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Abstract

Children learn to perform skillful tasks through a combination of watching others, imitating
them, being gently corrected, and refining their behavior through practice and environmental
feedback. Much of this process depends on natural interaction with other people: a glance that
indicates what to attend to, a hand motion that conveys intent, a short verbal correction, or a
preference expressed between two options. Over time, this guidance is internalized, and learning
increasingly comes from the environment itself as the learner acts, observes consequences, and
adjusts. A core premise of this dissertation is that robot learning should follow a similar trajectory,
drawing on cheap and natural forms of human guidance early on while relying on autonomous
experience to refine behavior after deployment.

Modern robot learning has made significant strides by scaling imitation learning on large,
curated demonstration datasets collected through teleoperation. These efforts have produced
increasingly capable pretrained policies, analogous to foundation models in language and vision.
However, teleoperated demonstrations are expensive, slow to collect, and difficult to scale to the
long tail of tasks, environments, and user preferences encountered in real deployments. At the
same time, a fixed policy trained on such data remains brittle: when deployed in homes and
workplaces, robots inevitably encounter distribution shifts that no amount of pretraining can
fully anticipate. Closing this gap requires rethinking where supervision comes from and how
robots continue to learn once they leave the training distribution.

The first part of this dissertation develops methods for scalable supervision from natural hu-

man signals. Rather than depending on teleoperated demonstrations, I study how robots can
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learn from lighter-weight cues that people produce during ordinary interaction. ViSaRL uses
human attention, expressed as gaze or sparse saliency, as an inductive bias for visual reinforce-
ment learning. HAND enables users to specify tasks through short RGB videos of their own hand
motions, which are then used to retrieve matching behaviors from a large offline robot dataset.
CLAM leverages action-free Internet video by learning latent actions in a self-supervised manner,
grounding them with a small amount of labeled data so that policies can benefit from large-scale
human video. PLANTAIN introduces a plan-based inference framework that surfaces intermedi-
ate plans before execution, allowing users to inspect and revise the model’s intent and making
language-conditioned behavior more controllable.

The second part of this dissertation studies autonomous improvement under distribution shift,
where the learner itself must close the loop with its environment. DynaMITE-RL formulates
adaptation as a meta-reinforcement learning problem over task dynamics, allowing a robot to
infer and respond to changing conditions from its own experience across episodes. Robome-
ter builds a video-language reward model that provides dense task progress and success signals,
trained from both per-frame supervision and trajectory-level comparisons. Together, these meth-
ods give robots a way to learn from suboptimal trajectories, near-misses, and partial progress,
rather than treating deployment as a fixed inference-time procedure.

Across both parts, these contributions argue for two complementary principles: supervision
at training time should be cheap, natural, and aligned with how people already communicate, and
adaptation at deployment time should be structured, enabling robots to continue learning from
their own interaction with the world. The path toward reliable robots in open-world settings lies
not in more expensive demonstrations alone, but in combining lightweight human guidance with
autonomous improvement so that systems remain both steerable by non-experts and capable of

becoming more competent over time.
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Chapter 1

Introduction

This dissertation studies a central question:

How can we design robot learning systems that are both easy for people to guide and

able to continually improve after deployment?

Modern robot learning is increasingly organized around the same paradigm that powers
progress in language and vision: pretrain on large and diverse datasets, then adapt the resulting
model to specific settings [32, 34, 39, 152]. One can imagine robots trained in data-rich settings
like factories, research labs, or large-scale collection pipelines, where experience can be gathered
systematically through teleoperation or scripted policies [40, 59, 227]. Such pretraining can equip
robots with a broad set of perceptual and motor skills, enabling them to perform a range of tasks
out of the box.

However, pretraining alone does not solve the problem of real-world deployment.

The challenge emerges when robots enter human environments such as homes and work-
places. These settings are inherently open-ended: tasks vary across users, preferences are often
underspecified, and small variations in the environment can lead to unexpected behavior [10,
237]. As a result, a robot may capture the general structure of a task but still struggle to perform

it reliably in new settings.



A common approach to adapting robots in these settings is to collect expert demonstrations.
When the robot fails, additional demonstrations are collected to correct its behavior. While effec-
tive, this paradigm does not scale cleanly. Teleoperation is expensive, slow, and requires special-
ized hardware and training, making it difficult for end users to provide [91, 335]. Each new task
variation or environment can require additional supervision, and even with more demonstra-
tions, policies trained purely by imitation remain brittle, since distribution shift between training
and execution causes small errors to compound into large failures [7, 275].

For robots to be useful in everyday settings, they must go beyond imitation. Pretraining and
demonstrations provide a strong initialization, but they are not sufficient to achieve the level of
reliability required for real-world use. Systems must be able to learn from interaction, recover
from failures, and improve over time. Reinforcement learning and continual adaptation provide a
way to use interaction as a training signal, allowing systems to improve from failures and become
more reliable over time [103, 254].

At the same time, these systems must remain steerable by non-expert users. In real deploy-
ments, people cannot be expected to teleoperate robots or provide large quantities of high-quality
demonstrations. Instead, robots should be teachable through lighter-weight and more natural
forms of guidance: attention, motion cues, language, corrections, and preferences [16, 30].

This dissertation explores both sides of this problem. On one hand, it investigates how to
leverage scalable forms of human supervision that are cheaper and more natural than expert
demonstrations. On the other hand, it studies how robots can continue improving under distri-
bution shift, using richer feedback and interaction to increase reliability over time.

These ideas are developed through two complementary directions:

1. Scalable supervision from human signals, which reduces dependence on expert demon-
strations by leveraging natural human feedback and large-scale video.
2. Autonomous improvement under distribution shift, which enables robots to adapt af-

ter deployment through reward modeling, reinforcement learning, and temporal structure.

Chapter 2 introduces the formal foundations used throughout the thesis, including Markov



decision processes, imitation learning, behavior cloning, and reinforcement learning.

1.1 Scalable Supervision from Human Signals

The first part of this dissertation focuses on reducing the burden of supervision required to teach
robots new behaviors. If pre-trained robots are to be useful in real-world settings, they must be

steerable through interfaces that are natural for non-expert users.

Human attention as guidance. In Chapter 3 (ViSaRL), I study how attention signals such as
gaze or sparse click-based saliency can guide learning. These signals are significantly easier to
collect than full demonstrations, yet still convey what matters in a scene. ViSaRL shows that
attention can serve as an inductive bias for representation learning, improving robustness and

data efficiency in visual reinforcement learning. This work was published at IROS 2024 [185].

Human motion as a natural interface. In Chapter 4 (HAND), I study how robots can learn
from human hand demonstrations without requiring teleoperation or action labels. Instead, we
extract 2D hand path traces from RGB video and use them as a query to retrieve corresponding
robot behaviors from a large offline dataset. This allows users to specify tasks through simple
hand motions, which are significantly easier to provide than teleoperated demonstrations. This

work will appear at ICRA 2026 [117].

Internet video as scalable supervision. Robot interaction data is fundamentally limited by
the cost of collection. In contrast, Internet video provides a vast source of demonstrations of ev-
eryday activities. In Chapter 5 (CLAM), I leverage this observation by learning from observation-
only video, where latent actions are learned in a self-supervised manner and grounded with a
small amount of labeled data. This enables robots to benefit from large-scale human video with-

out requiring direct action annotation. This work is available as a preprint [186].

Planning for controllable interaction. Natural language task specifications are often am-
biguous, especially for large language models that must reason over multiple possible interpreta-
tions. When applied to robotics, this ambiguity can translate into incorrect or unintended actions.

In Chapter 6 (PLANTAIN), I introduce a plan-based inference framework that surfaces interme-



diate plans before execution. This allows users to inspect or revise the model’s intent prior to
commitment, enabling more controllable behavior. This work was accepted as a Spotlight at
ICML 2026 [187].

Together, these works emphasize that scalable robot learning should leverage the broader

space of human signals rather than relying exclusively on expert demonstrations.

1.2 Autonomous Improvement under Distribution Shift

Even with scalable supervision, deployment introduces new challenges. Robots must operate
under distribution shift: new environments, new tasks, and new failure modes that were not
encountered during training. In these settings, a fixed policy is insufficient.

The second part of this dissertation studies how robots can improve through experience after

deployment.

Learning to adapt over time. In Chapter 7 (DynaMITE-RL), I study meta-reinforcement learn-
ing as a framework for adaptation. Rather than treating adaptation as a separate procedure, this
work models it as part of the learning problem itself. By capturing temporal structure across
episodes, the system can respond to changing environments and update its behavior more effec-

tively. This work was published at NeurIPS 2024 [184].

Reward models for dense feedback. In Chapter 8 (Robometer), I study how to construct
learning signals that remain useful across tasks and environments. Robometer is a video-language
reward model that predicts dense task progress and success, trained using both per-frame su-
pervision and trajectory-level comparisons. This provides a scalable source of feedback for re-
inforcement learning and post-training in real-world settings. This work was accepted at RSS

2026 [330].
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Chapter 2

Background: Reinforcement Learning,

Imitation Learning, and Offline RL

This chapter collects standard definitions and notation for reinforcement learning (RL), imitation
learning (IL), and offline reinforcement learning. We follow the Markov decision process (MDP)

formulation used throughout the RL literature [176, 269].

2.1 Markov decision processes and reinforcement learning

We consider an agent interacting with an environment modeled as a Markov decision process
(MDP)
M =(S,A,P,r,y,po),

where S and A denote state and action spaces, P : SxA — A(S) is the transition kernel mapping
each state—action pair (s, a) to a distribution over next states s’ ~ P(- | s,a),r : Sx.A —> Risa
reward function, y € [0, 1) is a discount factor, and p, € A(S) is an initial state distribution with
So ~ po [269].

A policy m : S — A(A) specifies a distribution over actions a; ~ z(- | s;) at each time t.
Starting from s, rolling out 7 induces a distribution over trajectories 7 = (s, o, 7o, S1, a1, 11, ---)

with r, = r(s;,a,) and s,.; ~ P(- | s;,a;). The (infinite-horizon, discounted) return along a



trajectory is

[ee]

G = Z Yk Ttvks

k=0
and the usual RL objective is to maximize expected return

Jr) = Eeer | D, v (st a)]
t=0
where the expectation is over randomness in the initial state, transitions, and policy.

The state—action value function (Q-function) of 7 is
Q™(s,a) =E,[G; | s, =s, a, = a],
and the optimal Q-function is Q*(s,a) = sup, Q”(s,a). The optimal Q-function satisfies the
Bellman optimality equation
0°(5.0) = 1(5.0) + ¥ B max Q'8 ).
Online RL algorithms improve 7 using data collected by the learner’s own interaction with the

environment (on-policy or off-policy), typically via value estimation, policy gradients, or actor—

critic updates [269].

2.2 Imitation learning

Imitation learning (also called learning from demonstration) uses example behavior from a refer-
ence source (often a human or expert policy) to train a policy without an explicit reward signal

at training time [7]. A common setting is a dataset of state—action pairs
Ddemo = {(sia ai)}g\ip

collected (approximately) from an expert policy .
Behavior cloning (BC) treats imitation as supervised learning: one chooses a parametric policy

mp and minimizes a loss that matches expert actions, for example the negative log-likelihood

Lpc(0) = —E(s.0)~Dyemo [10g 7o(a | 5)]
for discrete actions, or a squared-error loss on continuous actions. Because errors compound

under the learned policy’s state distribution, BC can suffer from covariate shift relative to the



expert’s state visitation; a variety of interactive and iterative methods address this issue [7]. Other
imitation approaches estimate rewards or objectives from data (e.g., inverse optimal control and

inverse RL) [224].

2.3 Offline reinforcement learning

Offline RL (also called batch RL) assumes access to a fixed dataset of transitions
D = {(Si, ai, 1, sl/)}l]il’

collected by one or more behavior policies, without further online interaction during training
[88, 176]. The goal remains to learn a policy 7 that maximizes expected discounted return in the
MDP, but optimization must rely entirely on D.

A central difficulty is distribution shift: policies queried during learning may visit (s, a) pairs
that are poorly covered in D, so value estimates based on bootstrapping through P can become
optimistic and unstable. Modern offline RL methods therefore regularize learning toward the be-
havior policy, conservatively penalize out-of-distribution actions in value learning, or otherwise
constrain policy improvement [157, 176]. In this dissertation, offline RL is used in conjunction
with learned reward models and meta-training, building on this setting while addressing nonsta-

tionarity and feedback during deployment.



Scalable Supervision from Human Signals
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Part I: Scalable Supervision from Human

Signals

The first part of this dissertation focuses on the question of where supervision comes from. Behav-
ior cloning on teleoperated demonstrations has emerged as the dominant paradigm for training
robot policies [32, 91, 227, 334], but it places a heavy burden on the demonstrator. Teleoperation
requires specialized hardware, is slow to collect, and assumes that a skilled operator is always
available to drive the robot through the exact behavior the user wants. This is practical in well-
resourced research labs, but it is not how non-experts will teach robots in homes, warehouses, or
clinics.

The central premise of this part is that supervision should be cheap, natural, and aligned
with how people already communicate intent. Before people pick up a teleoperation rig, they can
glance at an object, trace a motion with their hand, show a short video of the task, or describe it
in language. Each of these signals encodes useful information about what the robot should attend
to, how it should move, and what the user wants. Used well, they can reduce the number of full
demonstrations required, expand the pool of data the robot can learn from, and make interfaces
accessible to users who cannot or will not teleoperate.

The four chapters in this part each explore one such signal. Chapter 3 treats human attention,
expressed as gaze or sparse click-based saliency, as an inductive bias for visual reinforcement
learning. Chapter 4 uses short RGB videos of a user’s hand motion as a retrieval query over a

large offline robot dataset, letting users specify tasks without teleoperating a single trajectory.
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Chapter 5 turns to action-free Internet video, learning latent actions in a self-supervised manner
so that policies can benefit from observation-only data at scale. Chapter 6 addresses the ambiguity
of natural language by surfacing intermediate plans at inference time, giving users a handle to
inspect and redirect the model’s intent before execution.

Across these chapters, the shared argument is that the right question is not only “how do we
collect more demonstrations,” but “what is the minimum signal a person needs to provide for the

robot to behave the way they want?”
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Chapter 3

ViSaRL: Visual Reinforcement Learning

Guided by Human Saliency

3.1 Introduction

Studies in neuroscience [66] show that humans utilize selective attention to focus on task-relevant
information for efficiently processing and understanding complex visual scenes [132]. We em-
ploy selective attention when performing everyday pick-and-place tasks to identify the target
objects, focus on the grasp points, and execute precise hand-eye coordination. We hypothesize
that saliency maps capturing human visual attention is a useful signal to process visual observa-
tions for Al agents. In this chapter, we investigate whether human visual attention helps agents
perform tasks.

A key ingredient in solving visual control tasks is to learn visual representations that cap-
ture useful features of the sensory input to simplify the decision-making process. Many works
in the deep reinforcement learning (RL) community have proposed to learn such representations
through various self-supervised objectives including contrastive learning [167] and data aug-
mentation [168]. By contrast, we focus on self-supervision using saliency as additional human
domain knowledge to inform the representation of task-relevant features in the visual input while

filtering out perceptual noise.
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Figure 3.1: ViSaRL trains a saliency prediction model from a few human-annotated saliency maps. This
model is used to augment an offline image dataset with saliency. A visual encoder is pretrained with
the dataset and used during downstream policy learning to generate latent representations of the agent’s
observations.

We present Visual Saliency Reinforcement Learning (ViSaRL), a general approach for incor-
porating human-annotated saliency maps as an inductive bias for learned visual representations.
The key idea of ViSaRL is to train a visual encoder using both RGB and saliency inputs and an
RL policy that operates over lower dimensional image representations as shown in Figure 3.1.
By using a multimodal autoencoder trained using a self-supervised objective, our learned rep-
resentations attend to the most salient parts of an image for downstream task learning making
them robust to visual distractors. To circumvent the expensive process of manually annotating
saliency maps, we train a state-of-the-art saliency predictor using only a few human-annotated
examples to pseudo-label RGB observations with saliency.

We evaluate ViSaRL on a diverse set of challenging continuous control tasks in the DeepMind
Control (DMC) suite [282] and robot manipulation tasks in Meta-World [321] and a real robot.
Our method improves in sample-efficiency and robustness over state-of-the-art vision-based RL
methods across all environments. Remarkably, ViSaRL nearly doubles the task success rate on a
real-robot.

Our contributions can be summarized as follows:

15



1. We propose ViSaRL, a framework for incorporating human-annotated saliency maps to
learn robust representations for visual control tasks;

2. We present approaches for utilizing saliency information in both CNN and Transformer
encoders; and

3. We conduct extensive experiments that demonstrate ViSaRL consistently outperform prior

state-of-the-art methods for visual control tasks both in simulation and on a real robot.

3.2 Related Work

Different forms of human data can be leveraged when solving control tasks. Researchers have cre-
ated various interfaces to collect different data modalities from humans such as reward sketches [44],
feature traces [33], scaled comparisons [296], and abstract trajectories [272]. Attention saliency
maps, in contrast, do not require humans to work with abstract concepts like rewards and task
features, and do not require watching and comparing lengthy trajectories.

Saliency Maps. Saliency maps approximate which parts of an image tend to attract human
visual attention, corresponding to where the human eye would likely fixate when viewing an
image [281]. Saliency maps have been used in both computer vision and machine learning for
various applications including activity recognition [293], question answering [67], and object
segmentation [179]. The explainable Al community uses saliency maps to understand how a
model is making its predictions and to identify the most informative regions of an image for a
particular task [217, 262, 333]. Most existing works explore using saliency maps only as tools for
interpretation [9, 247]. For example, Atrey et al. [9] and Rosynski et al. [247] use saliency maps
to rationalize and explain the actions of RL agents in Atari games. Boyd et al. [36] show saliency
maps encoding prior human knowledge enable better generalization of deep learning models.

Bertoin et al. [27] uses neural network saliency in a self-supervised regularization objective
to encourage better visual representations. We do not use a model’s saliency, but rather human
saliency to identify salient regions of the input image and distill this knowledge into the visual

representation.
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User Interfaces for Human Saliency. ViSaRL needs a small number of human-annotated
saliency maps to bootstrap the saliency prediction network. Prior work used superpixel segmen-
tation [2] to first divide each image into segments, and then asked humans to click on the seg-
ments that are salient [333]. However, that method requires manually checking and combining
the segments that belong to the same object before showing the images to annotators, burdening
system designers. As an alternative, Boyd et al. [35] used interfaces where the annotators created
binary masks by simply clicking on images. We employ a similar but simpler interface: an an-
notator clicks on the salient parts of the image, and a Gaussian kernel is applied around selected
pixels to achieve smooth saliency maps shown in Figure 3.4.

Representation Learning for RL. Saliency maps are representations of the environment
that carry domain knowledge about which regions of the visual input are important for the down-
stream task. Such representations are crucial in RL because they enable agents to tractably deal
with high-dimensional image observation spaces.

Prior works have shown self-supervised learning with data augmentation helps achieve good
performance in image-based RL. Contrastive Unsupervised RL (CURL) [167] employs a con-
trastive learning objective as an auxiliary loss to learn representations for off-policy RL. RL with
Augmented Data (RAD) [168] use simple image augmentations such as random cropping and
color jittering as regularization to learn representations invariant to visual perturbations. ViS-
aRL does not use data augmentation directly in the value function or policy update. Instead,
saliency augmentation is introduced during the visual encoder pretraining phase.

Nair et al. [221] and Karamcheti et al. [143] propose to combine internet scale language and
vision datasets to learn visual representations applicable across all robot tasks. While they focus
on learning general visual representations, ViSaRL augments small task-specific datasets with
saliency information to improve pretrained visual representations.

Sax et al. [251] demonstrated that mid-level visual representations such as surface normals
or depth predictions from RGB images removes unimportant information and captures useful

invariances about the visual world leading to better success on downstream RL tasks. Similar to
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Figure 3.2: ViSaRL. We pretrain a MultiMAE [12] Transformer on a dataset of paired images and saliency
maps. MultiMAE employs a self-supervised objective in which masked patches for both input modalities
are reconstructed given only the visible patches. The pretrained model is frozen and used for extracting
representations during task learning. There is no input masking during downstream RL.

Sax et al. [251], ViSaRL utilizes saliency maps as a mid-level feature. However, we empirically
show that our approach for incorporating the saliency information into the visual representation

improves task performance over other mid-level features including depth and surface normals.

3.3 Visual Saliency-Guided Reinforcement Learning

We propose ViSaRL, a simple approach for incorporating human-annotated saliency to learn rep-
resentations for visual control tasks. ViSaRL can be implemented on top of any standard RL al-
gorithm for learning a policy. It aims to learn representations that encode useful task-specific
inductive biases from human saliency maps. ViSaRL consists of three learned components: a
saliency predictor g4, an image encoder fy, and a policy network 7y, shown in Figure 3.1. We will
elaborate on each component in the following sections.

Saliency Predictor. Saliency maps highlight regions in an image likely to capture human
attention or are considered crucial for a given task. Having a human expert annotate saliency
maps for every image observation is impractical and not scalable to complex domains. To alleviate
the burden of manual annotations, we propose to learn a saliency network using only a few hand-
annotated examples of saliency maps collected using a custom user interface.

]RHxWxC

Formally, given an input RGB image observation, I € , a saliency predictor g, maps an
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input image I to a continuous saliency map M = g4(I) € [0, 1]"*" highlighting important parts
of the image for the downstream task. We use a state-of-the-art saliency model, Pixel-wise Con-
textual Attention network (PiCANet) [196]. PiCANet uses global and local pixel-wise attention
modules to selectively attend to informative context. Global attention can attend to backgrounds
for foreground objects while local attention can attend to regions that have similar appearance.
The mixture of attention at different scales allows for more homogeneous and consistent saliency
predictions. We emphasize that our method is agnostic to the choice of saliency model.

Pretraining Visual Representation. We use our trained g, to pseudo-label an offline im-
age dataset collected using any behavior policy (random, replay buffer, expert demonstrations,
etc.) with saliency maps. We then use the paired image and saliency dataset to pretrain an im-
age encoder, f,. We experiment with two models for our backbone visual encoder, CNN and
Transformer, and investigate different techniques for augmenting each with saliency input. To
add saliency to a CNN, we can use saliency as a continuous mask or simply add it as an addi-
tional channel per pixel. For a Transformer encoder, we pretrain the model with saliency as an
additional input using a masked reconstruction objective.

Masked autoencoders (MAE) [111] are an effective and scalable approach for learning vi-
sual representations. MAE masks out random patches of an image and reconstructs the masked
patches using a Vision Transformer (ViT) [72]. Animage I € R®"*C is processed into a sequence
of 2D patches h € RK*°O) where P is the patch size and K = HW /P? is the number of patches.
A subset of these patches are randomly masked out with a masking ratio of m. Only the visible,
unmasked patches are used as input to the ViT encoder. Masking reduces the input sequence
length and encourages learning global, contextualized representations.

The image patches are embedded via a linear projection and added to positional embeddings.
The resulting tokens are processed via a series of Transformers. Finally, a ViT decoder recon-
structs the original input by processing all of the tokens including the encoded visible patches
and placeholder mask tokens. Following He et al. [111], we set a high masking ratio m=0.75 and

a heavy-encoder, light-decoder architecture.
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Algorithm 1 Visual Saliency-Guided RL

Input: env, ¢, ¥, 0 randomly initialized parameters

Collect image dataset D with any behavioral policy 75

Annotate N random frames from D with saliency

Train gy on {(I, M)}Y, using PiCANet loss

Annotate the full dataset D = {(I, g,(I))}Y,

Train fy using masked reconstruction

for every environment step do > RL Training
Select action a ~ my(fy(o, g4(0)))
Optimize Lg; with respect to ¢

R A S o AT

MultiMAE for Encoding Saliency. The standard MAE architecture is limited to process-
ing just RGB modality. We propose to incorporate saliency using the MultiMAE [12] architec-
ture shown in Figure 3.2. MultiMAE extends MAE to encode multiple input modalities in a way
that these modalities are contributing synergistically to the resulting representation. Specifically,
MultiMAE uses a different linear projection and decoder for each input modality. A cross atten-
tion layer is used in each decoder to incorporate information from the encoded tokens of other
modalities. Crucially, MultiMAE’s pretraining objective requires the model to perform well in
both the original MAE objective of RGB in-painting and cross-modal reconstruction, resulting in
a stronger cross-modal visual representation.

Downstream Policy Learning. After pretraining the MultiMAE model, we freeze the en-
coder and use it to compute latent representations of environment observations for policy train-
ing. ViSaRL is not only compatible with online RL algorithms such as Soft-Actor Critic (SAC)
[103] in which the agent learns through environment interactions but also imitation learning
from expert demonstrations. Image inputs are not masked during policy learning. We average
the patch embeddings to generate a global image representation. The full procedure for ViSaRL

is summarized in Algorithm 1.

3.4 Experiment Setup
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Figure 3.3: Learning curves for four robot manipulation tasks in Meta-World evaluated by task success
rate. (Top) CNN encoder methods. (Bottom) Transformer encoder methods. We select tasks that require
manipulating small objects with different motions such as a pushing, pulling, and reaching. The solid lines
represent the mean and shaded region the standard error across three seeds.

To demonstrate the effectiveness of using human-annotated
saliency information to enhance visual representations for
task learning, we show quantitative results of our approach
with two different encoder backbones, CNN and Transformer,
across multiple simulated environments including the Meta-
World manipulation [321] and DMC benchmarks [27] and
real-robot manipulation with a Kinova Jaco 2 arm. We train
the downstream policy using SAC [103] for the simulation ex-
periments and behavioral cloning with expert demonstrations

for the real robot experiments.’

Figure 3.4: Annotation interface.
Click-based saliency collection (Gaus-
sians at clicked pixels). Warmer col-
ors denote more salient regions such as
the drawer handle and the robot end-
effector.

Annotation interface. We created a simple user interface to collect saliency map annotations,

shown in Figure 3.4: an annotator clicks pixels in the image that they think are relevant for

performing the given downstream task, and the interface places a Gaussian centered at each

click with ¢ = 10 on an input image of resolution 256 x 256 x 3. For each task, we sample frames

'The code implementation for reproducing the results and additional analysis can be found on:

https://liralab.usc.edu/visarl/.
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Table 3.1: Success rate on four Meta-World manipulation tasks averaged across 50 rollouts and 3 seeds
for the CNN and MultiMAE visual encoder backbones. Text in maroon indicates the best performing
method per task.

Method Reach Drawer Open Faucet Open Door Open  Avg.

CNN

RGB 0.40 +0.12 0.18 +£0.25 0.82 +0.02 0.42 +0.04 0.46 +0.11

Saliency 0.04 +0.02 0.04 +0.02 0.02 +0.02 0.10 £0.06  0.05 £0.03

RGB x Saliency 0.38+£0.05  0.10+0.04 0.72 +0.16 0.22+0.10  0.36 £0.08

RGB(S) 0.52+0.08  0.48 +0.06 0.86 +0.02 0.48 £0.06  0.58 +0.05

MultiMAE

RGB 0.50 £0.02 0.84 +0.02 0.18 +0.05 0.36 £0.18  0.48 +£0.12
0.48 +£0.06 0.88 +0.04 0.40 +0.20 0.52+£0.08 0.57 £0.10

RGB+Saliency (Ours) 0.62+0.06  0.94 +0.04 0.62 +0.16 0.64 +0.02  0.65 +0.07

from environment rollouts and present them to the annotator in sequence, collecting N = 30

annotated images per task in simulation and N = 10 for real-robot experiments.

3.5 Simulation Experiments

Figure 3.3 and Table 3.1 summarize our main findings on 4 Meta-World robot manipulation tasks
and 5 DMC tasks using CNN and Transformer backbones. We compare against two state-of-the-
art methods for visual representation learning: CURL [167], a contrastive representation learning
method and RAD [168], a method to combine various image augmentations to induce visual
invariances in the learned representations.

Saliency input improves downstream task success rates. Incorporating saliency im-
proves the task success rate in Meta-World using CNN and Transformer encoders by 13% and
18% respectively over the next best baseline. For DMC environments, we observe a 256% relative
improvement in average return when using saliency input. Our Transformer encoder results in
an average 4% relative improvement in environment returns across all tasks over the next best

baseline with a 7.5% improvement in Cartpole Swing.
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Table 3.2: Average return on DMC-GB tasks for the color and video evaluation settings.

Task CURL RAD RGB + Saliency (Ours)
Walker Walk 645 +55 636 +33 823 +55
5 Cartpole Swing 668474 763 +29 870 +21
g Ball Catch 565 +160 727 +87 962 +14
Finger Spin 781 +139 789 +160 823 +102
Walker Walk 572 +121 595 +85 756 +42
S Cartpole Swing 418+72 434458 730 +32
:E Ball Catch 402 £169 520 +44 802 +78
Finger Spin 612 +55 588 +82 702 +383

3.5.1 CNN Encoder

We follow the CNN implementation used in prior work [27, 168] and compare several methods
for incorporating saliency. In each approach, the CNN encoder and policy are trained jointly but
take different inputs.

A saliency channel achieves the best task success rate for CNN encoder. In Table 3.1,
we find that naive ways of utilizing saliency, such as using saliency directly as input the pol-
icy (Saliency), are unable to achieve good performance on the task. We hypothesize that the
saliency map alone is not sufficient to infer the exact orientation of the end-effector position crit-
ical for fine control. Supporting this hypothesis, we find that using saliency to mask the RGB
observation (RGB x Saliency) achieves higher task success rate than Saliency, but is still worse
than providing the raw RGB input (RGB). Although masking should help the encoder identify
the important image features, it may still be nontrivial for the encoder to differentiate between
similarly masked observations. Lastly, we find that incorporating saliency as an additional chan-
nel to the RGB input (RGB(S)) improves task success rate by more than 10% across all tasks. We
hypothesize that the CNN encoder is able to utilize the saliency information to more effectively

associate the observed rewards to the relevant features in the image.
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3.5.2 MultiMAE Transformer

We compare MultiMAE representations pretrained with RGB only (RGB) and both RGB and
saliency ( , RGB+Saliency (Ours)). uses saliency only
during pretraining while RGB+Saliency (Ours) uses saliency in both pretraining and down-
stream RL.

Training encoder with saliency improves RGB-only success rates at inference time.
Even without saliency input during downstream RL, using saliency as an additional input modal-
ity during pretraining still improves downstream performance on 3 of the 4 tasks. Except for the
Reach task, where performances are similar, achieves better success rate
than RGB, with an average absolute gain of 10% across tasks.

Using saliency in both pretraining and inference yields the best performance. We
compare the full ViSaRL method (RGB+Saliency (Ours)) to pretraining using only the RGB
images (RGB) in Table 3.1 demonstrating that multimodal pretraining with saliency informa-
tion significantly outperforms single modality pretraining by at least a 10% margin across all
tasks. Notably, RGB achieves only 19% success on Faucet Open, while our approach solves the
task with 62% success rate. Using saliency as an input for both pretraining and downstream RL
(RGB+Saliency (Ours)) improves task success rate over because there are
new observations during online training that were not in the pretraining dataset.

ViSaRL representations generalize to unseen environments. We evaluate the general-
izability of our learned representations on the challenging random colors and video backgrounds
benchmark from DMControl-GB [108]. In DMControl-GB, agents trained in the original envi-
ronment are evaluated on their generalization to the same environment with visually perturbed
backgrounds using randomized color and video overlays (see Figure A.1). ViSaRL significantly
outperforms the baselines across all tasks as shown in Table 3.2, with an average 19% and 35%
relative improvement respectively for the color and video settings.

Human-annotated saliency improves performance compared to depth and surface nor-

mals. We conduct ablation experiments to compare saliency versus other mid-level input modal-
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Table 3.4: Human-annotated saliency versus depth and predicted surface normals as additional MultiMAE
inputs. SN denotes surface normal.

Task Saliency @~ RGB  RGB + Depth RGB + SN
X 0.50 +£0.02 0.43 +0.07 0.46 +0.04
Reach
Ve 0.62 +0.06 0.58 +0.04 0.64 +0.06
X 0.82 +0.02 0.76 £0.06 0.80 +0.04
Drawer Open
Ve 0.94 +0.04 0.90 +0.04 0.92 +0.04
X 0.18 +0.04 0.22 +£0.04 0.24 £0.04
Faucet Open
v 0.62 +0.16 0.54 +0.06 0.58 £0.10
X 0.36 +£0.18 0.28 +0.14 0.34 +0.10
Door Open
v 0.64 +0.02 0.62 +0.04 0.58 +0.04

ities such as depth and surface normals proposed by Sax et al. [251]. We substitute saliency with

these other modalities as input to the MultiMAE.

In Table 3.4, we observe that neither depth nor

Table 3.3: Adding saliency improves performance
across tasks and modalities for MultiMAE. SN de-
notes surface normal (columns match Table 3.4).

surface normal features alone improves task suc-

cess over just using RGB image input. By con-

trast, adding saliency as an additional modal- Task RGB + Depth  RGB + SN

Reach 0.43 > 0.58 0.46 — 0.64

Drawer Open  0.76 — 0.90  0.80 — 0.92
ing that human-annotated saliency information g, et Open 022 054 0.24 — 0.58

ity consistently improves task success suggest-

can help learn better visual representations com- _Door Open 0.28 > 0.62  0.34 — 0.58

pared to other input modalities. Table 3.3 reports the corresponding improvements when saliency

is enabled for the RGB+depth and RGB+surface-normal configurations.

3.6 Real Robot Experiments

We use a Kinova Jaco 2 (6-DoF) robot arm with a 1-DoF gripper. The observation space consists

of a front-view image (224 x 224 x 3) from a Logitech webcam and proprioceptive information.
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Table 3.5: RGB vs. RGB+Saliency (ours) with absolute improvements in task success.

Task RGB — RGB+Saliency Absolute A
Reach 0.49 — 0.62 0.13
Drawer Open 0.83 — 0.94 0.11
Faucet Open 0.19 — 0.61 0.42
Door Open 0.35 — 0.64 0.29
Average 0.47 — 0.65 0.18

Table 3.6: Human-eval successes (trials out of 10) with saliency improvements on real-robot tasks.

Task RGB — RGB+Saliency
Apple 6/10 — 8/10
Red Block 4/10 - 7/10
Bread — Plate 3/10 —» 6/10
Apple — Bowl 1/10 —» 6/10

We consider four tabletop manipulation tasks
shown in Figure 3.5. In two of these tasks, we
purposefully include distractor objects to evaluate

the robustness of our learned representations to

scene variations. We collected 10 demonstrations

per task, resulting in an offline imitation learning

Figure 3.5: Evaluation Tasks. Four Meta-

dataset of around 10,000 transitions. For each task, World (top) simulation tasks and four real-robot
tabletop manipulation tasks (bottom).

