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ABSTRACT

Intelligent agents can learn to represent the action spaces of other agents simply
by observing them act. Such representations help agents quickly learn to predict
the effects of their own actions on the environment and to plan complex action
sequences. In this work, we address the problem of learning an agent’s action
space purely from visual observation. We use stochastic video prediction to
learn a latent variable that captures the scene’s dynamics while being minimally
sensitive to the scene’s static content. We introduce a loss term that encourages
the network to capture the composability of visual sequences and show that it
leads to representations that disentangle the structure of actions. We call the full
model with composable action representations Composable Learned Action Space
Predictor (CLASP). We show the applicability of our method to synthetic settings
and its potential to capture action spaces in complex, realistic visual settings. When
used in a semi-supervised setting, our learned representations perform comparably
to existing fully supervised methods on tasks such as action-conditioned video
prediction and planning in the learned action space, while requiring orders of
magnitude fewer action labels

1 INTRODUCTION

Agents behaving in real-world environments rely on perception to judge what actions they can take
and what effect these actions will have. Purely perceptual learning may play an important role in how
these action representations are acquired and used. In this work, we focus on the problem of learning
an agent’s action space from unlabeled visual observations. To see the usefulness of this strategy,
consider an infant that is first learning to walk. From around 10 months of age, infants rapidly
progress from crawling, to irregular gaits with frequent falling, and finally to reliable locomotion
(Adolph et al.|(2012)). But before they first attempt to walk, infants have extensive sensory exposure
to adults walking. Unsupervised learning from sensory experience of this type appears to play a
critical role in how humans acquire representations of actions before they can reliably reproduce the
corresponding behaviour (Ullman et al.|(2012)). Infants need to relate the set of motor primitives they
can generate to the action spaces exploited by adults (Dominici et al.[|(2011))), and a representation
acquired by observation may allow an infant to more efficiently learn to produce natural, goal-directed
walking behavior.

Reinforcement learning (RL) provides an alternative to the (passive) unsupervised learning approach
as it implicitly discovers an agent’s action space and the consequences of its actions. Recent
breakthroughs in model-free and model-based RL suggest that end-to-end training can be used to
learn mappings between sensory input and actions (Mnih et al.|(2015); [Lillicrap et al.|(2016); |Levine
et al.| (2016); |[Finn & Levine|(2017);|Schulman et al.[(2015)). However, these methods require active
observations and the sensorimotor mappings learned in this way cannot be easily generalized to
new agents with different control interfaces. Methods for sensorimotor learning from purely visual
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Figure 1: Using latent composition to recover actions from passive dafavo sequences starting

from different initial states but changing according to the same actions. Without requiring labels, our
model learns to represent the action in sequences like these identically. We train a represetdation
capture the dynamics of the scene and its compositional structure: applyiagdz,) should have

the same effect as applying the composed represengtionz,). These properties capture the fact

that effector systems, such as a robot arm, use the same composable action space in many different
statesb) The learned action spazeaecovered by our method (PCA visualization). Points are colored

by the true actiom: true actions can be easily decoded fronvalidating that the structure of the

action space has been captured.

data may facilitate learning where action information is not available, such as when using video
data collected from the Internet. Such methods may also be useful for imitation learning, where
ground truth actions are often hard or impossible to collect other than by visual obseryvation (Finn

et al|l (2017); Pathak et al. (2018)). More generally, learning from passive observations may make

it easier to reuse action representations between systems with different effectors and goals. The
representations learned by unsupervised methods are invariant to these choices because the model
does not have access to motor commands or goals during training.

In this work, we evaluate the proposal that learnivitat you can do before doing anythingn lead

to action space representations that make subsequent learning more ef cient. To this end, we develop
a model that learns to represent an agent's action space given only unlabeled videos of the agent.
The resulting representation enables direct planning in the latent space. Given a small number of
action-labeled sequences we can execute the plan by learning a simple mapping from latent action
representations to the agent's controls. This representation may be analogous to those in the parietal
and premotor areas of cortex, which include populations of neurons that represent the structure of
actions produced both by the self and by others (Rizzolatti et al. (1996); Romo et al. (2004)) and
that are critical for reliably producing exible, voluntary motor control (see Kandel et al. (2012),
Chapter 38). In the brain, representations of this kind could plausibly be learned using specialized
loss functions (Marblestone et al. (2016)) whose effect is to induce the prior needed to determine the
structure of actions in observation data.

In contrast to most approaches to unsupervised learning of dynamics, which focus on learning
the statistical structure of the environment, we focus on disentangling action information from
the instantaneous state of the environment (Fig. 1). We base our work on recent stochastic video
prediction methods (Babaeizadeh et al. (2018); Denton & Fergus (2018); Lee et al. (2018)) and
impose two properties on the latent representation. First, we train the representationitonba)

i.e. containing minimal information about the current world state. This forces the representation to
focus on dynamic properties of the sensory input. A similar objective has been used in previous work
to constrain the capacity of video prediction models (Denton & Fergus (2018)). Second, we train the
representation to beomposabldy introducing a novel loss term that enforces that the cumulative
effect of a sequence of actions can be computed from the individual actions' representations (Fig. 1,
left). Composability encourages disentangling: as a composed representation does not have access to
the static content of the intermediate frames, a representation is composable only if the individual
action representations are disentangled from the static content. Taken together, these two properties
lead to a representation of sensory dynamics that captures the structure of the agent's actions.
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We make the following three contributions. First, we introduce a method for unsupervised learning of
an agent's action space by training the latent representation of a stochastic video prediction model
for the desiderata of minimality and composability. Second, we show that our method learns a
representation of actions that is independent of scene content and visual characteristics on (i) a
simulated robot with one degree of freedom and (ii) the BAIR robot pushing dataset (Ebert et al.
(2017)). Finally, we demonstrate that the learned representation can be used for action-conditioned
video prediction and planning in the learned action space, while requiring orders of magnitude fewer
action-labeled videos than extant supervised methods.

2 RELATED WORK

Learning structured and minimal representations. Several groups have recently shown how an
adaptation of the variational autoencoder (VAE, Kingma & Welling (2014); Rezende et al. (2014))
can be used to learn representations that are minimal in the information-theoretic sense. Alemi
et al. (2017) showed that the Information Bottleneck (IB) objective function (Tishby et al. (1999);
Shwartz-Ziv & Tishby (2017)) can be optimized with a variational approximation that takes the
form of the VAE objective with an additional weighting hyperparameter. In parallel, Higgins et al.
(2017) showed that a similar formulation can be used to produce disentangled representations. The
connection between disentaglement and minimality of representations was further clari ed by Burgess
et al. (2018). In this work, we apply the IB principle to temporal models to enforce minimality of the
representation.

Several groups have proposed methods to learn disentangled representations of static content and
pose from video (Denton & Birodkar (2017); Tulyakov et al. (2018)). Jaegle et al. (2018) learn a
motion representation by enforcing that the motion acts on video frames as a group-theoretic action.
In contrast, we seek a representation that disentangles the motion from the static pose.

Thomas et al. (2017) attempt to learn a disentangled representation of controllable factors of variation.
While the goals of their work are similar to ours, their model relies on active learning and requires an
embodied agent with access to the environment. In contrast, our model learns factors of variation
purely from passive temporal visual observations, and thus can be applied even if access to the
environment is costly or impossible.

