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Abstract

Robotic planning in realistic environments requires searching in large planning
spaces. A powerful concept for guiding the search is affordance, which models
what actions can be successful in a given situation. However, the classical notion
of affordance is unsuitable for planning because it only informs the robot about
the immediate outcome of actions instead of what actions are best for achieving a
long-term goal. In this paper, we introduce a new affordance representation and
a learning-to-plan framework that enable the robot to reason about the long-term
effects of actions through modeling what actions are possible in the future. We
show that our method, Deep Affordance Foresight, can effectively learn multi-step
tool-use tasks and quickly adapt to a new longer horizon task. More materials and
appendix available at https://sites.google.com/stanford.edu/daf

1 Introduction

Planning for multi-step tasks in real-world domains (e.g., making coffee in a messy kitchen) is a
long-standing open problem in robotics. A key challenge is that the tasks require searching for
solutions in high-dimensional planning spaces over extended time horizons. An approach to the
challenge is to reduce the search problem into a skill planning problem: finding a sequence of motor
skills applied to objects that will bring the environment to the desired state [1–6]. However, this
reduction leads to a combinatorial space of possible skill parameters and object states, which can
still be prohibitively expensive to plan with. On the other hand, only a small subset of skills can be
carried out successfully at a given state in a typical manipulation domain. Thus to be effective, it is
crucial for a planner to focus only on skills that are executable in a given environment state.

The ability to reason about what actions are possible in a given situation is commonly studied through
affordances. Classically, an affordance is the potential for actions that an object “affords” to an
agent [7]. For example, a mug is “graspable” and a door is “openable”. These affordances can be
refined to consider the exact parameterization of the action that may lead to success. For example,
prior works in robotics have used affordance to represent possible grasping poses based on images of
objects [8–11]. However, we argue that this classical notion of affordance is myopic and unsuitable
for skill planning. This is because an affordance only implies the potential of carrying out an action,
ignoring the action’s effect on the subsequent plan towards a long-term goal. Consider the scene in
Fig. 1: a myopic “graspable” affordance of the tool only implies that an agent can grasp and hold the
tool, but different tasks may require different grasping poses. For example, using the tool to hook the
red cube requires a different pose than for pushing the blue cube out of the tube.

In this work, we propose to use a learned environment dynamics model to extend the concept of
affordances to represent the future actions that would become feasible if a certain action is executed
at the current state, thereby informing the agent the best actions to take to achieve a long-term goal.
For example, given a task goal of grasping the red cube, we aim to model whether a grasping pose
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Figure 1: We evaluate our method in a tool-use domain (left). The two tasks shown on the right
require the robot to use the tool differently depending on the task goal (red vs. blue on target). A
virtual wall prevents the gripper from directly grasping the red cube.

would enable the robot to use the tool to hook the cube. This would subsequently depend on whether
an enabled hook action would make a grasp(red-cube) action feasible.

To develop the method, we adopt a relaxed notion of affordances. Classically, an afforded action
is both feasible (e.g., robot kinematics allows reaching the target grasping pose) and can achieve
a desired effect (e.g., the tool being grasped stably). As discussed above, different task goals may
require different action effects (e.g., different in-hand poses). Instead, we relax the definition of
affordance to only model the feasibility of an action, and represent the effect of an action as the
expected affordances at future states. In other words, we wish to model (1) what actions are feasible
at a given state and (2) what actions would become feasible if an action is executed. This recursive
structure allows composing chains of affordances to reason about long-horizon plans.

Concretely, we introduce Deep Affordance Foresight (DAF), a learning-to-plan method that incre-
mentally builds environment models around the affordances of parameterized motor skills [12], and
learns to plan for multi-step tasks through trial-and-error. DAF learns a latent dynamics model to
predict future latent states conditioned on sampled skill plans and an affordance prediction model
to evaluate skill affordances both at the current and future latent states. DAF can use both models
together to select multi-step plans that are most likely to achieve a task goal. Moreover, DAF can
be trained end-to-end from pixel observations, allowing DAF to model complex dynamics such as
pouring liquid, for which manually defining an affordance is hard.

We present evaluation results on the Tool-Use domain as shown in Fig. 1, where a free gripper robot
must use the hook-like tool to fetch the red and blue cubes and put them on the green target, evaluating
the capabilities of our robot to differentiate between the same affordance (graspable) based on future
task needs. In Appendix, we present result on Kitchen domain. It requires the robot to plan through
complex dynamics such as pouring liquid to complete multi-stage tasks of serving tea or coffee,
highlighting the ability of DAF of combining and reusing learned affordances for other tasks.