10 randomly sampled frames are hand-annotated

with saliency. Even with real-world images, only a small number of annotated frames are required
to learn a good saliency predictor. We train an imitation learning policy by minimizing the mean-
squared error between predicted end-effector pose and expert actions. We use a recurrent policy

to encode history information and a 2-layer MLP to predict continuous actions.

ViSaRL scales to real-robot tasks and is robust to distractor objects. Videos of evaluation
trajectories for each task can be found on the project website. Table 3.7 reports the task success

rates on 10 evaluation rollouts; Table 3.6 summarizes the same tasks under human evaluation.
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Table 3.7: Task success rates in real-world tabletop manipulation tasks for RGB and RGB+Saliency with
MultiMAE.

Method  Apple RedBlock Bread — Plate Apple - Bowl Cumulative
RGB 6/10 4/10 3/10 1/10 14/40
+Saliency 8/10 7/10 6/10 6/10 27/40

Even on the easier Pick Apple task, using saliency augmented representations, RGB+Saliency,
improves the success rate over RGB. On tasks with distractors and longer-horizon tasks such as

Put Apple in Bowl, saliency-augmented representations nearly double the success rate.

3.7 Conclusion

We proposed to use human-annotated saliency as an additional input modality for solving chal-
lenging visual robot control tasks. We present a simple approach, ViSaRL, to utilize saliency
to learn robust image representations enabling more sample-efficient and generalizable policy
learning.

Limitations and Future Work. One potential limitation of our user interface is that it could
be tedious to collect saliency annotations when scaling to more complex real world applications
or video saliency [292]. Future work could investigate alternative interfaces that will enable
collecting more saliency data, e.g., area-based methods or by tracking the eye gaze of the user
[233].

One can further evaluate the generalizability of ViSaRL on the recent benchmark, The Colos-
seum [237], a suite of manipulation tasks design to measure the robustness of trained robot poli-
cies against visual perturbations.

In this chapter, we only considered static frame saliency maps for single-object manipulation
tasks. We plan to extend our approach to handle longer-horizon multi-object tasks using video
saliency models [249] which can learn to encode more flexible temporal saliency representations
across a sequence of frames. This extension could be implemented by asking the human users to

watch video clips of the trajectories and annotate saliency over these clips.
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Chapter 4

HAND Me the Data:

Fast Robot Adaptation via Hand Path

Retrieval

4.1 Introduction

For robots to operate seamlessly in human-centric settings, they should be able to rapidly learn
new tasks with minimal human supervision. This requires learning algorithms that (1) scale across
many tasks and (2) adapt quickly to new ones.

Imitation learning has produced capable multi-task robot policies [32, 152, 182, 227, 274], but
scaling is hindered by its reliance on vast amounts of expert, task-specific teleoperation data [189].
In contrast, task-agnostic play data is far easier to collect, without requiring constant environment
resets or task-specific labeling [204, 211, 318]. The challenge is in making such unstructured data
usable for teaching robots new tasks quickly.

Therefore, we propose HAND, a simple and time-efficient approach to adapt pre-trained play
policies to specific tasks using a single human hand demonstration (see Figure 4.1). Unlike prior
retrieval methods [73, 191, 212, 223, 264, 297] that require robot demonstrations of the target task,

HAND extracts 2D relative hand motion paths from the provided human hand demonstration to
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Figure 4.1: HAND learns a policy from as little as one (1) human hand demonstration.

inform retrieval, enabling even non-experts to teach robots without teleoperation.

HAND enables both scalability and speed. Towards scalability, HAND avoids the need for cal-
ibrated depth cameras [104, 234], specialized eye-in-hand setups [151], or detailed hand-pose
estimation [151, 174]. Instead, it labels a robot play dataset with 2D gripper positions relative to
the RGB camera frame, tracked using a visual point-tracking model [142, 142]. When a human
hand demonstration is provided, HAND tracks the hand trajectory with the same simple pipeline.
The hand positions are then converted into 2D relative sub-trajectories, capturing motion agnos-
tic to the starting point [327]. After an initial filtering step that removes unrelated behaviors
using a visual foundation model [230], HAND retrieves matching sub-trajectories from the play
dataset based on the 2D relative hand path. Finally, towards speed, a policy pre-trained on the
play dataset is LoRA-fine-tuned on the retrieved sub-trajectories, encouraging the policy to spe-
cialize in the demonstrated task. Because HAND retrieves primarily based on hand motion, it is
robust to irrelevant visual features such as background clutter and lighting changes compared to
purely visual retrieval methods.

Our experiments, across 10 tasks and 550 total evaluations in the real world on a WidowX
robot demonstrate that HAND enables quick adaptation even to long-horizon tasks, outperform-
ing the best baseline by 3x in task completion. We also demonstrate that HAND is effective with
hand demonstrations collected from completely different scenes from the robot scene and across

significant camera angle changes. Finally, we perform a real-time learning experiment, where
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HAND learns a challenging long-horizon task in under 4 minutes of experiment time, from pro-
viding the hand demonstration to the trained policy, while being on average 5x faster to collect

data for than robot teleoperation demonstrations on our WidowX arm.

4.2 Related Works

Robot Data Retrieval. Prior work has demonstrated retrieval as an effective mechanism for
extracting relevant on-robot data for training robots [73, 145, 191, 212, 223, 264, 265, 297]. For
example, SAILOR [223] and Behavior Retrieval [73] pre-train variational auto-encoders (VAEs)
on prior robot images and actions to learn a latent embedding. This latent embedding is used to
retrieve states and actions from an offline dataset similar to ones provided in expert demonstra-
tion trajectories. However, retrieving based on learned full image encodings or even raw pixel
values [264] can be noisy; Flow-Retrieval [191] instead trains a VAE to encode optical flows in-
dicating movement of objects and the robot arm in the scene. Similar to Flow-Retrieval, HAND
also retrieves based on robot arm motion. However, rather than training a dataset-specific VAE
model that may not be robust to large visual differences, we retrieve from our offline robot data
by primarily matching motions of a human hand demonstration using relative 2D paths of the
robot end-effector in the prior data. This hand path retrieval helps us robustly retrieve relevant
robot arm behaviors.

STRAP [212] addresses visual retrieval robustness issues of prior work by using features from
DINO-v2 [230], a large pre-trained image-input foundation model for retrieval. However, STRAP,
along with all aforementioned retrieval work, assumes access to expert robot demonstrations for
the target tasks. In contrast, HAND only requires a single, easier-to-collect human hand demon-
stration that results in more time-efficient learning of demonstrated tasks compared to methods
requiring robot teleoperation data. Furthermore, our experiments demonstrate that HAND re-
trieves more task-relevant trajectories and therefore attains higher success rates compared to
these methods.

Learning From Human Hands. Similar to HAND, a separate line of work proposes using
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human hands to learn robot policies. One approach is to train models on human video datasets
to predict future object flows [307, 324] or human affordances [13, 160]. These intermediate
affordance and flow representations are then used to either train a policy conditioned on this
representation [307] on robot data or control a heuristic policy [13, 160, 324]. Other works focus
on learning directly from human hands [104, 144, 151, 174, 234]. These works generally use hand-
pose detection models aided by multiple cameras or calibrated depth cameras to convert hand
poses directly to robot gripper keypoints [104, 174, 234]. However, works that exclusively retrieve
human data are restricted to constrained policy representations as they must match human hand
poses to robot gripper poses. Kim et al. [151] instead use an eye-in-hand camera mounted on a
human demonstrator’s forearm to train an imitation learning policy conditioned on robot eye-in-
hand camera observations. Unlike these prior works, HAND only requires a single RGB camera
from which the robot gripper can be seen. Also, we focus on retrieving robot play data, allowing
us to train arbitrarily expressive policies without constrained policy representations [104, 174,

234] or intermediate representations [13, 160, 307, 324].

4.3 HaND: Fast Robot Adaptation via Hand Path Retrieval

4.3.1 Preliminaries and Formulation

We assume access to a dataset of task-agnostic robot play data, Dj.y, consisting of trajectories
; = {(0s, a;)}L,, where each o, is a per-timestep observation that includes RGB images of the
robot gripper and robot proprioceptive information, and a; is the robot action. These trajectories
may span many scenes, tasks, and episode horizons. We do not assume task labels (e.g., language
labels), as data collection is easier to scale without labeling each sub-trajectory in a long-horizon
play trajectory.’

In contrast to retrieval methods that rely on robot demonstrations for each target task [73,
191, 212, 223], we assume access to easy-to-provide human hand demonstrations. For each

task, a human records their hand movement without teleoperating the robot. On our real-world

Section 4.4 demonstrates that HAND can also incorporate language labels as extra policy conditioning.
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Filter Trajectories Retrieve Sub-Trajectories Based on Hand Path Parameter-Efficient Fine-tuning

Hand Demo Thand

.| Subsequence .
Dynamic- Transformer Policy =~ LoRA Layers
Time Thase

Warping
Add + Layer Norm

Feed Forward Layer

Cost: 10 Add + Layer Norm

Filter for visual similarity

Figure 4.2: HAND enables fast-adaptation to a new target task by using an easy-to-provide hand demon-
stration of the target task (Left). We propose a two-step retrieval procedure where we first filter the trajec-
tories in the offline play dataset, Dpj,y, for visually similar trajectories based on features from a pretrained
vision model. We use off-the-shelf, pretrained hand detection and point tracking to construct 2D paths of
the motion for both the human hand and robot end-effector. We use these paths as a distance metric to re-
trieve relevant trajectories from the play dataset (Middle) for quickly fine-tuning a pretrained transformer
policy on the target task (Right).

setup, these hand demonstrations, Dy,ng, are on average 5x faster to collect than robot teleop-
eration data. Moreover, hand demonstrations are generally easier to provide than robot teleop-
eration [177, 300]. Each video in Dy,yq consists of RGB frames oy, ..., oy, captured such that the
human hand occupies a similar viewpoint in the frame as the robot gripper does in D,y.”

Given Dyjay and Dy,ng, We aim to train a policy 7y(a | 0) to perform the target task demon-
strated by the human in Dy,,¢. Since we do not assume task labels in Dy,, and we are provided no
expert robot teleoperation demonstrations, we must retrieve sub-trajectories indicating how to
perform the behavior demonstrated in Dy, from D,y for training 7. We denote this retrieved
dataset, later used for imitation learning, as Dietrieved. Moreover, following our motivation in Sec-
tion 4.1, we aim for our method to be fast, so that non-expert end-users can easily train the robot
for many downstream tasks.

The key challenges HAND addresses are: (1) designing a representation that can unify the
behaviors in robot sub-trajectories and human hand demonstrations (Section 4.3.2), (2) retriev-

ing relevant sub-trajectories based on a suitable distance metric between these representations

2Section 4.4 demonstrates HAND works under large camera angle shifts.
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(Section 4.3.3), and (3) quickly training a policy that can perform various unseen target tasks
with a high success rate without expert demonstrations (Section 4.3.4). See Figure 4.2 for an

overview.See Figure 4.2 for an overview and Algorithm 9 for full algorithm pseudocode.

4.3.2 Path Distance as a Unifying Representation for Retrieval

Prior robot retrieval methods assume access to expert demonstrations from which they extract
proprioceptive information (e.g., joint angles and actions) alongside visual features for retrieval [73,
191, 212, 223, 264]. However, since Dy,,q4 contains only visual data and no robot actions, re-
trieval based purely on appearance can be noisy—especially due to the visual domain gap between
hand demonstrations in Dhang and robot demonstrations in D,y (see Figure 4.2, left). To address
these issues, we propose an embodiment-agnostic, behavior-centric retrieval metric that enables
matching between Dy, and Dy, based on demonstrated behaviors rather than appearance.

Using 2D Paths for Retrieval. The movement of the robot end-effector over time provides
rich information about its behavior [182]. We represent behaviors in both datasets using the paths
traced by the human hand or the gripper. Because we assume access only to an RGB camera from
which the hand or the gripper is visible (i.e., no depth), we construct these paths in 2D relative
to the camera viewpoint for both Dy, and Dhana’

Obtaining Paths from Data. To extract paths, we use CoTracker3 [142], an off-the-shelf
point tracker capable of tracking 2D points across video sequences, even under occlusion. Co-
Tracker3 only requires a single point on the gripper or hand to track motion across the full se-
quence. We use Molmo-7B [69], an open-source 7B image-to-point foundation model, to auto-
matically select this point by prompting it at the midpoint of each trajectory with either “Point at
the center of the hand” or “Point to the robot gripper” Using the middle frame ensures a higher
chance of visibility in case the gripper or hand is not yet in frame at the beginning or occluded
at the end.*

Given the 2D point (x, y)nand OF (X, y)play from the middle frame, we use CoTracker3 to perform

3If both datasets have additional calibrated depth information, HAND can also operate on 3D paths.
“Points can also be obtained heuristically, e.g., if the robot starts from the same position in each D,y traj.
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bidirectional point tracking, resulting in a 2D path phang = {(Xz, ¥ )hand}ret OF Pplay = {(Xts Ve)play et
for each trajectory. See the block of Figure 4.2 for a visualization of this

pipeline. Next, we describe how we use 2D paths to retrieve sub-trajectories from Dp,, .

4.3.3 Retrieving Relevant Sub-Trajectories using Path Distance

Background. For identifying relevant sub-trajectories in Dy,y, We use Subsequence Dynamic
Time Warping (S-DTW) [216], an algorithm for aligning a shorter sequence to a portion of a
longer reference sequence prior work has demonstrated effective for sub-trajectory retrieval [212].
Given a query sequence Q = {qi, ¢s, ..., qu} and a longer reference sequence R = {ry, r,,..., 7},
where T > H, the goal of S-DTW is to find a contiguous subsequence of R that minimizes the
total cumulative distance between elements of both sequences. In HAND, the query sequences are
the 2D hand demonstration paths {(x;, ¥;)nana}-; and the reference sequences are the 2D paths
generated from long-horizon robot play data {(x;, y:)play }i1-

Sub-Trajectory Preprocessing. To preprocess the datasets for S-DTW, we first segment
the offline play dataset, Dj,y, into variable-length sub-trajectories using a simple heuristic based
on proprioception proposed in several prior works [212, 261]. In particular, we split the tra-
jectories whenever the acceleration or velocity magnitude (depending on what proprioception
data is available) drops below a predefined € value, corresponding to when the teleoperator
switches between tasks. We find that this simple heuristic can reasonably segment trajectories
into atomic components resembling lower-level primitives. We also split the hand demonstra-
tions evenly into smaller sub-trajectories based on how many subtasks the human operator deter-
mined they have completed. After sub-trajectory splitting, we have two sub-trajectory datasets,

Thand = {8 . st pson s B V Thong € Dhanatand Topy = {t]. 0 £, o, 8 v

i ; € D,.v} where
Hi~|pjangl - Hi Ti-| p{) iyl T play play}

|pi..al and |p£lay| are the lengths of the last sub-trajectory paths of trajectories i, j from Dy,nq
and Dy, respectively. Finally, each sub-trajectory is represented in relative 2D coordinates, i.e.,
pr = [x141 — X1, yie1 — 1] Relative coordinates ensure retrieval invariance to the initial positions

of the hand or gripper [327].
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Visual Filtering. A key limitation of path distance retrieval is that distinct tasks can exhibit
similar movement patterns. For example, tasks like “pick up the mug” and “pick up the cube” can
appear nearly identical in 2D path space [182]. But, the retrieved trajectories for one task may not
benefit learning of the other; since we do not assume task labels in Dj,y, a policy directly trained
on “pick up the cube” retrieved sub-trajectories may still fail to pick up a mug. Therefore, before
retrieving sub-trajectories with paths, we first run a visual filtering step to ensure that the sub-
trajectories we retrieve will be task-relevant. We use an object-centric visual foundation model,
namely DINOv2 [230], to first filter out sub-trajectories performing unrelated tasks with different
objects. Specifically, we use the DINOv2 first and final frame embedding differences, representing
visual object movement from the first to last frame, between human hand demonstrations and
robot play data to filter 7,,,. In practice, this simple filtering step removes the majority of irrel-

hand
H

evant sub-trajectories. For a given image sequence o0,%" from a hand sub-trajectory and image

sequence o! laTy from a robot play sub-trajectory, we define the cost as:

Cuisuat (0789, 0P%) = |DINO(0!*™) — DINO(0?™)|? + [DINO(0™®) — DINO(o2™)2.  (4.3.1)

first-frame DINO last-frame DINO
We take the M trajectories with lowest cost as possible retrieval trajectories from D, for each

human demonstration sub-trajectory in 7p,,,4. The rest are ignored for those hand demonstrations.

Retrieving Sub-Trajectories. We then employ S-DTW to match the target sub-trajectories,
Thand, to the set of visually filtered segments € Tp,y. Given two sub-trajectories, #; € Ty and
tj € Thand, S-DTW returns the cost along with the start and end indices of the subsequence in ¢;
that minimizes the path cost (see Figure 4.2). We select the K matches from D,,j,, with the lowest

cost to construct our retrieval dataset, D, etrieved-
4.3.4 Putting it All Together: Fast-Adaptation with Parameter-Efficient Policy Fine-
tuning

We aim to enable fast, data-efficient learning of the task demonstrated in Dy,,g. To this end,
we first pretrain a task-agnostic base policy a5 0n Dy, With standard behavior cloning (BC)

loss. While our approach is compatible with any policy architecture, we use action-chunked
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transformer policies [334] due to their suitability for low-parameter fine-tuning and strong per-
formance in long-horizon imitation learning [32, 106, 334, 335].

Adapting to D etrievea- T0 rapidly adapt to a task with minimal data, we leverage parameter-
efficient fine-tuning using task-specific adapters—small trainable modules that modulate the be-
havior of the frozen base policy. Adapter-based methods have shown promise in few-shot imita-
tion learning [183, 199], making them ideal for our limited retrieved dataset Dietieved- Specifically,
we insert LoRA layers [119] into the transformer blocks of ... These are low-rank trainable
matrices (about 0.1%-2% of the parameters of ) added to the attention projections of 7.
(see Figure 4.2, ). During fine-tuning, we update only the parameters of these LoRA
layers, 0, using Dietrieved-

Loss Reweighting. While our retrieval mechanism identifies sub-trajectories relevant to the
target task, not all will be equally useful. Following prior work [264, 265, 297], we reweight the
BC loss with an exponential term € (0, c0) (similar to AWR [235]), where each sub-trajectory is
weighted based on its S-DTW similarity to the hand demonstration. Intuitively, this upweights
the loss of the most relevant examples in D cyieved and downweights those that are less relevant.
Finally, because trajectory cost scales vary depending on the task being retrieved and the features
being used for S-DTW, we rescale the S-DTW costs C; . to a fixed range. For each 7; € Dyeyrieved;
its weight e Ciran is scaled to between [0.01, 100], where the normalization term comes from the
sum of costs of all trajectories in Dieyieved- Let the normalized weight for a trajectory be w; =
exp(—Cipam) and the behavioral cloning loss be Li(a,0) = —log mg(a | 0). The total loss is then

the weighted average over the dataset Dy cyieved:

1
£BC;9 =

Z w; x Li(a, o). (4.3.2)

Dretrieved

| retrieved | i€

We summarize HAND in the pseudocode in Algorithm 2. For the full algorithm, see Algorithm 9;

for full implementation details and hyperparameters, see Section B.1.
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Algorithm 2 HAND PSEUDOCODE

Require: Dhy,ng, Dylay, threshold e, # visual-filtered trajectories M, # retrieved sub-trajectories K

—_

: Train base policy Thase 0N Dylay via behavior cloning

: Segment both D,y and Dy,pq into sub-trajectory datasets w/ threshold €: Ty, Thand

. for rhand ¢ Thand dO

Filter top-M visually similar Py ¢ Tolay via DINO-based Cyigual

Track 2D hand paths with Molmo + CoTracker3
Retrieve K best-matching segments via S-DTW on relative path similarity

: Fine-tune 7, on retrieved data with adapter layers 6 to obtain 7y with Lpc.p Equation (4.3.2)

2
3
4
5: for each filtered 7P do
6
7
8
9

: return my

4.4 Experiments

We evaluate HAND both as a retrieval pipeline and as a method for quickly learning downstream

tasks. To this end, we organize our experiments to answer the following questions:

(Q1) How well can HAND retrieve task-relevant behaviors?

(Q2) Does HanD support hand demonstrations from unseen scenes and is it robust to visual

shifts?
(Q3) How does HAND perform in policy learning?

(Q4) Can HAND enable real-time adaptation?

4.4.1 Experimental Setup

We evaluate HAND on a real-world multi-task kitchen
environment using the WidowX robot arm. Our robot
environment setup is shown in Figure 4.3. We use an
Intel Realsense D435 camera as an external camera and
a Logitech C920 as an over-the-shoulder camera.
Evaluation Tasks: We evaluate on 10 total tasks:

three standard tasks—ReEAcH GREEN Brock, PRESS
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Figure 4.3: WidowX Robot Arm Setup. We
evaluate the scalability of HAND on 10 manipu-
lation tasks on a WidowX robot arm in a kitchen
setup [288].



BuTTON, and CLoSE MicRowAvE—and three challenging long-horizon tasks—PuT K-Cup 1N CoF-
FEE MACHINE, BLEND CARROT, and Cook CARROT. The latter tasks demand high precision and
span more than 150 timesteps at a 5 Hz control frequency. In particular, Coox CARROT is com-
posed of four shorter tasks, SLIDE Por — PuTt OBjECcT IN POT — PUT LID ON POT — TURN STOVE
KnoB, including non-prehensile tasks (e.g., slide pot) and taking ~ 300 steps to complete even for
expert teleoperators. For our long-horizon tasks, we provide one hand demonstration to perform
retrieval for each subtask. Partial success is provided for tasks composed of multiple subtasks.

Play Dataset Collection: We collect a task-agnostic play dataset containing a total of 50k
transitions, each trajectory having an average of 230 timesteps and covering multiple tasks, col-
lected at 5 Hz. The full dataset required roughly four hours to collect. To prevent the play data
from mirroring evaluation tasks, we place distractor objects in the environment for teleoperators
to interact with during collection. The dataset is split into two, with about 1 hour corresponding
to the scene for Coox CARROT. To evaluate language-conditioned methods, we manually anno-
tate the Cook CARROT scene of the dataset with language, which takes an additional 87 minutes.
During data collection and evaluation, movable task objects are randomized in a 5” x 7” region
within the workspace.

Baselines: We compare to the following baselines:

* Tphase: the base policy pre-trained on play data;

+ LCBC: mpase With language-conditioning;

. : retrieves based on cosine similarity between language embedding of target task
(rather than hand demo) and language embedding of the play data;

. : retrieves based on cosine similarity between language embedding of target task
and image embedding of the play data;

« Flow [191]: trains a VAE on pre-computed optical flows for D,,, from GMFlow [306] and
retrieves individual states-action pairs based on latent motion similarity; and

« STRAP [212]: also uses S-DTW for sub-trajectory retrieval but uses S-DTW distance based

solely on Euclidean distance between pre-trained DINO-v2 image embeddings.
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Table 4.1: Number of retrieved sub-trajectories performing the demonstrated task. retrieves
more task-performing sub-trajectories than Flow and STRAP.

Reach Green Block Push Button Close Microwave

Flow 7/25 0/25 0/25
STRAP 5/25 0/25 2/25
9/25 13/25 9/25
15/25 18/25 11/25

STRAP and Flow assume access to expert robot demonstrations for both retrieval and fine-tuning.
In our setting, we do not assume such demonstrations, therefore, unless otherwise noted, we
adopt them without expert fine-tuning. While STRAP and Flow originally propose training poli-
cies from scratch, we instead apply LoRA fine-tuning—as with —which we found to yield
better performance for these baselines.

Policy Architecture: To ensure fair comparison, all methods use a three-layer action-chunking
transformer (similar to ACT [334]) decoder policy where applicable. The input to the transformer
policy is a sequence of image tokens corresponding to the external and over-shoulder camera
views. Conditioned on the current image observation, the model predicts an action chunk corre-
sponding to a second of execution. We refer the reader to Section B.1 for implementation details

and Section B.5 for extensive ablation results.

4.4.2 Experimental Evaluation

(Q1): HAND retrieves more task-relevant data. We analyze the quality of retrieved sub-
trajectories between Flow, STRAP, and . STRAP and both use S-DTW-based trajectory
retrieval, but STRAP relies purely on visual DINO-v2 embeddings for retrieval. We provide a sin-
gle hand demonstration of three real robot tasks and retrieve the top K = 25 matches from D,,.
As shown in Table 4.1, retrieves more task-relevant trajectories than both STRAP and Flow.
STRAP relies exclusively on visual similarity, while Flow relies exclusively on motion similarity.

Both methods struggle to bridge the domain gap between human hand demonstrations and robot
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Hand Demo Flow STRAP HAND (-VF) HAND

Figure 4.4: Qualitative retrieval results on OOD scene. We visualize the top sub-trajectory match
of Flow, STRAP, HAND (-VF), and HAND on two OOD domain demonstrations recorded from an iPhone
camera, showing approaching a K-Cup and putting it into the machine. Only HAND’s top match is relevant
for both hand demonstrations.

Table 4.2: Camera angle robustness results. Number of relevant retrieved trajectories for Put LiD oN
Port if we change the camera angle vertically and horizontally by 10° increments. HAND retrieves +18%
more relevant trajectories compared to STRAP even in the extreme case of 30° shift.

Method 10° Horiz. 20° Horiz. 30° Horiz. 10° Vert 20° Vert 30° Vert

Flow 0/25 2/25 5/25 1/25 0/25 0/25
STRAP 1/25 10/ 25 13/25 12/25 11/25 11/25
HAND 21/25 18/ 25 19/ 25 16/25 13/25 14/25

play data. In particular, for Pusu BuTTON, STRAP is unable to retrieve any relevant trajectories
in its top matches.

We also observe that visual filtering is necessary to retrieve trajectories where the target
object is interacted with, as demonstrated by HAND (~VF), an ablation of HAND without visual

filtering (Section 4.3.3), having 30% worse retrieval performance than HAND in Table 4.1.

(Q2): HAND supports hand demonstrations from unseen environments and is robust
to camera angle shifts. Because HAID retrieves based on relative hand motions, it is also effec-
tive with hand demonstrations from out-of-distribution (OOD) scenes. To illustrate, we collect
hand demonstrations in a new environment using a handheld iPhone camera and a real coffee

machine, while retrieving from robot play data recorded in a completely different scene with a
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Table 4.3: Long horizon Cook CARROT task results. We show success rates on each subtask and on
the full task execution. Successes are out of 10.

Method Slide Pot Put Obj. in Pot Put Lid on Pot Turn Knob Long Horiz.

LCBC 0

STRAP

w/o Pre-training

gD NNR OO N
QA U1 © =k O W

[ O e R )
A U1 Ul DO O O
W o O O O O O

+ LCBC 8 7 5 7 5

toy coffee machine. In Figure 4.4, we show the lowest cost retrieved sub-trajectory of STRAP and
Flow compared to and a HAND ablation without the visual filtering step, . Both
of the retrieved trajectories for STRAP and Flow, along with the top trajectory for are
irrelevant to the demonstrated task. For the first task, STRAP is able to retrieve the initial reaching
motion toward the K-Cup but misses the crucial grasping segment, as it does not leverage mo-
tion for retrieval. Only retrieves relevant robot trajectories for both hand demonstrations
because it focuses on the motion demonstrated by the human hand after visual filtering.

Table 4.2 shows that HAND is also robust to shifts in camera angle for the Put Lip on Pot
task, far more than Flow and STRAP. We measure the number of relevant retrieved trajectories
of different methods after vertical and horizontal camera angle shifts of 10° increments. In the
most extreme setting of 30° shift, retrieves +18% more relevant trajectories compared to
STRAP. These camera angle shifts emulate head rotations on humanoid robots or camera move-
ment on mobile manipulators, suggesting that can even work in such settings where camera

viewpoint change may occur.

(Q3): HAND enables efficient policy learning in the real world. We evaluate four methods,
including ours, across three standard tasks with ten trials each, for a total of 120 evaluations.

Real-world experiments in Figure 4.6 on our three standard tasks demonstrate that fine-tuning
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Collect One Hand Demo Retrieval + Fine-Tune Evaluate
(~15 seconds) (~2.5 minutes) (~ 30 seconds)

Figure 4.5: Fast Adaptation Study. We conduct a small-scale user study to demonstrate HAND’s ability
to learn robot policies in real-time. From providing the hand demonstration (Left), to retrieval and fine-
tuning a base policy (Middle), to evaluating the policy (Right), we show HAND can learn to put a carrot in
the blender with 7.5/10 task completion in less than 4 minutes.

with HAND improves success rates by +45% over the next best baseline, STRAP. In contrast, Flow
fails to learn a policy that achieves reasonable success rates in any of the tasks. We also report

the performance of 7y, trained on all of D,,, and note that the pre-trained policy struggles to

perform the tasks without any task-specific fine-tuning,.

We next evaluate eight methods, includ-
ing several ablations of HAND, across four
base tasks and one long-horizon task con-

structed from these base tasks, with ten tri-

Num Successes (out of 10)

als each for a total of 400 evaluations. Re-

Reach Green Block Press Button Close Microwave
=== Base === Flow === STRAP === HAND

sults on the more challenging long-horizon
tasks (Table 4.3) demonstrate that retrieval

Figure 4.6: Real Robot Results. Task completion (in-
using hand demonstrations outperforms cluding partial completion) out of 10 of 7pase, STRAP, Flow,

and HAND.
language-based retrieval (CLIP-L) by a fac-
tor of 3x in success rate. Language-based retrieval suffers from the lack of spatial awareness,
often retrieving trajectories that are semantically correct but spatially misaligned—similar to
STRAP —which makes policy fine-tuning more difficult. In contrast, directly conditioning on
language performs poorly compared to retrieval (LCBC), despite the fact that annotating sub-

trajectories with language more than doubles data collection and annotation time.

Ablation Study: We observe that each component of HAND, namely pretraining, visual fil-
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Table 4.4: Hand vs. Robot Teleoperation. uses a single hand demonstration while STRAP uses
robot teleoperation demonstrations. achieves higher success rates in significantly less data collection
time.

Time (Min) |  Success Rate 1

Method User1 User2 User1l User?2
HAND (Hand Demo) 3 2 5/10 4/10
STRAP (Robot Demo) 10 14 3/10 2.5/10

tering (VF), and cost weighting (CW), are critical for task performance. Cost weighting helps
bias the resulting policy towards behaviors that are most relevant to the downstream task, and
reduces the effect of potentially noisy retrievals that may not directly aid in learning the target
task. Without any of these components, the resulting policy is unable to learn the task. Only
HaND completes Cook CARROT, succeeding in 3 out of 10 trials. We also show that given access
to a language-annotated dataset, one could add language-conditioning on top of to further
improve the task performance ( + LCBC).

(Q4): HAND enables real-time, data-efficient policy learning of long-horizon tasks.
Finally, we performed two small-scale user studies with IRB approval from our institution to
demonstrate real-time learning. In the first study shown in Figure B.6, a participant familiar with
HaND iteratively demonstrated each part of a long-horizon BLEND CARROT task and trained a
HAND policy with over 70% success rate in under four minutes from providing a single hand
demonstration to deploying the fine-tuned policy. A video of a similar experiment can be found

on our website.

Hand vs Robot Demonstration Comparison: In the second study, two users with prior
teleoperation experience—but not affiliated with this research—each collected a total of 20 demon-
strations: 10 using hand demonstrations and 10 using robot teleoperation, to train the robot for
Put K-Cup IN COFFEE MACHINE. We employ retrieval for hand-collected demonstrations
and STRAP retrieval for robot teleoperation demonstrations. For a direct comparison, we addi-

tionally fine-tune STRAP with the human-collected teleoperated demonstrations as per [212].
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As reported in Table 4.4, teleoperated demonstrations required over 3x more time to collect
than hand demonstrations. Remarkably, with just a single hand demonstration per user, we fine-
tuned a policy achieving over 40% task completion compared to STRAP which reaches only 25%
using a single robot teleoperation demonstration. Interestingly, we observed that increasing the
number of expert demonstrations for STRAP degraded downstream performance likely due to
lower quality retrieved trajectories. These results demonstrate that enables fast adaptation

to downstream tasks with as few as one easy-to-provide hand demonstration.

4.5 Conclusion and Limitations

We presented HAND, a simple and time-efficient framework for adapting robots to tasks using
easy-to-provide human hand demonstrations. We demonstrated that HAND enables real-time
task adaptation with a single hand demonstration in under four minutes.

Extending to 3D paths for retrieval. While HAND uses 2D paths for retrieval, one future
direction could extend HAND to estimate the hand trajectory in 3D using foundation depth predic-
tion models. Another direction future work could consider is a mixture of features for improving
retrieval for tasks that require more dexterous control, i.e., cloth folding or deformable object
manipulation.

Severe Camera Viewpoint Changes. Future work could address issues from severe camera
viewpoint shifts between the collected hand demonstrations and robot play data via the use of

3D information, multiple camera viewpoints, or scene re-rendering with virtual cameras [96].
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CHAPTER 5




Chapter 5

CLAM: Continuous Latent Action Models
for Robot Learning from Unlabeled

Demonstrations

5.1 Introduction

Recent efforts in robotics attempted to tackle the collection of large-scale robot datasets [32,
59, 304], However, data collection ultimately requires manual teleoperation, which is expensive
and time-consuming. Furthermore, fine-tuning models in situ via teleoperation to address the
diversity of real-world environments and tasks is challenging for laypeople.

A promising alternative is training on human video demonstrations. These are easier to col-
lect than teleoperation data [116] and thus easier to scale to large datasets [65, 97]. However,
utilizing human videos to train robot policies has two main challenges. First, standard imitation
learning requires demonstrations from the robot’s own embodiment and viewpoint. Recent work
addresses this by converting human videos to robot-compatible observations using hand tracking
and inpainting [173, 174]. However, even with converted video, imitation learning still requires
ground-truth robot control signals, which these conversion methods do not provide. This is pre-

cisely the problem we focus on in this chapter: learning from expert demonstrations captured as
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Figure 5.1: Overview of CLAM. CLAM consists of a latent inverse dynamics model, f, which infers
the latent action between consecutive observations and latent forward dynamics model, gy, which
predicts the future observation conditioned on the latent action and observation history. CLAM learns
a latent action space through the self-supervised objective of future observation reconstruction. Unlike
prior work, CLAM produces continuous latent actions. To ensure the learned latent space is amenable
to decoding to real-world actions, CLAM jointly trains the action decoder and the latent action model.
robot video, but without action labels.