Unsupervised learning with video data. Several recent works have exploited temporal informa-
tion for representation learning. Srivastava et al. (2015) used the Long Short-Term Memory (LSTM,
Hochreiter & Schmidhuber (1997)) recurrent neural network architecture to predict future frames
and showed that the learned representation was useful for action recognition. Vondrick et al. (2016)
showed that architectures using convolutional neural networks (CNNs) can be used to predict actions
and objects several seconds into the future. Recently, work such as Finn et al. (2016); Villegas et al.
(2017); Denton & Birodkar (2017) has proposed various modi cations to the convolutional LSTM
architecture (Xingjian et al. (2015)) for the task of video prediction and shown that the resulting
representations are useful for a variety of tasks.

Others have explored applications of video prediction models to RL and control (Weber et al. (2017);
Ha & Schmidhuber (2018); Wayne et al. (2018)). Chiappa et al. (2017) and Oh et al. (2015) propose
models that predict the consequences of actions taken by an agent given its control output. Similar
models have been used to control a robotic arm (Agrawal et al. (2016); Finn & Levine (2017); Ebert
et al. (2017)). The focus of this work is on learning action-conditioned predictive models. In contrast,
our focus is on the unsupervised discovery of the space of possible actions from video data.

Our model is inspired by methods for stochastic video prediction that, given a sequence of past
frames, capture the multimodal distribution of future images (Goroshin et al. (2015); Henaff et al.
(2017)). We use the recently proposed recurrent latent variable models based on the variational
autoencoder (Babaeizadeh et al. (2018); Denton & Fergus (2018); Lee et al. (2018)). We develop
these methods and propose a novel approach to unsupervised representation learning designed to
capture an agent's action space.

Sensorimotor abstractions for behavior. There is a long history of work developing sensorimotor
representations for applications in reinforcement learning and robotics. Previous work in this
domain has primarily focused on introducing hand-crafted abstractions and hierarchies to make
sensorimotor mappings more generalizable. Methods for aggregating low-level controls into higher-
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Figure 2: Components of the proposed architectuedt: The stochastic video prediction model,
shown for one timestep. During training, we estimate the latent variahiging the approximate
inference network (MLRsr; CNNg) from the current and previous image. At test time, we produce
z; using the prior distributiop(z) N (0;1). Future frames are estimated by passintpgether
with imagesx; ; through the generative network (LSTI@NNy). Please refer to Appendices A
and B for architectural detailRight: Composability training. Latent samplesre concatenated
pairwise and passed through the composition netwtltR.mp that de nes a distribution over in

the trajectory space. A sampled value af decoded into an image through the same generative
network (LSTM and CNIYy) and matched to the nal image in the composed sequence.

level representations on which planning and RL can be performed are well-studied in the robotics
literature: notable examples include the options framework for hierarchical RL (Sutton et al. (1999);
Bacon et al. (2017)), dynamic motion primitives for manipulation (Schaal et al. (2005); Schaal (2006);
Niekum et al. (2015)), and recent work that abstracts a learned policy away from low-level control
and perception to ease simulation-to-real transfer (Clavera & Abbeel (2017); Muller et al. (2018)).
Other work has learned to separate robot-instance speci ¢ controls from task-related skills through
modular policies, but this work does not enforce any structure onto the intermediate representation
and requires extensive interaction with the environment (Devin et al. (2017)).

3 APPROACH

In this section, we describe our architecture for learning an action representation that is minimal and
composable. In Sec. 3.1, we describe a variational video prediction model similar to that of Denton
& Fergus (2018) that provides us with a framework for learning a latent represerzaabtime

t of the change between the past and the current frames. No labeled actions are considered at this
stage. In Sec. 3.2, we introduce an unsupervised method for imposing composability of the latent
that allows us to recover a structured representation that de nes CLASP. To verify that the learned
representation corresponds to the executed control, we show that we can learn a bijective mapping
between the latent representation and the control output executed at that time using a small number
of labeled data points (Sec. 3.3). In the experimental section, we describe how the learned bijective
mapping can be used for tasks such as action-conditioned video prediction (Sec. 4.2) and planning in
the learned action space (Sec. 4.3).

3.1 VIDEO PREDICTION MODEL

At the core of our method is a recurrent latent variable model for video prediction based on a temporal
extension of the conditional VAE proposed by Chung et al. (2015). We consider the generative model
shown in Fig. 2 (left). At each timestépthe model outputs a latent varialde p(z) = N (0;1)
associated with this timestep. Given a history of framgs 1 and latent samplez., the generative
distribution over possible next frames is givemtly p (X¢jX1:t 1522:¢0) = N (X1t 15 22:);1).
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In practice, we generate the next frame by taking the mean of the conditional distribttion:
(X1t 152Z2:1)-

To optimize the log-likelihood of this generative model, we introduce an additional network approxi-
mating the posterior of the latent varialde g (z:jx¢; Xt 1) = N( (X¢; Xt 1); (Xe;Xe 1))

We can optimize the model using the variational lower bound of the log-likelihood in a formulation
similar to the original VAE. However, as has been shown recently by Alemi et al. (2018), the standard
VAE formulation does not constrain the amount of information contained in the latent vaziabde
overcome this, and to learn a minimal representatiar, @fe reformulate the standard VAE objective

in terms of the Information Bottleneck (IB) (Shwartz-Ziv & Tishby (2017)).

IB minimizes the mutual information,, between the action representatian,and input frames,
Xt 1:t, While maximizing the ability to reconstruct the framgas measured by the mutual informa-
tion betweer(z;; x¢ 1) andx;:

‘r)n;aqxl((zt;xt 1) Xt) 21 (Ze; Xy 1) )

The two components of the objective are balanced with a Lagrange multipli&hen the value of
¢ is higher, the model learns representations that are more ef cient, i.e. minimal in the information-
theoretic sense. We use this property to achieve our rst objectivaimimality of z.

The variational IB (Alemi et al. (2017)) provides a variational approximation of the IB objective, that
simply takes the form of the original VAE objective with an additional constantAggregating over
a sequence of frames, the video prediction objective for our model is given by:

X
LP;rEd (xuT) = Eq (zoijxe0) 109P (XtjX1:t 1,Z2¢)  zDke (@ (zejxe w0)iip(2)) @ (2)
t=1

The full derivation of the variational lower bound is given in the appendix of Denton & Fergus
(2018y. The full model for one prediction step is shown in the left part of Fig. 2.

3.2 CLASP: LEARNING ACTION REPRESENTATIONS WITH COMPOSABILITY

Given a history of frames, the latent variablerepresents the distribution over possible next frames.

It can thus be viewed as a representation of possible changes between the previous and the current
frame. We will associate the latent varialajewith the distribution of such changes. In video data

of an agent executing actions in an environment, the main source of change is the agent itself. Our
model is inspired by the observation that a natural way to represé@msuch settings is by the agents'
actions at time. In this section, we describe an objective that encourages the previously described
model (Sec. 3.1) to learn action representations.