2 Method

This section describes the affordance-based planning problem and introduces the learning-to-plan
method Deep Affordance Foresight. We include detailed discussions on related methods in Appendix.

Problem setup. We consider partially observable domains with observation space O, state space S,
parameterized skills Π (described later), and transition dynamics T : S ×Π→ Dist(S). We assume
a finite set of goals G. Each g ∈ G is a binary condition function g : S → {0, 1} indicating if a state
is in a goal state set Sg . The objective is to reach the goal by the end of an episode.

Following prior work [13], we define a parameterized skill [12] by a policy π(s, θ) modulated by a
set of parameters θ ∈ RD. For example, a grasping skill (π) can be parameterized by 3D grasping
positions (θ), and the policy can execute a planned grasping motion. An important feature of motion
planning-based skills that we leverage in this work is that we can check if a skill is feasible to execute
before executing it. The feasibility can be determined through robot kinematic constraints or if a
skill motion plan would result in unintended collision between the robot and the environment. For
example, in the setup shown in Fig.1, grasping the red cube directly is infeasible due to the kinematic
constraint defined by the virtual wall, and grasping the blue cube would collide the gripper with the
pipe, which is also infeasible. Skill feasibility checkers are commonly used to prune skill samples in
solving a larger task-and-motion-planning (TAMP) problem [1–6]. TAMP methods typically require
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knowledge of ground truth states and an environment dynamics model. Instead, we leverage skill
feasibilities to develop a method that can learn to plan in an environment with unknown dynamics.

2.1 Planning with Affordances

Here we formally define our affordance representation and introduce a planning problem setup.

Definition 1 (Affordance A): Given a skill (π, θ), we define an affordance as Aπ,θ = {s ∈
S|(π, θ) is feasible at s}. We use Aπ,θ(s) = 1[(s, π, θ) ∈ Aπ,θ] to denote if state s affords (π, θ).

To formalize a planning problem using A, we first show how to compute the probability of plan
completion from some initial state distribution. A length-N plan p belongs to the set PN =
{(πi, θi)}Ni=1|(πi, θi) ∈ Π, N ∈ Z+}. A particular plan p ∈ PN is then a sequence of parametrized
skills {(π1, θ1), . . . , (πN , θN )}. Without loss of generality, we assume fixed plan length and omit
the subscript N . Given a plan p, we denote the induced state distribution at each step i as Zi(·; p).
Given an initial state distribution Z0(·; p), Zi>0(·; p) can be expressed recursively as:

Zi(s
′; p) ∝

∑
s∈S
T (s′|s, πi, θi)Zi−1(s; p)Aπi,θi(s) (1)

where (πi, θi) is the skill at step i of plan p. We can compute the probability of completing the plan p
(being able to execute each skill in the plan) starting from Z0 as:

Cplan(p = {(π1, θ1), . . . , (πN , θN )}) =
∑
s∈S

ZN−1(s; p)AπN ,θN (s) (2)

Next we show how to construct plans towards a goal g ∈ G. The key idea is to reinterpret g using
affordance. Recall that g is a binary function on whether a state belongs to its goal state set Sg. We
say that a plan p = {(πi, θi)}Ni=1 is directed towards goal g if the last skill in the plan can be executed
in a goal state, i.e., AN ⊆ Sg .

Definition 2 (Goal-directed plans Pg): Given a goal g ∈ G and its goal state set Sg, we define the
goal-directed plans of g as Pg ⊆ P such that ∀{(πi, θi)}Ni=1 ∈ Pg,AπN ,θN ⊆ Sg .

Finally, the problem of searching for a best skill plan towards goal g ∈ G is:

arg maxp∈Pg
Cplan(p) (3)

While it is possible to find exact optimal solutions by computing Eq. (3) from state space S and
transition function T , we aim at realistic domains in which we have access to neither. In the following,
we present a method that learns to plan in an unknown environment by modeling affordances.

2.2 Deep Affordance Foresight (DAF)

We base our learning-to-plan method on a model-based reinforcement learning (MBRL) formulation.
To behave in an environment with unknown dynamics, an MBRL agent needs to learn both a dynamics
model and a cost function to predict plan-induced future states and evaluate plan costs. Our method
can be viewed as building a partial model [14] of the environment based on affordances. Prior
works on building partial models have shown remarkable results on learning dynamics [15–18]. For
example, PlaNet [18] combines the dynamics and cost modeling by predicting multi-step future
rewards through a learned dynamics model. However, these works rely on modeling task-specific
quantities such as rewards. In contrast, our affordance modeling is task-agnostic: a grasping skill is
afforded regardless of the final task goal. This allows our method to share learned affordance models
among plans with different goals, which can improve sample efficiency and task performance.