Actionless robot video is abundant in practice: human demonstrations can be converted to
robot viewpoints [173, 174], internet video captures manipulation behaviors at scale [65, 97], and
even existing robot datasets often contain observation logs without compatible action formats.
What is missing is a method to recover executable actions from these observations.

We introduce continuous latent action models (CLAM), a framework for learning robot control
policies from observation-only robot demonstrations. CLAM trains a latent inverse dynamics
model to infer a continuous latent action between consecutive observations, supervised only by
a forward dynamics model that must reconstruct the next observation from the current obser-
vation and the inferred latent action. This self-supervised loop requires no action labels and can
be trained on large amounts of unlabeled video. To make these latent actions executable on a
real robot, CLAM jointly trains an action decoder that maps latent actions to motor commands,
using only a small amount of task-agnostic play data. Joint training is critical: it regularizes
the latent space so that it remains decodable, which we show is necessary for continuous control.
Once trained, the latent inverse dynamics model annotates unlabeled expert demonstrations with
pseudo-actions, and a policy is trained via standard imitation learning on the resulting dataset.

However, realizing this pipeline for physical robots requires representations that map seam-

lessly to continuous, high-dimensional action spaces. In this work, we identify several key ar-
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chitectural improvements that greatly improve the paradigm of learning from observation-only

data in continuous control robotics settings. Our contributions are threefold:

1. We demonstrate that latent action relabeling becomes practical for high-dimensional con-
tinuous robot control when using continuous latent spaces and joint grounding.

2. We demonstrate that task-agnostic play data, rather than expert teleoperation, is sufficient
for grounding latent actions, dramatically reducing the cost of data collection for new tasks.

3. We deploy and evaluate CLAM on a physical WidowX robot across four manipulation tasks,
showing it is competitive with BC trained with privileged expert action labels without ever

collecting action-labeled expert demonstrations.

5.2 Related Work

Imitation from Observation. Learning robot policies from sequences of observations with-
out access to corresponding actions is often referred to as imitation from observation (IfO) [198].
Unlike standard imitation learning, the demonstrations may differ in embodiment, environment,
or viewpoint, and observations do not include action labels. Existing IfO approaches either learn
policies directly from observation sequences by aligning trajectories [195, 198, 310], or predict
future observations and map them to robot controls using learned or off-the-shelf perception
models [155, 295]. However, these methods often depend on online rollouts or off-the-shelf vi-
sion models, which limit their applicability. In contrast, CLAM is trained fully offline, without
rollouts or off-the-shelf models.

Supervised Learning of Inverse Dynamics Models. With access to some action-labeled
data, inverse dynamics models (IDMs) can be trained in a supervised fashion. VPT [17] and
Seer [279], for example, use an IDM to label large unlabeled datasets, while UniPi [74] finetunes a
video prediction model and applies an IDM to infer robot actions from synthetic data. A key limi-
tation of such methods is that the IDM must predict actions in the real action space. Consequently,
these methods are bottlenecked by the number of labeled demonstrations for task-specific fine-

tuning or the budget required to collect them.
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Latent Action Models. To bypass the dependency on labeled data, several works learn
IDMs in a latent action space using only observation data [41, 42, 49, 63, 154, 213, 253, 315].
These works apply a variety of subtle architectural differences, which we compare in a real-world
setup. Works such as LAPA [315] and DynaMo [63] use latent action learning for pretraining to
achieve better representation learning performance [63, 277, 315]. However, unlike CLAM, since
the latent action model (LAM) is limited to pretraining, each new task still requires collecting
labeled expert data to train a policy. Works such as LAPO [253] and Genie [41] combine VPT-
style methods with latent action models, using the IDM to annotate unlabeled trajectories directly.
While promising, they focus on video game domains with small discrete action spaces. These
methods use vector quantization in the latent action space; recent works point toward the benefits
of using continuous latent action spaces [225, 312]. We perform a detailed analysis in the real-
world robotics domain, validating key architectural choices that make latent action modeling
practical in fully continuous, high-dimensional control settings.

A slew of concurrent works study the applicability of latent action learning to in-the-wild
data [93], as a component of large behavior models [190], and world models [92, 316], highlighting
the importance of this line of research.

Most similar to our work is the work by Nikulin et al. [225]. The authors find that supervision
during LAM training and continuous action spaces are beneficial in simulated continuous control
tasks. Our work differs due to our focus on real-world dexterous control and the use of off-domain

data for large-scale pretraining, whereas Nikulin et al. [225] focus on invariance to distractors.

5.3 Problem Setting

We consider a practical setting in which a user wants to teach a robot a new task without collect-
ing action-labeled expert demonstrations. The data regime involves three datasets with comple-
mentary roles.

The bulk of the training data comes from a large corpus of robot video collected across diverse

environments and tasks, without action labels. This data may come from prior deployments,
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passive recording, or, as recent work has shown, human videos converted to robot-viewpoint
observations [173, 174]. We denote this pool Dyp1.peled- Because no teleoperation or action logging
is required, this type of data is cheap to scale.

Separately, we assume access to a small dataset of action-labeled robot transitions, Dypeleds
collected task-agnostically. In our experiments, this consists of undirected play data, which re-
quires minimal expertise from the operator and no task-specific planning, making it substantially
cheaper to collect than expert demonstrations [204]. Dyapeeq is used solely to ground latent actions
into executable motor commands.

The user’s only contribution is a small set of task-specific demonstrations, Dyniabeled-expert> COl-
lected by performing the target task themselves. These demonstrations are expert with respect
to the task but contain no action labels; the user simply shows what the task looks like, through
a converted human video. The user’s demonstrations are used for two purposes. First, they are
added to Djypeleq for training the LAM and to ensure the LAM does not suffer out-of-distribution
errors. Second, they are used as expert data to train the final policy.

To isolate the challenge of action inference from the orthogonal challenge of cross-embodiment
transfer, we use robot demonstrations with action labels withheld as our unlabeled data. Addi-
tionally, all methods, including CLAM and baselines, have access to the same Dyyjabeleds Diabeleds
and Dynlabeled-expert: hOWever, some baselines might be bottlenecked by labeled demonstration re-
quirements and thus cannot make use of some of the data. Furthermore, we focus on the single-

task, single-robot-embodiment setting.

5.4 Continuous Latent Action Models

We introduce continuous latent action models (CLAM), shown in Figure 5.1, a scalable approach
for training continuous control policies from unlabeled observation data. CLAM consists of two
stages. In (Section 5.4.1), we train a latent action model (LAM) for relabeling observation-

only data. We then use this LAM in (Section 5.4.2) to train a latent action policy.
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Algorithm 3 CLAM w/ Joint Action Decoder Training

1: IHPUti Dhunlabeled> Diabeleds Dunlabeledfexperta IDM f¢> FDM 8> Action Decoder Po>
T
N¢: number of CLAM update steps
Np: number of policy updates steps
K: train action decoder every

2: for iter = 1 in range(N¢) do

3 Update fg and gy with Lyecon 0n Dynlabeled

4: if iter % K == 0 then

5 Update Po and fqﬁ with [:actionfdecoder on Dipeled

o))

: Annotate Dynlabeled_expert With IDM f;
: for iter = 1 in range(Np) do
Update 7y with £, on annotated Dynlabeled_expert

o 3

5.4.1 Latent Action Model Training

In , we pretrain a Latent Action Model (LAM) that we later use to annotate trajectories
with pseudo-action labels. A LAM consists of two components: a forward dynamics model (FDM),
which predicts the transition dynamics of the environment, and an inverse dynamics model (IDM),
which inverts this process by inferring the action performed between two subsequent observa-

tions.

Algorithm 4 Inference Time Rollout

1: Input: Action Decoder p,, T

2: 0; = env.reset()

3: while not done do

4 z; = mo(- | 04) // infer latent action
5 a; = po(- | z1) // decode latent action
6 0y, done = env.step(a;)

Since we train these models without any action labels, we train a latent IDM, f4(z; | 0, 0411),
which predicts an unobserved latent action z, between two consecutive observations. To provide
a training signal for the latent action, we jointly train a latent FDM, gy (0,11 | 04, 2;), to infer the
next observation conditioned on the current observation and latent action. Since observations
are partial and do not capture the full environment state, in practice, we provide the LAM with

additional H steps of context making it easier to infer the underlying state and predict a more
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accurate latent action, i.e., f5(z; | 0,-p, ..., 0, 0141) and gy (0411 | 01—, ..., 04, 20).

As shown in Figure 5.1, the training signal comes from future observation reconstruction,
i.e. Liecon = MSE(0441, 0141) where 0,4, is the FDM prediction. Our encoder/decoder architecture
induces an information bottleneck, ensuring a meaningful, compact action representation rather
than shortcut solutions. While prior works [41, 253] discretize latent actions from the IDM using
Vector Quantization (VQ) [283], our experiments show that this fails in robotics tasks where ac-
tions are inherently continuous. We solve this shortcoming by replacing the VQ-based discretized
action space with a learned continuous actions.

Latent Action Decoder. At test time, the learned latent actions cannot be directly executed
in the environment. Consequently, we learn a latent action decoder, p,(a; | z;) using Dipeled
to ground the learned latent actions to executable environment actions. Some prior work [253]
trains the action decoder independently from the latent action model. This is reasonable for
environments with discrete action spaces, where it is possible to learn the mapping from a discrete
set of codes to the environment actions. Recent work [225] points toward the benefit of providing
additional supervision by jointly training with labeled data. We find this holds in real-world
experiments, so we adopt a joint training approach for our LAM training. We find that this
allows for effective decoding to real-world actions.

Importantly, we do not make any assumptions about how Dy,pejeq is collected. Furthermore,
we demonstrate that Dypeeq can come from any behavioral policy, even a random policy or task-
agnostic play data, allowing CLAM to work even without access to expert teleoperated data.
During LAM pretraining, we alternate between gradient updates on batches of unlabeled data for
training the LAM and batches of labeled data for training the action decoder. The final training
objective for CLAM is Lcpam = Lrecon + SLaction-decoder Where Loction-decoder = MSE(4;, a;) and f is

a hyperparameter that balances the reconstruction and action decoder losses.
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5.4.2 Latent Action Policy Training

During , we use the latent IDM from our pretrained CLAM to annotate Dyjabeled-expert With
latent actions. The latent FDM only provides the learning signal for training the latent IDM and is
discarded at this point. We apply the latent IDM to infer the latent action z; between each consec-
utive observation (o, 04+1), 1.€., Dyelabeled-expert = 1(0], 21, 05, Zb, ..., Z5_1, 0%) VT' € Dyplaeled-expert}-

Subsequently, we train a , me(z; | 0;), using imitation learning by op-
timizing £, = MSE(Z;, z;) on batches of annotated data from Diepabeled-expert- During inference
time, detailed in Algorithm 4, our learned policy predicts the latent actions given an observation,
which the action decoder will decode into an environment action.

Leveraging pretrained IDM image features for policy training. A side-effect of learn-
ing a LAM on image-based observations is that the IDM’s image encoders can be used as pre-
trained image features for learning the latent action policy ( ). Indeed, viewed through
this lens, training the LAM can be seen as a form of self-supervised representation learning. In
DynaMo [63], it is shown that pretraining vision encoders using an IDM/FDM self-supervised
loss improves the performance of downstream imitation learning from expert-labeled demon-
strations. We will show in Section 5.5 that similar positive transfer also occurs for CLAM when

learning latent action policies.

5.5 Experimental Setup

Environments and Datasets. We compare CLAM to several state-of-the-art baselines using
both state- and image-based observations across tasks in DMControl [280], MetaWorld [321],
and on a real WidowX robot arm outlined below. Full details of the data split is provided in

Table C.13.

« DMControl. We evaluate on two DMControl locomotion tasks: HopPER and HALFCHEE-
TAH. We use trajectories from medium-expert split of the D4RL [88] benchmark for pre-

training CLAM and subsample only suboptimal trajectories for Djapejeq-
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Table 5.1: MetaWorld State-Based Results. We report normalized returns for DMControl tasks and
average task success rates for MetaWorld tasks. Maroon highlights the best method in each environment,
excluding , which is trained with expert labeled data. Our methods, denoted by an asterisk (),
outperform all baselines across tasks.

HALF Bin PEG SHELF

CHEETAH HOPPER | ASSEMBLY PickING INSERT  PLACE Average
BC-AL 0.22 +£0.05 0.35+0.04 | 0.34 +£0.05 0.27 +£0.12 0.29 +0.07 0.00 +£0.00 | 0.24
0.12 £0.05 0.24 +£0.03 | 0.15+0.04 0.02 +0.03 0.17 £0.04 0.06 +0.08 | 0.13
LAPA 0.22 +£0.05 0.30 +£0.06 | 0.24 +£0.07 0.15 +0.01 0.25+0.02 0.12 +0.02| 0.21
DynaMo 0.18 £0.03 0.22 +0.02 | 0.10 £0.03 0.06 +£0.03 0.12 +£0.04 0.08 +£0.02| 0.13
VPT 0.32 +£0.04 0.41 +0.03 | 0.40 +£0.08 0.05 +0.02 0.49 +£0.06 0.02 +0.00 | 0.28
¥ 0.64 +£0.05 0.64 +£0.03 | 0.53 +£0.04 0.68 +£0.05 0.58 £0.04 0.72 +0.04 | 0.63
*10.72 £0.04 0.81 +£0.05| 0.91 +0.03 0.82 +0.03 0.79 +0.07 0.93 +0.02| 0.83
0.68 £0.02 0.76 +0.04 | 1.00 £0.00 0.94 +0.05 0.91 +£0.03 0.93 +0.00| 0.87

. MetaWorld. We evaluate on four difficult MetaWorld tasks: ASSEMBLY, BIN PICKING, PEG
INSERT, and SHELF PLACE. We train single-task RL agents and collect the replay buffer data
for pretraining. We holdout a separate random-medium dataset similar to DMControl for
Duabeled-

« WidowX Robot Arm. We evaluate on four real world manipulation tasks (see the right
panel of Figure 5.3): REAcH Brock, PusH BuTToN, CLOSE MICROWAVE, and PUT OBJECT IN
Pot AnD SLIDE PoT which requires more than 150 timesteps at a 5 Hz control frequency.
Our WidowX robot arm setup is shown in Figure 5.3 (Left). We collect a task-agnostic, play
dataset of ~ 50k transitions for Dyyjapeled and use about 5k transitions for Dipeeq. We sepa-

rately collect ~30 expert demonstrations per task without action labels for Dypiapeled-expert-

Baselines. To ensure fair comparison, we reuse the same architectural components between
CLAM and all baselines. These components are an IDM, an FDM, an action decoder/action head,
and a transformer BC policy. Furthermore, all methods have access to same data when applicable.
Some algorithms are unable to leverage certain subsets of the data, e.g. BC cannot use Dyyapeled

since it requires action supervision. We compare CLAM to the following baselines:
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Figure 5.2: MetaWorld Image-Based Experiments. Task success rates are averaged over 50 evaluation
rollouts across 3 random seeds using image-based inputs. All methods are trained with the same amount
of action-labeled data (100 trajectories) for fair comparison. Because Dy,peled is not necessarily expert data,

baselines struggle to learn a performant downstream policy, whereas and achieve
up to a 3x improvement over the best baseline. Baselines using a discrete latent action space are indicated
with hashed markers. For reference, we also report results for , trained on the same number of

expert trajectories to illustrate the ideal performance BC can achieve with ground-truth action labels.

« BC-Action-Labeled (BC-AL): Behavior cloning on the small Dj,peieq, Which is not fully
expert data. Since BC needs action labels, it does not use Dypjapeled-

« VPT [17]: The IDM is trained only on Djypeq via supervised learning. The IDM is used
to label Dyniabeled-expert With environment actions and a BC policy is then trained on the
annotated data.

. [253]: Latent action model with discrete, vector-quantized latent actions.

« LAPA [315]: After LAM pretraining, the final layer of the IDM is replaced with an action
head and fine-tuned end-to-end on D)1eq, Which is non-expert.

« DynaMo [63]: Self-supervised learning on Dapeled to train a vision encoder using an IDM
and FDM to predict latent embeddings of future frames. A BC policy is trained on the
image embeddings produced by the pretrained vision encoder using Dj,peleq- We include
this baseline to compare what a pure image-feature pretraining approach can achieve in
our problem setting, which does not use the LAM for relabeling.

. - - -CLAM (Ours): Continuous latent action model with dif-
ferent parameterizations of the latent IDM and FDM.

. ( ): Privileged BC on Dypiabeled-expert With ground-truth action labels avail-
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able, which are not available to other methods.

CLAM Model Architectures: For image observations, we model after the Space-Time (ST)
Transformer [26]. We first patchify a 64 x 64 x 3 image with a patch size of 16 for a total of 16
patches. Each patch is embedded through a linear layer into the hidden dimension. The encoder
consists of Ng layers of Space-Time (ST) Attention blocks. Each ST block consists of spatial atten-
tion followed by temporal attention and a feedforward layer with skip connection, LayerNorm,
and dropout applied between each attention. The decoder ST block also applies a cross-attention
with the latent actions generated by the encoder. We add an additional token in the sequence of
patch embeddings as a CLS token for the whole image. From the CLS token for each timestep, we
apply a linear layer to predict the latent actions.

Latent Policy Architecture: For our policy, we use a transformer decoder similar to the one
used in ACT [334]. For both external and over-the-shoulder RGB images, we use a pretrained
ResNet to first extract 7 x 7 feature maps and flatten these features across the spatial dimension
to create a sequence of d, dimension tokens where d, is the output dimension of ResNet. In
particular, we use ResNet18 where d, = 512. We feed as input to a causal transformer decoder
a sequence learnable action tokens with dimension d. We use the flattened image feature map
as the keys and values and apply a cross-attention between the image features and learnable
tokens. We concatenate all modality tokens and add additional modality-specific embeddings
and sinusoidal positional embeddings.

The input sequence to the transformer is a fixed position embedding, with dimensions k x512
where k is the chunk size and the keys and values are the combined image tokens from the stem.

At each timestep, we predict a chunk of 5 actions corresponding to 1 second of execution.

5.6 Results

We aim to study the efficacy of CLAM as a general approach to learn from actionless data, evaluate
its ability to train robot policies without access to labeled expert data, and analyze its design

choices and limitations. We organize our experiments to answer the following:
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Figure 5.3: WidowX Robot Arm Setup and Evaluation Tasks. Left: WidowX robot arm in a toy
kitchen setup [288]. We use an Intel Realsense D435 RGBD camera as a fixed external camera and a
Logitech C920 webcam as an over-the-shoulder camera view. Right: Four tabletop manipulation tasks
used to evaluate the scalability of CLAM.

(Q1) How effective is CLAM at learning policies without action-labeled expert demonstra-
tions?

(Q2) How important is each component of CLAM: continuous latent actions and jointly train-
ing action decoder?

(Q3) Can CLAM scale to efficiently learn capable robot policies for real-world scenarios?

FINDING 1: CLAM outperforms all baselines and nearly matches the performance of
BC with expert data in both state- and image-based experiments. Table 5.1 summarizes our
results for state-based inputs on DMControl and Figure 5.2 for image-based results in MetaWorld.
CLAM improves upon the best baseline VPT by more than 2x average normalized return on the
DMControl (locomotion) tasks and around 2—3x success rate on the MetaWorld (manipulation)
tasks.

BC-AL using action-labeled data unsurprisingly does not perform well due to imitating sub-
optimal demonstrations. In several tasks, achieves performance close to or even
better than that of which uses the same amount of privileged expert action-labeled
data. In the image domain, we hypothesize that transfer from the pre-trained IDM image encoder
might cause these improvements (cf. Section 5.4.2). For state-based inputs, we hypothesize that
the additional difficulty introduced by not training on ground-truth actions could regularize our
method and reduce overfitting.

All variants of CLAM outperform the best baseline VPT [17], highlighting the fact that latent
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action models scale with |Dypyiapered| While supervised IDMs only scale with |Djpereq|- Since our
problem setup assumes |Dyperea] <K |Duntabeledl, it is likely that VPT learns a suboptimal IDM, un-
derscoring the benefit of latent action models which can leverage vast, unstructured observation
data to learn latent actions in an unsupervised manner. CLAM outperforms state-of-the-art meth-
ods in our problem setting where only play data is available as action-labeled data, and expert
data is actionless. In other data settings, the baselines will likely be competitive, and thus choos-
ing the right method for learning is dependent on the specific data regime. We emphasize that
our data regime enables scalable learning from easy-to-collect, cheap play data [211] avoiding
the need for expensive task-specific data collection.

FINDING 2: Continuous latent actions and joint action decoder greatly improve per-
formance in real-world robotics tasks. First, we corroborate the findings by Nikulin et al.
[225] that continuous latent actions joint training benefit LAM performance. Unlike VPT, the
other baselines ( , LAPA, and DynaMo) make use of LAMs, as does our method. We find that
we can outperform these methods, likely due to using continuous latent actions in conjunction

with jointly training an action decoder. First, baselines that apply vector quantization [283] to

discretize the latent actions, including and LAPA, perform poorly on continuous control
tasks. In our image-based experiments, achieves an over 3x improvement in
task success rate at 76%, compared to and LAPA, which achieve 9% and 20%, respectively

(cf. Figure 5.2). VQ discretizes the latent action space by mapping each continuous latent action to
the closest vector in a learned codebook of vector embeddings. Prior works utilize VQ primarily
to simplify the structure of the latent action space which is a reasonable choice for discrete action
environments. We hypothesize that applying quantization to the latent space severely limits the

expressivity of the latent actions for fine-grained manipulation tasks.

A potential issue with using an arbitrary continuous latent action space is grounding actions
in the environment. In discrete settings, LAMs can recover an action space corresponding to a

permutation of the ground-truth environment actions [41]. However, learning this mapping is
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Table 5.2: CLAM Ablation Study. Both continuous latent actions and joint training are necessary to
improve task success. Using continuous actions (row 2 — row 3) yields about a 1.5x improvement in
success rates. Joint training (row 3 — row 4) further boosts performance by roughly 3x.

‘ASSEMBLY Bin Pick  PEG INSERT SHELF PLACE

Disc., w/o Joint Training | 0.15+0.03 0.12+0.02  0.18 +£0.04 0.19 +0.03
Disc., w/ Joint Training 0.14 +0.04 0.14+0.03  0.17 +0.03 0.16 +0.04
Cont., w/o Joint Training | 0.28 £0.04  0.18 +0.03 0.21 £0.08 0.26 £0.06
Cont., w/ Joint Training | 0.69+0.05 0.82+0.04 0.57 +0.11 0.88 +£0.02

more challenging for continuous actions. In Table 5.2, we present additional experiments, ab-
lating both the choice of action space (discrete vs. continuous) and joint training on MetaWorld
tasks. Using discrete latent actions, equivalent to [253], results in an average of 16% task
success compared to using continuous latent actions, which achieves 23%. This indicates that
even without joint training, continuous actions improve performance. Furthermore, while joint
training does not help much in the discrete latent action case, we see a substantial improvement
when coupled with continuous latent actions, achieving 74% average success rate (over 3x im-
provement).

Real WidowX Robot Arm Experiments. We evaluate the scalability of CLAM to more
realistic applications on a physical WidowX robot arm shown in Figure 5.3 (Left). Even though
Diabelea comprises of task-agnostic, mixed expertise play data, we demonstrate that CLAM is still
able to learn to solve the tasks while baseline methods struggle to leverage this data to train a
task-specific policy. As in the simulated experiments, we find that VPT is the closest baseline, but
still struggles as it can only scale with the limited amount of labeled data, while BC-AL and LAPA
are unable to learn from play data entirely. Remarkably, CLAM learns a policy to solve new tasks,
without having explicitly collected action-labeled, expert demonstrations.

This finding validates prior findings of benefits from action supervision during LAM training,
as well as continuous latent action spaces in simulation settings [225] and smaller-scale experi-

ments [312].

FINDING 3: CLAM successfully learns without ever accessing action-labeled expert
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Table 5.3: Real Robot Results. ST-CLANM significantly outperforms baseline methods across all tasks. We
report task success rate out of 10 trials; partial success is provided for completing a subtask.

Brock BurtON MICROWAVE SLIDE PoT

BC-AL 0/10  0.5/10 1/10 0/10
LAPA 2/10 3/10 3/10 0/10
VPT 2.5/10  4/10 5/10 2/10
ST-CLAM 7/10  8.5/10 8/10 4/10
7.5/10  8/10 7.5/10 2/10
1.0 = 1.0 =
2084 0.8 0.69 0.73
< [av]
~ 0.57 =
‘ Z 0.6 0.39
g =
& & 0.4
e e
= = 0.2 1
0.0 =
2 4 8 16 50 100 150 200 1000
Latent Action Dimension | Duntabeled|

Figure 5.4: (Left) Increasing the latent action dimension improves the model expressivity for policy learn-
ing. Up until a latent dimension of 4, the learned latent action space fails to be useful for imitation learning.
However, a latent dimension of 8 has sufficient capacity, achieving 57% success rate on the Assembly task.
(Right) CLAM scales with the amount of unlabeled video data. The performance of the downstream policy
improves as we annotate more trajectories using the pretrained CLAM.

data in both simulation and real robot experiments. We perform our main-line experiments
(Figure 5.2) with action-labeled data that is not fully expert. This type of data is much cheaper
to collect than training human workers to teleoperate robot hardware with potentially many
degrees of freedom [204]. LAPA circumvents the issues of learning a separate action-grounding
model by directly fine-tuning the pretrained LAM with an uninitialized action prediction head
on Diupered- However, if only partially-optimal or play data is available, the fine-tuned BC model

struggles to learn a good policy, since it does not label the unlabeled data. In this regard, LAPA

is similar to BC-AL with a better initialization as a result of the LAM pretraining, (20% vs. 16%

61



1.0 CLAM 1.00
Zos T ¢ 8
= S 0.75
2] w
é 0.6 — o
2 S 0.50
02 0.4 5]
= P
] 0'2_.’—;/5/‘ & 0257

0.0=FT1T 1 1 0.00 —

1025 50 100 200 Rand Rand/Med Expert
‘Dlabeled’ Expertise of Diabeled

Figure 5.5: (Left) We vary the number of labeled trajectories for training the action decoder. While BC
performance struggles to learn from non-expert data, our method improves with more data. (Right) We
also evaluate the robustness of CLAM to varying expertise of data. We learn a better policy than BC with
the same amount of labeled random trajectories. Unsurprisingly, with expert data, our method recovers
an optimal policy.

success rate). Despite the action-labeled data not being fully optimal, CLAM is still able to achieve
high success rates.

To further investigate this capability of our method, we experiment with various data com-
positions composed of varying expertise levels. We filter our offline dataset for 100 trajectories
below a predefined threshold return value and manually verify that the policy does not achieve
the downstream task and acts randomly. We show in Figure 5.5 (Right) that even with random

policy data we can achieve similar performance as on the random/medium data regime. When

expert data is available, we can recover a policy that always solves the task.

5.6.1 CLAM Design Choices

We conduct a comprehensive analysis of various design choices such as the latent action dimen-
sion, the amount of unlabeled data (| Dypiabeled-expert|) for latent policy training, and the amount of
labeled data (| Dyapereq|) for action decoder training.

Latent action dimension directly affects the model’s expressivity. In Figure 5.4 (Left),
we vary the latent action dimension |z| € {2,4,8,16} for the MetaWorld Assembly task. We

find that setting |z| to the true action dimension (4 in the case of MetaWorld) is insufficient,
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likely because our LAM is not guaranteed to learn the same compact action representation the
environment uses. We find that having a slight overparameterization for the latent action space
makes learning easier. Between |z| of 4 and 8, there is a significant improvement. However, further
increasing |z| to 16 does not yield any additional gains. This suggests that a latent dimension of
8 is sufficient to capture the representational capacity needed for policy learning. Higher action
dimensions are likely more difficult to learn by the action decoder, potentially requiring more
labeled data.

Latent action policy scales with |Dyslabeled-expert|. In Figure 5.4 (Right) we demonstrate
that CLAM’s performance on the Assembly task improves as we increase |Dyjlapeled|- This result
suggests that we can improve robot policies without the need for expensive, manually collected
expert teleoperated demonstrations. We note that the returns start diminishing after a certain
number of trajectories, likely because the action decoder’s data remains unchanged.

Increasing |Djapeled| improves the action decoder accuracy and downstream perfor-
mance. In Figure 5.5 (Left) we analyze the effect of varying |Dypeleq| for training the action de-
coder. Unsurprisingly, as we increase | Dyapeleq, the learned action decoder becomes more accurate
and better generalizes to new unseen states. With only a handful of trajectories, it is difficult to
ground the latent actions to the environment explaining the poor performance. On the contrary,
BC trained using the same amount of labeled non-expert data quickly plateaus in performance
and fails to scale with more data. In our problem setting, with 50 non-expert labeled trajecto-
ries, CLAM outperforms baselines, including BC, trained on more than 100. With enough labeled
trajectories, our latent action space is expressive enough to achieve perfect performance on the

task.

5.7 Conclusion

We proposed CLAM, a scalable solution for learning continuous control tasks from unlabeled
video data. We demonstrate with real robot experiments that CLAM, using continuous latent

actions and joint training, can learn policies for unseen tasks without requiring any expert tele-
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operated demonstrations. We hope CLAM further advances the scalable training of robot policies

from action-less data, alleviating the need for expensive, manual data collection.

5.8 Limitations

Embodiment Gap. The human-robot embodiment gap is directly addressable with video con-
version methods such as Phantom [174] and Masquerade [173]. We leave performing studies that
use these or similar approaches in the actual pipeline for future work.

Alternatively, other approaches to addressing the human-robot embodiment gap. Prior works
such as CrossFormer [71] train fine-tuned action heads for different embodiments, but are limited
to a fixed set of embodiments seen during training. For future work, we aim to apply the action-
less learning capabilities of CLAM to the cross-embodiment problem, to allow learning for various

robot embodiments and the human embodiment in a scalable way.
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CHAPTER 6




Chapter 6

Inference-Time Plan Guidance with

Interleaved Reasoning

6.1 Introduction

Reasoning models [100, 133, 309] typically take a “think-then-answer" approach, in which a
monolithic, and often quite long, block of reasoning is generated before producing any user-
facing output. This delay not only creates a poor user experience, but can result in substantial
wasted time if misunderstands the user’s intent or begins its reasoning from a flawed assump-
tion. Because it offers no opportunity for user intervention, the “think-then-answer” paradigm
is especially problematic in time-sensitive applications like voice assistants.

Human speakers avoid this problem by employing a range of strategies for collaborative
grounding, which help to ensure mutual understanding throughout dialogue [25, 56, 256]. Mo-
tivated by this literature, we introduce interleaved reasoning, in which the model alternates be-
tween unobserved “thinking" and surfacing intermediate responses to the user. We define an
intermediate response as a self-contained, usable piece of information that hints at the model’s
understanding of the user’s intention and its plan for satisfying it. When this understanding
or plan is incorrect, it should be possible for the user to act immediately without waiting for a

future revision. For example, in response to a trip planning prompt, the model might first pro-
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Figure 6.1: PLANTAIN Rewind-and-Repeat After post-training an interleaved reasoning model, we
apply an iterative rejection-sampling strategy for inference-time plan guidance. PLANTAIN first produces
a plan as its initial intermediate response. This plan is evaluated by a human judge or an LLM autorater. If
accepted, the model proceeds to generate the final answer. If rejected, the process is rewound such that the
rejected plan is appended to a history of failures, and the model is re-prompted to produce a new, distinct
plan. Crucially, the response generated by PLANTAIN is typically of higher quality than the response
produced by a standard Think-Answer model. Additionally, subsequent thinking blocks after a rejection
plan are short because the model only needs to adjust the plan rather than regenerate full reasoning. This
leads to early pruning of suboptimal reasoning paths and closer alignment with true user intent.

vide a high-level outline of a possible itinerary. Subsequent responses could then provide more
granular, day-to-day activities, after making additional web searches and tool calls.

We propose PLANTAIN (Plan-Answer Interleaved Reasoning), a post-training framework that
enables existing models to perform interleaved reasoning. PLANTAIN follows a three-stage recipe:
(1) generating synthetic dataset of interleaved reasoning traces using prompting (2) supervised
fine-tuning to distill the desired format into the base model, and (3) reinforcement learning (RL)
post-training with verifiable rewards for improving downstream task performance. In this chap-
ter, we focus on a “plan-first" specialization of interleaved reasoning, shown in Figure 6.1, where
the model’s initial intermediate response is an explicit, step-by-step plan that verbalizes its in-
tended solution path.

While prior work has shown that grounding model generation in a plan improves perfor-
mance [314], our interleaved approach uniquely allows for early intervention to keep the solution
on track. To this end, we design two inference-time strategies, Best-of-N-Plans and Rewind-

and-Repeat, that use an LLM-as-a-judge to simulate user feedback on the initial plan(s). In the
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Best-of-N-Plans approach, the model generates multiple plans and the user selects the best one
for the subsequent generation. In Rewind-and-Repeat [150], the model proposes one plan at a
time, which the user can accept or reject; if a plan is rejected, the process is “rewound", and the
model is prompted to generate a new, different plan. We evaluate these methods on a diverse set
of benchmarks, including math reasoning, coding, text-to-SQL structured generation, and long-
context question answering. Our proposed strategies improve alignment and robustness without
increasing total token cost, since only short plan prefixes are resampled rather than full gener-
ations. This allows the model (or user) to prune flawed reasoning paths early, yielding higher
pass@1 and lower latency compared to standard Best-of-N over complete responses [258].

Our core contributions are as follows:

1. We introduce PLANTAIN, a framework for “plan-first” interleaved reasoning, along with two
inference-time strategies that allow for early user intervention and feedback.
2. We demonstrate that PLANTAIN reduces the time-to-first-token by 60%, which we use as a

measure of perceived latency, without compromising task performance.

3. We demonstrate that PLANTAIN—when trained exclusively on coding data—generalizes to
diverse reasoning tasks, achieving an average +6% improvement in pass@1 across all bench-

marks.