To encourageomposabilityof action representations, we use the procedure illustrated in Fig. 2 (right).
We de ne an additional random variable g ( tjz;z 1) = N( (z;z 1); (z;z 1))

that is a representation of the trajectay 1.1. The process of composing latent samples into a
single trajectory can be repeated several times in an iterative fashion, where the inference model
observes a trajectory representatign; and the next latert; to produce the composed trajectory
representationy g( ¢t 1;2). The inference modal is parameterized with a multilayer
perceptron, MLEomp

We want to encode entire trajectories, but we also require it to have minimal information about
individual latent samples. We can encourage these two properties by again using the IB objective:

pn?(?x F(( ¢;%1); %) 1(Z2:t; +): ®3)

We maximize this objective using the following procedure. Given a trajectoily fsthmes, we
useMLPj.sr to retrieve the action representatiansNext, we generate a sequence of trajectory
representations;, each of which is composed fro® consecutive action representatiansc.;. We
obtainT¢c = bT =Cc such representations. Finally, we ugdo produce the corresponding frames

%Denton & Fergus (2018) use the objective with, but formulate this objective in terms of the original VAE.
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R = p (Xtjxt c; t)3. The variational approximation to (3) that we use to impose composability
takes the following form:

Xc
L™ (xq.1) = Eq. ( weixer) 109D (Xt TJX1t 1) Tes 1:t)
t=1 4
Dki (a; ( tJX¢t 1) Tct T)iip( ) 5
where the prior distribution overis given by the unit Gaussian p( ) = N (0;1).

The objective above encourages the model to nd a minimal representation for the trajectdes

the trajectories are composed from only the action representatjohis encourages to assume

a form suitable for ef cient composition. This allows us to recover an action representation that is
composableOur overall training objective is the sum of the two objectives:

L = LT+ L (5)

We call the full model with composable action representations Composable Learned Action Space
Predictor (CLASP).

3.3 GROUNDING THE CONTROL MAPPING

Our approach allows us to learn a latent representatibat is minimal and disentangled from the
content of previous images. To use such a learned representation for control, we want to know which
actionu a certain sample corresponds to, or vice versa. To determine this correspondence, we
learn a simple bijective mapping from a small number of action-annotated frame sequences from the
training data. We train the bijection using two lightweight multilayer perceptfyrns, MLP5:(ut)

andt; = MLPg(z). Note that only theMLP; andMLP 4. networks are trained in this step, as we

do notpropagate the gradients into the video prediction model. Because we do not have to re-train
the video prediction model, this step requires far less data than models with full action supervision
(Section 4.3).

We note that standard image-based representations of motion, e.g., optical ow, do not directly form
a bijection with actions in most settings. For example, the ow eld produced by a reacher (as in Fig.
5) rotating from 12 o'clock to 9 o'clock is markedly different from the ow produced by rotating
from 3 o'clock to 12 o'clock, even though the actions producing the two ow elds are identical (a

90 degree counter-clockwise rotation in both cases). In contrast, our representation easily learns a
bijection with the true action space.

4 EMPIRICAL EVALUATION

For evaluation, we consider tasks that involve regression from the latent varisthéetionsu and

vice versa. By learning this bijection we show that our model nds a representation that directly
corresponds to actions and is disentangled from the static scene content. We show that after CLASP
is trained, it can be used for both action-conditioned video prediction and planning (see Fig. 4), and
provide a procedure to plan in the learned representation. We also validate that our approach requires
orders of magnitude fewer labels than supervised approaches, and that it is robust to certain visual
characteristics of the agent or the environment. Please refer to Appendix B for the exact architectural
parameters.

Datasets. We conduct experiments on a simple simulated reacher dataset and the real-world Berke-
ley Al Research (BAIR) robot pushing dataset from Ebert et al. (2017). The reacher dataset consists
of sequences of a robot reacher arm with one degree of freedom rotating counter-clockwise with
random angular distances between consecutive images. We simulate it using OpenAl's Roboschool
environment (Klimov & Schulman (2018)). The actiamsre encoded as relative angles between
images, and constrained to the rang2 [0 ;40 ]. The dataset consists ®00 000training and4000

%To allow the generative model to distinguish between individual action representatomstrajectory
representations, we concatenate them with a binary indicator sef for z and1 for . With the binary
indicator, we can control whether the generative network interprets an input latent as the representation of a
single action or a whole trajectory.
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Figure 3: Visualization of the learned action spacegn the reacher dataset. Each of the 1000 points
depicts a value af for a different frame pair from the dataset. We plot the projection afito the

rst two principal components of the data. Each point is colored by the value of the ground truth
rotation, in radians, depicted in the two images used to infer that point.a) The latent space
learned by the baseline model has no discernible correspondence to the ground truth @cGams.
method learns a latent space with a clear correspondence to the ground truth actions. In the Appendix,
Fig. 15 further investigates why the baseline fails to produce a disentangled representation.

test sequences. Additionally, we create two variations of this dataset, with (i) varying backgrounds
taken from the CIFAR-10 dataset (Krizhevsky (2009)) and (ii) varying robot appearance, with 72
different combinations of arm length and width in the training dataset.

The BAIR robot pushing dataset com-
prises44 374training and256test se-
qguences 080frames each from which
we randomly crop out subsequences
of 15 frames. We de ne actiongy,
as differences in the spatial position
of the end effector in the horizontal
plané.
Baselines. We compare to the origi'Figure 4: lllustration of how the learned representation can
tnhaflitrr(]jc())deesl cr)]fo?ﬁggo?hi‘ F?ég%iéaoig)og used fpa) action-condition.ed predicti_on by infer_ring the
osability obiective Topobfain an u rFiltent variablez;, from the action, ant) visual servoing by
P Y 00l : hod' f psolving the control problem in latent space through iterated
per bound on our method's per Ol ollouts and then mapping the latent variable to robot control
mance we also compare to fully SUPEL tionsu
vised approaches that train with action e
annotations: our implementations are based on Oh et al. (2015) for the reacher dataset and the more
complex Finn & Levine (2017) for the BAIR dataset. For planning, we also compare to a model
based on the approach of Agrawal et al. (2016) that learns the forward and inverse dynamics with

direct supervision.

Metrics. In case of the action-conditioned video prediction we use the absolute angular position
(obtained using a simple edge detection algorithm, see Appendix D) for the reacher dataset and
the change of end effector position (obtained via manual annotation) for the BAIR dataset. We
choose these metrics as they capture the direct consequences of applied actions, as opposed to more
commonly used visual appearance metrics like PSNR or SSIM. For visual servoing in the reacher
environment we measure the angular distance to the goal state at the end of servoing.

4.1 LEARNED STRUCTURE OF THE ACTION REPRESENTATIONS

First, we inspect the structure of the learned action space for our model. To do so, we train CLASP
on the reacher dataset and visualize the learned representation. In Fig. 3, we show two-dimensional

“The original dataset provides two additional discrete actions: gripper closing and lifting. However, we
found that, in this dataset, the spatial position in the horizontal plane explains most of the variance in the end
effector position and therefore ignore the discrete actions in this work.
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Figure 5: Transplantation of action representatibfidm one sequence to another. We infer action
representations from the donor sequence and use them to create the recipient sequences from a
different initial state a) the reacher dataset. The previous frame is superimposed onto each frame

to illustrate the movemenh) the BAIR dataset. The previous and the current position of the end
effector are annotated in each frame (red and blue dots, respectively) to illustrate the movement.
c¢) reacher with varying backgroundd) reacher with varying agent shape. The synchronization

of movement in the sequences suggests that the learned action representation is disentangled from
static content. Best viewed on a screen. Additional generated videos are availahtgpst:
/[daniilidis-group.github.io/learned_action_spaces/

projections of sampleg, from the inference networkj, colored by the corresponding ground truth
action,u. To nd the two-dimensional subspace with maximal variability, we conducted Principal
Component Analysis (PCA) on the means of the distributions generaigdiihye rst PCA dimension
captures 99% of the variance, which is explained by the fact that the robot in consideration has one
degree of freedom. While the baseline without composability training fails to learn a representation
disentangled from the static content, our method correctly recovers the structure of possible actions
of the robot.

