Third, we evaluate and compare both pixel-based and object-based models,
while prior work focuses on pixel-based methods only.

3 Approximate Derendering, Extended Physics, and Tracking (ADEPT)

As shown in Figure 2, the proposed Approximate Derendering, Extended Physics, and Tracking
(ADEPT) model has two components: a perception module (Figure 2A) that estimates an abstract,
object-centric representation o, (observation) from a raw image z, at each moment ¢, and a reasoning
module (Figure 2B) that maintains a belief about the scene’s physical state p(s:|o<¢), conditioning
on past observations o« and using particle filtering. Further details can be found in the supplement.

3.1 Perception

The perception module (Figure 2A) translates a raw image x; to an object-centric presentation o,
in two stages. First, x; is fed into an instance segmentation network to obtain object segments



Oy = {étyi}?z(of), where n (o) is the number of segments. We use each proposed object segment
0¢,; to mask the current image x; and concatenate the masked image with original images at x;_4,
T+_9, T4 to account for the proposed object’s visual, temporal, and contextual information. A deep
convolutional feature extractor takes the concatenation and returns oy ;, a feature vector that encodes
intrinsic shape attributes (type, scale), and state attributes (location, velocity, rotation) of the object in

a pre-defined format.

Our perception module approximates shapes into two types: large, thin cuboids (typically occluders),
or ellipsoids of varied scales (other objects). This approximation increases robustness to novel objects
and shapes, and aligns better with infant learning literature, which suggests object kind information
is not used early on in spatio-temporal tracking [Xu and Carey, 1996, Ullman et al., 2017].

3.2 Physical Reasoning via Particle Filtering

The physics reasoning module aims to estimate p(o;|o<¢) at each moment ¢. It maintains and updates

a belief over the physical state of the scene, s; = {st’i}?z(sf), where n(s;) is the number of objects,

and each object state s; ; contains the same set of attributes as an object observation o; ;. We assume
a Hidden Markov Model (HMM) relating s;...7 and o;...7, whose transitional probability is governed
by two models:

e Dynamics model p(s;1|s;). We employ a stochastic physics engine © : s; — $;41 to sample
object dynamics. However, standard physical dynamics will place vanishingly low probabilities on
physically implausible events, and can cause degeneracy in the particle filter. We thus extend our
dynamics model to include the possibility of re-sampling aspects of the dynamic scene from the
prior. In the same way that any physical scene interpretation begins with an arbitrary draw from
the scene prior at the beginning of a scenario, we assume that at any moment as the scene unfolds,
aspects of the scene may occasionally change arbitrarily and unpredictably, which can be modeled
by redrawing them from the prior, with very low probability. In principle any object or any subset
of its properties can be re-sampled in this way to allow for violation of its expected dynamics,
and can be handled efficiently via smart initialization such that new samples are constrained by
given observations. Here we consider only re-samples of two basic object states: identity or
existence (accounting for unexpected appearances or disappearances), and velocity (accounting
for unexpected stopping, speeding up, or changing direction). We are also exploring more general
implementations that re-sample objects’ positions, shapes, colors, and other properties.

e Observation model p(o;|s;). To estimate p(o;|s; ), we first match objects in our belief {sm}?:(sf)

with objects in the current observation {ot,i}?z(olt), based on extrinsic attributes (color, shape, and

location). We also adjust for mismatches between s; ; and o, ; in case (i) the model believes an
object exists but it is not observed (e.g., due to occlusion), or (ii) an object must be added to s; ;
because it was in a previously unobserved location (e.g., it comes out from behind an occluder).
After objects are matched, the likelihood is computed based on the intersection of union (IoU) of
their corresponding silhouettes (masks).

We use a particle filter to track and update beliefs. At any time ¢, ADEPT maintains a set of M

m) } M
m

particles {sg _, with normalized weights {wt(m)}%:l to approximate the belief distribution

p(s¢|o<¢). Each step of particle filtering involves a stochastic state transition sgm) = @(sii?),
re-weighting wt(m) x wginl) p(0t|sgm)), and importance re-sampling based on wgm). Within this
framework, our model estimates p(o0;|o<;) in the following way:

M
p(otlo<t) = / p(silo<i)p(oe|se, 0<i)dsi = Z wgm)p (Ot‘sﬁm)) . (D
St m=1

4 Modeling Violation of Expectation in Intuitive Physics

4.1 Framework

For a video « of T frames * = x;...;, we want humans or models to output a level of surprise
¢(x), a number that indicates the deviation of observations from expectations throughout «. For
two videos, c(x) > c(x’) implies « is more implausible than ’. In humans, this measure can be
obtained by explicit report (for adults) or looking time (for infants). While several instantiations of
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Figure 3: Diagrams of the different expectation violation scenarios. Black arrows represent physically plausible
transitions between movie parts. Red dashed arrows represent transitions that violate physical expectations.

this measure are possible, for the purposes of our models here we will consider it to be the most
surprising moment in a series ¢(x) = max; c¢(x, t), where the level of surprise at each moment c(x+)
is defined according to the model. A probabilistic model like ADEPT may ground surprise as the
negative log-likelihood of observations under the model ¢(x,t) , — logp(x¢|x<;), similar to how
infant measures of surprise have been found to be inversely related to the probability of an event
occuring [Téglas et al., 2011, Kidd et al., 2012]. A deterministic prediction model might choose
surprise to be L2 divergence between predictions and observations c(x,t) , ||f(x<:) — z¢||3.

4.2 Stimuli

Inspired by developmental psychology, we designed a stimuli set to test for aspects of core knowledge
of physics [Spelke and Kinzler, 2007]: that objects do not appear nor disappear for no reason
(permanence), that objects cannot occupy the same space at the same time (solidity), and that objects
move along continuous paths (continuity). These stimuli were grouped into eight scenarios, each
of which included a “surprising” scene that contained a violation of physical expectation, and one
to three “control” scenes that matched the surprising scenes in different aspects but did not include
a violation of physical expectations (see Fig. 3, with further details and videos in the supplemental
material). These scenarios included:

e Create: Based on Wynn [1992], this scenario tests the concept of permanence by showing an
object appear from behind an occluder. This is compared to control scenes in which nothing
appears, or the object was already in the scene.

e Vanish: This scenario is the converse of create in which an object disappears while behind an
occluder. This is compared to control scenes in which nothing disappears, or the object that is
removed in the violation scene was never observed to begin with.

e Overturn (long): Based on Baillargeon et al. [1985], this scenario violates the principle of
solidity by showing a screen rotate backwards and through an object that was positioned behind
it, then rotates back to show the object still exists. This scenario is thus doubly surprising. In the
control scenes, the screen stops rotating when it comes into contact with the object.

e Overturn (short): This scenario is identical to the overturn (long)scenario, but the video ends
after the first rotation of the screen.

e Discontinuous (invisible): Based on Spelke et al. [1995], this scenario tests the principle of
continuity by showing an object disappear behind one occluder and appear out of a spatially
distinct occluder. The video ends with both occluders rotating down to show only one object,
suggesting the object teleported through the intervening space. In the control scenes, two identical





