6.2 Interleaved Reasoning

PLANTAIN is a post-training framework to elicit interleaved reasoning behavior in reasoning
models. Unlike prior approaches that impose length restrictions or introduce token budgets
[4, 107, 259], PLANTAIN encourages the model to produce a explicit plan as the first interme-
diate response. This behavior is controlled through the system instruction (SI), which is modified
to prompt the model to “plan first,” while the SFT and RL objectives reinforce the resulting inter-
leaved reasoning style without explicitly constraining when to plan. Our framework is a simple
three-step recipe: (1) generation of synthetic interleaved reasoning traces, (2) supervised fine-

tuning to distill the interleaved format, and (3) RL post-training using verifiable rewards. Having
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obtained models capable of interleaved reasoning, we then introduce two inference-time strate-
gies that leverage this output structure to improve the final response generation. The complete
pseudocode for our training and inference procedures is provided in Section D.1.

Interleaved CoT. A standard language model is typically trained to produce a final answer
A conditioned on a prompt P, often preceded by a monolithic block of reasoning, T, resulting in
a sequence of the form, P - T — A. Rather than outputting the final answer after a lengthy
thought block, interleaved CoT alternates between shorter thoughts and outputting intermediate
response to the user. Formally, an interleaved trace r = (t;, ay, t3, a, ..., t,, a,) where t; represents
internal thoughts and g; is an intermediate response surfaced to the user.

Generating Synthetic Interleaved Traces. Off-the-shelf reasoning models exhibit a strong
bias towards the “think-answer” paradigm, an artifact of their training that results in lengthy
reasoning sequences even for simple prompts [50]. Following [141], we iteratively prompt a
larger model to produce variable length CoT traces. We take a subset of prompts from Bic-
CoDEBENCH [343] and create a natural response decomposition, by modifying the prompt (Sec-
tion D.3.1) to ask for a solution outline and unit tests in addition to the code implementation.
Concretely, each interleaved CoT trace follows the structure thought — solution plan — thought
— code — thought — unit tests, encouraging the model to emit useful early outputs for the user. We
provide an example of the generated interleaved traces in Appendix D.3.1. To improve general-
ization, we further construct (i) concatenated-prompt traces, where multiple independent prompts
are concatenated into a composite input, and the model is asked to solve each sequentially within
a single reasoning trace, and (ii) multi-solution traces, where the model is prompted to generate
several distinct candidate solutions for the same problem. For example, a concatenated-prompt
trace may include three standalone coding tasks, such as reversing a string, counting unique el-
ements, and checking for palindromes, encouraging the model to transition between problems
within one reasoning context. A multi-solution trace could prompt the model to produce multiple
implementations for a single task (e.g., recursive and iterative factorial). Together, these exam-

ples form our synthetic interleaved reasoning dataset, denoted as Diytericave = {(P}, Tj)}ﬁ.‘il. This
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Algorithm 5 Post-training to elicit interleaved reasoning

Require: Base model 7y ; prompts X; synthetic “plan-first” prompt template SIpjan-first; Synthetic gener-
ator IT*; weights agnt, asycec; number of RL updates K.
Ensure: Interleaved model g
1: // Construct synthetic interleaved trace dataset.
2: Dinterleave <

{(x,’ ) | x' = SIplan—ﬁrst(x): T~IT"(: | x’), x€X}

3: // SFT on the synthetic interleaved trace dataset.
4: SUPERVISEDFINETUNE(77g, = 79; Dinterleave)
5: // RL post-training to obtain PLANTAIN model.
6: for k =1to K do
7: Sample (x”, ) ~ Dinterleave; rollout y ~mo(- | x”)
8: Ttmt <~ FORMATOK(y)
9: Fsuce < FORMATOK(y) - TAskSuccess(x’, y)
10: ¥ <= Qfmt"fmt + ®succlsuce
11: PERFORMRLUPDATE(O; X', y, 1)

12: return iy

construction diversifies the amount of multi-step interleaving in our training data and prevents
the model from overfitting to a fixed output template.

We fine-tune the base model on Diyterleave by minimizing the negative log-likelihood. This
process effectively “distills” the desired interactive behavior from our synthetic data into the
model, shifting its default response style from monolithic to interleaved. We then post-train
the supervised fine-tuned model using Proximal Policy Optimization (PPO) [254]. PPO utilizes
a value network to approximate the state-value function and Generalized Advantage Estimation
to compute the advantage function. (Xie et al. [301] found PPO to be more stable during training
compared to GRPO [100] because of'its extra critic model.) The policy model 7y generates rollouts
that maximize an expected reward E[r(x, y)].

Reward function. For our modified coding prompts, we define a composite reward com-
prised of four rule-based components: a format reward that checks whether the response cor-
rectly interleaves multiple intermediate answers, a correctness reward based on the pass rate
of the generated code against golden unit tests, a helpfulness reward produced by an LLM-
as-a-judge autorater evaluating the quality of the outline, and a unit-test reward indicating

whether a valid unit-test block was produced. The overall reward is computed as: Zipterieave(X, V) =
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]Ifmt(y)(l + rcorr.(y) + rhelp(y) + ]Iunit(y))s Where
Tormat(V) = 1{response contains all of the required

sections in the correct order},

# tests passed
# total tests

Thelpfu(y) = LLM-Judge(x, y) € [0, 1],

rcorr.(y) =

runit(y) = 1{valid unit-test block detected}.

By including the indicator r,ma(y) as a multiplicative term, we ensure that downstream rewards
are applied only when the interleaved format is satisfied. In preliminary experiments, we find that
naively modifying the System Instruction (SI) does not induce the desired interleaved behavior.
Models prompted in this way often collapse the plan generation into the reasoning trace and
revert to the standard monolithic think-then-answer format. This structure is essential for eliciting

consistent plan-first reasoning and enabling our subsequent inference-time strategies.

6.3 Inference-Time Scaling

Given a trained interleaved reasoning model, we can apply inference-time strategies to better
align model outputs with user intent, pruning erroneous reasoning paths early in the generation
process. These strategies operate at inference without modifying the underlying model weights,
leveraging the model’s ability to produce an explicit plan as the first intermediate response.
While we envision these approaches having utility in interactive settings with human users, in
this chapter we simulate the human with an autorater that provides feedback on candidate plans
(full prompt shown in Section D.2.2). The judge receives as input the user’s original prompt p
and a proposed plan a;; because it has access to the user prompt and plan but not the model’s
internal reasoning trace, it evaluates plans solely from the perspective of an external user. Given
N candidate plans {p;}~,, the judge is prompted to either (i) select the index of the best plan when
N > 1, or (ii) output a binary decision {accept, reject} when evaluating a single plan (N = 1).

Given that our model can interleave between internal thinking and user-facing responses, we
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Algorithm 6 Best-of-N-Plans

Require: Interleaved model mg; prompt p; temperature 7; number of plans N; AutoRater R for scoring
plans.
Ensure: Final response y.
1: // Convert p to a “plan-first” prompt.
Pl <« SIplan—ﬁrst (P)
// Sample and score N plans.
{(a;, Si)}{\:]1 «—{(ai, R(p, a))) | ai~mg(a | p’; 1)}
// Select the best auto-rated plan.
a* «<argmaxg, S
/! Complete rollout according to the plan, and answer.
y~mo(- | p/, a”)
return y

use the first intermediate output as a plan. We introduce two inference-time control methods
based on this plan structure: (1) Best-of-N-Plans, which samples multiple candidate plans and
uses the LLM autorater to select the plan that best addresses the user prompt, and (2) Rewind-
and-repeat, which generates a new plan whenever the current one is rejected, continuing until
an acceptable plan is found or a retry budget is exhausted. Together, these strategies enable
adaptive, user-aligned reasoning at inference time without retraining. Although the model is
initially trained on coding tasks, these inference-time mechanisms are domain-agnostic and ex-
tend naturally to other reasoning settings such as mathematics, text understanding, or planning.
Pseudocode for the inference-time strategies is provided in Algorithm 6 and 7.

Best-of-N Plans. In this setting, the model generates a diverse set of N candidate plans,
{ai, a,, ..., an}, for a given user prompt p. To encourage diversity, we sample with a high temper-
ature (7 > 1), which increases the likelihood of exploring less frequent but potentially insightful
reasoning paths. The generated plans are then evaluated by the LLM autorater, which serves as a
proxy for human feedback. The autorater receives the user’s prompt p along with the set of can-
didate plans, but not the model’s internal reasoning process, introducing information asymmetry
between the model and autorater. This setup mirrors real user evaluation, where one can judge
whether a plan is well-structured and relevant to the prompt without access to the model’s inter-
nal thoughts. The autorater selects the plan that best addresses the prompt and is most likely to

lead to a correct or complete final response, denoted as a*. The model then continues generation
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Algorithm 7 Rewind-and-Repeat (R&R)

Require: Interleaved model 7p; prompt p; number of retries T; AutoRater R for accepting or rejecting
plans.
Ensure: Final response y.
1: // Initialize the prompt and rewind history.

2: Pl <« SIplan—ﬁrst(p)§ H<9

3: fort=1to T do

4: // Propose and rate a plan.

5: a;~mg(a | Augment(p’, H)); di<R(p, a;)

6: if d; = accept then

7: // Accept plan, complete rollout, and answer.

8: return y~my(- | p’, a;)

9: else
10: // Store the rejected plan in the rewind history H.
11: H<—Hu{a}
12: // Fallback to a past plan from 7{ if all attempts are rejected.
13: a, ~Uniform(H); return y~my(-|p’, a,)

conditioned on a*, producing the subsequent reasoning steps and final answer.
Rewind-and-repeat. Instead of generating multiple plans at once, this approach performs
plan generation in an iterative feedback loop. The model first proposes an initial plan a; condi-
tioned on the user prompt p. The LLM autorater then evaluates the plan and returns a binary
verdict d; € {accept,reject}. If accepted, the model proceeds to complete the response using
a;. If rejected, the plan is added to the failure set H = H U{a,}, and the model is re-prompted with
the original query and rejection history. This conditioning encourages the model to generate a
new plan that avoids previous failure modes. The process repeats for up to T iterations or until
a plan is accepted. If all attempts are rejected, the model samples a fallback plan from H and

continues generation from that plan.

6.4 Experimental Setup

Our experiments address the following questions:

(Q1) Does interleaved reasoning reduce inference-time latency without compromising the final

task performance compared to the standard think-answer approach?

(Q2) How effective are our inference-time strategies at improving initial plan quality and pruning
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suboptimal reasoning paths before execution?

Models and Baselines. We use the QWEN3 reasoning model family [309] as our base archi-
tecture, and evaluate both the 4B and 8B parameter variants. We compare our post-trained in-
terleaved reasoning models and inference-time strategies against several baselines and ablations.

The first set of baselines is applied directly to the base model without any additional fine-tuning.

« No Thinking: The base model is prompted to generate the answer directly, without explicit
CoT reasoning.

« Think-Answer (TA): The base model is prompted to perform explicit reasoning steps in a
monolithic block before generating the final answer.

+ Interleaved Reasoning via RL [301]: An RL-only post-training approach that induces
interleaved reasoning from a prompted base model, without a supervised fine-tuning stage
on interleaved traces.

« Rewind-and-Repeat (R&R) on Answer: Rewind-and-repeat applied to the final answer.
An LLM autorater judges the final response and then trigger a full restart from the original
prompt if the answer is rejected. This inference strategy is equivalent to our proposed R&R,
but applied at the final response level.

We compare the baselines to our inference-time strategies applied on the RL-trained inter-

leaved reasoning model.

« Plan-Answer: Direct inference of the interleaved thinking model. First generate a plan,
and then the final answer.

« Best-of-N Plan: Use the RL fine-tuned model to generate N plans in parallel, and select
the best one using an LLM autorater. The final response is then conditioned on the selected
Best-of-N plan.

« Rewind-and-Repeat (R&R) Plan: Iterative rejection-sampling approach that generates
single plan at a time, with an LLM autorater to decide whether to accept it and continue,

or reject and "rewind" to generate a new plan.
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Interleaved and Evaluation Datasets. We train on a combination of coding and mathemat-
ical reasoning datasets (BigCodeBench, MBPP, and MATH500). To assess cross-domain general-
ization we evaluate across two additional domains: text-to-SQL and long-context question an-
swering. BigCodeBench [343] contains 1.1K function-level Python coding tasks requiring multi-
library reasoning and compositional code synthesis. MBPP [11] consists of 974 entry-level Python
problems designed for evaluating basic programming competence. MATH500 [188] includes 500
symbolic reasoning problems spanning algebra, geometry, and probability. BirdSQL [178] and
QuALITY [232] are used for out-of-domain evaluation: the former tests text-to-SQL translation
grounded in real relational schemas, while the latter measures long-context reading comprehen-
sion with passages averaging 5K tokens. See Section D.2.3 for further dataset and split details.
We generate interleaved traces on 50 BigCodeBench prompts modified to request a solution out-
line and unit tests in addition to the code solution. Iterative CoT prompting on QwWEN3-32B is
used to synthesize these traces. We additionally collect 50 traces by concatenating pairs of MBPP
prompts and 25 traces that request multiple solutions for a single coding problem, resulting in
125 total interleaved reasoning traces used for SFT.

Evaluation Metrics. We evaluate model performance using four primary metrics: task suc-
cess rate (pass@1), unit test pass rate, time-to-first-response (TTFR), and tokens-per-
problem (T/P). Pass@1 measures the percentage of prompts for which the model produces a
fully correct solution on the first attempt and is reported across all benchmarks. For coding tasks,
we additionally report the unit test pass rate, the proportion of ground-truth unit tests passed
by the generated code, normalized by the total number of tests. TTFR captures the number of
thought tokens generated before the first user-visible response (i.e., the initial plan), providing
a measure of response latency. While token count does not map linearly to wall-clock time, it
provides a reliable model-agnostic proxy for response latency, since inference speed is approx-
imately proportional to the number of generated tokens under a fixed decoding setup. The T/P
ratio quantifies overall token efficiency as the average number of tokens generated per problem,

including both internal reasoning and user-facing outputs. For interleaved traces, we further
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assess intermediate response quality using an LLM-as-a-judge (QWEN2.5-7B-INsTRUCT), which
labels each segment as helpful or not helpful.

For our inference-time strategies, we compute TTFR based on the first generated plan, even if
it is later rejected by the autorater. When reporting T/P, we include all thought tokens from any
additional plan generations. In the Best-of-N setting, plans are generated in parallel, so latency
is bounded by the slowest plan. In contrast, the Rewind & Repeat (R&R) strategy generates and
evaluates plans sequentially, though the short length of each thought block results in negligible

overhead relative to the full rollout.

6.5 Results

Interleaved reasoning generalizes beyond coding, reducing latency and improving task
accuracy across domains. Table 6.1 compares Think-Answer (TA) and Plan-Answer decod-
ing for QWEN3-4B and QwWEN3-8B across MATH500, MBPP, Text-to-SQL, and QuaLITY. Models
trained to interleave planning with reasoning on coding data transfer effectively to unseen do-
mains, substantially lowering time-to-first-response (TTFR) while maintaining or improving fi-
nal task performance. For example, on MATH500, TTFR decreases from 2044 — 628 tokens for
QWEN3-4B (84.2 — 84.4 P@1) and from 2106 — 625 tokens for QwWEN3-8B (88.2 — 85.2 P@1),
with similar trends on MBPP and QuaLITY where TTFR is reduced by over 60%. The “No Think-
ing” baseline yields TTFR = 0 because the model directly outputs an answer without generating
any intermediate reasoning tokens; this serves as a lower bound on perceived latency but typi-
cally produces less reliable outputs. Despite being post-trained only on coding tasks, the model
exhibits consistent improvements on math, text-to-SQL, and reading comprehension, indicat-
ing that explicit planning structures learned in one domain promote more efficient and accurate
reasoning in others. This demonstrates that interleaved reasoning not only reduces pre-answer
token overhead but also enhances generalization and response quality across diverse reasoning

tasks.
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Table 6.1: Interleaved reasoning generalizes beyond coding tasks, reducing latency and preserv-
ing accuracy. Plan-first decoding (Plan-Answer) substantially lowers time-to-first-response (T TFR) while
maintaining or improving pass@1 accuracy compared to the standard Think-Answer baseline with a token
budget of 4096. Despite being post-trained only on coding data, the learned interleaved behavior transfers
effectively to math, text-to-SQL, and reading comprehension tasks.

Method | MATHS00 |  MBPP | Text-toSQL | QualITY | Average

| P@1t TTFR| | P@1t TTFR| | P@1t TTFR| | P@1t TTFR| | P@1t TTFR|
QWEN3-4B
No Thinking 81.6 0 48.2 0 18.6 0 61.0 0 52.4 0

Think-Answer 82.8 1492 50.8 1298 254 1542 68.4 1345 56.9 1419
Plan-Answer | 84.4 628 52.6 523 26.0 484 72.2 428 58.8 516

QWEN3-8B
No Thinking 82.4 0 51.4 0 21.0 0 64.2 0 54.8 0
Think-Answer | 83.0 1587 54.5 1417 28.0 1684 70.6 1463 59.0 1538
Plan-Answer | 85.2 625 56.8 554 28.0 457 76.4 443 61.6 520

Table 6.2: QWEN3-8B at an 8192-token decoding budget. Pass@1 accuracy (%) on MATH500, MBPP,
Text-to-SQL, and QuaLITY. We compare Think-Answer (TA) and an RL-only interleaved baseline [301]
against our supervised-then-RL Plan-Answer model with inference-time strategies Best-of-N (5) and R&R
(Plan). Best per column in bold.

Method MATH500 MBPP Text-to-SQL QuaLITY | Avg.
Think-Answer (8192) 88.2 56.4 31.0 78.4 63.5
Interleaved RL [301] 87.8 57.1 31.8 77.6 63.6
Plan-Answer (ours) 85.2 56.8 28.0 76.4 61.6
Best-of-N (5, 8192) (ours) 89.4 58.7 32.5 78.8 64.9
R&R (Plan, 8192) (ours) 89.6 59.1 34.3 78.4 65.4

We also include a direct comparison to Interleaved Reasoning via RL [301], which operates
in a related setting and targets improved reasoning efficiency through interleaving. To ensure an
apples-to-apples comparison, we re-ran this baseline under the same backbone, task suite, and
decoding budgets as in this chapter, initializing all methods from the same QwEN3-8B checkpoint.
Unlike PLANTAIN, which uses supervised fine-tuning on synthetic interleaved traces before RL,
this baseline relies on reinforcement learning alone to elicit interleaved behavior from a prompted
base model. Table 6.2 reports pass@1 at an 8192-token budget alongside our Plan-Answer model

and inference-time strategies.
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Early plan-level feedback guides reasoning toward correct solution paths, yielding
up to +2-3% higher task accuracy with 7x lower TTFR. Table 6.3 compares inference-time
control strategies on the RL-trained interleaved model. Unlike answer-level feedback that arrives
only after full reasoning, plan-level evaluation intervenes before subsequent reasoning begins,
allowing the model to revise faulty plans and steer downstream thoughts toward more accurate
outcomes. Both Best-of-N and Rewind-and-Repeat (R&R) at the plan stage outperform the base
Plan-Answer decoding, showing that lightweight, inference-time guidance alone improves rea-
soning quality without retraining. For QWEN3-4B, R&R (Plan) boosts MATH500 accuracy from
84.4 — 86.8 while maintaining ~ 578 TTEFR tokens, over 7x faster than R&R (Answer). Similarly,
QwEN3-8B achieves +2.2 P@1 on MATH500 and +0.6 on MBPP with TTFR = 600. These re-
sults demonstrate that plan interleaving provides earlier, denser supervision that improves both

efficiency and final task accuracy.

Table 6.3: Inference-time strategies: Plan-level feedback provides earlier and more informative
supervision than answer-level feedback, yielding higher accuracy and lower TTFR. Both Best-of-N and
R&R (Plan) improve over Plan-Answer without additional training.

Method | MATH500 | MBPP | Text-to-SQL | QuaLITY |  Average

| P@1t TTFR| | P@1t TTFR| | P@11 TTFR| | P@1? TTFR| | P@1? TTFR|
QWEN3-4B
Plan-Answer | 84.4 628 52.6 523 26.0 484 72.2 428 58.8 516

R&R (Answer) 84.4 4079 52.4 3321 31.2 2822 74.0 2453 60.5 3169
Best-of-N (5) 86.2 523 54.6 584 28.4 568 75.2 547 61.1 556
R&R (Plan) 86.8 578 53.8 519 31.6 552 75.0 534 61.8 546

QwEN3-8B
Plan-Answer 85.2 625 56.8 554 28.0 457 76.4 443 61.6 520
R&R (Answer) 86.0 4279 56.2 3541 34.0 2957 78.2 2614 63.6 3348
Best-of-N (5) 85.8 628 58.2 641 31.0 602 78.2 582 63.3 613
R&R (Plan) 89.4 611 57.4 543 34.0 568 78.2 562 64.8 571

Think-Answer models rely on longer reasoning chains to improve, indicating ineffi-
cient token usage, whereas interleaved models attain comparable accuracy with fewer

tokens. Table 6.4 varies the available context window (4096 — 8192 tokens). While Think-
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Table 6.4: Token-budget ablation: Interleaved inference achieves near-saturated accuracy at 4K tokens,
highlighting efficient use of available context. While Think-Answer continues to improve with longer
reasoning—reflecting redundant token usage—Plan-Answer benefits modestly from larger budgets but re-
mains below Rewind-and-Repeat, indicating stable yet non-adaptive scaling. Rewind-and-Repeat achieves
the strongest token efficiency and overall accuracy.

Method (4096 — 8192) | MATH500 | MBPP | Text-to-SQL | QuaLITY | Average
QWEN3-4B

Think-Answer (TA) 82.8 - 84.2 | 50.8 = 52.0 | 25.4 282 | 68.4— 746 | 56.9 > 59.8

Plan-Answer 84.4 — 86.0 | 52.6 > 535 | 26.0 —>29.5 | 72.2 > 74.8 | 58.8 > 60.9

R&R (Plan) 86.8 — 87.2 | 53.8 543 | 31.6 > 317 | 75.0 — 75.4 | 61.8 — 62.2
QWEN3-8B

Think-Answer (TA) 83.0 — 88.2 | 54.5 > 56.4 | 28.0 >31.0 | 70.6 — 78.4 | 59.0 - 63.5

Plan-Answer 85.2 — 88.8 | 56.8 - 585 | 28.0 >32.5 | 764 — 782 | 61.6 > 64.5

R&R (Plan) 89.4 — 89.6 | 57.4 — 59.1 | 34.0 - 343 | 78.2 — 78.4 | 64.8 — 65.4

Answer (TA) models show modest gains with larger budgets (e.g., MATH500 82.8 — 84.2), in-
terleaved models nearly saturate at 4096 tokens (86.8 — 87.2 for QWEN3-4B; 89.4 — 89.6 for
QwEeN3-8B). This demonstrates that 4K tokens are sufficient for plan-conditioned inference, even
without extended “thinking” budgets.

In contrast, the TA baseline exhibits poor token efficiency. Its improvements come primarily
from longer reasoning sequences, much of which is spent on redundant or self-corrective thought.
Empirically, many TA generations fail to terminate naturally and in these cases, the model contin-
ues reasoning until truncated, after which a final answer must be explicitly prompted. Interleaved
models, by comparison, allocate tokens adaptively and terminate after a few reasoning—answer
alternations, effectively regularizing total reasoning length.

In the Rewind-and-Repeat setting, this difference becomes particularly salient. Because inter-
leaved models surface an explicit plan before full reasoning, each rewind operates over a concise,
interpretable intermediate representation rather than an entire free-form completion. This allows
the LLM-as-a-judge to prune low-quality trajectories early — avoiding wasted computation and
ensuring that subsequent reasoning unfolds around a verified plan, whereas TA models can only

rewind after full generations, offering no opportunity for early correction. On MATH500, for ex-
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ample, the TA model frequently degenerates into repetitive or self-contradictory reasoning and
fails to recover once diverged, while plan-based interleaving grounds the process through explicit
subgoals that constrain and stabilize subsequent thoughts. Overall, these results show that in-
terleaved inference regularizes reasoning depth, avoids unnecessary computation, and achieves
higher token efficiency under fixed or limited context budgets. See Section D.3.3 for qualitative

traces illustrating these dynamics.

Table 6.5: Tokens per problem (T/P, |) at an 8192-token context window. We report total generated
tokens per evaluation instance for Think-Answer (TA), the RL-only interleaved baseline of Xie et al. [301],
and our interleaved inference strategies. Lower is better; best per column within each model in bold.

Method | MATH500 MBPP  Text-to-SQL QuaLITY
QWEN3-4B
TA (8192) 3968.2  2816.8 3052.1 2870.2
Plan-Answer 2348.0 23286 1902.4 1850.2
R&R (Plan, 8192) 24962 22584 2068.3 1814.5
Best-of-N (5, 8192) 28346 3022.8 2312.4 2684.2
QwEN3-8B
TA (8192) 42989  2986.8 3214.6 3025.6
Interleaved RL [301] | 30100  2460.0 2380.0 2290.0
Plan-Answer 2654.6  2489.4 1806.2 1955.8
R&R (Plan, 8192) 2864.1 24926 2268.9 1908.2
Best-of-N (5, 8192) 31229 31154 2428.7 2698.6

Interleaved decoding uses far fewer output tokens per problem than Think-Answer at
the same 8192 context. Table 6.5 reports tokens-per-problem (T/P) for TA, the RL-only inter-
leaved baseline of Xie et al. [301], and our strategies; Plan-Answer and R&R (Plan) cut T/P by
large margins versus TA (e.g., QWEN3-4B on MATH500 3968 — 2348 for Plan-Answer; Text-to-
SQL 3052 — 1902). Best-of-N (5) increases T/P relative to single-plan methods because it scores
multiple candidate plans before continuing. Across domains, plan-first generation stays closer to

the most token-efficient operating points while preserving the accuracy gains discussed above.

A small number of plan-level interventions recover most failure cases, highlighting the
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Table 6.6: Rewind statistics. Fraction of prompts requiring plan rewinds and corresponding approval
rates. On average, only 22% of plans require a rewind, and over 80% of corrections succeed within two

attempts, demonstrating the efficiency of plan-level R&R.

Metric MATH500 MBPP Text-to-SQL QuaLITY Average
Plans needing rewind 120/500  55/257 60/250 40/250 22.4%
First rewind approved 60.8% 54.5% 63.3% 67.5% 61.5%
Second rewind approved 25.8% 18.2% 21.7% 17.5% 20.8%
Rewound P@1 86.6% 72.7% 85.0% 82.0% 81.6%

efficiency of structured feedback. Table 6.6 analyzes how often plan-level intervention is
needed and how quickly the model converges under the Rewind & Repeat (R&R) strategy. Across
all benchmarks, only 20-25% of plans require a rewind, and the majority of those are corrected on
the first retry (60-65%). A small fraction (15-25%) benefit from a second rewind, after which suc-
cess rates exceed 80%. These results indicate that most initial plans are already well-formed and
R&R primarily serves to re-ground reasoning early, preventing the model from pursuing unpro-
ductive solution paths. This mechanism contributes directly to the token efficiency observed in
Table 6.3, where plan-level feedback reduces reasoning depth without sacrificing accuracy. Qual-
itatively, we find that rewinds promote more stable and targeted reasoning trajectories, allowing

the model to converge faster on valid solutions with minimal additional tokens.

6.6 Related Work

LLM Overthinking and Adaptive Thinking. Reasoning models such as OpenAI O1 [133] and
DeepSeekR1 [100] are trained using RL-based methods to improve task accuracy on complex logic
and reasoning tasks. Such LLMs notoriously suffer from an overthinking phenomenon where
they produce verbose and redundant reasoning steps [50, 268], which wastes time, risks exceed-
ings the token budget, and in the extreme, can introduce logical fallacies that lead to incorrect
final answers [268].

One proposed solution is to incorporate a thought length penalty into the RL objective, pe-

nalizing verbose and incorrect answers while encouraging the model to produce more concise

81



reasoning steps [8, 201, 317]. Another strategy focuses on data curation, where variable length
Chain-of-Thought (CoT) reasoning datasets are constructed for Supervised Fine-tuning (SFT)
[141]. This is achieved by using heuristics or another LLM to summarize and compress longer
reasoning chains without losing key information. Finally, Munkhbat et al. [218] use best-of-N
sampling to generate more concise reasoning paths for data curation. A key difference from all
of these approaches is that we do not wish to penalize long reasoning chains per se, but rather to
improve interactivity and ensure that reasoning effort is well spent. We show that training for
interleaved reasoning naturally encourages concise reasoning without explicit lenngth penalties,
while allowing users to ensure that reasoning proceeds from the correct premises.

Post-hoc Reranking and Inference-Time Steering. We consider inference-time tech-
niques that exploit plan proposals to improve generation quality. This is related to the broader
literature on inference-time scaling and aggregation, which is too large to properly survey here.
We draw particular inspiration from early approaches, such as contrastive decoding [180] and
energy-based reranking models [18], which generate multiple candidate continuations and select
those that best satisfy predefined constraints. RANKGEN [159] introduces a large encoder trained
with contrastive objectives to assess prefix-continuation compatibility, improving coherence and
topical relevance when applied to candidate selection. RankRAG [323] unifies reranking and an-
swer generation in retrieval-augmented settings. More recently, AGGLM [336] merges reasoning
outputs from several trajectories into a unified answer through inference-time aggregation.

While these methods can improve performance, they require producing and filtering many
full reasoning traces. In contrast, our inference-time steering techniques are more efficient be-
cause they intervene directly within the decoding process itself, by producing and evaluating par-
tial generations before continuing with the remainder of the response. Conceptually, this means
the unit of generation for evaluation is smaller: instead of scoring entire completions post-hoc,
as in RANKGEN or AGGLM, our approach incorporates plan assessment mid-generation. Unlike
speculative decoding [175], this does not require interrupting the decoding process or maintain-

ing multiple concurrent hypotheses. The interleaved model naturally alternates between plan-
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ning, reasoning, and answering within a single forward pass. This shifts the intervention from
post-hoc reranking to real-time guidance, enabling efficiency gains without auxiliary reranking
stages.

Plan Guided Reasoning. The ReAct framework interleaves chain-of-thought reasoning
with actions allowing the model to incorporate external information sources through tool calls,
thereby grounding the model and reducing hallucinations in the final answer [314]. A particularly
relevant follow-up is Pre-Act, which which creates multi-step execution plan and reasoning for
each action [243]. In contrast to ReAct-style frameworks, PLANTAIN produces intermediate an-
swers that are surfaced to the user allowing them to intervene and correct the model’s reasoning
paths. Similar to ReAct, we observe that grounding the reasoning in an explicit plan leads to im-
proved downstream accuracy. Other prior works have shown that plan-based models, sometimes
referred to as blueprints, help with model robustness and attribution [82, 101, 125].

Interactive LLM Interfaces and Decoding Control. User-facing LLM interfaces, such as
OpenAT’s Deep Research, Gemini’s multi-step reasoning mode, and most standard chat Uls allow
users to stop generation mid-thought, truncate rambling explanations, or redirect the model be-
fore a full chain of thought is completed [229]. While effective for improving perceived latency
and user control, Ul-level interruption does not influence the model’s internal reasoning policy.
As a result, the model continues to plan to overthink, even if the user frequently stops it. From
a learning perspective, the system never receives a training signal that shorter or more struc-
tured reasoning is preferred. In contrast, interleaved reasoning modifies the generation process
itself, prompting the model to surface compact, high-value intermediate outputs by default while

continuing internal thought as needed.

6.7 Conclusion

We introduced PLANTAIN, a post-training framework that elicits interleaved reasoning behavior
in large reasoning models. By encouraging models to first produce an explicit plan and then

alternate between internal reasoning and user-facing responses, PLANTAIN reduces latency and
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improves controllability. Empirically, interleaved reasoning achieves up to 7x lower time-to-first-
response (TTFR) and +2-3% higher task accuracy compared to standard Think-Answer decoding,
while maintaining comparable total token usage. Our interleaved model learns to structure its
reasoning process naturally, without explicit length penalties or handcrafted constraints. At in-
ference time, we introduced two plan-level control strategies, Best-of-N selection and Rewind
& Repeat, that further improve response quality and efficiency without additional training. Al-
though trained solely on code generation tasks, the resulting model generalizes effectively to
broader reasoning domains such as math and long-context question answering.

PLaNTAIN focuses on structured, verifiable tasks where plan correctness can be automatically
assessed. An important next step is to conduct human studies evaluating the perceived usefulness,
interpretability, and responsiveness of interleaved reasoning in interactive settings. We also plan
to extend evaluations to scenarios with ambiguous or under-specified user prompts, where users
can provide early feedback on intermediate plans to guide the model toward their true intent.
Finally, the LLM-as-a-judge used for plan evaluation introduces nontrivial latency and may reflect
biases of the underlying model. Future work could mitigate these effects by incorporating human
preference data or lightweight learned reward models to better calibrate plan evaluation and align

judgments with user intent.

Impact Statement

This chapter describes fundamental research on techniques for inference-time guidance in rea-
soning models, specifically through interleaved reasoning where models alternate between in-
ternal thought and visible intermediate plans. The primary intended use case that we analyze
in this work is interactive problem solving, where reducing perceived latency and enabling user
intervention are core challenges. Surfacing intermediate plans can help make Al systems easier
to use, correct, and monitor while solving complex tasks in areas such as coding and math. We

do not speculate about broader impacts that may follow from this technical contribution.
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Part II: Autonomous Improvement under

Distribution Shift

Part I argued that scalable supervision should draw on cheap, natural signals that people already
produce. But no matter how good the supervision is at training time, the world at deployment
is not the world the robot was trained on. Lighting changes, object placements drift, user pref-
erences vary, and the long tail of failure modes that a fixed policy must handle cannot be fully
anticipated from offline data [10, 237]. A robot that is only as good as its initial training distri-
bution will eventually fail in ways that no amount of additional demonstrations can efficiently
fix.

The premise of Part II is that robots must keep learning once they leave the training distri-
bution, and that this learning should come from the robot’s own interaction with its environ-
ment rather than from ever-larger human-collected datasets. Failures, near-misses, and partial
successes during deployment are not noise to be discarded: they are signals that reveal where
the policy is weak, what the environment actually contains, and how the task is truly specified.
Turning these signals into learning requires two ingredients. First, the system needs a way to
structure adaptation so that experience across episodes can inform behavior within the current
episode. Second, it needs dense and generalizable feedback that remains meaningful across tasks
and embodiments, rather than sparse, task-specific rewards that must be hand-engineered for
every new setting.

The two chapters in this part address these ingredients in turn. Chapter 7 develops DynaMITE-
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RL, a meta-reinforcement learning framework that models adaptation as part of the learning
problem itself, capturing temporal structure across episodes so that a robot can infer and re-
spond to changing task dynamics from its own experience. Chapter 8 introduces Robometer, a
video-language reward model that provides dense task progress and success signals from both
per-frame supervision and trajectory-level comparisons, giving reinforcement learning and post-
training a scalable source of feedback that transfers across robots, scenes, and tasks.