4.2 ACTION-CONDITIONED VIDEO PREDICTION

We further verify that our model recovers a rep-

resentation of actions and show that this allow&@Ple 1 Action-conditioned video prediction re-
us to use the model for two tasks. First, wellts (mean standard deviation across predicted
show that it is possible tansplantthe action sequences). The "supervised" baseline is taken
representationg from a given sequence intoffom Oh et al. (2015) for the reacher dataset and

one with a different initial state. We run thdinn & Levine (2017) for BAIR.

approximate inference netwolLPi.ser 0N the Reacher BAIR
donor sequence to get the corresponding action o Abs. Error  Rel. Error
representatioz. We then use this sequence Method fin deg] [in px]

of representationg together with a different - -
conditioning image sequence to produce the re- S?rﬁjg:r?te ggié giig .

cipient sequence. While the content of the scene ponion & Fergus 226 177 36 40
changes, the executed actions should remainthec asp (ours) 2:9 2:1  3:0 2:1
same. Second, we show how our model can ,

be used foaction-conditionediideo prediction. _SUPervised 26 18 20 13
Given a ground truth sequence annotated with

actionsu, we infer the representatiorzsdirectly fromu usingMLP,y;. The inferred representa-
tions are fed into the generative mogeland the resulting sequences are compared to the original
sequence.

The quantitative results in Table 1 show that the model trained with the composability objective on

the reacher dataset successfully performs the task, with performance similar to the fully supervised
model. Denton & Fergus (2018) performs the task only slightly better than random guessing. This
shows that it is infeasible to infer the latentlearned by the baseline model given only the actipn
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and con rms our intuition about this from Fig. 3. The qualitative results in Fig. 5 (additional results
in Figs. 12, 13 and 14 in the Appendix and on the website) further support this conclusion.

On the BAIR dataset, our model performs better than the baseline of Denton & Fergus (2018),
reducing the difference between the best unsupervised method and the supervised ba86I%e by
This is re ected in qualitative results as frames generated by the baseline model often contain artifacts
such as blurriness when the arm is moving or ghosting effects with two arms present in the scene
(Figs. 13 and 14 in the Appendix, videos on the website). These results demonstrate the promise of
our approach in settings involving more complex, real-world interactions.

4.3 PR.ANNING IN THE LEARNED ACTION SPACE

Similarly to the true action space we can use )
the learned action spaaefor planning. We Table 2: Visual servoing performance measured as

demonstrate this on a visual servoing task. Tifistance to the goal at the end of servoing (mean
objective of visual servoing is to move an agent_Standard deviation).

from a start state to a goal state, given by images Reacher

Xo andxgoai, respectively. We use a planning al- pethod Distance [deg]
gorithm similar to that of Finn & Levine (2017), — - -

but plan trajectories in the latent spacinstead gtar:jPosmon g;jg gg;;

of true actionsus. We useMLPto retrieve the ngtoonm& Fergus (2018) 141 107
actions that correspond to a planned trajectory. | asp (Ours) 16 10

Our planning algorithm, based on Model Predic- agrawal et al. (2016) 20 15

tive Control (MPC), is described in Appendix C. Oh et al. (2015) 18 15

The controller plans by sampling a number of CLASP (varied background) 3.0 2:2
action trajectories and iteratively re ning them | Asp (varied agents) 28 29

with the Cross Entropy Method (CEM, Rubin-
stein & Kroese (2004)). The state trajectories are estimated by using the learned predictive model.
We select the trajectory whose nal state is closest to the goal and execute its rst action. The
distance between the states is measured using the cosine distance between VGG16 representations
(Simonyan & Zisserman (2015)). Servoing terminates once the goal is reached or the maximum steps
are executed. The baseline of Agrawal et al. (2016) uses a different procedure, as described in the
original paper.

We show qualitative results of a servoing rollout in the reacher environmet in Fig. 6 (left) and
guantitative results in Table 2. The agent not only reaches the target but also plans accurate trajectories
at each intermediate time step. The trajectory planned in the learned space can be correctly decoded
into actionsu.

4.4 DATA EFFICIENCY

To validate the bene ts of learning from passive observations, we measure the data ef ciency of
CLASP in Fig. 6 (right). In this setup, we train the methods on a large dataset of passive observations
and a varied number of observations labeled with actions (100, 1000, 10000 videos). The supervised
baselines, which cannot leverage pre-training with passive observations perform poorly in the low-
data regime. In contrast, our model only needs a small number of action-labeled training sequences
to achieve good performance, as it learns the structure of actions from passive observations. In the
abundant data regime, our model still performs on par with both supervised baselines. We observed
similar results for action-conditioned prediction experiments, summarized in Table 3 in the Appendix.
These results suggest that our planning approach can be used when the action-labeled data are limited.

4.5 ROBUSTNESS TO VARYING VISUAL CHARACTERISTICS

To test the robustness of our approach to different kinds of visual variability in the environment, we
conduct experiments on two versions of the reacher dataset with additional variability. In the rst,
the background of each sequence is replaced with a randomly drawn CIFAR-10 image (Krizhevsky
(2009)). In the second, we vary the width and length of the reacher arm in each sequence. We test
models trained on these datasets on sequences with variations not seen during training but drawn
from the same distribution. The experimental setup is described in more detail in Appendix E.



Published as a conference paper at ICLR 2019

Figure 6: Visual servoing on the reacher takkft: Planned and executed servoing trajectories. Each

of the rst ve rows shows the trajectory re-planned at the corresponding timestep. The rstimage

of each sequence is the current state of the system, and the images to the right of it show the model
prediction with the lowest associated cost. The target state (the reacher pointing to the upper left)
is shown superimposed over each imageght: Data ef ciency measured as nal distance to the

goal after servoing, shown depending on the number of videos used in training. Each point represents
a model trained on a dataset with a restricted number of action-annotated training sequences. Full
results are in Table 4 in the appendix.

As shown in Table 2, our model can reliably discover the agent's action space and perform visual
servoing under increased visual variability. The transplantation sequences in Fig. 5 show that the
action semantics are preserved across changes to the appearance of the environment that do not
alter the dynamics. This is evidence that the learned representation captures the dynamics of the
environment and is not sensitive to changes in visual characteristics that do not affect the agent's
action space. In these two settings, CLASP also requires orders of magnitude less action-conditioned
data than the supervised baselines (see Table 4 in the appendix). Our results, combined with the data
ef ciency result, suggest that our method is robust to visual changes and can be used for passive
learning from videos that are obtained under different visual conditions, or even videos of different
agents, such as videos obtained from the Internet, as long as the action space of the observed agents
coincides with the target agent.