Concretely, we jointly train a latent dynamics model and an affordance prediction model to predict
skill affordances at future states. We use model-predictive control (MPC) to plan in the learned
latent space and evaluate the proposed plans by computing plan completion probabilities (Eq.3) from
predicted affordances. Our method iteratively collects data from environment using planning and
trains the two models on the gathered data. Below we provide details of the components.

Latent dynamics model. We consider experience sequences {(ot, πt, θt, at)}Tt=1, environment
observation ot, a skill (πi, θi) that the robot attempted to execute at time t, and the resulting binary
affordance value at. Following PlaNet [18], we project observation ot to a latent encoding zt
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DAF (no RNN)DAF GC-PlaNet plan skeleton

tool-use (blue cube)tool-use (red cube) tool-use + stack Figure 2: Results on the jointly
learning the two tool-use tasks
shown in Fig. 1 and a combined tool-
use + stack task, where the robot
has to use the tool to get both cubes
and stack them on the green tar-
get. We compare our method (DAF)
and a goal-conditional variant of
PlaNet [18] (GC-PlaNet).

using an observation encoder zt = fenc(ot). The encoder can be a multi-layer perception for low-
dimensional observations and deep CNN for image observations. We make a simplified assumption
that the latent dynamics is deterministic [19] and construct a deterministic transition model ẑt+1 =
ftrans(zt, πt, θt). We also explore a recurrent transition model ht+1 = ftrans(ht, zt, πt, θt) with
decoder ẑt+1 = fdec(ht+1) that shows better empirical performance on long-horizon tasks.

Learning dynamics by predicting affordances. Given latent experiences {(zt, πt, θt, at)}Tt=1, we
train a binary classifier ât = fA(zt, πt, θt) to predict whether a latent state zt affords the skill (πt, θt).
We train the affordance model jointly with the latent dynamics model. The simplest way is to learn
from one-step transitions: predicting ât and ât+1 from (zt, πt, θt) and (ftrans(zt, πt, θt), πt+1, θt+1),
respectively. However, as shown in [17, 18], the latent dynamics model learned from one-step transi-
tions is often not accurate enough for long-horizon planning. Hence we adopt the overshooting [17]
technique and optimize ftrans and fA over multi-step affordance predictions.

Planning with MPC We use a standard model-predictive control (MPC) strategy to plan with
the learned latent dynamics and affordance models. Given a goal g, the MPC planner optimizes
argminπ,θ C({(zi, πi, θi)}Hi=1), with plan cost function C, goal-directed plans (π1:H , θ1:H) ∈ Pg,
and the induced latent sequences z1:H over a planning horizon H . We use the negative of the plan
completion probability defined in Eq. 3 as the plan cost. Because we assume deterministic transition,
we can conveniently compute the cost as C({(zi, πi, θi)}Hi=1) = −

∏H
i=1 fA(zi, πi, θi).

3 Experiments

We use the Tool-Use environment (Fig. 1) to analyze the key traits of our method, and present
additional results on task knowledge transfer and image-input evaluation in Appendix.

Task setup We evaluate on two sets of tasks. The first is tool-use with two task goals: use the tool to
fetch and place either the blue or the red cube on the green target. A virtual wall prevents the gripper
from directly grasping the red cube - the robot must use the tool to pull it across the wall. The blue
cube is in a pipe - the robot needs to use the tool to push it out of the pipe first. The two task goals
are sampled randomly each episode. tool-use + stack is a longer task of stacking the two cubes on
top of the target, which requires the robot to use the tool differently to fetch both cubes.

Architectures and baselines To isolate the effects of our method and design choices, we focus on
object pose input space in this domain. We evaluate our method with recurrent dynamics (DAF) and
MLP-based dynamics (DAF (no RNN)). We compare with a goal-conditional variant of PlaNet [18]
(GC-PlaNet) by conditioning the learned reward model on a task ID. To facilitate fair comparisons,
we remove the auxiliary observation model and the stochastic component in the recurrent dynamics of
PlaNet, and match all other architecture choices to DAF. We also include a hard-coded baseline (plan
skeleton) that executes ground truth plan skeletons (discrete skills) with random skill parameters.