The two chapters in Part Il address the deployment-time half of the problem that Part I leaves
open. Scalable supervision provides an initial policy; structured adaptation and generalizable
reward signals allow that policy to continue improving from its own interaction data. Making
robots competent in open-world settings requires progress on both learning algorithms and feed-
back signals: cheap, natural supervision to initialize a useful policy, and autonomous adaptation

to correct the errors that training-time data cannot anticipate.
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Chapter 7

DynaMITE-RL: A Dynamic Model for
Improved Temporal Meta-Reinforcement

Learning

7.1 Introduction

Markov decision processes (MDPs) [28] provide a general framework in reinforcement learning
(RL), and can be used to model sequential decision problems in a variety of domains, e.g., recom-
mender systems (RSs), robot and autonomous vehicle control, and healthcare [30, 45, 128, 137,
197,319]. MDPs assume a static environment with fixed transition probabilities and rewards [24].
In many real-world systems, however, the dynamics of the environment are intrinsically tied to
latent factors subject to temporal variation. While nonstationary MDPs are special instances of
partially observable MDPs (POMDPs) [140], in many applications these latent variables change
infrequently, i.e. the latent variable remains fixed for some duration before changing. One class
of problems exhibiting this latent transition structure is recommender systems, where a user’s
preferences are a latent variable which gradually evolves over time [138, 148]. For instance, a user
may initially have a strong affinity for a particular genre (e.g., action movies), but their viewing

habits could change over time, influenced by external factors such as trending movies, mood, etc.
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A robust system should adapt to these evolving tastes to provide suitable recommendations. An-
other example is in manufacturing settings, where industrial robots may experience unobserved
gradual deterioration of their mechanical components affecting the overall functionality of the
system. Accurately modelling such latent transitions caused by hardware degradation can help
manufacturers optimize performance, cost, and equipment lifespan.

Our goal in this work is to leverage such a temporal structure to obviate the need to solve
a fully general POMDP. To this end, we propose Dynamic Model for Improved Temporal Meta
Reinforcement Learning (DynaMITE-RL), a method designed to exploit the temporal structure of
sessions, i.e., sub-trajectories within the history of observations in which the latent state is fixed.
We formulate our problem as a dynamic latent contextual MDP (DLCMDP), and identify three
crucial elements needed to enable tractable and efficient policy learning in environments with the
latent dynamics captured by a DLCMDP. First, we consider consistency of latent information, by
exploiting time steps for which we have high confidence that the latent variable is constant. To
do so, we introduce a consistency loss to regularize the posterior update model, providing better
posterior estimates of the latent variable. Second, we enforce the posterior update model to learn
the dynamics of the latent variable. This allows the trained policy to better infer, and adapt to,
temporal shifts in latent context in unknown environments. Finally, we show that the variational
objective in meta-RL algorithms, which attempts to reconstruct the entire trajectory, can hurt
performance when the latent context is nonstationary. We modify this objective to reconstruct
only the transitions that share the same latent context.

Closest to our work is VariBAD [345], a meta-RL [20] approach for learning a Bayes-optimal
policy, enabling an agent to quickly adapt to a new environment with unknown dynamics and
reward functions. VariBAD uses variational inference to learn a posterior update model that ap-
proximates the belief over the distribution of transition and reward functions. It augments the
state space with this belief to represent the agent’s uncertainty during decision-making. Nev-
ertheless, VariBAD and the Bayes-Adaptive MDP framework [246] assume the latent context is

static across an episode and do not address settings with latent state dynamics. In this work, we
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Figure 7.1: (Left) The graphical model for a DLCMDP. The transition dynamics of the environment
follows T(s;1+1,Mes1 | St, ar,m;). At every timestep ¢, an i.i.d. Bernoulli random variable, d;, denotes the
change in the latent context, m;. Blue shaded variables are observed and white shaded variables are latent.
(Right) A DLCMDP rollout. Each session i is governed by a latent variable m’ which is changing between
sessions according to a fixed transition function, T,,(m’ | m). We denote [; as the length of session i. The
state-action pair (s}, a}) at timestep ¢ in session i is summarized into a single observed variable, x.. We
emphasize that session terminations are not explicitly observed.

focus on the dynamic latent state formulation of the meta-RL problem.

Our core contributions are as follows: (1) We introduce DynaMITE-RL, a meta-RL approach to
handle environments with evolving latent context variables. (2) We introduce three key elements
for learning an improved posterior update model: session consistency, modeling dynamics of
latent context, and session reconstruction masking. (3) We validate our approach on a diverse

set of challenging simulation environments and demonstrate significantly improved results over

multiple state-of-the-art baselines in both online and offline-RL settings.

7.2 Background

We begin by reviewing relevant background including meta-RL and Bayesian RL. We also briefly
summarize the VariBAD [345] algorithm for learning Bayes-Adaptive policies.

Meta-RL. The goal of meta-RL [20] is to quickly adapt an RL agent to an unseen test environ-
ment. Meta-RL assumes a distribution p(7") over possible environments or tasks, and learns this
distribution by repeatedly sampling batches of tasks during meta-training. Each task 7; ~ p(7")
is described by an MDP M; = (S, A,R;, T, y), where the state space S, action space A, and

discount factor y are shared across tasks, while R; and T; are task-specific reward and transition
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functions, respectively. The objective of meta-RL is to learn a policy that efficiently maximizes

reward given a new task 7; ~ p(7) sampled from the task distribution at meta-test time. Meta-RL

is a special case of a POMDP in which the unobserved variables are R and T, which are assumed

to be stationary throughout an episode.

Bayesian Reinforcement Learning (BRL). BRL [95]
utilizes Bayesian inference to model the uncertainty of agent
and environment in sequential decision making problems.
In BRL, R and T are unknown a priori and treated as ran-
dom variables with associated prior distributions. At time
t, the observed history of states, actions and rewards is
T.; = {80, 00, 1,511, S}, and the belief b, represents the
posterior over task parameters R and T given the transi-
tion history, i.e. b, = p(R, T | 7.,). Given the initial belief
bo(R, T), the belief can be updated iteratively using Bayes’
rule: by = p(R, T | 7.441) < p(Sip1,7es1 | 7.6, R, T) - by

This Bayesian approach to RL can be formalized as a Bayes-
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Figure 7.2: VariBAD does not model
the latent context dynamics and fails
to adapt to the changing goal loca-
tion. By contrast, DynaMITE-RL cor-
rectly infers the transition and con-
sistently reaches the rewarding cell
(green cross).

Adaptive MDP (BAMDP) [77]. A BAMDP is an MDP over the augmented state space S* =S x BB,

where B denotes the belief space. Given the augmented state s =(s;, b;), the transition function

is given by T*(s;,, | s7.ar) =Ep,[T(St411 51, ar) - (b1 = p(R, T | 7.441)], and reward function un-

der the current belief is, R*(s/, a;) = Ey,[R(s;, a;)]. The BAMDP formulation naturally resolves

the exploration-exploitation tradeoff. A Bayes-optimal RL agent takes information-gathering ac-

tions to reduce its uncertainty in the MDP parameters while simultaneously maximizing the task

returns. However, for most interesting problems, solving the BAMDP—and even computing pos-

terior updates—is intractable given the continuous and typically high-dimensional nature of the

task distribution.

VariBAD. Zintgraf et al. [345] approximates the Bayes-optimal solution by modeling uncer-
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tainty over the MDP parameters. These parameters are represented by a latent vector m € R¢, the
posterior over which is p(m | 7.y), where H is the BAMDP horizon. VariBAD uses a variational
approximation g4(m | 7.,) parameterized by ¢ and conditioned on the observed history up to time
t. Zintgraf et al. [345] show that g4(m | 7.;) approximates the belief b,. In practice, gs(m | 7.;)
is represented by a Gaussian distribution g4(m | 7.;) = N (u(7.,), =(7.,)), where p and ¥ are se-
quence models (e.g., recurrent neural networks or transformers [284]) that encode trajectories to
latent statistics. The variational lower bound at time t is Eq,m|r.,)[log po(7.1 | m)] — Dx1(qg(m |
7.;) | pe(m)), where the first term reconstructs the trajectory likelihood py(7.y | m) and the
second term regularizes the variational posterior to a prior distribution over the latent space,
typically modeled with a standard Gaussian distribution. Importantly, the trajectory up to time
t,i.e., 7., is used in the ELBO equation to infer the posterior belief at time ¢, which then decodes
the entire trajectory 7.y, including future transitions. Given the belief state distribution g4 of a
BAMDP, the policy maps both the state and belief to actions, i.e., 7(a; | s;, qs(m | 7.;)). The
BAMDP solution policy 7~ is trained, e.g., via policy gradient methods, to maximize the expected

cumulative return over the task distribution: J() = Eg 1 [E”[Z?;()l yir(s:, at)]].

7.3 Dynamic Latent Contextual MDPs

As a special case of a BAMDP, where the belief state is parameterized with a latent context vec-
tor (analogous to the problem formulation of VariBAD), the dynamic latent contextual MDP (DL-
CMDP) is denoted by (S, A, M, R, T, v, H), where S is the state space, A is the action space, M
is the latent context space, R : S x A x M + Ay;jisareward function, T : S x A x M = Agm
is a transition function, vy € Ag.y, is an initial state distribution, y € (0, 1) is a discount factor,
and H is the (possibly infinite) horizon.

We assume an episodic setting in which each episode begins in a state-context pair (sy, mg) ~
V. Attime t, the agent is at state s, and context m,, and has observed history 7., = {sy, ag, 1, ..., 1, Si}-
Given the history, the agent selects an action a; € A, after which the state and latent context

transitions according to T(s;+1, M1 | Si, ar,m;), and the agent receives a reward sampled from
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R(s;, a;, m;). Throughout this process, the context m; is latent (i.e., not observed by the agent).

DLCMDPs embody the causal independence depicted by the graphical model in Figure 7.1.
Particularly, DLCMDPs impose a structure on changes of the latent variable m, allowing the latent
context m to change less or more frequently. We denote by d, the random variable at which a
transition occurs in m,. According to Figure 7.1, the transition function T is represented by the
following factored distribution:

T(spe1 =8 myy=m’' | s, =s,a, = a,m; =m)

=T,(s' | ssam)L {m =m,d, =0} Ty(d; = 0) + vo(s" | M) T,,(m’ | m)1{d, = 1} Ty(d; = 1),
where T,, : M — M is the latent dynamics function, T is the context-dependent state transition
function, and Ty is the termination probability distribution. We refer to sub-trajectories between
changes in the latent context as sessions, which may vary in length. At the start of a new episode,
a new state and a new latent context are sampled based on the distribution v,. Each session itself
is governed by an MDP parameterized with a latent context m € M, which changes stochastically
between sessions according to the latent transition function T,,(m’ | m). For notational simplicity
we use index i to denote the i'" session in a trajectory, and m' the respective latent context of that
session. We emphasize that sessions switching times are latent random variables.

Notice that DLCMDPs are more general than latent MDPs [164, 266], in which the latent
context is fixed throughout the entire episode; this corresponds to d; = 0. Moreover, DLCMDPs
are closely related to POMDPs; letting d; = 1, a DLCMDP reduces to a general POMDP with state
space M, observation space S, and observation function v,. As a consequence DLCMDPs are as
general as POMDPs, rendering them very expressive. Moreover, the specific temporal structure of
DLCMDPs allows us to devise efficient learning algorithms that exploit the transition dynamics
of the latent context, improving learning efficiency. DLCMDPs are related to DCMDPs [276],
LSMDPs [48], and DP-MDP [299]. However, DCMDPs assume contexts are observed, and focus
on aggregated context dynamics, LSMDPs assume that the latent contexts across sessions are i.i.d
(i.e., there is no latent dynamics) and DP-MDPs assume that sessions are fixed length.

We aim to learn a policy 7(a, | s;, m;) which maximizes the expected return J(r) over un-
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Algorithm 8 DynaMITE-RL Training

1: Input: env, policy, critic, belief model
2: for iter = 1 to num_rl_updates do
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3: Collect DLCMDP episodes Policy

4: Train posterior belief model by maximiz- [ o (ar|se, ) ]
ing ELBO (Eq. (7.4.2)) T

5: Train policy and critic with any online RL
algorithm —’[ Qu (81, ar, my) ]

Figure 7.3: Pseudo-code (online RL training) and model architecture of DynaMITE-RL.

seen test environments. As in BAMDPs, the optimal DLCMDP Q-function satisfies the Bellman
equation; Vs* € St,ae A : O(s",a) = R*(s", @) + y ) v e T*(s™ | s*,a) max Q(s*', a). In the

following section, we present DynaMITE-RL for learning a Bayes-optimal agent in a DLCMDP.

7.4 DynaMITE-RL

We detail DynaMITE-RL, first deriving a variational lower bound for learning a DLCMDP poste-
rior model, then outlining three principles for training DLCMDPs, and finally integrating them
into our training objective.

Variational Inference for Dynamic Latent Contexts. Given that we do not have direct
access to the transition and reward functions of the DLCMDP, following Zintgraf et al. [345], we
infer the posterior p(m | 7.,), and reason about the latent context vector m instead. Since exact
posterior computation over m is computationally infeasible, given the need to marginalize over
task space, we introduce the variational posterior g4(m | 7.,), parameterized by ¢ € R to enable
fast inference at every step. Our learning objective maximizes the log-likelihood E,[log p(7)] of
observed trajectories. In general, the true posterior over the latent context is intractable, as is the
empirical estimate of the log-likelihood. To circumvent this, we derive the evidence lower bound
(ELBO) [153] to approximate the posterior over m under the variational inference framework.

Let Z = {m'}X! be the sequence of latent context vectors for K sessions in an episode

(note that K is inherently a random variable—the exact number of sessions in an episode is not
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known) and Q = {d,}!’! denote the collection of session terminations. We use a parametric gen-
erative distribution model for the state-reward trajectory, conditioned on the action sequence:
D6(S05 11 S15 - > 'Hs SH | Gos .-+ ag—1). In what follows, we drop the conditioning on a.y_; for the
sake of brevity.

The variational lower bound can be expressed as:

log pe(7) > ]Eq¢(Z,Q|T;t) [log po(t | Z, Q)] _DKL(%S(Zs Ql7.)) | po(Z,Q) = Lepor, (7.4.1)

trajectory reconstruction prior regularization

which can be estimated via Monte Carlo sampling over a learnable approximate posterior g,. In
optimizing the reconstruction loss of session transitions and rewards, the learned latent variables
should capture the unobserved MDP parameters. The full derivation of the ELBO for a DLCMDP
is provided in Appendix E.1.

Figure 7.2 depicts a (qualitative) didactic GridWorld example with two possible rewarding
goals that alternate between sessions. The VariBAD agent does not account for latent goal dy-
namics and gets stuck after reaching the goal in the first session. By contrast, DynaMITE-RL
employs the latent context dynamics model to capture goal changes, and adapts to the context
changes across sessions.

Consistency of Latent Information. In the DLCMDP formulation, each session is itself an
MDP with a latent context fixed across the session. This within-context stationarity means new
observations can only increase the information the agent has about this context. In other words,
the agent’s posterior over latent contexts should gradually hone in on the true latent distribution.
Although this true distribution remain unknown, this insight suggest the use of a session-based
consistency loss, which penalizes the agent if there is no increase in information between timestep.
Our consistency objective penalizes the agent when the difference between KL-divergence of the
posterior to the final posterior in the session between consecutive timesteps is positive, which is
the case when there is no increase in information about a session’s latent context after observing
a new transition. Let dy_; = 1 and ¢t; € {0, ..., H} be a random variable denoting the last timestep

of session i € {0,...,K—1}, ie, t; = min{t’ € Z, : Zizo d;, = i + 1}. For time ¢ in session i, we
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Figure 7.4: The environments considered in evaluating DynaMITE-RL. Each environment exhibits some
change in reward and/or dynamics between sessions including changing goal locations (left and middle
left), changing target velocities (middle right), and evolving user preferences of itch location (right).

define,

O = DKL(%S(mi | 7o) | %(mi | T:t,-))s
where g4(m' | 7.,) is the final posterior in session i. This measures the difference between our

current belief at time ¢ to the final belief at the end of the session. Our temporal, session-based

consistency objective is
£consistency,t = max{5t+1 - 51‘3 0}

Using temporal consistency to regularize inference introduces an explicit inductive bias that al-

lows for better posterior estimation.

Remark 7.4.1. We introduce session-based consistency for DLCMDPs, though it is also relevant in
single-session settings with stationary latent context. Indeed, as we discuss below, while VariBAD
focuses on single sessions, it does not constrain the latent’s posterior to be identical to final
posterior belief. Consistency may be useful in settings where the underlying latent variable is
stationary, but may hurt performance when this variable is indeed changing. Since our modeling
approach allows latent context changes across sessions, incorporating consistency regularization

does not generally hurt performance.

Latent Belief Conditioning. Unlike the usual BAMDP framework, DLCMDPs allow one
to model temporal changes of latent contexts via dynamics T,,(m’ | m) across sessions. To in-
corporate this model into belief estimation, in addition to the history (z.;, d.;), we condition the

posterior on the final latent belief q4(m’,d” | m,d, r.;) from the previous session, and impose
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KL-divergence matching between this belief and the prior distribution py(m’ | m).
Reconstruction Masking. When the agent is at time ¢, Zintgraf et al. [345] encodes past
interactions to obtain the current posterior g4(m | 7.,) since this is all the information available
for inference about the current task (see Eq. (7.4.1)). They use this posterior to decode the en-
tire trajectory—including future transitions—from different sessions to optimize the lower bound
during training. The insight is that decoding both the past and future allows the posterior model
to perform inference about unseen states. However, we observe that when the latent context is
stochastic, reconstruction over the full sequence is detrimental to training efficiency. The model
is attempting to reconstruct transitions outside of the current session that may be irrelevant or
biased given the latent state dynamics, rendering it a more difficult learning problem. Instead we
reconstruct only the transitions within the session defined by the predicted termination indica-

tors, i.e., at any arbitrary time ¢t within session i, the session-based reconstruction loss is given

by
ﬁsession-ELBO,t = qug(Z,er:,)[log p@(ft,-,lqtl:t,- | Z, Q)] - DKL(qq‘)(Za Q | T:t)) ” pH(Z, Q))a

where t; is the last timestep of session i.
DynaMITE-RL. By incorporating the three modifications above, we obtain at the following

training objective for our variational meta-RL approach:

H-1

EDynaMITE—RL(Q; ¢) = Z £session—ELBO,t(9s ¢) + ,Bﬁconsistency,t((]s) 5 (742)

t=0

where 8 > 0 is a hyperparameter that balances the consistency loss with the ELBO objective.
We present a simplified pseudocode for online training of DynaMITE-RL in Algorithm 8 and a
detailed algorithm in Appendix E.2.

Implementation Details. We use Proximal Policy Optimization (PPO) [254] for online RL
training. We introduce a posterior inference network that outputs a Gaussian over the latent
context for the i-th session and the session termination indicators, qy(mi1, dic1 | 7.1, my, dy),

conditioned on the history and posterior belief from the previous session. We parameterize the
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inference network as a sequence model, with e.g., an RNN [53] or a Transformer [284], with
different multi-layer perceptron (MLP) output heads for predicting the logits for session termi-
nation and the posterior belief. In practice, the posterior belief MLP outputs the parameters
of a Gaussian distribution gy, (M | 7..,m) = N'(u(r.,),2(7.,)) where the variance repre-

sents the agent’s uncertainty about the MDP. The session termination network applies a sig-

moid activation function ¢(x) = ;= to the MLP output. Following PPO [254], the actor loss
Jr and critic loss J, are respectively given by J, = E,.,, [log my(a | s,m)A(s,a,m)] and
Jo = Bren, [(Qu(s, a,m) — (r + V,(¢, m))?*], where V is the state-value network, Q is the state-
action value network, and A is the advantage function. We also add an entropy bonus to ensure
sufficient exploration in more complex domains. A decoder network, also parameterized using
MLPs, reconstructs transitions and rewards given the session’s latent context m, current state s,
and action ay, i.e., p}(si11 | 51, ar,m;) and p5(reyq | 51, a,, m,). Figure 7.3 depicts the implemented

model architecture. The final objective is to jointly learn the policy r, the variational posterior

model gy, and the factored likelihood model py that minimizes the following loss:

L£(0,¢,¢) =E|[T(¢)+ A Loynamrre-r (¢, 0) |, (7.4.3)

where J is the expected return, and A > 0 is a hyperparameter balancing the RL objective with
DynaMITE-RL’s variational inference objective. We also evaluate DynaMITE-RL in an offline RL
setting, in which we collect an offline dataset of trajectories following an oracle goal-conditioned
policy and subsequently approximate the optimal value function and RL agent using offline RL
methods, e.g., IQL [157]. The value function and the policy are parameterized with the same

architecture as in the online setting and will be detailed in Appendix E.5.

7.5 Experiments

We present experiments that demonstrate, while VariBAD and other meta-RL methods struggle
to learn good policies given nonstationary latent contexts, DynaMITE-RL exploits the causal
structure of a DLCMDP to more efficiently learn performant policies. We compare our approach

to several state-of-the-art meta-RL baselines, showing significantly better evaluation returns.

99



GridworldAlternate . Reacher-Circle HalfCheetah-Vel Scratchltch-Jaco
50
40

30 -100

20 -150

-200

Episode Reward

10
-250

00 05 10 15 20
1e5 1e7 1e7 1e7
Environment Steps

RLA2 —— VariBAD BORel SecBAD ContraBAR —— DynaMITE-RL (ours) === DynaMITE-RL (GT session termination)

Figure 7.5: Learning curves for DynaMITE-RL and state-of-the-art baseline methods. Shaded areas repre-
sent standard deviation over 5 different random seeds for each method and 3 for Scratchltch. In each of the
evaluation environments, we observe that DynaMITE-RL exhibits better sample efficiency and converges
to a policy with better environment returns than the baseline methods.

Environments. We test DynaMITE-RL on a suite of standard meta-RL benchmark tasks
including a didactic gridworld navigation, continuous control, and human-in-the-loop robot as-
sistance as shown in Figure 7.4. Gridworld navigation and MuJoCo [280] locomotion tasks are
considered by Zintgraf et al. [345], Dorfman et al. [70], and Choshen and Tamar [54]. We modify
these environments to incorporate temporal shifts in the reward function and/or environment
dynamics. To achieve good performance under these conditions, a learned policy must adapt
to the latent state dynamics. More details about the environments and hyperparameters can be
found in Appendix E.4 and E.5.

Gridworld. We modify the Gridworld environment used by Zintgraf et al. [345]. Ina 5 x5
gridworld, two possible goals are sampled uniformly at random in each episode. One of the two
goals has a +1 reward while the other has 0 reward. The rewarding goal location changes after
each session according to a predefined transition function. Goal locations are provided to the
agent in the state—the only latent information is which goal has positive reward.

Continuous Control. We experiment with two tasks from OpenAl Gym [38]: Reacher and
HalfCheetah. Reacher is a two-jointed robot arm tasked with reaching a 2D goal location that
moves along a circular path according to some unknown transition function. HalfCheetah is a
locomotion task which we modify to incorporate changing latent contexts w.r.t. the target di-

rection (HalfCheetah-Dir), target velocity (HalfCheetah-Vel), and target velocity with opposing
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wind forces (HalfCheetah-Wind+Vel).

Assistive Itch Scratching. Assistive Itch Scratch is part of the Assistive-Gym benchmark [78]
consisting of a human and a wheelchair-mounted 7-degree-of-freedom (DOF) Jaco robot arm.
The human has limited-mobility and requires robot assistance to scratch an itch. We simulate
stochastic latent context by moving the itch location—unobserved by the agent—along the hu-
man’s right arm.

Meta-RL Baselines. We compare DynaMITE-RL to several state-of-the-art (approximately)
Bayes-optimal meta-RL methods including RL? [76], VariBAD [345], BORel [70], SecBAD [48],
and ContraBAR [54]. RL? [76] is an RNN-based policy gradient method which encodes envi-
ronment transitions in the hidden state and maintains them across episodes. VariBAD reduces to
RL? without the decoder and the variational reconstruction objective for environment transitions.
BORel primarily investigates offline meta-RL (OMRL) and proposes a few modifications such as
reward relabelling to address the identifiability issue in OMRL. We evaluate the off-policy variant
of BORel, trained using Soft-Actor Critic (SAC) in our DLCMDP environments. Chen et al. [48]
proposes the latent situational MDP (LS-MDP), in which there is non-stationary latent contexts
that are sampled i.i.d., and SecBAD, an algorithm for learning in an LS-MDP. However, they do
not consider latent dynamics which a crucial aspect in many applications. ContraBAR employs a
contrastive learning objective to discriminate future observations from negative samples to learn
an approximate sufficient statistic of the history. As Zintgraf et al. [345] already demonstrate
better performance by VariBAD than posterior sampling methods (e.g., PEARL [242]) we exclude
such methods from our comparison.

DynaMITE-RL outperforms prior meta-RL methods in a DLCMDP in both online
and offline RL settings. In Figure 7.5, we show the learning curves for DynaMITE-RL and
baseline methods. We first observe that DynaMITE-RL significantly outperforms the baselines

across all domains in sample efficiency and average environment returns.

, VariBAD, , ,and ContraBAR all perform poorly in the DLCMDP, converging to

101



Table 7.1: Average single episode returns for DynaMITE-RL and other state-of-the-art meta-RL algorithms
across different environments. Results for all environments are averaged across 5 seeds beside Scratchltch
which has 3 seeds. DynaMITE-RL, in bold, achieves the highest return on all of the evaluation environments
and is the only method able to recover an optimal policy.

Gridworld  Reacher HC-Dir HC-Vel Wind+Vel Scratchltch
RL? 334+16 —150.6+12 —420.0+84 —513.2487 —493.5+1.8 50.4+16.38
VariBAD 31.8+19 —102.4+42 —2425+48 —363.5+32 —188.5+44 81.8 +6.9
BORel 324424 —103.5+46 —240.6+43 —3434+36 —167.8+54 82.516.0
SecBAD 38.5 +3.1 —96.2+4.8 —202.4+104 —323.54+34 —1553454 101.4+9.2
ContraBAR 345409 —101.6+32 —256.5+3.6 —312.3+48 —243.44+26 114.6+24.4
DynaMITE-RL  42.9 +0.5 —8.445.1 —68.5+23 —146.0+81 —42.8+69 231.2+233
a suboptimal policy. VariBAD and perform comparably as both share similar architecture,

the only difference being the RL algorithm. By contrast, DynaMITE-RL accurately models the

latent dynamics and consistently achieves high returns despite the nonstationary latent context.

We also evaluate an oracle with access HalfCheetah-Vel
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to changing latent contexts at inference time, Environment Steps 1e7

while the baseline methods fail to adapt and Figure 7.6: Ablating individual components of

DynaMITE-RL. We observe that modelling latent dy-
namics is crucial in achieving good performance in
We further demonstrate that DynaMITE—RL a DLCMDP. Additionally, both consistency regular—

ization and session reconstruction are critical for im-
outperforms in an offline RL setting in proving the sample efficiency and convergence to a
better performing policy.

are ultimately stuck in suboptimal behavior.

Table 7.2 across all environments. This high-
lights the importance of DynaMITE-RL training objectives in learning a more accurate posterior

belief model even without online environment interactions. We also experimented with a Trans-
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Table 7.2: Average single episode returns with offline RL. Results are averaged across 5 random seeds.
Algorithm with the highest average return are shown in bold. We present results for an oracle agent
trained with goal information for reference.

Gridworld Reacher HC-Dir HC-Vel HC-Dir+Vel Scratchltch
BORel 314435 —102.0+58 —245.0+12.4 —354.0+83 —170.0+54 72.5+46
w/o Consistency 38.2+1.2 —33.2+27 —206.0+56 —212.0+6.4 —120.0+124 105.8+85
w/o Sess. Dynamics 33.4+13 —95.0+52 —244.0+6.0 —342.0+86 —166.0+9.5 74.1+23

DynaMITE-RL 41.8+0.6 —15.5+32 —154.0+86 —156.0+48 —48.0+8.6 225.5+10.6
w/ Transformer 43.8+06 —8.4+28 —132.0+74 —1440+65 —33.0+58 24254174
Oracle (W/ goal) 44.6 —4.8 —112.0 —132.2 —24.4 245.3

former encoder to parameterize our belief model and find that a more powerful model further

improves the evaluation performance.
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Recon, which does not include session re- Figure 7.7: Ablation studies on various frequen-

cies of latent context switches within an episode
construction. In Figure 7.6, we report the in the HalfCheetah-Vel environment. The boxplot
shows the distribution over evaluation returns for
25 rollouts of trained policies with VariBAD and
DynaMITE-RL . When p = 0, we have a latent MDP
and when p = 1 this is equivalent to a general
out prior latent belief conditioning, the model POMDP.

performance for each of these ablations and

vanilla VariBAD for comparisons. First, with-

converges to a suboptimal policy slightly better than VariBAD, confirming the importance of
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modeling the latent transition dynamics of a DLCMDP. Second, we find that session consistency
regularization reinforces the inductive bias of changing dynamics and improves the sample ef-
ficiency of learning an accurate posterior model in DLCMDPs. Finally, session reconstruction
masking also improves the sample efficiency by neglecting terms that are irrelevant and poten-
tially biased. Similar ablation studies in the offline RL setting can be found in Table 7.2, reinforcing
the importance of our proposed training objectives.

DynaMITE-RL is robust to varying levels of latent stochasticity. We study the effect
of varying the number of latent context switches over an episode of fixed time horizon. For the
HalfCheetah-Vel environment, we fix the episode horizon H = 400 to create multiple problems.
We introduce a Bernoulli random variable, e.g d; ~ Bernoulli(p) where p is a hyperparame-
ter we set to determine the probability that the latent context changes at timestep t. If p = 0,
the latent context remains unchanged throughout the entire episode, corresponding to a latent
MDP. If p = 1, the latent context changes at every timestep, which is equivalent to a general
POMDP. As shown in Figure 7.7, DynaMITE-RL performs better, on average, than VariBAD, with
lower variance in a latent MDP. We hypothesize that, in the case of latent MDP, consistency reg-
ularization helps learn a more accurate posterior model by enforcing the inductive bias that the
latent is static. Otherwise, there is no inherent advantage in modeling the latent dynamics if it is
stationary.

As we gradually increase the number of context switches, the problem becomes more difficult
and closer to a general POMDP. VariBAD performance decreases drastically because it is unable
to model the changing latent dynamics while DynaMITE-RL is less affected, highlighting the ro-
bustness of our approach to changing latent contexts. When we set the number of contexts equal
to the episode horizon length, we recreate a fully general POMDP and again the performance

between VariBAD and DynaMITE-RL converges.
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7.6 Related Work

POMDPs provide a general framework modeling non-stationality and partial observability in
sequential decision problems. Many model variants have been introduced, defining a rich spec-
trum between episodic MDPs and POMDPs. The Bayes-Adaptive MDP (BAMDP) [77] and hidden
parameter MDP (HiP-MDP) [147] are both special cases of POMDPs in which environment pa-
rameters are unknown and the goal is to infer these parameters online during an episode. The
BAMDP model treats unknown parameters as latent variables, which are updated based on the
agent’s observations, while the HiP-MDP assumes that the environment dynamics depend on
hidden parameters that must be learned over time. However, neither framework addresses the
dynamics of the latent parameters across sessions, but rather assumes it is constant throughout
an episode.

On the other hand, models like the Latent Situational MDP (LSMDP) [48] and Dynamic Pa-
rameter MDP (DP-MDP) [298] do investigate nonstationary latent contexts. LSMDP [48] samples
the latent contexts independently and identically distributed (i.i.d.) at each episode. While it in-
troduces variability, it does not model the temporal dynamics or dependencies of these latent
parameters. The DP-MDP framework addresses these dynamics by assuming that the latent pa-
rameters change at fixed intervals (fixed session lengths), making it less flexible when sessions
are variable lengths. By contrast, DLCMDPs models the dynamics of the latent state and simul-
taneously infers when the transition occurs, allowing better posterior updates at inference time.

DynaMITE-RL shares conceptual similarities with other meta-RL algorithms. Firstly, optimization-
based techniques [57, 84, 248] learn neural network policies that can quickly adapt to new tasks at
test time using policy gradient updates. This is achieved using a two-loop optimization structure:
in the inner loop, the agent performs task-specific updates where it fine-tunes the policy with a
few gradient steps using the task’s reward function. In the outer loop, the meta-policy parameters
are updated based on the performance of these fine-tuned policies across different tasks. How-

ever, these methods do not optimize for Bayes-optimal behavior and generally exhibit suboptimal
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test-time adaptation. Context-based meta-RL techniques aim to learn policies that directly infer
task parameters at test time, conditioning the policy on the posterior belief. Such methods include
recurrent memory-based architectures [21, 76, 169, 289] and variational approaches [70, 123, 345].
VariBAD, closest to our work, uses variational inference to approximate Bayes-optimal policies.
However, we have demonstrated above the limitations of VariBAD in DLCMDPs, and have de-
veloped several crucial modifications to drive effective learning a highly performant policies in

our setting.

7.7 Conclusion

We developed DynaMITE-RL, a meta-RL method to approximate Bayes-optimal behavior using a
latent variable model. We presented the dynamic latent contextual Markov Decision Process (DL-
CMDP), a model in which latent context information changes according to an unknown transition
function, that captures many natural settings. We derived a graphical model for this problem set-
ting and formalized it as an instance of a POMDP. DynaMITE-RL is designed to exploit the causal
structure of this model, and in a didactic GridWorld environment and several challenging con-
tinuous control tasks, we demonstrated that it outperforms existing meta-RL methods w.r.t. both
learning efficiency and test-time adaptation in both online and offline-RL settings.

There are a number of exciting directions for future research building on the DLCMDP model.
While we only consider Markovian latent dynamics in this work (i.e. future latent states are
independent of prior latent states given the current latent state), we plan to investigate richer
non-Markovian latent dynamics. We are also interested in exploring hierarchical latent contexts
in which contexts change at different timescales. Finally, we hope to extend DynaMITE-RL to
other real-world applications including recommender systems (RS), autonomous driving, multi-
agent coordination, etc. DLCMDPs are a good model for RS as recommender agents often interact
with users over long periods of time during which the user’s latent context changes irregularly,

directly influencing their preferences.
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Chapter 8

Robometer: Scaling General-Purpose
Robotic Reward Models via Trajectory

Comparisons

8.1 Introduction
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Figure 8.1: Robometer overview. Robometer is trained on RBM-1M, a 1M-trajectory dataset spanning
21 robot embodiments, containing both reward-labeled expert trajectories and reward-unlabeled failed
trajectories. The model is supervised with a dual objective: predicting frame-level task progress (reward)
and learning trajectory-level preferences from pairwise comparisons. It is also trained to predict per-frame
task success for downstream RL.