5 CONCLUSION

We have shown a way of learning the structure of an agent's action space from visual observations
alone by imposing the properties of minimality and composability on a latent variable for stochastic
video prediction. This strategy offers a data-ef cient alternative to approaches that rely on fully
supervised action-conditioned methods. The resulting representation can be used for a range of tasks,
such as action-conditioned video prediction and planning in the learned latent action space. The
representation is insensitive to the static scene content and visual characteristics of the environment.
It captures meaningful structure in synthetic settings and achieves promising results in realistic visual
settings.

ACKNOWLEDGEMENTS

We thank Nikos Kolotouros and Karl Schmeckpeper for help with annotation, Kenneth Chaney
and Nikos Kolotouros for computing support, Stephen Phillips and Nikos Kolotouros for helpful
comments on the document, and the members of the GRASP laboratory and CLVR laboratory for
many fruitful discussions. We also thank the audiences of the 2018 R:SS workshop on Learning
and Inference in Robotics, 2018 International Computer Vision Summer School, and 2018 NeurlPS
workshop on Probabilistic Reinforcement Learning and Structured Control for useful feedback. We
are grateful for support through the following grants: NSF-DGE-0966142 (IGERT), NSF-11P-1439681
(MUCRC), NSF-11S-1426840, NSF-11S-1703319, NSF MRI 1626008, ARL RCTA W911NF-10-2-
0016, ONR N00014-17-1-2093, and by Honda Research Institute. K.G.D. is supported by a Canadian
NSERC Discovery grant. K.G.D. contributed to this article in his personal capacity as an Associate
Professor at Ryerson University.

10



Published as a conference paper at ICLR 2019

REFERENCES

Karen Adolph, Whitney Cole, Meghana Komati, Jessie Garciaguirre, Daryaneh Badaly, Jesse Linge-
man, Gladys Chan, and Rachel Sotsky. How do you learn to walk? thousands of steps and dozens
of falls per day.PsychologicaBcience, 23(11), 2012.

Pulkit Agrawal, Ashvin V Nair, Pieter Abbeel, Jitendra Malik, and Sergey Levine. Learning to
poke by poking: Experiential learning of intuitive physics.Rroceedingsf Neurallnformation
Processingystems, 2016.

Alexander Alemi, Ben Poole, lan Fischer, Joshua Dillon, Rif A. Saurous, and Kevin Murphy. Fixing
a broken ELBO. IrProceedingsf InternationalConferencen MachineLearning, 2018.

Alexander A Alemi, lan Fischer, Joshua V Dillon, and Kevin Murphy. Deep variational information
bottleneck. InProceedingsf InternationalConferencen LearningRepresentations, 2017.

Mohammad Babaeizadeh, Chelsea Finn, Dumitru Erhan, Roy H. Campbell, and Sergey Levine.
Stochastic variational video prediction. Rmoceedingsf InternationalConferenceon Learning

Representations, 2018.

Pierre-Luc Bacon, Jean Harb, and Doina Precup. The option-critic architecti?eodeedingsf
AAAI Conferencen Arti cial Intelligence, 2017.

Christopher P Burgess, Irina Higgins, Arka Pal, Loic Matthey, Nick Watters, Guillaume Desjardins,
and Alexander Lerchner. Understanding disentangling-WAE. arXiv:1804.03599, 2018.

Silvia Chiappa, Sébastien Racaniére, Daan Wierstra, and Shakir Mohamed. Recurrent environment
simulators. InProceedingsf InternationalConferenceon LearningRepresentations, 2017.

Junyoung Chung, Kyle Kastner, Laurent Dinh, Kratarth Goel, Aaron C Courville, and Yoshua Bengio.
A recurrent latent variable model for sequential data.Ptnceeding®f Neural Information
Processingystems, 2015.

Ignasi Clavera and P Abbeel. Policy transfer via modularity. Phoceedingf IEEE/RSJ
InternationalConferencen IntelligentRobotsand Systems, 2017.

Emily Denton and Vighnesh Birodkar. Unsupervised learning of disentangled representations from
video. InProceedingsf NeurallnformationProcessingystems, 2017.

Emily Denton and Rob Fergus. Stochastic Video Generation with a Learned Prirodeedingsf
InternationalConferencen MachineLearning, 2018.

Coline Devin, Abhishek Gupta, Trevor Darrell, Pieter Abbeel, and Sergey Levine. Learning mod-
ular neural network policies for multi-task and multi-robot transfer.Ploceeding®f IEEE
InternationalConferenceon RoboticsandAutomation, 2017.

Nadia Dominici, Yuri lvanenko, Germana Cappellini, Andrea d'Avella, Vito Mondi, Marika Cicchese,
Adele Fabiano, Tiziana Silei, Ambrogio Di Paolo, Carlo Giannini, Richard Poppele, and Francesco
Lacquaniti. Locomotor primitives in newborn babies and their developnBzi¢énce 334(6058),
2011.

Frederik Ebert, Chelsea Finn, Alex X Lee, and Sergey Levine. Self-supervised visual planning with
temporal skip connections. Bonferencen RoboticLearning, 2017.

Chelsea Finn and Sergey Levine. Deep visual foresight for planning robot moti@modeedingsf
IEEE InternationalConferencen Roboticsand Automation, 2017.

Chelsea Finn, lan Goodfellow, and Sergey Levine. Unsupervised learning for physical interaction
through video prediction. IRroceedingsf NeurallnformationProcessingystems, 2016.

Chelsea Finn, Tianhe Yu, Tianhao Zhang, Pieter Abbeel, and Sergey Levine. One-shot visual imitation
learning via meta-learning. I@onferencen RoboticLearning, 2017.

Ross Goroshin, Michael F Mathieu, and Yann LeCun. Learning to linearize under uncertainty. In
Proceedingsf NeurallnformationProcessingystems, 2015.

11



Published as a conference paper at ICLR 2019

David Ha and Jurgen Schmidhuber. World modalsiv:1803.10122, 2018.

Mikael Henaff, Junbo Zhao, and Yann LeCun. Prediction under uncertainty with error-encoding
networks.arXiv:1711.04994, 2017.

Irina Higgins, Loic Matthey, Arka Pal, Christopher Burgess, Xavier Glorot, Matthew Botvinick,
Shakir Mohamed, and Alexander Lerchner. beta-VAE: Learning basic visual concepts with
a constrained variational framework. Rroceeding®f InternationalConferenceon Learning

Representations, 2017.

Sepp Hochreiter and Jirgen Schmidhuber. Long short-term merhayral computation 9(8),
1997.

Andrew Jaegle, Stephen Phillips, Daphne Ippolito, and Kostas Daniilidis. Understanding image
motion with group representations. Rroceeding®f InternationalConferenceon Learning

Representations, 2018.

Justin Johnson, Alexandre Alahi, and Li Fei-Fei. Perceptual losses for real-time style transfer and
super-resolution. IProceedingsf EuropearConferenceon ComputenVision, 2016.

Eric R. Kandel, James H. Schwartz, Thomas M. Jessell, Steven A. Siegelbaum, and A. J. Hudspeth
(eds.).Principlesof NeuralScience. McGraw-Hill Education, 2012.