Results Left two plots in Fig. 2 show the results of jointly learning the two tool-use tasks. We see
that DAF converges to high success rate within 1000 episodes for both tasks. GC-PlaNet performs
competitively on the red-cube task but peaks at 0.4 success rate for the blue cube task, which requires
more careful grasping pose choice for poking the blue cube out of the pipe. The rightmost plot in
Fig. 2 shows the results on a longer task that requires the robot to fetch the two cubes and stack them
on the green target. On the left figure, we observe that DAF reaches peak performance of 0.7 success
rate at episode 1500, whereas GC-PlaNet converges at 0.1 success rate. Notably, DAF without RNN
dynamics falls flat on this task, echoing the findings in [17, 18] that recurrent dynamics is crucial for
modeling long tasks.
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1 Additional Related Work

1.1 Affordance

Affordances have a rich history in fields such as robotics, psychology, computer vision, and reinforce-
ment learning (RL). In robotics, many have used affordance as a representation prior, e.g., predicting
grasping poses [1–4], traversable regions [5], and exploration [6]. As discussed in the introduction,
such a notion of affordance cannot be easily adapted for planning due to its myopic nature.

Other works have explored learning affordance with respect to a task goal. For example, task-aware
grasping [7–10] predicts grasping poses in anticipation of a task goal (e.g., tool-use [8]). However,
each learned affordance representation is tied to a specific task goal (e.g., a specific way of using the
tool). In contrast, our affordance representation can be flexibly composed to reason about diverse
long-horizon plans with different task goals.

Theoretical works in RL have formalized affordance for sequential decision making [11–14]. Closest
to us is Khetarpal et al. [14] that introduces the notion of “intent”. Intent specifies the desired future
state distribution of an afforded action. By modeling the satisfiability of intents, they build partial
models of environments that allow efficient planning. A key limitation of this work is that the intents
are complex functions that are hand-defined, e.g., a “Move Left” intent checks the agent’s x-position
change in a grid world. Such detailed conditions are tedious and difficult to specify robotics domains.
For example, in our Tool-Use domain, one would need to define different intents for grasping the tools
at different locations. This also requires specifying the precise relative poses between the gripper and
the object. In contrast, our affordance represents action feasibilities, which can be checked via robot
kinematics or a crude collision detector and shared across all tasks in the same domain.

1.2 Task and Motion Planning

Our definition of affordance is closely related to “preconditions” or “preimages” in Task and Motion
Planning (TAMP) [15–20]. Most TAMP methods require fully-specified planning space and dynamics
models. Recent works proposed to build dynamics models by characterizing the preconditions and
effects of skills [21–24]. For example, Kaelbling et al. [21] proposes to learn the preimage of a skill
given desired effects through trial-and-error. However, they still require predefined planning spaces
such as object poses. Our method plans in a learned latent space with image input. This enables our
method to model complex dynamics such as pouring liquid, for which manually designing a planning
space would be challenging.

Our planning formulation is heavily inspired by works from Konidaris and colleagues [25–28],
which aim to build compact symbolic environment models by capturing skill pre-condition and
effect distributions through interaction. The resulting symbolic models are provably both necessary
and sufficient to verify whether a skill plan is sufficing [27], meaning that the plan is executable
(analogous to plan completion probability defined in the main text and leads to a goal (analogous to
our goal-directed plans). However, these symbolic representations, once built, are confined to a fixed
domain. A recent work [29] attends to this limitation by building symbols on an agent-egocentric
space that facilitates cross-domain generalization. Our work offers a different perspective and propose
a latent planning formulation that exploits the generalization ability of deep neural networks. Our
idea of composing affordance for planning is also related to option chaining [30, 31], although we do
not explicitly construct skill trees.

Our method is related to works that learn to predict TAMP plan feasibilities from observations [32–
34]. For example, Deep Visual Reasoning [34] learns to generate feasible plan skeletons for Logical
Geometric Programming (LGP) solvers. A drawback of these approaches is that they rely on
TAMP/LGP planners that can already solve the task to generate planning supervisions for training. In
contrast, our method learns through trial-and-error.

1.3 Learning to Plan

Our method is related to learning dynamics models for model-based RL [35–38]. Most recent
works have focused on building complete environment models directly from the raw observation
space. However, learning to make accurate predictions with high-dimensional observations is still
challenging [35, 37, 39], especially for visually complex long-horizon tasks. Instead, our method
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