In human cognition, comparative judgments are a core mechanism for internalizing calibrated
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scales [166, 257, 267], enabling reasoning about relative progress and outcomes rather than iso-
lated states. Analogously, the supervision signals used to train robotic reward models determine
how well they internalize notions of task progress, enabling downstream applications such as
online reinforcement learning (RL) [311, 329], imitation learning (IL) from noisy data [46, 209],
automated failure detection [98], and offline RL [285]. Current general-purpose reward models
rely exclusively on absolute progress labels derived from expert or reward-labeled demonstra-
tions, providing pointwise, trajectory-local supervision [172, 271, 325, 329].

Such labels are easy to obtain for expert trajectories—for example, by linearly interpolating
progress from 0 to 1—but become ill-defined and costly to annotate for failed attempts, where
progress may fluctuate over time. As a result, large amounts of suboptimal data—ubiquitous
in real-world robot learning—cannot be effectively leveraged [278]. This reliance on trajectory-
local progress supervision limits both scalability and generalization. In this work, we address this
limitation by training reward models with an additional global supervision signal that improves
generalization across embodiments, scenes, and varying trajectory quality.

Our key insight is that preference prediction over trajectory pairs provides a complementary
form of supervision. While progress labels anchor reward values along individual trajectories,
pairwise comparisons impose ordering constraints across diverse trajectories, tasks, robots, and
viewpoints. This formulation enables learning from previously unusable suboptimal data by re-
quiring only relative comparisons—curated without additional human annotation—rather than
absolute scores. Specifically, trajectory comparison supervision (1) enforces consistent ordering
across trajectories, providing global grounding beyond individual rollouts, and (2) scales natu-
rally to unlabeled failed trajectories where absolute progress is ambiguous, resulting in better-
calibrated rewards.

To instantiate our key insight, we propose Robometer, a general-purpose, video-language-
input, dense reward model trained with a dual reward-prediction objective: a frame-level progress
loss on expert data and a preference-prediction loss over trajectory comparisons (see Figure 8.1).

To support downstream RL, Robometer also predicts a frame-level task success. Our ablations
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reveal a mutual reinforcement effect: preference supervision improves Robometer’s ability to dis-
tinguish suboptimal from successful trajectories even when trained solely on expert demonstra-
tions, suggesting that global comparative constraints induce a better-structured internal reward
representation. Furthermore, as additional unlabeled suboptimal data is introduced, Robometer
scales naturally to further improve performance.

We train Robometer on RBM-1M, a large-scale reward-learning dataset which we curate, that
contains over one million trajectories collected from 21 robot platforms, including bimanual,
single-arm, and mobile manipulators, as well as human demonstrations. Importantly, RBM-1M
is intentionally constructed to include a substantial number of suboptimal and failed trajectories
that naturally arise during real-world data collection but are difficult to exploit with absolute
progress-based supervision. The scale and diversity of RBM-1M are therefore essential for learn-
ing globally consistent preference relations across embodiments, tasks, and viewpoints, and for
fully leveraging failure data that would otherwise be discarded. In addition to training with
real failure data, we generate preference pairs using a suite of augmentations—including video
rewinding [329], sequence trimming, and cross-task comparisons—that expose the model to di-
verse successful and suboptimal behaviors. Across external benchmarks and our own evaluation
trajectories collected from six out-of-distribution scenes from three institutions, Robometer out-
performs state-of-the-art baselines by an average of 14% in reward rank correlation and 32%
relative improvement in distinguishing suboptimal from successful trajectories.

Finally, we show that Robometer outperforms relevant baselines in real-world robot learn-
ing applications across a diverse set of downstream applications that span different learning
paradigms: (1) automatic online RL, (2) offline RL with noisy and expert trajectories, (3) dataset
filtering for imitation learning, and (4) zero-shot failure detection across multiple robot em-
bodiments and institutions. Overall, policy learning experiments with Robometer demonstrate
2.4 — 4.5x higher success rates than the best baseline in each category. We publicly release the

Robometer model, the RBM-1M dataset, and code at https://robometer.github.io.
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8.2 Related Works

Learning reward functions is a central problem in reinforcement learning and robotics, and prior
work has explored a wide range of approaches that differ in both the form of supervision and the
scope of generalization.

Reward Learning from Demonstrations. Learning reward functions from human supervi-
sion is a long-studied topic in inverse RL (IRL), where reward functions are inferred from human
demonstrations [1, 33, 83, 224, 344] or from expert and goal-state distributions [86, 87, 89, 115,
134, 270]. However, most IRL methods require task-specific expert demonstrations, making it
necessary to collect new demonstrations whenever the task or reward specification changes. In
contrast, Robometer trains a general-purpose vision-language-input reward model which can
generalize effectively to new tasks.

Preference-Based Reward Learning. Prior work in psychology has observed that humans
often use relative comparisons over absolute numerical scales when making judgments [166,
257, 267]. This insight has been central to modern reinforcement learning from human feed-
back (RLHF), where preference supervision from humans is used to learn reward models that
are only identifiable up to monotone transformations, yet sufficient for effective policy optimiza-
tion [16, 31, 55, 112, 156, 171, 220, 250, 313]. In contrast to these works, which treat preferences as
the primary supervision signal to train domain-specific reward models, we generate preference
supervision from both synthetic and real trajectories for which assigning progress labels is dif-
ficult. We use this preference signal as an auxiliary objective that complements direct progress
prediction, enabling Robometer to learn from large, heterogeneous datasets without additional
human preference supervision. Closest in spirit, Kwok et al. [163] generate synthetic preference
labels from action mean-squared-error to train a robot action verifier, and Venkataraman et al.
[285], Wang et al. [294] use vision-language models (VLMs) to generate frame-level preferences
as the primary supervision signal for task-specific reward models. In contrast, we generate pref-

erence supervision by comparing entire trajectories and use it as an auxiliary signal to learn a
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general-purpose reward function across tasks and embodiments.

Rewards from Foundation Models. Finally, recent work has sought to construct more gen-
eral reward functions that operate directly on images, videos, and language. Large language mod-
els (LLMs) and VLMs have been applied to reward design, for example by generating executable
reward code or shaping functions from natural language descriptions [208, 303, 322], directly
producing reward functions [165], or guiding reward computation via language-conditioned state
masking [126]. However, most of these approaches assume access to privileged state information,
which is often unavailable or difficult to obtain in real-world robotic deployment settings.

To overcome this challenge, some approaches use task progress as a proxy reward, either by
applying pre-trained VLMs as zero-shot progress or success estimators [3, 47, 62, 75, 90, 99, 207,
209, 210, 245, 263], or by training domain-specific models with progress-prediction objectives [46,
62, 80, 124, 149, 206, 222, 226, 311, 329]. However, directly using pre-trained VLMs for zero-shot
video-language reward prediction often yields noisy or inconsistent signals [43, 172, 329], while
smaller per-task models tend to overfit to domain-specific visual and semantic features, limiting
generalization.

More recent methods address these limitations by fine-tuning large pretrained VLMs or VLAs,
enabling progress prediction to leverage visual-semantic representations learned from diverse
data [94, 130, 172, 271, 325, 331] and demonstrating improved sample efficiency for real-world
RL. VLAC [325], for example, co-trains a VLA with relative progress difference targets, while
7y [130] and Ghasemipour et al. [94] train distance-to-goal value functions that encode task
progress. RoboReward [172] fine-tunes a VLM to predict discretized (1-5) progress labels gen-
erated via counterfactual instruction labeling by closed-source VLMs, and RoboDopamine [271]
similarly fine-tunes a VLM for progress prediction but requires a goal image in addition to the
language instruction and task-specific one-shot fine-tuning. In contrast, Robometer introduces
an explicit auxiliary preference prediction objective, enabling us to scale to datasets containing
suboptimal or failed trajectories without reward labels. Using such failed trajectories, even as

just in-context learning examples for pre-trained VLMs, has been demonstrated to help reward
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Figure 8.2: Robometer is a VLM-based reward model, that predicts dense, per-frame progress-based
rewards and success labels for the first of two video trajectories. To be able to train with failed, non-expert
data, we also predict which of the two video trajectories better completes the task. We use three strategies
for curating training examples from our given datasets, which are further detailed in Section 8.3.4 with
model architecture shown in Appendix Figure F.2.
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models align more closely with human-specified rewards [278].

8.3 Robometer

We propose Robometer, a large-scale reward model designed to provide dense reward feedback
for robot learning. Our approach rests on three pillars: a diverse 1M-trajectory dataset (RBM-1M)
which includes unlabeled failure trajectories, a pre-trained VLM backbone for cross-task gener-
alization, and a hybrid training objective that combines dense, per-frame progress with global

trajectory preferences.

8.3.1 RBM-1M Dataset

Notation. We define the dataset D = {r;} of trajectories, where each v = {o;.7, [, p} contains
image observations o, a language instruction /, and a scalar progress label p € [0, 1] corresponding
to the progress at the end of the trajectory. For expert demonstrations, p = 1.0; for datasets with
partial progress labels (e.g., RoboArena [10]), we use the provided score. For unlabeled failed
trajectories, we set p = None.

Data Composition. Rather than maximizing trajectory quantity, RBM-1M focuses on view-

point, scene, and embodiment diversity. We aggregate 1 million trajectories from: (1) Expert
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robot data from diverse, multi-robot sources such as Open-X [59] and subsets of high-quality,
single-robot data such as AGIBotWorld [60]; (2) Human videos from datasets such as Epic-
Kitchens [65] for scene diversity or human-robot paired datasets like RH20T [81] to promote
embodiment-invariant representations; (3) Simulation data from sources like LIBERO [194]; and
(4) Failed trajectories from automated policy rollouts [339] and failure-detection datasets [192].

Our dataset overall includes 21 robot embodiments and over 1 million trajectories, hence
RBM-1M. We also construct two evaluation datasets, RBM-EVAL-ID and RBM-EVAL-00D, detailed
in Section F.1.3. For further details on dataset filtering and aggregation, see Section F.1. We also

list all dataset categories and trajectory counts in Appendix Figure F.1, Table F.4.

8.3.2 Robometer Architecture and Tokenization

Robometer instantiates a causally masked VLM, QwWEN3-VL-4B-INSTRUCT, to process either one
video (for reward inference) or a pair of videos (for preference training).

Hidden Embedding Extraction. To extract rewards without disrupting the VLM’s pre-
trained internal representations, we insert new, learned tokens into the sequence. We interleave
progress tokens ({|prog_token|)) within the first video sequence and a single preference token

((|pref_tokenl|)) at the end of the multi-video prompt:

Tok(l, 0, 0*) — Tok(I){|video_start|) [Tok(otl)(|prog_token|>] th1 6.0
(|split_tokenl|) [Tok(of)] th1 (|pref_tokenl|), -
where (|video_start|) is the model’s default image-start delimiter and (|split_token|) is a separa-
tor. The causal mask ensures that (|prog_token|) tokens attend only to the current and previous
frames of o', producing dense, frame-level progress estimates for online reward inference, while
([pref_token|) attends to both trajectories to make a relative judgment. We fix both trajectories to
length T = 8 to avoid preference predictions that rely on trajectory length as a proxy for quality.

Progress tokens are inserted only for o' since at inference time, progress is predicted for a single

trajectory; furthermore, if we insert progress tokens between o? frames, they would attend to o'.
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8.3.3 Training Objectives

We optimize Robometer using a composite loss: £ = Lper + Lprog + Louce- This allows the model
to anchor rewards to absolute progress while learning to distinguish subtle quality differences
through trajectory comparisons across the dataset.

Preference Prediction. We train a binary classifier, MLP,s, on the hidden state Apref tokenl)

of the (|pref_token|) to predict which trajectory better satisfies I:

Epref = - []Iyzl log O-(1v[LPpref(h<Ipref_token\)))
(8.3.2)

+ ]Iy=2 IOg(l - G(MLPpref(h(\pref_tokenD))) ]s

where y is the ground-truth preferred trajectory.

Progress and Success. For the first trajectory o', we attach an MLP head to each A(prog tokenl).t
to predict continuous progress p; and binary success s;. Similar to prior work [46, 325, 329],
we define per-frame progress targets p;.r for expert demonstration data, where the final target
progress p = 1. To better model multi-modal reward/progress distributions than continuous
progress prediction, we discretize progress into N = 10 uniformly spaced bins over [0, 1] and
model progress prediction as a categorical distribution, following the C51 formulation [23]. For
a trajectory of length T, the ground-truth continuous progress target at frame ¢ is defined as
p: = t/T for t € {1,..., T}. This scalar target is projected onto a categorical distribution over N
bins using linear interpolation between neighboring bin centers. The progress head MLPpqgress

outputs a categorical distribution p, € AV, and the progress loss is computed using cross-entropy:

T
1 .
[/prog = ? Z CE (PYOJ(Pt), MLPprogress(h(lprogftokenl),t)) .

t=1

At inference time, a continuous progress estimate is recovered by taking the expectation over
the bin centers, p, = Y.r, z; prs, Where {z}Y, denote the fixed bin centers. Per-frame success
targets are defined such that s, = 0 for t < T and s; = 1 for t = T. In some datasets, the human
operator stops recording a trajectory several frames after the task has already been completed;
to improve the accuracy of both progress and success prediction, we sample 10 trajectories per

data source to determine the point at which the task actually ends (Appendix Section F.1.1). We
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train success prediction with binary cross-entropy on s, with balanced class weights adjusted

per-batch to account for negative sample imbalance:

f'succ = BalancedBCE (81 : T [MLPsuccess(h<|prog7token\),t)]1 : T) .

8.3.4 Data Sampling and Augmentation

Given these losses, the ideal training regime for Robometer would rely on large-scale, preference-
labeled robot trajectory datasets containing explicit progress-labeled failures. Such failures are
particularly important because, at deployment time, reward models are frequently queried on
out-of-distribution trajectories—e.g., failures induced by online RL exploration, compounding ex-
ecution errors, or noisy data collection—that deviate substantially from the training distribution.
In practice, however, preference annotations over robot trajectories are limited, and dense per-
frame progress labels for failed executions are expensive and difficult to obtain. We address this
limitation by constructing training inputs ([, o', 0) and targets y dynamically from RBM-1M using
three complementary strategies displayed in Figure 8.2:

Unseen Task Language Instructions
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Figure 8.3: Video-Language Reward Confusion Matrix. For each task sampled at random from self-
collected, unseen data from RBM-EVAL-00D, we compute rewards for all combinations of demonstration
videos and language descriptions. Robometer produces the most diagonal-heavy confusion matrix, indi-
cating strong alignment between unseen demos and instructions. We also report the column-normalized
diagonal mean under each model, which represents the fraction of the model’s total reward for aligned
task and video pairs.

1. Progress-Based Comparisons (Different Expertise). To teach the model to distinguish
execution quality, we sample two trajectories 7y, 7, sharing an instruction [ but differing in
outcome (e.g., an expert demonstration p=1 vs. an unlabeled failure p=None) or progress

(p'#p?). We set the preference target y=1 if p'>p? (or if 7, is the expert), and y = 2 oth-
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erwise. This allows Robometer to leverage unlabeled failures by contrasting them against
successful demonstrations.

2. Instruction Negatives (Different Tasks). To ensure rewards are grounded in the lan-
guage command, we sample 7; and 7, with distinct instructions I'#/%. We randomly select
one instruction as the conditioning text [, set the preference label y to the trajectory corre-
sponding to the selected instruction, and set the progress target p,=0 for the other, enforcing
that correct behavior for the wrong task yields no reward.

3. Video Rewind (Augmented Failures). To explicitly model “undoing” progress—a com-
mon failure mode in RL—we generate synthetic preferences from a single expert trajectory
7 by reversing a segment of time. Prior work denotes this type of augmentation as video
rewind [46, 121, 329]. We sample indices 1 < t; < t, < t3 < T to form a Chosen for-
ward sequence o° = o,,.,, and a Rejected rewound sequence, either 0" = [0;,.,, 04,-1.1,] OF
[04,:1,]- The Chosen and Rejected sequences are randomly assigned to o' and o to construct
the preference label. While o0° targets linear forward progress, we explicitly penalize the

reversal in o” by assigning decreasing progress targets matched to their frame indices.

Subsequence Trimming. We discourage overfitting to fixed trajectory lengths by randomly
sampling T frames with uniform start/end indices from the full video.

Summary. Robometer builds upon a base VLM, QWEN3-VL-4B-INsTRUCT, and inserts ad-
ditional learnable tokens to predict preference, progress, and success. We train Robometer on
RBM-1M, a diverse reward modeling dataset consisting of both progress-labeled and progress-
unlabeled data, by sampling trajectory comparisons across the entire dataset. These compar-
isons come from unlabeled failure trajectories, comparisons across different tasks, and generated
pseudo-failures via video rewind. For additional model implementation and training details, see

Section F.2.
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Table 8.1: (a) Reward alignment (VOC Pearson r) and (b) trajectory ranking (Kendall 7,) on RBM-EVAL
datasets. Baselines are split into categories based on training data: GVL’s training data (w/ GPT-5-mini)
is unknown, VLAC is trained on a 300k-trajectory dataset, and RoboDopamine-8B is trained on a 100k-
trajectory dataset. We compare Robometer against RoboReward-4B/8B with their own training data, and
we also evaluate ReWiND and Robometer trained with the full RBM-1M dataset. Kendall 7, is not calculated
for RBM-EVAL-1ID due to it only having simulation failure data.

Baselines w/ RoboReward Training Data w/ our RBM-1M data
-8B -4B -8B Robometer Robometer
RBM-EVAL-ID 0.16 0.16 0.75 0.77 0.82 0.84 0.46 0.92
(a)voC r 1t
RBM-EVAL-OOD  0.21 0.17 0.74 0.88 0.88 0.93 0.51 0.95
(b) Kendall 7, 1 RBM-EVAL-OOD  0.19 0.08 0.39 0.50 0.47 0.55 0.01 0.66

8.4 Experiments

Our experiments aim to study Robometer’s effectiveness in producing rewards for robot learning.

Specifically, we organize our experiments to answer the following questions:

(Q1) Reward Evaluation: How well do Robometer rewards reflect task progress on unseen tasks
and embodiments?

(Q2) Ablation + Analysis: How much does each component of Robometer contribute to reward
performance?

(Q3) Policy Learning: How does Robometer compare against baselines in enabling downstream
robot learning?

Baselines. We compare Robometer against the strongest set of video-language input, zero-
shot-capable, and open-sourced or API-accessible reward baselines described in Section 8.2. We

list a dataset size comparison table for baselines and related papers in Appendix Table F.1.

. [325] trains a VLA that predicts actions and rewards on a dataset of 300k human
and robot trajectories. We compare against their larger 8B parameter checkpoint.

. [209] prompts a pre-trained closed-source LLM with shuffled video frames to predict
task progress for subsampled frames across the video sequence. We use GPT-5 mini as it
is the best-performing closed-source model on the RoboRewardBench reward evaluation
benchmark [172].

. [329] trains a small transformer-based network with a direct progress prediction
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objective along with video rewinding to simulate failed policy rollouts. We train ReWiND
with RBM-1M to maximize its zero-shot capability.

. [271] fine-tunes a VLM for reward prediction via “frame hops” com-
paring forward and rewound frames. Although it is designed for reward prediction condi-
tioned on a goal image and instruction, we evaluate in our zero-shot setting without a goal
image for fair comparison. We use the latest, 8B parameter, RoboDopamine-2.0 checkpoint
and include RoboDopamine-3B version 1 results in the appendix.

. [172]: Fine-tunes a Qwen-3-VL 4B/8B VLM for discrete (1-5) progress
prediction on a dataset consisting of data from OXE [59] and RoboArena evaluations [10].

Generates counterfactual instructions via closed-source VLMs to simulate failed trajectories.

Custom Evaluation Datasets. We train Robometer, and certain baselines when applicable,
on the aforementioned RBM-1M dataset. Prior large-scale reward modeling baselines mainly eval-
uate on validation or test set versions of the datasets they train on [172, 271, 325, 329], which
contain in-distribution arms, camera angles, or scenes. Instead, we collect our own evaluation
dataset, RBM-EVAL-00D, consisting of 976 trajectories collected from 3 academic institutions that
are guaranteed not to be in the training data of any baseline, consisting of 6 embodiments (includ-
ing human hands), 3 of which are not in RBM-1V, collected across diverse camera angles. We also
aggregate an in-distribution test split of unseen trajectories collected from datasets in RBM-1M,

denoted RBM-EVAL-ID. See more evaluation dataset details in Section F.1.3.

8.4.1 Reward Evaluation

As detailed in Section 8.3.2, our focus is on training a reward model which: (1) generalizes to new

tasks, embodiments, and domains while (2) providing reward feedback useful for policy learning.

We structure this subsection to highlight Robometer’s strong performance across both criteria.
Trajectory Task Alignment. Our first main result demonstrates that Robometer accurately

distinguishes between different tasks in RBM-EVAL-00D, which directly reflects its ability to as-
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Table 8.2: Evaluation on the RoboRewardBench benchmark [172].

Model Type Model RoboRewardBench MAE (])
Robometer 0.72
Owen3-4B Models Robometer (only RoboReward data) 0.75
-4B 0.85
Qwen3-VL-4B-Instr. 1.03
-8B 0.67
GPT-5-mini 0.69

Closed / Larger ot
Qwen3-VL-8B-Instr. 0.89
Gemini-2.5-pro 0.90

sign rewards that align with task semantics, even across unseen robot embodiments, camera
viewpoints, and scenes. We plot confusion matrices comparing unseen, successful trajectory
videos versus their language instructions in Figure 8.3. Ideally, a purple diagonal indicates
correct video-instruction pairs, with low (white) values elsewhere. Robometer clearly produces
the strongest disparity between the diagonal and off-diagonal elements, highlighting its superior
ability to reward a robot for performing the correct task, which is especially important in clut-
tered, multi-task settings. This ability is in part due to how we sample different-task negative
preference and progress examples across the entire dataset (cf. Section 8.3.4).

Reward Alignment. Quantitatively, we evaluate the ability of baselines to predict increasing
progress for successful robot videos from both RBM-~EVAL-00D and RBM-EVAL-1ID in Table 8.1(a).
We report Value Order Correlation (VOC) [209] € [—1, 1], which calculates the Pearson corre-
lation of predicted rewards for each trajectory video frame against their ground-truth timestep
value. Overall, Robometer performs the best across the board on both test sets, especially on
RBM-EVAL-00D. We break down per-dataset and per-subset results for both test sets in Section F.3.

RoboRewardBench Evaluation. We further evaluate on the external RoboRewardBench
benchmark [172], reporting Mean Absolute Error (MAE) on rewards discretized into 1-5 scores.
Baseline results under the same protocol are shown in Table 8.2. For a fair comparison, we also

train a Robometer variant using only RoboReward data with matching 5-bin outputs.

120



Task: Put the marker inside the pen holder VLAC ReWiND RoboReward Robometer

Failure
10 10 10 10

- ~ 4 10 X
3 o 05 05 05 05 05
J—/ /_W

00 00 00 00 00
The robot moves randomly and fails to complete the task. 02468 10 12 14 02468 10 12 14 02468 10 12 14 02468 10 12 14 02468 10 12 14

10 10 10 1.0
Zo 05 05 /—\/\/N\/v 05 05
&
—

0.0 0.0 0.0 00
| The robot grasps the pen es toward the holder. However it drops the marker at the lastmoment. | **5 5 ¢ 570 12 13 "0 2 4 6 5 10 B W 024650 B W 02465 0 B 02468 00w

1.0 10 10 1.0
05 05 h/\_/\ 05 / 05 /—/
00

e —— 1] 00 00
0246810 1214 0246610121 02468101214 02468101218 0246810 1214
Time (s)

The task is completed. Green outline on the last frame due to predicted success signal from RBM

Figure 8.4: Qualitative Analysis of Failure, Suboptimal and Successful Trajectories. We visualize
the progress predictions for three trajectories of different quality for the same task. Notably, for the subop-
timal trajectory, Robometer predicts steadily increasing progress as the robot approaches the pen holder,
but sharply reduces its progress estimate when the marker is dropped, correctly reflecting regression in
task completion. In contrast, RoboReward continues to assign high progress despite the task failure. Fi-
nally, Robometer is the only model that correctly predicts task success for the successful trajectory (i.e.,
high final progress value and explicit success prediction).

This RoboReward-only Robometer variant attains an MAE of 0.75, outperforming RoboReward-
4B. Our full model improves to 0.72, trailing only the substantially larger RoboReward-8B and
GPT-5-mini. The strong performance of the RoboReward-only variant highlights the benefit of
our dual-objective training and augmentations even on narrower datasets. Finally, note that in
our OOD evaluations in Table 8.1, RoboReward-8B and 4B perform similarly, and GPT-5-mini
with GVL performs markedly worse. We therefore attribute the stronger results of larger models
on RoboRewardBench to its 5 discrete labels and its final-frame-only evaluation protocol.

Relative Trajectory Rankings for Mixed Expertise Data. Next, we quantitatively demon-
strate that Robometer is more effective than baselines at providing rewards useful for policy
learning. For a robot policy to learn with rewards, the rewards should not only be high when
performing the correct task, but also be low for incorrect execution. We measure this using
the Kendall-7, coefficient [219], an ordering metric € [—1,1] robust to ties. We calculate the
alignment between model-assigned final rewards and the ground-truth ordering between failed,
suboptimal, and successful trajectories for the same task. A higher 7, value demonstrates that

the reward model more accurately distinguishes between levels of policy performance and thus

can provide proper reward signals to the policy for both low- and high-quality behaviors.
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We report results in Table 8.1(b). On RBM-EVAL-00D, Robometer achieves a Kendall-7, of
0.66, substantially outperforming RoboReward-4B (0.50) and RoboReward-8B (0.47), indicating
that Robometer more reliably recovers the correct ordering among failed, suboptimal, and suc-
cessful trajectories. Notably, even when trained on the same data as RoboReward, Robometer
outperforms RoboReward in both policy ranking and reward alignment, highlighting the effec-
tiveness of our data augmentation strategies.

To further illustrate this behavior, we visualize reward predictions over time for failed, subop-
timal, and successful trajectories over time in Figure 8.4. Robometer exhibits sharper separation in
rewards between different levels of execution and accurately reflects regression in task progress.
We also point to additional results in Section F.3 evaluating preference prediction accuracy.

Reward Fine-tuning. Finally, we demonstrate that Robometer serves as a good initialization
for domain-specific fine-tuning. We fine-tune on RoboFAC [200], a dataset of robotic failures and
corrections spanning 16 tasks and 53 scenes (11k trajectories), including both simulated and real-
world successes and failures. We adapt Robometer via LoRA [119] adapters and full fine-tuning
(FFT). We compare against fine-tuning the base VLM Qwen/Qwen3-VL-4B-Instruct in the same
way.

In addition to the previous VOC r and Ranking Kendall 7,, we also compare a success - fail
metric measuring the difference in final reward between successful and failed trajectories of the
same task. Qwen3 fine-tuned still performs worse than Robometer zero-shot on 2 out of 3 metrics;
fine-tuning from Robometer yields substantially better reward evaluation results than training
Qwen3-VL from scratch across all of our ranking metrics (Table 8.3). Importantly, LoRA and FFT
perform similarly, demonstrating that Robometer can be effectively fine-tuned with just 1 GPU.

See further experiment details in Section F.6.

Overall, our results demonstrate that Robometer outperforms reward baselines in both
generalization and distinguishing successful / failed trajectories, and that it also serves as a

strong initialization for further fine-tuning. We next analyze why.
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Table 8.3: Finetuning Robometer on RoboFAC dataset. Zero-shot performance is strong, and fine-
tuning the base Qwen3 VLM performs worse on Kendall 7 and success - fail difference compared to zero-
shot Robometer. Meanwhile, Robometer fine-tuned performs best, either with LoRA or FFT.

Method VOCr1 Kendall 71  Succ-Fail Diff 1
Robometer-4B (Zero-shot) 0.652 0.436 0.141
Qwen3-VL (LoRA) 0.701 0.067 0.005
Qwen3-VL (Full FT) 0.727 0.102 0.008
Robometer-4B (LoRA) 0.875 0.786 0.271
Robometer-4B (FFT) 0.884 0.802 0.302

8.4.2 Ablations: Why does Robometer Perform so Well?

Here, we investigate individual components of Robometer to evaluate specific hypotheses about
reward model training and its effects on downstream RL performance.
H1 Predicting preferences (Equation (8.3.2)), even without paired failure trajectories, improves
reward performance.
H2 Scaling preference prediction with additional failure data leads to improved reward model
performance.
H3 Fine-tuning from pre-trained VLMs helps with reward predictions on unseen tasks.
Our main analysis is performed via a controlled setting with data from the LIBERO [194]
robot manipulation simulated benchmark. We train models with 1,709 successful demos from
LIBERO-{10, Object, Goal, Spatial} and evaluate performance on a sample of the 8,262

unseen, paired, successful and failed trajectories from LIBERO-90.

Reward Model Ablations. To measure H1, we train Robometer with only progress predic-
tion and also Robometer with both progress and preference prediction on the 1,709 demo dataset
containing no failed trajectories. We then measure H2—about scaling with failure data for prefer-
ence training—by adding in 1,929 generated, failed LIBERO trajectories and train Robometer with
the full Robometer training objective of progress and preference prediction on the larger dataset.

These LIBERO ablations are trained with LoRA [119] due to the small dataset size. Finally, we
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Table 8.4: Reward alignment (VOC Pearson r), policy ranking (Kendall ), and average reward difference
between successful and failed trajectories on LIBERO-90 and RBM-EVAL-00D.

(a) LIBERO-90 (b) RBM-EVAL-00D
Ablation VOCr Kendallz Suc-—Fail VOCr Kendall z Suc - Fail
H1 Prog,. Only 0.96 0.63 0.11 0.93 0.31 0.08
H1 +Preference 0.90 0.74 0.22 0.95 0.54 0.24
H2 +Failed Data 0.98 0.92 0.46 0.95 0.66 0.33
H3 ReWiND Arch. 0.48 -0.14 -0.02 0.51 0.01 0.02

verify the importance of a pre-trained VLM (H3) by training a larger, 500M-parameter version
of ReWiND’s transformer model (originally designed for low-data regimes) with our preference

and progress objectives on the paired-failure LIBERO dataset.

We depict results on LIBERO, and sepa-
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90 tasks from scratch, corresponding to ablations
sion consistently improves policy ranking per-  trained only on LIBERO-10/Object/Goal/Spatial data
from Table 8.4. We report the average success rate +

formance, increasing Kendall-z, from 0.63 to standard deviation across 5 seeds.

0.74 on LIBERO-90 and from 0.31 to 0.54 on RBM-EVAL-00D. Second, incorporating failed tra-
jectories for preference training (H2 +Failed Data) yields the largest gains across all ranking-
based metrics. On LIBERO-90, Kendall-7 improves to 0.92 and the average difference in final
rewards between success—failure increases more than 4x relative to progress-only training. Sim-
ilar trends hold on RBM-EVAL-00D, where Kendall-7 increases from 0.54 to 0.66 and the suc-
cess—failure separation improves from 0.24 to 0.33. Finally, replacing the pretrained VLM back-
bone with a scaled variant of ReWiND’s architecture (H3 ReWiND Arch.) results in a severe

degradation across all metrics, confirming that large-scale multimodal pretrained backbone is es-
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sential for learning generalizable reward representations. See Section F.4 for additional ablations.

Ablation Results on RL Performance. Before moving to our full policy learning experi-
ments, we verify that the reward evaluation metric trends observed in our ablation studies hold
for policy learning. We train policies via online RL using the ablated reward models on two tasks
from the unseen LIBERO-90 suite. These two tasks were specifically selected because sparse-
reward RL stably learns to a near-100% success rate, allowing us to directly compare sample
efficiency.

Results in Figure 8.5 demonstrate that improvements in reward evaluation metrics consis-
tently transfer to policy success rates. For both tasks, policies trained using Robometer (the H2
LIBERO model) demonstrate better sample efficiency than ablations (H1 LIBERO models) and
sparse reward, highlighting the importance of dense, well-calibrated reward signals for efficient
policy optimization. Overall, Robometer trained only on LIBERO achieves 2 — 4x better sample
efficiency than sparse reward on these unseen tasks. Additional details of the RL training setup

are provided in Section F.5.

8.4.3 Accelerating Robot Learning with Generalizable Rewards

We evaluate whether Robometer’s dense and generalizable reward signals can be used zero-shot
into improved downstream robot learning across four settings, including both prehensile and
non-prehensile tasks: (1) automatic online RL, (2) offline RL with mixed-expertise data, (3) data
filtering and retrieval for policy improvement, and (4) out-of-distribution failure detection. Across
all experiments, we compare against RoboReward-4B—the strongest baseline reward model in our
offline evaluations—to assess how Robometer’s dense, instruction-aligned rewards affect learn-
ing stability, robustness, and sample efficiency. We also compare against strong, relevant, non-
reward-model baselines for each setting where applicable. All policy learning results are averaged
over 20 evaluation trials. Additional details and finer-grained results on each experiment can be
found in Section F.5.

Automatic Online RL. First, we evaluate Robometer in an automated online RL setting by
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Figure 8.6: Automatic online RL with DSRL on a DROID setup with Robometer improves 7 from 20%
to 85% on a single-stage task and 20% to 70% on a two-stage task, outperforming RoboReward’s overall
success rate by 2.5x. DSRL with Robometer learns to avoid base  errors such as collisions or moving
the wrong object. The setup is deemed “automatic” because success detection and stage advancement are
handled automatically by the reward model, requiring human intervention only for physical scene resets.
training DSRL [287] from scratch on a 7, base policy [32] pre-trained on DROID [146]. Robometer
enables autonomous RL by providing dense rewards and explicit success predictions, which we use
to automate episode termination; manual human intervention is required only for physical scene
resets. For comparison, RoboReward’s discrete scores are also used for both reward shaping and
success detection. As shown in Figure 8.6 (left), DSRL+Robometer improves success from 20% to
85% in < 45 minutes (10k timesteps), outperforming RoboReward’s 55%. This gap arises from a
key failure mode of RoboReward: it frequently assigns maximum rewards for unrelated tasks (e.g.,
picking up the wrong object), leading to premature resets and reinforcing incorrect behaviors. In
contrast, Robometer provides a more reliable learning signal.