Diederik P Kingma and Max Welling. Auto-encoding variational Bayes. Pinceedingsf
InternationalConferencen LearningRepresentations, 2014,

Oleg Klimov and John Schulman. Roboschool: Open-source software for robot simulation, 2018.
URL https://blog.openai.com/roboschool

Alex Krizhevsky. Learning multiple layers of features from tiny images. Technical report, 2009.

Alex X. Lee, Richard Zhang, Frederik Ebert, Pieter Abbeel, Chelsea Finn, and Sergey Levine.
Stochastic adversarial video predictiarXiv:1804.01523, 2018.

Sergey Levine, Chelsea Finn, Trevor Darrell, and Pieter Abbeel. End-to-end training of deep
visuomotor policiesThe Journalof MachineLearningResearch, 17(1), 2016.

Timothy P Lillicrap, Jonathan J Hunt, Alexander Pritzel, Nicolas Heess, Tom Erez, Yuval Tassa,
David Silver, and Daan Wierstra. Continuous control with deep reinforcement learning. In
Proceedingsf InternationalConferencen LearningRepresentations, 2016.

Adam H Marblestone, Greg Wayne, and Konrad P Kording. Toward an integration of deep learning
and neurosciencd:rontiersin computationaheuroscience, 10, 2016.

Volodymyr Mnih, Koray Kavukcuoglu, David Silver, Andrei A. Rusu, Joel Veness, Marc G. Belle-
mare, Alex Graves, Martin Riedmiller, Andreas K. Fidjeland, Georg Ostrovski, Stig Petersen,
Charles Beattie, Amir Sadik, loannis Antonoglou, Helen King, Dharshan Kumaran, Daan Wierstra,
Shane Legg, and Demis Hassabis. Human-level control through deep reinforcement learning.
Nature, 518, 02 2015.

Matthias Muller, Alexey Dosovitskiy, Bernard Ghanem, and Vladen Koltun. Driving policy transfer
via modularity and abstractioi€onferenceon RoboticLearning, 2018.

Scott Niekum, Sarah Osentoski, George Konidaris, Sachin Chitta, Bhaskara Marthi, and An-
drew G Barto. Learning grounded nite-state representations from unstructured demonstrations.
InternationalJournalof RoboticsResearch, 34(2), 2015.

Junhyuk Oh, Xiaoxiao Guo, Honglak Lee, Richard Lewis, and Satinder Singh. Action-conditional
video prediction using deep networks in atari games.Ploceeding®f Neural Information
Processingystems, 2015.

Deepak Pathak, Parsa Mahmoudieh, Guanghao Luo, Pulkit Agrawal, Dian Chen, Yide Shentu, Evan
Shelhamer, Jitendra Malik, Alexei A Efros, and Trevor Darrell. Zero-shot visual imitation. In
Proceedingsf InternationalConferencen LearningRepresentations, 2018.

12



Published as a conference paper at ICLR 2019

Danilo Jimenez Rezende, Shakir Mohamed, and Daan Wierstra. Stochastic backpropagation and
approximate inference in deep generative model®rbreedingsf InternationalConferencen
MachineLearning, 2014.

Giacomo Rizzolatti, Luciano Fadiga, Vittorio Gallese, and Leonardo Fogassi. Premotor cortex and
the recognition of motor action€ognitiveBrain Research, 3(2), 1996.

Ranulfo Romo, Adrian Hernandez, and Antonio Zainos. Neuronal correlates of a perceptual decision
in ventral premotor cortexiNeuron, 41(1), 2018/05/18 2004.

Reuven Y. Rubinstein and Dirk P. Kroes@&he Cross-EntropyMethod: A Uni ed Approachto
CombinatorialOptimization,Monte-CarloSimulationand MachinelLearning Springer-Verlag
New York, 2004.

Stefan SchaalDynamic MovementPrimitives- A Frameworkfor Motor Controlin Humansand
HumanoidRobotics. Springer Tokyo, 2006.

Stefan Schaal, Jan Peters, Jun Nakanishi, and Auke ljspeert. Learning movement primitives. In Paolo
Dario and Raja Chatila (edsRoboticsResearch. Springer Berlin Heidelberg, 2005.

John Schulman, Sergey Levine, Pieter Abbeel, Michael Jordan, and Philipp Moritz. Trust region
policy optimization. IninternationalConferencen MachineLearning, pp. 1889-1897, 2015.

Ravid Shwartz-Ziv and Naftali Tishby. Opening the black box of deep neural networks via information.
arXiv:1703.00810, 2017.

Karen Simonyan and Andrew Zisserman. Very deep convolutional networks for large-scale image
recognition. InProceedingsf InternationalConferencen LearningRepresentations, 2015.

Nitish Srivastava, Elman Mansimov, and Ruslan Salakhudinov. Unsupervised learning of video
representations using LSTMs. Rroceedingsf InternationalConferenceon MachinelLearning
2015.

Richard S. Sutton, Doina Precup, and Satinder Singh. Between MDPs and semi-MDPs: A framework
for temporal abstraction in reinforcement learniigti cial Intelligence, 112, 1999.

Valentin Thomas, Jules Pondard, Emmanuel Bengio, Marc Sarfati, Philippe Beaudoin, Marie-Jean
Meurs, Joelle Pineau, Doina Precup, and Yoshua Bengio. Independently controllable features.
arXiv:1708.01289, 2017.

N. Tishby, F. C. Pereira, and W. Bialek. The information bottleneck metAtidrton Conferencen
CommunicationControl,and Computing, 1999.

Sergey Tulyakov, Ming-Yu Liu, Xiaodong Yang, and Jan Kautz. MoCoGAN: Decomposing motion
and content for video generation. Broceedingsf IEEE Conferenceon ComputerVision and
PatternRecognition, 2018.

Shimon Ullman, Daniel Harari, and Nimrod Dorfman. From simple innate biases to complex visual
concepts Proceedingsf the NationalAcademyof Sciences, 109(44), 2012.

Ruben Villegas, Jimei Yang, Seunghoon Hong, Xunyu Lin, and Honglak Lee. Decomposing motion
and content for natural video sequence predictiorRProceedingsf InternationalConferenceon
LearningRepresentations, 2017.

Carl Vondrick, Hamed Pirsiavash, and Antonio Torralba. Anticipating visual representations from
unlabeled video. IProceedingsf IEEE Conferenc®n Computelision andPatterrRecognition
2016.

Greg Wayne, Chia-Chun Hung, David Amos, Mehdi Mirza, Arun Ahuja, Agnieszka Grabska-
Barwinska, Jack W. Rae, Piotr Mirowski, Joel Z. Leibo, Adam Santoro, Mevlana Gemici, Malcolm
Reynolds, Tim Harley, Josh Abramson, Shakir Mohamed, Danilo Jimenez Rezende, David Sax-
ton, Adam Cain, Chloe Hillier, David Silver, Koray Kavukcuoglu, Matthew Botvinick, Demis
Hassabis, and Timothy P. Lillicrap. Unsupervised predictive memory in a goal-directed agent.
arXiv:1803.10760, 2018.