Next, we evaluate a longer-horizon multi-stage RL setting in Figure 8.6 (right), where success
predictions trigger progression between stages. Unlike methods that explicitly train with multi-
stage rewards and thus require stage labels (e.g., REDS [149] or SARM [46]), we simply decompose
tasks into stages at inference time using a pre-trained VLM and use Robometer to advance stages
automatically. In this setting, DSRL+Robometer improves 7,’s success from 20% to 70% over
10k timesteps, outperforming RoboReward’s 20%, which suffers from inaccurate rewards and
unreliable stage transitions. Across both setups, Robometer outperforms RoboReward’s overall
success rate by an average of 2.5x.

Finally, we perform an additional online RL experiment—model-based RL integrating Robome-

ter into DreamZero [316]—where Robometer improves DreamZero’s success rate from 20% to 70%.
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Figure 8.7: Offline RL results using IQL on a mixture of Noisy and Expert trajectories. Robometer re-
wards consistently outperform both RoboReward and sparse rewards: 2.4x average success rate improve-
ment over the best baseline for each task.

See details and results in Section F.7.

Combining Noisy and Expert Data via Offline RL. We consider an offline RL setting with
mixed-expertise data for two tasks on an SO-101 robot (SO-101 is not in RBM-1M), combining
expert and noisy, suboptimal demos, as shown in Figure 8.7. We train policies with Implicit Q-
Learning (IQL) [157] to study how dense rewards from Robometer improve learning stability and
policy extraction in offline RL.

Accurate, dense reward signals can provide informative intermediate feedback, reducing re-
liance on long-horizon credit assignment and enabling trajectory “stitching” with smaller dis-
count factors y, thereby reducing value function variance. For each of sparse reward, RoboRe-
ward, and Robometer, we sweep y € 0.90,0.95,0.99 and report the best-performing checkpoint
over 30,000 offline training steps. We observe that Robometer, which provides dense, temporally
aligned rewards, performs best at a lower discount factor y = 0.9 and outperforms both RoboRe-
ward and sparse rewards across both tasks with a 2.4x success rate improvement over the best
baseline in each. RoboReward performs similarly to sparse reward across the y sweep due to its
categorical 1-5 rewards providing less dense guidance than Robometer’s dense rewards.

Data Filtering & Retrieval. We next evaluate Robometer as a mechanism for unsupervised
data filtering and retrieval. Using a bimanual “play” dataset [203] of unannotated, multi-task
trajectories collected on a Trossen Al setup (not in RBM-1M), we retrieve the top 100 subtrajecto-

ries for a given task instruction. We compare retrieval relevance against RoboReward, pre-trained
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Figure 8.8: (a): Proportion of task-relevant subtrajectories out of 100 retrieval queries. Our method
consistently retrieves a high number of relevant subtrajectories using either the preference or progress
objective. (b): Success rates of LoRA-finetuned 5 policies using the retrieved trajectories from each
method. Small amounts of suboptimal & unrelated data retrieved by other baselines degrade policy-
learning performance: Robometer-retrieval attains an average 4.5x success rate improvement over the
best baseline.

SigLIP [326], and a retrieval-specific baseline, STRAP [212]. For Robometer we retrieve subtrajec-
tories using (i) the preference objective via pairwise trajectory comparisons, or (ii) the progress
objective by computing per-timestep progress values and each trajectory’s value—order corre-
lation. As shown in Figure 8.8(a), Robometer consistently achieves higher retrieval relevance
across five tasks. Finally, we LoRA-finetune 7,5 [119, 131, 199] on these retrieved segments. Poli-
cies trained on Robometer-filtered data vastly outperform those using baseline-retrieved data
on Stir the Pot and Open the Red Drawer (Figure 8.8(b)), demonstrating its efficacy for tar-
geted imitation learning. Low baseline success rates despite high retrieval rates stem from their
retrieval of more failed and suboptimal, yet task-relevant, subtrajectories. Overall, Robometer-

retrieval averages a 4.5x higher success rate than the best baseline in each task.

Failure Detection. Detecting failures during online deployment is critical for safe robotic
operation. Thus, we evaluate Robometer’s zero-shot failure detection on 100 manipulation trajec-
tories from a Franka Panda DROID robot (30 successful, 70 failed) spanning seven tasks collected
in scenes unseen in RBM-1M. Failures are evenly split between irreversible failures (e.g., drops or
spills) and insufficient-progress failures, where execution stalls or terminates prematurely. We
compare our method against: the token-uncertainty [98] of 7,-FAST-DROID [236] as proposed
by Gu et al. [98] for zero-shot failure detection, VLAC, which reports failure detection results in

prior work, GPT-5-mini, and RoboReward-4B. Failures are detected via temporal inconsistencies
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(b) Oscillatory behavior without task completion.

Figure 8.9: Failure Detection Examples. (a): Terminal events such as drops cause a sharp regression in
predicted task progress, which Robometer flags shortly after the event. (b): Non-terminal failures correctly
exhibit oscillatory progress with Robometer.
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Table 8.5: Failure detection performance. Our method achieves the highest average F1 score across
tasks. T.U. stands for the token-uncertainty baseline.

Task T.U. VLAC GPT-5-mini -4B Robometer
move banana  0.53 0.45 0.48 0.91 0.94
move mouse  0.50 0.00 0.89 0.80 0.91
pour pebble 032 0.00 0.25 0.73 0.83
fold towel 0.58 0.16 0.27 0.40 0.58
pull tissue 0.43 0.00 0.00 0.57 0.76
put spoon 0.22 0.00 0.25 0.73 0.73
stir pot 0.47 0.00 0.17 0.95 0.90
Average 0.48 0.16 0.33 0.74 0.81

in predicted per-frame rewards.

As shown in Table 8.5, Robometer achieves the highest average F1 score, effectively balancing
true positive and true negative rates (TPR and TNR); the full breakdown with TPR and TNR
is provided in Appendix Table F.18. VLAC frequently flags trajectories as failures, achieving
high TPR but low TNR, resulting in lower F1 scores. RoboReward-4B performs competitively
but underperforms Robometer, particularly on tasks with subtle failure modes such as fold towel
and pull tissue. Figure 8.9 illustrates representative failure cases. Irreversible failures such as
object drops induce sharp regressions in predicted task progress, which Robometer flags shortly
after the event, while non-terminal failures exhibit stagnating or oscillatory progress without
convergence to success. As detailed in Section F.5.3, Robometer robustly detects irreversible,
insufficient-progress, and non-terminal failures (e.g., hovering, oscillation, or partial completion),
fully zero-shot across tasks and environments—unlike prior methods that require task-specific

thresholds, calibration, or test-time interaction [6, 98, 305].

8.5 Limitations and Future Work

Robometer operates as a frame-based reward model over temporally subsampled video inputs
(e.g., 8 frames per trajectory), which enables scalable training but limits its ability to capture fine-

grained temporal dynamics and long-horizon structure. In addition, real-world robot executions
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exhibit a wide diversity of failure modes, many of which are rare, subtle, or task-specific, and
the current training data may not fully capture this breadth. As a result, Robometer may fail to
recognize or correctly reward certain failure cases that fall outside the dominant patterns seen
during training. As a vision-language-based model, Robometer also lacks direct access to latent
physical state such as contact forces, grasp stability, or compliance, and may fail to recognize
or correctly reward failure cases driven by these factors until they become visually observable.
Future work could address these limitations by incorporating denser temporal modeling, VQA-
style supervision to reason about task structure and completion criteria, and off-domain data
for better generalization [181, 328], as well as by developing more systematically curated failure

datasets that better reflect the diversity of real-world failure modes [278].
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Chapter 9

Concluding Remarks and Future

Directions

A central goal for robot learning is to build systems that are both easy for people to guide and
capable of improving from their own experience. Pretraining can provide a strong starting point,
but it does not resolve the challenges that arise during deployment in real-world environments.
In homes and workplaces, tasks are open-ended, user intent is often underspecified, and small
variations in the environment can lead to failures. Addressing these challenges requires progress

in both how robots interface with humans and how they learn over time.

Steerability. A key challenge is to design interfaces that allow non-expert users to guide robot
behavior without requiring precise control or extensive demonstrations. While teleoperation
and full demonstrations remain effective, they are difficult to scale in everyday settings. A more
practical approach is to leverage signals that arise naturally during interaction.

Examples include trace-based guidance, where users specify desired motion directly in im-
age space, and corrective interventions, where users step in during execution to redirect unsafe,
undesired, or incomplete behavior. These interventions are especially important in real-world
settings, where small corrections at critical moments can prevent failures without requiring a

full new demonstration. More broadly, preference signals and multimodal interaction expand the
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space of ways people can communicate intent without specifying every detail of execution.
Another important direction is to expose intermediate structure in the model’s decision-
making. When task specifications are ambiguous, committing directly to actions can lead to
unintended behavior. By surfacing intermediate plans or representations of intent, systems can
allow users to inspect or revise decisions before execution. This creates a more transparent in-
terface between human guidance and autonomous behavior, improving both controllability and

safety.

Autonomous improvement. Steerability alone is not sufficient. Robots must also improve
from experience after deployment, especially under distribution shift.

In realistic settings, failures, near-misses, and partial progress are inevitable. Rather than
treating these as noise, they should be treated as signals for learning. This is particularly impor-
tant for long-horizon tasks that combine locomotion and manipulation, where errors can com-
pound and recovery behavior becomes essential.

Progress in this direction requires learning signals that remain meaningful across tasks and
environments, as well as algorithms that can make use of diverse and imperfect data. Reward
models that capture task progress, along with methods that learn from suboptimal trajectories,
provide one path forward. More broadly, systems must be able to update behavior from interac-

tion, rather than relying solely on pretraining or offline datasets.

Interaction between guidance and learning. The most promising direction lies in combin-
ing human guidance with autonomous improvement.

Instead of relying on static supervision, robots can use interaction as an ongoing source of
learning. They can request feedback at critical moments, incorporate corrective interventions
during execution, and use human input to guide exploration. For example, a robot might pause
before executing an uncertain action, request clarification, or recover from a mistake using a brief
user correction rather than a full demonstration.

This interaction creates opportunities for more efficient learning. Rather than requiring dense

supervision, small corrections, preferences, or interventions can improve behavior at the points
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where it matters most. Over time, this enables systems to become both more capable and easier
to use.

Finally, an important direction is to extend ideas from test-time scaling and test-time training
to embodied agents. Additional computation at inference time, such as reasoning over candidate
plans or refining behavior through interaction, can improve performance without requiring new
data collection. At the same time, updating internal representations or policies during execution
allows systems to adapt within a single deployment, blurring the boundary between inference
and learning.

These directions point toward robot systems that are not only pre-trained, but continually
improving. Human input provides the initial guidance, while interaction and experience drive
ongoing refinement. This combination is essential for achieving reliable performance in open-

world environments.
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APPENDIX




Appendix A

ViSaRL

A.1 Environment and Task Details

Meta-World: The observation space is a 64 x 64 x 3 image. The action space A C R*, is the
A(xyz) of the end-effector, and a continuous scalar value for gripper torque. Object and goal
positions are randomized at the start of every episode to prevent exploiting spurious correlation
or memorizing trajectories to solve the task.

DMControl Generalization Benchmark is built upon the DeepMind Control Suite, a widely
used set of continuous control tasks designed to evaluate reinforcement learning algorithms. The
observation space is 84 x 84 x3 RGB images. The action space is continuous and varies depending
on the specific task, involving actions such as joint torques or target velocities for controlling the
movement of robotic agents.

A key aspect of this benchmark is its emphasis on visual generalization. The DMControl
Generalization Benchmark changing the background of the environment to either a static image
or a video background. This setup challenges the agent’s ability to generalize, as it must learn
image representations that are robust to visual distractions or changes in the background scene.

The benchmark includes a range of tasks such as Walker Walk, Cartpole Swing, Ball
Catch, and Finger Spin. Walker Walk requires the agent to control a bipedal walker, coor-

dinating its limbs to achieve stable locomotion and maintain balance while moving forward. In
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Figure A.1: DMControl Generalization Benchmark (Top) Four continuous control tasks from the
DMControl suite. (Middle and Bottom) We evaluate on the color_easy and video_easy settings to test
the generalizability of the learned representations.

Cartpole Swing, the agent must swing up and stabilize a pole attached to a cart, balancing it
in an upright position. The Ball Catch task requires the agent to manipulate a robotic arm to

successfully catch a falling ball. Lastly, Finger Spin involves spinning a small object around its

axis using a dexterous robotic finger.

A.2 Hyperparameters

We report the hyperparameters used for Soft Actor-Critic (SAC) training in Table A.1. These

settings were used across all DMControl and Meta-World experiments unless otherwise noted.
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Table A.1: Hyperparameters used in SAC training.

Hyperparameter Value

Action repeat 1

Discount factor y 0.99

Episode length 500

Replay buffer size M

Policy learning rate Adam(lr=1e-4, f; = 0.9, >, = 0.999)
« learning rate Adam(lr=3e-4, f; = 0.5, B, = 0.999)
Batch size 128

Target network update 2

Target network momentum 7 0.05

Environment steps M

A.3 Implementation Details

Implementation details. Table A.1 summarize the hyperparameters in ViSaRL and other base-
lines. ViSaRL is agnostic to the choice of downstream RL algorithm. For the CNN encoder ex-
periments, we follow the implementation from [27, 168] and train both the encoder and policy
end-to-end using Soft-Actor Critic. The encoder consist of a stack of 11 convolutional layers,
each with 32 filters of 3 x 3 kernels, no padding, stride of 2 for the first and 1 for all others. This
results in a feature map of dimension 32 x 12 x 12 from an input image of shape 64 x 64 x 3.

The policy head 7y and action-value functions Qy, are parameterized by multi-layer percep-
trons. The policy head is composed of a linear projection of dimension 100 with normalization
followed by 3 linear layers with 1024 hidden units each and a final linear output layer for the
action prediction. As the action spaces of DMControl suite and Meta-World are continuous, the

policy outputs the mean and variance of a Gaussian distribution over actions.

A.4 Real Robot Imitation Learning

Real Robot Imitation Learning. The downstream policy is trained using standard imitation

learning. We train the saliency predictor and Transformer encoder using the same procedure

169



outlined for the simulation experiments. Given our pretrained visual encoder, we form the state

representation as a concatenation of the visual embedding and the robot proprioceptive informa-

tion (e.g. joint positions). This yields a 271-dimensional state representation.
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Figure A.2: Robot Policy Architecture We use an LSTM policy with MLPs to embed the input and gen-
erate continuous actions. The input is the cropped RGB image from an external camera and the predicted
saliency map. The visual input is contatenated with the proprioceptive information.

Table A.2: Hyperparameters used in the real robot experiment.

Hyperparameter Value
Training epochs 500
Subseq length (H) 15

Batch size 64
Control frequency 5
Gripper weights [0.585, 0.08, 0.335]
MLP layers 2

MLP hidden sizes [256, 256]
Normalization Batch
LSTM hidden size 256

The policy is implemented as an LSTM with 256-dimensional hidden states which autore-

gressively predicts the actions for the next H timesteps where H is a fixed window. The state is

processed by a 2-layer input MLP with hidden sizes [256, 256] followed by a BatchNorm before
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Figure A.3: MultiMAE predictions for different random masks. We visualize the masked predictions
for RGB observation from each of the four tasks. For each input image, we randomly sample three different
masks from a uniform distribution between RGB and saliency. Only 1/4 of the total patches are unmasked.
Even when there are a few unmasked patches from one modality, the reconstructions are still very accurate
due to cross-modal interaction. Saliency maps are shown with color for the purposes of visualization.

being inputted to the LSTM. The final hidden state of the LSTM is processed by a 2-layer MLP

to predict a continuous action. The full model architecture is shown in Figure A.2. The action

space, A € R’, consists of A(x, y, z, ¢, 0, ), and a continuous scalar value for gripper speed.

A.5 Saliency Predictor

Saliency predictor training details. Since we are only using a small dataset for training the
saliency predictor, we apply data augmentation to prevent overfitting and improve robustness
of the model. After resizing the image to 224 x 224, we apply VerticalFlip and HorizontalFlip
with a 50% probability and ColorJitter(brightness=0.4, contrast=0.4, saturation=0.4, hue=0.2). We
use AdamW optimizer with initial learning rate of 3e-4 and weight decay 0.005. We reduce the
learning rate by 0.1 when loss does not decrease 0.001 with patience 100 and a minimum learning
rate of le-6.

We opted to remove one local attention and one global attention decoder layer from the vanilla
PiCANet, reducing our inference time per frame from 0.1 seconds to 0.01 seconds. Qualitatively,
we observed little degradation in saliency prediction without these layers.

Choice of saliency predictor architecture. Kummerer et al. [162] introduces one of the

current state-of-the-art saliency predictors: DeepGaze III. However, DeepGaze IIl is a scanpath

171



model. A scanpath model predicts where a participant is likely to fixate given their fixation
history. Since scanpath models leverage temporal information from human eye movement, it
necessitates that the data collected be from an eye tracker. As our data is collected from clicks, it
does not contain any temporal structure and as a result we cannot benefit from scanpath models.

For future works, we plan to explore video saliency and how to exploit temporal patterns
in human gaze to further improve the performance of our method. Kummerer et al. [162] also
notes that scanpath models have worse performance than static models when the scene contains

multiple small salient objects which is typically the case for tabletop manipulation.

RGB Image Saliency Map RGB x Saliency

Reach

Drawer
Open

Faucet
Open

Door
Open

Figure A.4: Zero-shot inference with pretrained PICANet model for Meta-World observations. We observe
that using only a pretrained saliency predictor will only identify the most prominent entity in the scene
which in our case is the robot arm. However, task-relevant objects such as the block or the drawer, which
are typically smaller in the image frame relative to the robot arm, are not highlighted.

We provide additional quantitative results in Table A.3 comparing the performance of differ-
ent state-of-the-art saliency predictors including PICANet [196]. We find PiCANet outperforms

the two most recent DeepGaze models in both standard evaluation metrics.
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Table A.3: Evaluation metrics measuring the prediction quality different state-of-the-art predictors.

Method Mean Absolute Error F; score

DeepGaze II [161] 0.0273 +0.006 0.7142 +0.021
DeepGaze IIE [193] 0.0153 +0.006 0.7283 +0.024
PiCANet [196] 0.0032 +0.002 0.7970 +0.015

Zero-shot saliency inference with pretrained PiCANet. We experiment with zero-shot
evaluation of a PICANet saliency model pretrained on the training split of the DUTS dataset [290].
This is currently one of the largest salient object detection datasets with 10,553 training images.

We observe that in a zero-shot setting, the pretrained model consistently segments out the
robot arm (see Figure A.4) even in different configurations, which is the most salient object in the
scene. However, it fails to identify the goal location or the drawer handle which are critical for
completing the task. This demonstrates the need for human-annotated saliency which ViSaRL is

able to capture.

Table A.4: Effect of training dataset size on saliency prediction

Number of annotations Mean Absolute Error F; score

5 0.0086 0.7983
10 0.0063 0.7948
20 0.0053 0.8006
30 0.0020 0.8006

Effect of number of annotated examples on saliency prediction. We provide additional
results in Table A .4 investigating how the number of human annotations affects the performance
and generalization of the learned saliency model. We conduct an ablation over x € {5, 10, 20, 30}
annotated examples. We observe that evaluation metrics improve with more training examples.
Qualitatively, there is little difference between the predicted saliency maps using a model trained
with 5 examples versus one trained with 30 examples. Even under different initial configura-
tions, the model trained with only 5 annotated examples can generalize the saliency prediction

to unseen environment states.
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Figure A.5: Visualization of randomly sampled environment observations, their corresponding saliency
predicted by a pretrained saliency model, and masked RGB observation from the MetaWorld tasks.
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Figure A.6: Visualization of randomly sampled environment observations, their corresponding saliency
predicted by a pretrained saliency model, and masked RGB observation from real robot task demonstra-
tions.

175



Appendix B

HAND

B.1 Environment Details and Hyperparameters

» - 3 - A
| @ >
Train: Env C |

(a) CALVIN [211] (b) Real-World WidowX-250

Figure B.1: Environments. We retrieve data from a prior dataset to train on new scenes in CALVIN. On
our real-world WidowX-250 robot, we demonstrate real-world learning from Robometer-retrieved trajec-
tories along with real-time adaptation to long-horizon tasks.

B.1.1 CALVIN.

The CALVIN benchmark is built on top of the PyBullet [61] simulator and involves a 7-DOF
Franka Emika Panda Robot arm that manipulates the scene. CALVIN consists of 34 tasks and
4 different environments (ABCD). All environments are equipped with a desk, a sliding door, a
drawer, a button that turns on/off an LED, a switch that controls a lightbulb and three different
colored blocks (red, blue and pink). These environments differ from each other in the texture of

the desk and positions of the objects. CALVIN provides 24 hours of tele-operated unstructured
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play data, 35% of which are annotated with language descriptions. We utilize this 35% as a natural
way to obtain a smaller subset of the data as the full dataset is very large, but we do not use the
task-oriented language instructions. In total, D,y corresponds to ~ 17k trajectories for our
experiments.

We evaluate on the following tasks:

+ Close Drawer. For this task, the arm is required to push an opened drawer and close it.

The drawer’s degree of openness is randomized.

« Move Slider Left. This task requires the robot arm to move a slider located on the desk
from the right to the left. The slider position is randomized.

« Turn On Led. In this task, the robot arm needs to navigate its way to a button and press
down on it such that an LED turns on.

« Lift Blue Block Table. For this task, the robot arm needs to pick up a blue block from the

table. The location of the blue block on the table is randomized.

B.1.2 Real Robot Experimental Setup

Figure B.2: Real Robot Tasks. We evaluate HAND on 5 different real robot tasks. The last two are
long-horizon tasks, requiring more than 100 timesteps of execution.

Hardware Setup. We evaluate HAND on a real-world multi-task kitchen environment using
the WidowX robot arm. The WidowX is a 7-DoF robot arm with a two-fingered parallel jaw
gripper. Our robot environment setup is shown in Figure B.1. We use an Intel Realsense D435
RGBD camera as a static external camera and a Logitech webcam as an over-the-shoulder camera
view. We use a Meta Quest 2 VR headset for teleoperating the robot.

Task-agnostic play dataset. Our play dataset contains a total of 50k transitions collected at

5hz. To encourage diverse behaviors and motions, human teleoperators were instructed to freely
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interact with the available objects in the scene without being bound to specific task goals.

Evaluation protocol. The agent is allocated a 100 timestep budget to complete each task.
Furthermore, we introduce distractor objects in the scene that are not part of the task so that
the policy does not just memorize the expert demonstrations. Moreover, movable task object
positions are randomized in a fixed region if applicable. We evaluate on four manipulation tasks
described below:

« Reach Block. In this task, the robot arm must reach and hover directly above a green block
placed on the table. Success is achieved when the gripper remains positioned clearly above
the block. Partial success is awarded if the gripper end-effector touches the block without
hovering steadily above it.

« Push Button. This task requires the robot arm to press the right-side button on a stovetop.
Success is achieved upon pressing the button. Partial success is awarded if the robot arm
approaches sufficiently close to the button without making contact.

« Close Microwave. This task requires the robot to close a microwave door from various
starting angles. Partial successe is awarded if the robot pushes the door without completely
closing it. A successful closure is confirmed by an audible click sound.

+ Put K-Cup in Coffee Machine.' In this task, the robot needs to first pick up the Keurig
cup and then transport it to the coffee machine and insert the cup into the cup holder. This
task requires precision low-level control as the Keurig cup is small, making it difficult to
grasp reliably. Additionally, the cup holder on the coffee machine is just large enough to
fit the Keurig cup, leaving small margin of error during the insertion. The coffee machine
is fixed to the kitchen stovetop, while the initial location of the Keurig cup is randomized.
Given the difficulty of the task, we provide partial success for successfully grasping the
Keurig cup.

« Blend Carrot. The robot first picks up a toy carrot and then drops it into the blender.

'https://www.samsclub.com/p/members-mark-gourmet-kitchen-appliances-playset/P99034034
97xid=plp_product_2
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Once the carrot is inside the blender, it will press a button at the blender base to activate
the blender and hold the button for 2 seconds. The location of the blender is static, but
the carrot is randomized. Partial success is provided for picking up the carrot and also

successfully dropping it into the blender.

Predicted Action Sequence

External

Modality Embedder

Embedder| |—p

Vision Cross Attention
Encoder . > Layer ) — Transformer Decoder
e Embedder | —p»
key, value queries wi :
h’ L )
Over Shoulder — . .
key, value Learnable Action Embeddings

Figure B.3: Real Robot Policy Architecture. (Left) Learnable image embeddings following [291].
(Right) The learned image embeddings for each modality are concatenated and provided to a transformer
decoder similar to [334]. We also perform action chunking with a chunk size of 5 timesteps for 1 second
of execution.

Robot Policy. For our policy, we are inspired by the architectural components introduced
in Wang et al. [291] and Zhao et al. [334]. A diagram of our policy architecture is shown in
Figure B.3. For both external and over-the-shoulder RGB images, we use a pretrained ResNet to
first extract x7 x 7 feature maps and flatten these features across the spatial dimension to create
a sequence of d, dimension tokens where d, is the output dimension of ResNet. In particular,
we use ResNet18 where d, = 512. We feed as input to a causal transformer decoder a sequence
learnable action tokens with dimension d. We use the flattened image feature map as the keys
and values and apply a cross-attention between the image features and learnable tokens. We
concatenate all modality tokens and add additional modality-specific embeddings and sinusoidal
positional embeddings.

The policy base is a transformer decoder similar to the one used in ACT [334]. The input
sequence to the transformer is a fixed position embedding, with dimensions k x 512 where k is
the chunk size and the keys and values are the combined image tokens from the stem. Given the

current observation, we predict a chunk of 5 actions, which corresponds to 1 second of execution.
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During inference time, we also apply temporal ensembling similar to [334] with m = 0.5, which
controls the weight of previous actions.

We train the policy for 20k update steps with batch size of 256 and a learning rate of 3e™*
(around 2 hours of wall time). For behavior cloning policies, the action dimension is 7 comprising

of the robot joint pose and the gripper state.

Reach
Green

Push
Button

Close
Microwave

Put K-Cup
in Coffee
Machine

Figure B.4: Task Rollouts
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B.2 HAND Algorithm

Algorithm 9 HAND FuLL ALGORITHM

Require: Hand demonstrations Dy,ng, offline play datsaet Dpy,y, CoTracker3, Molmo-7B, # re-

trieved sub-trajectories K, threshold e, DINO, # visual filtered sub-trajectoies M
/* Policy Pretraining */

: Train 7/, on D,y using regular behavior cloning loss L5

/* Sub-Trajectory Pre-processing */

2: Thana < SubTrajSegmentation(Dyang, €) > Heuristic demo segmentation

@

10:

11:
12:

13:
14:
15:
16:
17:
18:

19:

20:

21:
22:
23:

e AR

7;1aly « SubTrajSegmentat ion(Dplay, €) > Heuristic demo segmentation
/* Retrieval using S-DTW and 2D Hand Paths Section 4.3.3 */

Dretrieved <« {}

for Thand € 7;)lay do
oMd « image obs sequence of Thung
for 7,1,y € Tplay do
of{aTy < image obs sequence of 7,y
/* Visual Filtering */
Compute Cyjgyq(0l2nd, of laTy) with DINO > Equation (4.3.1)
7;11\;, < M sub-trajectories with lowest Cy;sual
for Ty € 7;]1‘2y do
ofﬁy < image obs sequence of 7,y
(%, ¥)hand = Molmo(og/2), (x, ¥)play = Molmo(or/;) > Get middle frame query point
Phand = {(%1, Y)nana}t = CoTracker3((x, y)nand) > Track hand point
Pplay = 1(xt, y,)p,ay}lT = CoTracker3((x, y)play) > Track robot gripper point
Phand = Phandl : —1] — Phanal1 *] > Convert phang and ppry to relative 2D paths
pplay = pplay[: _1] - pplay[1 :]
(Cpaths Tﬁliy) < S-DTW(phand> Pplay) > Path cost and corresponding retrieved
sequence
Add K lowest Cpan TEI;Y sub-trajectories to Diegrieved
/* Parameter-efficient policy fine-tuning */
Insert task-specific adapter LoRA layers 0 in 7y,

Update 7pase 0N Dyetrieved With loss L. > Equation (4.3.2)
return iy
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B.3 User Studies

B.3.1 Efficiency of Hand Demonstrations

Teleoperation Hand Demo
Figure B.5: Efficient Demonstrations. Two users, unfamiliar with are asked to collect trajectories
either via teleoperation (Left) or using their hands (Right). retrieval achieves a 50% success rate with

the same amount of demonstrations using 3x less time. STRAP retrieval is unable to reach 50% even when
provided with more expert demonstrations.

In our first study, two users collect 10 demonstrations each either by manually teleoperating
using a VR controller or by providing a hand demonstration. For manual teleoperation, we explain
to the users how to operate the robot using the VR controller and allow them a couple trials to get
accustomed to the interface. For hand demonstrations, we ask the users to mimic the trajectory
of the robot end effector using their hands. Figure B.5 shows an example of a user performing
both forms of demonstrations. We observe that providing hand demonstrations is significantly
more time efficient (over 3x) compared to manual teleoperation. Furthermore, with just a single
hand demonstration, we are able to learn a performant policy with 50% success rate, while STRAP

struggles even when provided 5 expert demonstrations.

B.3.2 Fast Adaptation to Long-Horizon Tasks

We conduct a small study demonstrating that enables real-time fast, adaptation to unseen
downstream tasks. Snapshots at various stages of this experiment is shown in Figure B.6. In our
study, we measure the total time required for a user to provide a hand demonstration of a new tar-

get task to evaluating the performance of a fine-tuned policy. The hand demonstration is simple
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Collect One Hand Demo Retrieval + Fine-Tune Evaluate
(~15 seconds) (~2 minutes) (~ 15 seconds)

Figure B.6: Fast Adaptation. We conduct a small-scale user study to demonstrate HAND’s ability to learn
robot policies in real-time. From providing the hand demonstration (Left), to retrieval and fine-tuning a
base policy (Middle), to evaluating the policy (Right), we show that HAND can learn to solve the Blend
Carrot task with over 70% success rate in less than 3 minutes.

to provide and typically takes between 10 — 15 seconds to collect. Data preprocessing, which in-
volves computing the 2D path features of the hand demonstration and performing retrieval, takes
around 30 — 40 seconds. We assume that the offline play dataset is already preprocessed prior
to the study and we do not include this time in our estimate. We also assume a base policy has
already been trained on this data; however, it performs poorly on the target task. We fine-tune
the base policy with 4 LoRA adapter layers for 1000 batch updates, which takes ~ 2 minutes on
a NVIDIA 4070 GPU. The resulting policy, which took less than 3 minutes to train and achieves

over 70% success rate, highlighting the efficacy of HAND for real-time policy learning. An uncut

video of this study can be found on our project website at https://handretrieval.github.io/.
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B.4 Qualitative Retrieval Analysis

In Figure B.7, we provide more qualitative results comparing STRAP retrieval results to HAND
on each of our real robot tasks. Across all tasks, HAND retrieves more relevant trajectories that

perform the task demonstrated by the human hand.

184



Reach Block

Push Button

1

¥ ‘\” ;

Put K-Cup in
Coffee Machine

Figure B.7: Qualitative Retrieval Examples. We show the top 5 matches from D,y for STRAP (top)
and HAND (bottom) provided the hand demonstration for each of our evaluation tasks.
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B.5

CALVIN Results

Table B.1: CALVIN Close Drawer: Performance with and without expert demonstrations

Method K=25 K=50 K=100 K=250

With Expert

FT 0.425 +0.059 - - -

Flow 0.694 £0.089 0.797 £0.045 0.633 +£0.127  0.747 +£0.039

STRAP 0.481 +0.119 0.286 +£0.073 0.703 +£0.075 0.600 £0.085

Without Expert

Thase 0.233 +£0.024 - - -
0.003 £0.004 0.000 £0.000 0.000 +0.000 0.000 +0.000

Flow 0.808 £0.080 0.831+0.058 0.533 +£0.106 0.653 +£0.055

STRAP 0.000 £0.000 0.011 £0.010 0.006 +£0.008  0.031 +£0.004
0.994 +0.004 1.000 £0.000 1.000 +0.000 1.000 +0.000
1.000 £0.000 1.000 +0.000 1.000 +£0.000 1.000 £0.000
1.000 £0.000 1.000 +£0.000 0.997 +£0.004 1.000 +0.000
0.828 £0.169 0.464 +0.061 0.536 +0.082 0.436 +0.136
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Table B.2: CALVIN Move Slider Left: Performance with and without expert demonstrations

Method K=25 K=50 K=100 K=250

With Expert

FT 0.564 +0.309 - - -

Flow 0.092+0.038  0.086+0.017 0.156 +£0.046  0.039 +0.039

STRAP 0.053 £0.034 0.075+0.012 0.111+0.014 0.094 +0.037

Without Expert

Thase 0.011 +0.010 - - -
0.017 £0.024  0.033 +0.047 0.006 £0.004 0.031 +0.024

Flow 0.000 +£0.000 0.247 +0.116  0.094 +0.046  0.053 +0.014

STRAP 0.058 £0.018  0.122 £0.022 0.075+0.025 0.028 +£0.024
0.028 £0.008  0.047 £0.010 0.192 +0.049 0.139 +0.040
0.186 £0.088 0.081 +0.017 0.364 +0.149 0.619 +0.092
0.069 £0.042 0.167 £0.056 0.200 +£0.123  0.325 +£0.014
0.647 £0.229  0.483+0.041 0.636 +£0.103  0.431 +0.107

Table B.3: CALVIN Turn On LED: Performance with and without expert demonstrations

Method K=25 K=50 K=100 K=250

With Expert

FT 0.000 +0.000 - - -

Flow 0.131 +0.085 0.344 +0.092 0.697 £0.082 0.581 +0.134

STRAP 0.200 £0.147 0.125+0.042 0.056 +£0.017 0.372 +0.220

Without Expert

Thase 0.036 +0.014 - - -
0.025 +£0.035 0.006 £0.008 0.019 +0.016 0.000 +0.000

Flow 0.017 £0.024 0.011 +0.008 0.364 +0.147 0.436 +0.031

STRAP 0.500 £0.131  0.600 £0.184 0.525 £0.150 0.633 £0.112
0.333 £0.111  0.661 +£0.093 0.814 +0.059 0.489 +0.136
0.675 +£0.065 0.719 +£0.155 0.886 +0.032 0.431 +0.103
0.428 £0.016 0.467 £0.138 0.828 +£0.058 0.881 +0.034
0.136 +0.102  0.278 £0.073  0.186 +0.051 0.094 +0.017
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B.6 Real Robot Results

Table B.4: Real-world expert demonstrations (N = 3). Success rates out of 10 trials per task.