13



Published as a conference paper at ICLR 2019

Theophane Weber, Sébastien Racaniére, David P. Reichert, Lars Buesing, Arthur Guez,
Danilo Jimenez Rezende, Adria Puigdomenech Badia, Oriol Vinyals, Nicolas Heess, Yujia Li,
Razvan Pascanu, Peter Battaglia, David Silver, and Daan Wierstra. Imagination-augmented agents
for deep reinforcement learning. Rroceedingsf NeurallnformationProcessingystems2017.

Shi Xingjian, Zhourong Chen, Hao Wang, Dit-Yan Yeung, Wai-Kin Wong, and Wang-chun Woo.
Convolutional LSTM network: A machine learning approach for precipitation nowcasting. In
Proceedingsf NeurallnformationProcessingystems, 2015.

14



Published as a conference paper at ICLR 2019

A STOCHASTIC VIDEO PREDICTION

We use an architecture similar to SVG-FP of Denton & Fergus (2018). Input image® en-
coded using a convolutional neural netw@kNg( ) to produce a low-dimensional representation
CNNg(x¢); output image encodings can be decoded with a neural network with transposed convolu-
tionsCNNg4( ). We use a Long Short-Term Memory netwd&TM( ; ) for the generative network

(Xt 1;2t) = CNNg(LSTM(CNNe(Xt 1);z)), and a multilayer perceptrdiLPiqzr for the ap-
proximate inference netwoik (X¢; Xt 1);  (X¢; Xt 1)] = MLPinser(CNNg(X:); CNNg (Xt 1))-

During training, our model rst observes past input frames. From these observations, the model
generateX 1corresponding laten®.x and predict®  limagesRox =  (X1k 1;Z2:K)-

The model generatés K further future images®k +1: 1 =  (R11 1;Z1.7). Attesttime, latents

z; are sampled from the pridd (0; 1), and the model behaves identically otherwise. We show
samples from the stochastic video prediction model in Fig. 11.

Unlike in Denton & Fergus (2018), the generating netwprldoes not observe ground truth frames

Xk +1: T 1 inthe future during training but autoregressively takes its own predicted frAmest 1

as inputs. This allows the netwotlSTM to generalize to observing the generated frame encodings
LSTM(CNNe(X; 1);z) at test time when no ground truth future frames are available. We use

a recurrence relation of the forhfSTM(LSTM(X; 2;2z: 1);z:). To overcome the generalization
problem, Denton & Fergus (2018) instead re-encode the produced frames with a recurrence relation
of the formLSTM(CNNg(CNNg(LSTM(Xt 2;z: 1)));z). Our approach omits the re-encoding,
which saves a considerable amount of computation.

B EXPERIMENTAL PARAMETERS

For all experiments, we condition our model on ve images and roll out ten future images. We
use images with a resolution 684 64 pixels. The dimension of the image representation is
dim(g(x)) = 128, and the dimensions of the learned representatiodian€éz) = dim( ) = 10. For

the reacher dataset, we use the same architecture as Denton & Fergus (2018 fprathéLSTM
networks. For experiments with the standard blue background (i.e. all except the varied background
experiment) we do not use temporal skip-connections. For the BAIR dataset, we do fiaj use
and use the same model as Lee et al. (2018).8FM. The MLPj.zr has two hidden layers with

256 and 128 units, respectively. TNELPcomp MLPja:, andMLP 4 networks each have two hidden
layers with 32 units. FOMLP;; andMLP 4, we tried wider and deeper architectures, but this did
not seem to improve performance of either our method or the baseline without composability. This
is probably because the latent space in our experiments had either a simple representation that did
not need a more powerful network to interpret it, or was entangled with static content, in which case
even a more powerful network could not learn the bijection. The number of latent samsed to
produce a trajectory representatiois C = 4. For all datasets,, =10 ?; =10 & We use the

leaky ReLU activation function in thg; f, and MLP networks. We optimize the objective function
using the Adam optimizer with parameters= 0:9; , = 0:999and a learning rate & 10 4.

All experiments were conducted on a single high-end NVIDIA GPU. We trained the models for 4
hours on the reacher dataset, for one day on the BAIR dataset.

We found the following rule for choosing both bottleneck parametgand  to be both intuitive and
effective in practice: they should be set to the highest value at which samples from the approximate
inferenceq produce high-quality images. If the value is too high, the latent samples will not contain
enough information to specify the next image. If the value is too low, the divergence between the
approximate inference and the prior will be too large and therefore the samples from the prior will be
of inferior quality. We note that the problem of determinings not unique to this work and occurs

in all stochastic video prediction methods, as well as VIB ardAE.

C VISUAL SERVOING

We use Algorithm 1 for visual servoing. At each time step, we initially sarivpltent sequences

Zo from the priorN (0; 1) and use the video prediction model to retridtecorresponding image
sequences, each withK frames. We de ne the cost of an image trajectory as the cosine distance
between the VGG16 (Simonyan & Zisserman (2015)) feature representations of the target image and
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Table 3: Average absolute angle error (meastandard deviation) for action-conditioned video
prediction. Note that we could not detect angles on some sequences for the action-conditioned
baseline of Oh et al. (2015) trained on only 100 sequences due to bad prediction quality.

Reacher
Method Angle Error [deg]
Training Sequences 100 1000 10000
Start Position ——— 906 520
Random — 277 222
Denton & Fergus (2018) 27.6 228 238 186 236 183
CLASP (Ours) 2.9 20 2:9 20 30 20
Oh et al. (2015) - 56 45 2:7 1.9

Table 4: Visual servoing performance and data ef ciency.

Reacher
Method Distance [deq]
Training Sequences 100 1000 10000
Start Position —FF97.8 237
Random —— 270 268
Denton & Fergus (2018) 209 130 155 131 141 107
CLASP (Ours) 20 22 22 1.8 1.6 1.0
Agrawal et al. (2016) 327 217 36 31 20 15
Oh et al. (2015) 21:8 129 26 26 18 15

CLASP (varied background) 1.5 1:3 38 35 30 22
CLASP (varied agents) 20 1.0 23 34 28 29

the nal image of each trajectory. This is a perceptual distance, as in Johnson et al. (2016). In the
update step of the Cross Entropy Method (CEM) algorithm, we rank the trajectories based on their
cost and t a diagonal Gaussian distribution to the laterftthat generated the ° best sequences.

We t one Gaussian for each prediction time ste@ K . After sampling a new set of laterzg .,

from the tted Gaussian distributions we repeat the procedure for a totdlitdrations.

Finally, we pick the latent sequence corresponding to the best rollout of the last iteration and map its
rst latent sample to the output control action using the learned mapping: MLPac(zy. o). This

action is then executed in the environment. The action at the next time step is chosen using the same
procedure with the next observation as input. The algorithm terminates when the speci ed number of
servoing step3 has been executed.

Algorithm 1 Planning in the learned action space
Require: Video prediction modeRit+x = (X1t 1;Z2:t+K )
Require: Start and goal images andi goal
1. fort=1:::T do
Initialize latents from priorzo N (0;1)
3 forn=0:::N do
4: Rollout prediction model foK steps, obtaitM future sequences = Ri:t+k
5: Compute cosine distance between nal and goal imafe} = coq%¢+k ; igoao
6:
7
8

ChooseM %best sequences, re t Gaussian distributionyy ; n+1 = t(zy)
Sample new latents from updated distributiap:s N ( n+1) n+1)
: end for
9: Map rst latent of best sequence to actian: = MLPac(Zy. o)
10: Executeu and observe next image
11: end for
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Table 5: Hyperparameters for the visual servoing experiments. We sample an angle uniformly from
the angle difference range to create each subsequent image in a sequence.

Servoing Parameters

Servoing timestepsl() 5

Servoing horizonK) 5
# servoing sequenceli() 10
# re t sequencesN! 9 3
# re titerations (N) 4

Angle difference range 0[,40]

The parameters used for our visual servoing experiments are listed in Tab. 5.
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Figure 7: Error histogram of the angle detection algorithm on the reacher training set. The output of
this algorithm is used as a form of surrogate ground truth to evaluate model performance.

D ANGLE DETECTIONALGORITHM

We employ a simple, hand-engineered algorithm to quickly retrieve the absolute angle values from the
images of the reacher environment. First we convert the input to a grayscale image and run a simple
edge detector to obtain a binary image of the reacher arm. We smooth out noise by morphological
opening. We compute the Euclidean distance to the image center for all remaining non-zero pixels
and locate the reacher tip at the pixel closest to the known reacher arm length. This gives us the
absolute reacher arm angle.

To evaluate the accuracy of our angle detection algorithm, we estimated the angle for all images of
the simulated training dataset and compare it to ground truth. A histogram of the angle errors of
our algorithm is displayed in Fig. 7. All errors are below 10 degrees and the majority are smaller
than 5 degrees. This suggests the output of this model is of a suitable quality to serve as surrogate
ground truth. A second approach that used a neural network to regress the angle directly from the
pixels achieved similar performance. We attribute the errors to the discretization effects at low image
resolutions — it is impossible to achieve accuracy below a certain level due to the discretization.

E EXPERIMENTS WITH VARYING ENVIRONMENTS

E.1 ROBUSTNESS TOCHANGING STATIC BACKGROUND

We test the robustness of our method to different static backgrounds by replacing the uniform blue
background with images from the CIFAR-10 training set (Krizhevsky (2009)). For each sequence we
sample a single background image that is constant over the course of the entire sequence. At test time
we use background images that the model has not seen at training time, i.e. sampled from a held-out
subset of the CIFAR-10 training set. As in previous experiments, we rst train our model on pure
visual observations without action-annotations. We then train the networkg,Mine MLP,;on a

small set of action-annotated sequences to convergence. For the visual servoing we follow the same
algorithm as in the previous experiments (see Appendix C).

Qualitative servoing results of our method on the dataset with varied backgrounds are shown in Fig. 9
and quantitative results in Figure 6 (right). The model accurately predicts the background image into
the future and successfully discovers and controls the action space of the agent. The fact that the same
bijective mapping between latents and actions works for all backgrounds suggests that the network is
able to disentangle the static content of the scene and the dynamics attributed to the moving reacher
arm. In addition, we show trajectory transplantation between different backgrounds in Fig. 8 (top),
which further validates the claim that the learned latent represents the action consistently, independent
of the background.
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Figure 8: Trajectory transplantation with differing visual characteristics. The trajectory from the
top sequence is transplanted to a different environment and initial state in each of the two bottom
sequences. Our model achieves almost perfect accuracy, which validates that it has indeed learned
a representation of actions disentangled from the static content, such as the background, agent's
appearance, and the initial state. The previous frame is superimposed onto each frame to illustrate the
movement.Top: dataset with varying background3ottom: dataset with varying robots. Additional
generated videos are available lattps://daniilidis-group.github.io/learned_

action_spaces/

E.2 LEARNING FROMAGENTS WITHDIFFERENTVISUAL APPEARANCE

We test the ability of our method to learn from agents that differ in their visual appearance from the
agent used at test time, but that share a common action space. We construct a dataset in which we
vary parameters that determine the visual characteristics of the reacher arm, speci cally its thickness
and length (see Fig. 10, left). In total our training dataset comprige#ifferent con gurations
spanning a wide variety of visual appearances.

We show a qualitative example of a servoing trajectory in Fig. 10 (right). We additionally evaluate
the ef cacy of training on the novel dataset by following the procedure employed in Section 4.4: we
train the mapping between latent representaziand actions to convergence on action-annotated
subsets of the training data of varying sizes. The servoing errors in Figure 6 (right) show that we
achieve comparable performance independent of whether we train on the target agent we test on or
on a set of agents with different and varied visual appearances. Our model is able to learn a latent
representation that captures the action space shared between all the agents seen at training time. We
can then learn the mapping between this abstract action space and the actions of the agent with the
novel visual appearance from a small number of action-annotated sequences. In addition, we show
trajectory transplantation between different agents in Fig. 8 (bottom) that further validates our claim
that the learned latent represents the action consistently, independent of the agent.
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Figure 9: Servoing examples with randomly sampled static CIFAR-10 backgrounds. The gure
layout follows the layout of Fig. 6 (left).

Figure 10: Learning from agents with varied visual appearabett: Sample agent con gurations

from the training set. We cover a variety of visual appearances (i.e. arm lengths and widths) but
not the con guration used for testingRight: Test time servoing example after pre-training on
observations of agents with varied visual appearances. The gure layout follows the layout of Fig. 6

(left).
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Generated 1
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True
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Figure 11: Typical sequences sampled from the stochastic video prediction model. In the past, the
samples z are generated from the approximate inference distribution and match the ground truth
exactly. In the future, z is sampled from the prior, and correspond to various possible futures. These
three sequences are different plausible continuations of the same past sequence. This shows that
the model is capable of capturing the stochasticity of the data. Only five of ten predicted frames are
shown for clarity. Additional generated videos are available at: https://daniilidis—-group.
github.io/learned_action_spaces/.
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Figure 12: Typical action-conditioned prediction sequences on the reacher dataset. Each example
shows top: the ground truth sequence, middle: our predictions, bottom: predictions of the baseline
model (Denton & Fergus|(2018))). To illustrate the motion, we overlay the previous position of the
arm in each image (transparent arm). Our method produces sequences that are perfectly aligned with
the ground truth. The baseline never matches the ground truth motion and is only slightly better than
executing random actions. Best viewed on a computer, additional generated videos are available at:
https://daniilidis—group.github.io/learned_action_spaces/\
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Figure 13: Failure cases of the baseline model on trajectory transplantation. Each example shows
top: the ground truth sequence, middle: our predictions, bottom: predictions of the baseline model
(Denton & Fergus|(2018)). The position of the end effector at the current (blue) and previous (red)
timestep is annotated in each frame. The baseline often produces images with two different robot arms
and other artifacts. Only six of ten predicted frames are shown for clarity. Best viewed on a computer,
additional generated videos are available at: https://daniilidis—group.github.io/
learned_action_spaces/.
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Figure 14: Baseline failure cases on action-conditioned video prediction. Each example shows top:
ground truth sequence, middle: our predictions, bottom: Denton & Fergus| (2018)) baseline. The
previous and the current position of the end effector are annotated in each frame. The baseline
often produces images with two different robot arms and other artifacts. Only six of ten predicted
frames are shown for clarity. Best viewed on a computer, additional generated videos are available at:
https://daniilidis—-group.github.io/learned_action_spaces/.
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