STRAP

K=10 K=25 K=50

K=25

K=10 K=25 K=50

Method
m Mpase | Flow
K=25
Reach Green Block | 1.0 1.5
Press Button 0.0 0.0
Close Microwave 0.5 0.5

2.5 2.0 2.5
5.5 5.0 2.5
5.0 2.5 4.0

2.5
4.0
3.0

6.0 7.5 5.0
8.5 5.0 4.0
7.0 8.0 45

Table B.5: Real-world hand demonstration (N = 1). Success rates out of 10 trials per task.

Method -
Thase ow
Task b

K=25

STRAP

K=10 K=25 K=50

K=25

K=10 K=25 K=50

Reach Green Block | 1.0 0.0
Press Button 0.0 0.5
Close Microwave 0.5 0.0

3.0 1.0 1.0
1.5 0.0 0.5
0.0 0.0 0.0

1.0
0.0
5.0

6.5 7.0 6.0
4.5 6.0 3.5
8.0 4.0 1.0
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Appendix C

CLAM

C.1 Additional Experimental Results

This section reports additional experimental results for CLAM, covering state-based MetaWorld

performance, ablations of design choices, and additional transfer experiments on CALVIN.

C.1.1 State-based Results MetaWorld

We present additional state-based results for the MetaWorld tasks. We experiment with using
both 50 and 100 trajectories for Djpeeq. In both data regimes, CLAM significantly outperforms
the baseline across all tasks by +12% and +35% task success rate to the next best baseline respec-
tively. We find that in more fine-grained manipulation tasks like Shelf Place, CLAM struggles to
accurately pick up the block with lower amounts of action-labeled data. However, as we increase
the amount of labeled data and hence coverage in the state-action space for training our action

decoder, the performance improves dramatically, from 28% to 93% task success with
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Table C.1: State-Based Input Results (50 action-labeled trajectories)

Assembly Bin Picking Peg Insert Side Shelf Place ‘ Average
BC-AL 0.19 +0.03 0.21 +0.12 0.23 +£0.09 0.00 +0.00 0.16
0.05 +0.06 0.00 +0.00 0.06 +0.03 0.02 +0.02 0.03
LAPA 0.07 +£0.04 0.02 +0.01 0.09 +0.01 0.04 +0.02 0.05
DynaMo 0.08 +£0.02 0.04 +0.02 0.08 +£0.04 0.06 +£0.02 0.06
VPT 0.24 £0.06 0.02 +0.02 0.34 +0.06 0.00 +0.00 0.15
0.68 +£0.03 0.54 +0.08 0.44 +0.03 0.26 +0.04 0.48
0.81+0.03  0.74 +0.04 0.55 +0.12 0.28 +0.02 0.60
0.84 +0.03 0.76 +£0.03 0.80 +0.07 0.93 +0.05 0.83

Table C.2: State-Based Input Results (100 action-labeled trajectories). We report average task success

rate for MetaWorld tasks. Maroon highlights the best method in that environment except for
which is trained with expert, labeled data. Our method
outperforms the baselines on all tasks. "Methods with an asterisk are ours.

, which uses a transformer IDM/FDM,

Assembly Bin Picking Peg Insert Side Shelf Place | Average
BC-AL 0.34 +0.05 0.27 £0.12 0.29 +0.07 0.00 +0.00 0.24
0.15 +0.04 0.02 +0.03 0.17 +£0.04 0.06 +£0.08 0.13
LAPA 0.24 +0.07 0.15 +0.01 0.25 +0.02 0.12 +0.02 0.21
DynaMo 0.10 +0.03 0.06 +£0.03 0.12 +0.04 0.08 +£0.02 0.13
VPT 0.40 +0.08 0.05 +0.02 0.49 +0.06 0.02 +0.00 0.28
0.53 +£0.04 0.68 £0.05 0.58 +£0.04 0.72 +£0.04 0.63
0.91+0.03  0.82+0.03 0.79 +0.07 0.93 +0.02 0.83
1.00 +0.00 0.94 +0.05 0.91 +0.03 0.93 +0.00 0.87

C.1.2 CLAM Ablations

Analysis of the action decoder weight 8. We conduct a study where we vary the weight on
the action decoder loss during joint training across f € [0, 0.001, 0.01, 1, 5]. When = 0, this is
equivalent to no action decoder training which will result in a random action decoder. Since the
action decoder is not trained at all, we do not expect the model to be able to perform the task at
all. As we increase the loss coefficient, we observe improved performance as the decoder is now

able to ground latent actions to environment actions. We find that an equal weighting between
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Table C.3: CLAM ablation study (state-based). We ablate discrete vs. continuous actions and with/without
joint training. Both are critical for a performant policy; joint training improves results across tasks.

‘ Assembly Bin Picking Peg Insert Side Shelf Place

Discrete, No Joint Training 0.15+0.04 0.13 +0.04 0.16 +0.04 0.15 +0.06
Discrete, Joint Training 0.18 +£0.05 0.18 +0.02 0.12 +0.03 0.21 +0.03
Continuous, No Joint Training 0.32+0.06 0.24 +0.05 0.15 +0.04 0.32 +0.04

Continuous, Joint Training (Ours) | 0.91 +0.03 0.82 +0.03 0.79 £0.07 0.93 £0.02

the reconstruction and action decoder training yields the best result, although CLAM is still quite
robust to the value of . Results for different f coefficients on the MetaWorld Assembly task are

shown in Table C 4.

Table C.4: Varying action decoder loss weight . Increasing the decoder weight improves downstream
task performance.

Action Decoder Weight () Task Success

0 0.00 +0.00
0.001 0.42 +0.04
0.01 0.52 +£0.03
1 0.58 +0.04
5 0.53 +£0.03

C.1.3 Additional Transfer Experiments in CALVIN

We present additional experiments to study
the transferability of our methods. Tn partic- Table C.5: CALVIN generalization results. CLAM

ular, we conduct experiments in the CALVIN generalizes better than VPT on target tasks without
labeled demonstrations for those tasks.

benchmark [211], which provides a dataset of

~ 24 hours of task-agnostic play data. We Close Drawer Slider Left

BC-AL 0.06 +0.01 0.06 +0.01
VPT 0.29 +0.04 0.11 +0.03
(Ours) 0.33 +0.08 0.26 +0.08

use trajectories from 10% of the full dataset

(13170 trajectories across 30 different tasks) as
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Dunlabelea to pretrain CLAM and sample data
from five different tasks for Dy peled.

Notably, we find that CLAM can transfer to target tasks for which it has seen unlabeled but no
action-labeled data, similar to our real robot experiments. In this study, the target task has only
unlabeled expert data. Specifically, we evaluate on the Close Drawer and Slide Left tasks. We
include the unlabeled dataset for these tasks in the LAM pre-training. However, we do not have
access to action-labeled data for these tasks. Instead, we select action-labeled data from other
tasks that are likely to span the complete state space.

Table C.5 shows that BC-AL fails in this task because the action-labeled training data is from
different tasks and thus out-of-distribution. Occasionally, BC-AL is able to solve the task by ran-
dom chance. In the Close Drawer task, VPT performs comparably to . However,
the motions of the robot arm in successful rollouts are much more visually similar to the expert
trajectories indicating that learns a more meaningful latent action space. For ref-
erence, we attach videos of each method’s behavior on our website. In the Slider Left task,
which requires more precision, achieves more than 2x the success rate of VPT

without ever seeing the target task in the action-labeled dataset.

C.2 Trivial Solutions

Our method aims to learn an IDM-based labeler that provides latent action labels with two goals:
1) the labels can be used in place of ground truth action labels to learn a behavioral cloning policy
and 2) the labels can be mapped to ground truth actions using a learned action decoder. Any
labeling that can satisfy these requirements is useful to our method and non-trivial. We do not
impose any specific prior structure on the latent labels, as long as they satisfy these requirements.
However, we agree that regularizing priors might improve the performance of our method, which
is a promising direction for future work.

To verify no trivial shortcuts occur, we compare the reconstruction loss of our FDM output

041 (the predicted next observation) with a trivial baseline FDM that always outputs the pre-
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vious observation o,. We find that our method achieves lower loss than is possible by trivially
outputting the previous observation, which indicates that our model does not resort to this short-
cut. Table C.6 below shows these results.

Additionally, the action decoder only receives the label z; that is output by our learned policy.
Thus, in order for a policy to achieve a task, the labels need to meaningfully correspond to correct
actions. If the LAM solves the reconstruction and action decoding outputs in a trivial way using
shortcuts in such a way that the labels don’t hold any useful information, the action decoder
would have no way of knowing what actions to output that correctly solve the task. The positive
results of our method are strong indicators that our IDM/FDM structure has not reached a trivial

solution.

Table C.6: Image reconstruction loss vs. cheating loss

Task Reconstruction loss Cheat loss
Assembly 0.0004 0.0007
Bin—Picking 0.0005 0.0008
Peg Insert Side 0.0005 0.0008
Shelf Place 0.0003 0.0009

C.3 Detailed Algorithms

Below, we provide a detailed algorithm of training CLAM and latent action policy in Algorithm 10.

We also provide the pseudocode for inference rollouts in Algorithm 4.

Algorithm 11 Inference Time Rollout

: Input: Action Decoder p,,, o
: 0y = env.reset()
: while not done do

ar = po(- | z) > decode latent action

1
2
3
4 z; = mo(- | 04) > infer latent action
5
6 0s, done = env.step(a;)
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Algorithm 10 CLAM w/ Joint Action Decoder Training

1: IHPUti Dunlabeleds Dlabeleds Dunlabeledﬁexpert; IDM fqﬁ’ FDM 8y> Action Decoder Po>
Po
N¢: number of CLAM update steps
Np: number of policy update steps
K: train action decoder every

2: for iter = 1 to N¢c do

3 Sample (oy, 01+1) from Dypiapelied

4: zr = fp( | 01, 0041) > infer latent action
5 0141 = gy(- | 01, 2¢) > predict next observation
6 Lse($, ¥) = o1 = 6141ll3 > update IDM and FDM
7: if iter % K == 0 then

8 Sample {(o;, a;, ot+1)}lB:1 from Diapeled > get batch for action decoder training

zr = fp( | 01, 0041) > infer latent action

10: ar = po(- | z1) > decode latent action
11: Laction decoder(¢, @) = MSE(dy, a;) > update action decoder and IDM

12: for iter = 1 to Np do

N;
13: Sample Np demos from Dyglabeled_experts 17i5im0
14: 77 = {01, f3(01,02), 02, ..., fy(oT-1, 07), 0T} D> annotate transitions with latent actions
150 Lyse(0) = 1217 = z1: 73 > update latent policy

C.4 Hyperparameters

We provide detailed hyperparameters for training baseline methods and CLAM.
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Table C.7: BC Hyperparameters

Hyperparameter Value
Batch Size 64
Num training updates 150,000
MLP Hidden dims [1024, 1024]
Number of eval rollouts 40
Clip grad norm 1.0
Optimizer Adam
Learning Rate (LR) 3e-4
Epsilon le-5
Weight decay 0.01
Num of warmup updates 25,000
LR Scheduler ConstantLR

Table C.8: CLAM Pretraining Hyperparameters

Hyperparameter Value
Num updates 500,000
Train action decoder every 2
Action Decoder batch size 128
Action Decoder loss weight 1
Action Decoder hidden dim [1024, 1024, 1024]
Action Decoder embedding dim 512
Reconstruction loss weight 1
Latent action dim 16
Context len 2
Embedding dim 128
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Table C.9: Transformer CLAM Model Hyperparameters

Hyperparameter Value
Num encoder layers 3
Num decoder layers 3
Model dimension 256
Feedforward dimension = 2048
Num attention head 4
Dropout 0.1
Pre norm False

Feedforward activation GeLU
Position Encoding Learned

Table C.10: CALVIN Transformer CLAM Model Hyperparameters

Hyperparameter Value
Num encoder layers 6
Num decoder layers 6
Model dimension 512
Feedforward dimension 2048
Num attention head 8
Dropout 0.1
Pre norm False

Feedforward activation GeLU
Position Encoding Learned

Table C.11: MetaWorld Environment Hyperparameters

Hyperparameter  Value

Max episode steps 100
State dim 39
Action dim 4
Image shape (84, 84, 3]
Num frame stack 3
Action repeat 2
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Table C.12: CALVIN Environment Hyperparameters

Hyperparameter  Value

Max episode steps 200
State dim 39
Action dim 7
Image shape (84, 84, 3]
Num frame stack 1
Action repeat 7

Table C.13: Data splits (# trajectories).

MuJoCo MetaWorld Real Robot

D niabeled 1000 1000 ~500
Diapeled 50 50 50
Dunlabeled_expert 20 20 30/50

C.5 Environment Details

We benchmark our method on DMControl [280], Meta-World [321], and CALVIN [211] without
modification. All domains are continuous control environments and we use a fixed episode length
and no termination conditions. Figure C.1 provides illustrations of each task we evaluate on.

For DMControl tasks, we report normalized return following [88] which normalizes the scores

(score—random score)
(expert score—random score) *

for each environment against an expert score between 0 and 1: normalized score =
In MetaWorld and CALVIN, we evaluate based on task success rate and we consider an episode
successful if the task is completed at any step in a given episode.

MuJoCo Locomotion. We evaluate on two continuous control tasks from the MuJoCo lo-
comotion benchmark [280]: Hopper and HalfCheetah. Hopper is a single-legged robot, and
HalfCheetah is a planar bipedal robot with a torso and two articulated legs. The action space
for these tasks represents joint torques applied at the robot’s actuators. The action space is a

3-dimensional and 6-dimensional respectively for Hopper and HalfCheetah. The state space is a
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Figure C.1: Evaluation environments in simulation. We evaluate our approach on both locomotion
tasks from the DMControl benchmark (Hopper and HalfCheetah) and manipulation tasks (Assembly, Bin
Picking, Peg Insert Side, and Shelf Place) from the MetaWorld benchmark. We also evaluate in CALVIN
with the Close Drawer and Slider Left tasks.

11-dimensional vector and 17-dimensional vector respectively comprising joint angles, joint ve-
locities, and the global position of the robot’s torso. The goal in both tasks is to maximize forward
velocity while minimizing a control cost for taking large actions and maintaining stability. Each
episode is 1000 timesteps.

MetaWorld. We evaluate on four continuous control task from the MetaWorld benchmark
[321]. The MetaWorld benchmark is designed for multitask and meta-reinforcement learning
research. Each task shares the same embodiment (a 6-DOF Sawyer robot arm), observation space,
and action space. The action space represents end-effector deltas, (Ax, Ay, Az, f) where f is
a binary value (0, 1) for the gripper action. The state space is a 39-dimensional vector which
comprises of a framestack of [curr_obs, prev_obs, pos_goal] where curr_obs and prev_obs are
both 18-dimensional and pos_goal is a 3-dimensional vector representing the goal position. The
observation is a single vector consisting of the end effector position, gripper’s distance apart, and
each object’s position and quaternion.

CALVIN is an open-source simulated benchmark to learn long-horizon language-conditioned
tasks. For our experiments, we employ scene D consisting of a 7-DOF Franka Emika Panda robot
arm with a gripper and a desk with a sliding door and a drawer that can be opened and closed.
CALVIN provides 6 hours of teleoperated data for each of the 4 environments for a total of 24
hours of play data, 35% of which contains crowd-sourced language annotations. To maximize the
use of the available play data, we employ the provided language annotation tool and divide the
dataset with respect to these annotations. For our experiments, we use the 15-dimensional propri-

oceptive state appended with the 24-dimensional scene observation along with the 7-dimensional
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relative cartesian actions.

Table C.14: Task observation and action dimensions.

Task Observation Dim  Action Dim
Hopper 11 3
HalfCheetah 17 6
Assembly 39 4
Bin Picking 39 4
Shelf Place 39 4
Peg Insert Side 39 4
Close Drawer 39 7
Slider Left 39 7

Table C.15: Environment comparison summary.

DMControl Meta-World CALVIN
Episode Length 1000 200 200
Action Repeat 2 2 8
Effective Length 500 100 200

Performance Metric | Normalized Return Task Success Task Success

C.6 Real Robot Experiments

Hardware Setup. We evaluate CLAM on a real-world multi-task kitchen environment using the
WidowX robot arm. The WidowX is a 7-DoF robot arm with a two-fingered parallel jaw gripper.
Our robot environment setup is shown in Figure 5.3. We use an Intel Realsense D435 RGBD
camera as a fixed external camera and a Logitech webcam as an over-the-shoulder camera view.
We use a Meta Quest 2 VR headset to teleoperate the robot.

Task-agnostic play dataset. Our play dataset contains a total of 50k transitions collected
at 5hz. To encourage diverse behaviors and broad state-action coverage, human teleoperators

were instructed to freely interact with the available objects in the scene without being bound

199



to specific task goals. Note, we do not require that the play trajectories be optimal, but that it
provide diverse coverage of the state-action space.

Evaluation protocol. The agent is allocated a 100 timestep budget to complete each task.
For each task, we collect a total of 30 expert demonstrations, except for the long-horizon task
for which we use 50 expert demonstrations. For training the latent action policy, we remove the
collected action labels and replace them with the latent actions learned by our LAM. Further-
more, we introduce distractor objects in the scene that are not part of the task so that the policy
does not just memorize the expert demonstrations. Moreover, movable task object positions are
randomized in a fixed region if applicable. We evaluate on four manipulation tasks described
below:

« Reach Block. This task requires the arm to reach to the position of the block and hover above
it. The task is considered successful if the robot gripper is above the green block. We provide

partial success if the gripper end effector touches the block.

« Push Button. This task requires the robot arm to reach the right button on the stovetop and
press it. Partial success is given if the robot is within range of the button but does not touch it.

+ Close Microwave. This task requires the robot to close the microwave door. The angle at
which the microwave door is open varies between evaluation rollouts. Partial success is given
if the robot pushes the microwave, but does not completely close the microwave, which upon
closing properly will produce a click sound.

+ Put Green Block in Pot and Slide Pot Right. This task requires the robot to first pick up the
green block, drop it off at the pot, and then slide the pot right with its gripper. Partial success
is provided for successfully completing a subtask of picking up the green block.

Robot Policy. For our policy, we are inspired by the architectural components introduced
in Wang et al. [291] and Zhao et al. [334]. A diagram of our policy architecture is shown in
Figure C.2. For both external and over-the-shoulder RGB images, we use a pretrained ResNet to
first extract x7 x 7 feature maps and flatten these features across the spatial dimension to create

a sequence of d, dimension tokens where d, is the output dimension of ResNet. In particular,
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Figure C.2: Real Robot BC Policy. (Left) Learnable image embeddings following [291]. (Right) The
learned image embeddings for each modality are concatenated and provided to a transformer decoder
similar to [334]. We also perform action chunking with a chunk size of 5 timesteps for 1 second of execu-
tion.

we use ResNet18 where d, = 512. We feed as input to a causal transformer decoder a sequence
learnable action tokens with dimension d. We use the flattened image feature map as the keys
and values and apply a cross-attention between the image features and learnable tokens. We
concatenate all modality tokens and add additional modality-specific embeddings and sinusoidal
positional embeddings.

The policy base is a transformer decoder similar to the one used in ACT [334]. The input
sequence to the transformer is a fixed position embedding, with dimensions k x 512 where k is
the chunk size and the keys and values are the combined image tokens from the stem. Given the
current observation, we predict a chunk of 5 actions, which corresponds to 1 second of execution.
During inference time, we also apply temporal ensembling similar to [334] with m = 0.5, which
controls how much we consider older actions.

We train the policy for 20k update steps with batch size of 256 and a learning rate of 3e™*
(around 2 hours of wall time). For behavior cloning policies, the action dimension is 7 comprising
of the robot joint pose and the gripper state. For CLAM, we predict latent actions which we then
decode to robot actions using the learned action decoder. Figure C.3 shows example real-world

task rollouts for the learned policies.
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Figure C.3: Real Robot Evaluation Rollouts. We evaluate CLAM on four manipulation tasks. Each
row is an example evaluation rollout and we subsample representative frames interpolated between the
first and last timestep.

C.7 Architecture Details

We summarize the model architectures below using PyTorch-like notation. We also summarize
the parameter counts of individual components for each method. Note, we share the same archi-

tecture between baseline and CLAM when possible to compare only the algorithms.

C.7.1 Behavior Cloning Policy

We use an MLP for our latent action policy in simulation and [52] in our real robot experiments.

We use the same policy architecture across all the baseline methods to keep the results compa-
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Method Parameter Count (State/Image)

BC 1.6M

Latent Action Policy 1.4M

LAPO Action Decoder (1M), LAM (9M/13M)
LAPA IDM/FDM (9M/13M), Action Head (1M)
VPT IDM (5M), Action Head (1M)

DynaMo IDM/FDM (9M/13M)

State/Image Transformer CLAM  Action Decoder (1M), LAM (9M/13M)

rable. For state-based experiments, we implement the policy as a 3-layer MLP with LeakyRELU
activations. For image-based experiments, we additionally embed the image observation with a
IMPALA-CNN [79] which is inputted into the MLP head to predict the final action. Finally, we

apply a Tanh output activation to the model output to clip the action into a valid range, [—1, 1].

BC MLP policy (state MetaWorld)

Total parameters: 1602567
Architecture: BC MLP Policy(
(input_embedding): Linear (in_features=39, out_features=512, bias=True)
(policy): Sequential(
(0): Linear(in_features=512, out_features=1024, bias=True)
(1) : LeakyReLU(negative_slope=0.2)
(2): Linear(in_features=1024, out_features=1024, bias=True)
(3): LeakyReLU(negative_slope=0.2)
(4): Linear(in_features=1024, out_features=4, bias=True)
)

(action_activation): Tanh()
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C.7.2 Space Time CLAM
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Figure C.5: Space-Time Attention Decoder

Figure C.4: Space-Time Attention Encoder Block Modelarchitecture for the Space-Time Atten-
Block Model architecture for the Space-Time Atten- tion Decoder Block. Additional multihead attention

tion Encoder Block.

to condition the learned representation on the latent
action outputs from the IDM.
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Figure C.6: Space-Time CLAM. Model architecture for the Space-Time Latent Action Model.

C.7.3 Latent Action Model.

For state-based experiments, we experiment with both an MLP-based and Transformer-based
LAM. In the MLP-based variant, both the IDM and FDM are 3-layer MLPs with 1024 hidden
dimensions. We use a context length of 1, thus the input to the IDM is 3 *T, (0,_1, 0;, 0;+1) and the
input to the FDM is 2 « T+LA, (0,-1, 04, 2;) where T is the maximum number of episode steps, A is
the action space dimension, S is the state space dimension, and LA is the latent action dimension.

For the transformer encoder, we first project the state input with a linear layer followed by

several multihead self-attention layers and a final linear layer to predict the latent actions.

h;_y.141 = TransformerEncoder([o0,_1, 0;, 0141])
z,_1.; = LatentActionHead(h;.,,1)

0;:1+1 = TransformerDecoder(h,_;.;, z;—1:1)

The transformer decoder is architecturally similar to the encoder, except we apply a causal
mask on the self-attention to prevent attending to the future states for the reconstruction. We

additionally apply cross-attention to the latent actions predicted by the encoder without any
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masking such that each embedding can attend to each latent action, even ones in a future timestep.

SpaceTime CLAM. For image observations, we model after the Space-Time(ST) Transformer
[26]. We first patchify a 64 x 64 x 3 image with a patch size of 16 for a total of 16 patches. Each
patch is embedded through a linear layer into the hidden dimension. The encoder consists of N
layers of Space-Time (ST) Attention blocks. Each ST block consists of spatial attention followed
by temporal attention and a feedforward layer with skip connection, LayerNorm, and dropout
applied between each attention.

The decoder ST block also applies a cross-attention with the latent actions generated by the
encoder. A detailed illustration of an ST encoder/decoder block is shown in Figure C.4 and Fig-
ure C.5. We use a learned positional encoding which applies an nn.Embedding layer on the
timestep indices and another to encode the index of each patches. We add an additional token in
the sequence of patch embeddings as a CLS token for the whole image. From the CLS token for
each timestep, we apply a linear layer to predict the latent actions. Figure C.6 summarizes the
full architecture diagram for our Space-Time CLAM.

Below we provide pseudocode detailing how we apply ST attention to the patchified images.

Space-time attention (patch sequence)

patches = einops.rearrange(patches, "BTND->(BT)ND")

embedding = spatial_attn(patches)

embedding = einops.rearrange (embedding, " (BT)ND->(BN)TD")

embedding = temporal_attn(embedding)

Transformer CLAM.

Transformer CLAM (module summary)

Total Parameters: 8,874,551
Architecture: TransformerCLAM(

(idm) : TransformerIDM(
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(input_embed) : Linear(in_features=S, out_features=256, bias=True)
(activation): LeakyReLU(negative_slope=0.2)
(encoder) : Encoder(
(layers): ModuleList(
(0-2): 3 x EncoderLayer (
(self_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear (

in_features=256, out_features=256, bias=True

)

(linear1): Linear(in_features=256, out_features=2048, bias=True)
(dropout) : Dropout(p=0.1, inplace=False)

(linear2): Linear(in_features=2048, out_features=256, bias=True)
(norm1) : LayerNorm((256,), eps=1e-05, elementwise_affine=True)
(norm2) : LayerNorm((256,), eps=1e-05, elementwise_affine=True)
(dropoutl): Dropout(p=0.1, inplace=False)

(dropout2): Dropout(p=0.1, inplace=False)

)
(norm) : Identity()
)
(latent_action): Linear(in_features=256, out_features=LA, bias=True)
(pos_embed) : Embedding(T, 256)
)
(fdm) : TransformerFDM(
(activation): LeakyReLU(negative_slope=0.2)
(input_embed) : Linear(in_features=S, out_features=256, bias=True)
(la_embed) : Linear(in_features=LA, out_features=256, bias=True)
(decoder) : Decoder(
(layers): ModuleList(
(0-2): 3 x DecoderLayer(

(self_attn): MultiheadAttention(
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(out_proj): NonDynamicallyQuantizableLinear(

in_features=256, out_features=256, bias=True

)
(multihead_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear(

in_features=256, out_features=256, bias=True

)

(linearl): Linear(in_features=256, out_features=2048, bias=True)
(dropout) : Dropout(p=0.1, inplace=False)

(linear2): Linear(in_features=2048, out_features=256, bias=True)
(norml1) : LayerNorm((256,), eps=1e-05, elementwise_affine=True)
(norm2) : LayerNorm((256,), eps=1e-05, elementwise_affine=True)
(norm3) : LayerNorm((256,), eps=1e-05, elementwise_affine=True)
(dropout1): Dropout(p=0.1, inplace=False)

(dropout2): Dropout(p=0.1, inplace=False)

(dropout3): Dropout(p=0.1, inplace=False)

)

(norm) : LayerNorm((256,), eps=1e-05, elementwise_affine=True)
)
(decoder_pos_embed) : Embedding(T, 256)
(encoder_pos_embed) : Embedding(T, 256)

(to_observation): Linear(in_features=256, out_features=S, bias=True)

Space-Time CLAM
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Space-Time CLAM (module summary)

Total Parameters: 12163344
(idm) : SpaceTimeIDM(
(input_embed) : Linear(in_features=768, out_features=256, bias=True)
(encoder) : STTransformer(
(layers): ModuleList(
(0-2): 3 x STBlock(
(spatial_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear (in_features=256, out_features
=256, bias=True)
)
(temporal_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear (in_features=256, out_features
=256, bias=True)
)
(cross_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear (in_features=256, out_features
=256, bias=True)
)
(linearl): Linear(in_features=256, out_features=2048, bias=True)
(dropout) : Dropout(p=0.1, inplace=False)
(linear2): Linear(in_features=2048, out_features=256, bias=True)
(dropoutl): Dropout(p=0.1, inplace=False)
(dropout2): Dropout(p=0.1, inplace=False)
(dropout3): Dropout(p=0.1, inplace=False)

(dropout4) : Dropout(p=0.1, inplace=False)

)
(norm) : Identity()
)
(activation): LeakyReLU(negative_slope=0.2)

(spatial_pos_embed) : Embedding(200, 256)
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(temporal_pos_embed) : Embedding(200, 256)
(la_head): Linear(in_features=256, out_features=LA, bias=True)
)
(fdm) : SpaceTimeFDM(
(decoder) : STTransformer(
(layers): ModuleList(
(0-2): 3 x STBlock(
(spatial_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear(in_features=256,
out_features=256, bias=True)
)
(temporal_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear (in_features=256,
out_features=256, bias=True)
)
(cross_attn): MultiheadAttention(
(out_proj): NonDynamicallyQuantizableLinear (in_features=256,
out_features=256, bias=True)
)
(linear1): Linear(in_features=256, out_features=2048, bias=True)
(dropout) : Dropout(p=0.1, inplace=False)
(linear2): Linear(in_features=2048, out_features=256, bias=True)
(dropoutl): Dropout(p=0.1, inplace=False)
(dropout?2): Dropout(p=0.1, inplace=False)
(dropout3) : Dropout(p=0.1, inplace=False)

(dropout4) : Dropout(p=0.1, inplace=False)

)
(norm) : Identity()
)
(patch_embed) : Linear(in_features=768, out_features=512, bias=True)

(la_embed): Linear(in_features=16, out_features=512, bias=True)
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(spatial_pos_embed) : Embedding(200, 512)
(temporal_pos_embed) : Embedding(200, 512)
(cond_pos_embed) : Embedding(200, 512)

(to_recon): Linear(in_features=512, out_features=768, bias=True)

C.8 Data Generation

TD-MPC [109] is a model-based reinforcement learning (RL) algorithm that performs local tra-
jectory optimization in the latent space of a learned world model. TD-MPC2 [110] provides a
series of improvements over TD-MPC2 including architectural modifications and other design
choices. All components of TD-MPC2 are implemented as MLPs with linear layers followed by
LayerNorm and Mish activations. TD-MPC2 uses an ensemble of 5 Q-functions to to reduce bias
in the TD-targets. It learns a closed-loop control policy by planning using a learned world model.

For our dataset collection, we train a TD-MPC2 agent for each MetaWorld environment from
scratch with the default hyperparameter settings which can be found in Appendix H of the orig-
inal paper. We report the episode returns as a function of environment steps in Figure C.7. We
train each agent for 1M environment steps as we find that to be sufficient for the agent to learn
to solve the task consistently. We store the low-dimensional state and RGB image observations
from the replay buffer, which consist trajectories of varying expertise from a random uninitialized
policy to a fully trained performant policy. Our final offline dataset consists of 1000 trajectories

of 100 timesteps across four different MetaWorld tasks.

C.9 Baseline Details

We use the following official implementation repos for reference:

« Vector Quantization: https://github.com/lucidrains/vector-quantize-pytorch

« LAPO: https://github.com/schmidtdominik/LAPO
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Figure C.7: Task Success Rate for Single-Task TD-MPC2 Agents. We train single-task agents using
TD-MPC2 [110] to generate an offline dataset with different levels of behavior. All four agents exhibit
expert performance on their respective tasks by the end of training.

« LAPA: https://github.com/LatentActionPretraining/LAPA

« GENIE: https://github.com/myscience/open-genie

We base our transformer encoder/decoder implementation on the robot-transformers repos-
itory at https://github.com/KhaledSharif/robot-transformers/tree/main.

We keep the architectures consistent across each method for fair comparison.

LAPO experiments on the Procgen [58] benchmark, which is a suite of 2D platformer games
all of which have discrete action spaces. LAPO uses an EMA-based update for the vector quantiza-
tion embedding and also a single step of additional context H = 1. We use the same hyperparam-
eters for implementing VQ. Furthermore, they use a IMPALA-CNN for the encoder and decoder
of the IDM and FDM respectively when working with image-based inputs. Refer to Appendix
A4 in their paper for a complete list of hyperparameters.

LAPA follows a similar implementation as LAPO. We reuse the same VQ implementation
to discretize the learned latent actions. Unlike LAPA, we do not train our latent policy with
language-conditioned data, which we will reserve for future work. After latent policy training,
LAPA discards the latent action prediction head and fine-tunes the backbone model with a new

action prediction head/ We implement the action head as an additional linear layer on top of the
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pretrained backbone. LAPA requires finetuning on expert trajectories.

DynaMo. We implement DynaMo’s dynamics loss on the future latent embedding prediction
and covariance regularization objectives following their open-sourced codebase. We tried both
using a frozen ResNet-18 and training the image encoder from scratch. Following the paper, we
apply causal masking in both the transformer encoder and decoder. Note for CLAM, we do not
apply causal masking in the encoder and we allow the model to attend to the full sequence of
input.

MLP experiments use Tesla V100s and Transformer experiments use NVIDIA A100.

Compute used for training on MetaWorld:

« BC (states): 2 hours, (images): 4 hours

« LAPA pretraining: (states): 2 hours, (images): 4.5 hours

« LAPO pretraining: (states): 3 hours pretraining, (images): 4.5 hours
« VPT IDM pretraining: (states): 1 hour, (images): 4.5 hours

« DynaMO: (states) 2 hours, (images) 4.5 hours

 Transformer CLAM (states): 2 hours

« SpaceTime Transformer CLAM (images): 4.5 hours

« Latent Policy Training (states): 2 hours, (images): 4 hours
All experiments use NVIDIA RTX A6000.

Compute used for training on CALVIN:

« BC (states): 1 hour
« VPT IDM pretraining (states): 4 hours
« Transformer CLAM (states): 4.5 hours

« Latent Policy Training (states): 2 hours
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Appendix D

Inference-Time Plan Guidance
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D.1 Training and inference algorithms

Algorithm 12 PLANTAIN: Post-training to Elicit Interleaved Reasoning

Require: Base LM g ; reference policy mrr; value net Vi; prompts &'; SI template SIpjan-first; Synthetic

generator IT* (larger LM); weights afmt, Qaces Ohelp, @ut; PPO coeff

Ensure: Interleaved model 7y (plan-first, then alternating thoughts/answers)
Synthetic Interleaved Trace Dataset
Dinterleave < @
for all x € X do

x SIplan—ﬁrst(x)

T = (tl, ai, ty, s, ..., by, an) ~ H*( | x’)

Dinterleave < Dinterleave U {(x’, T)}
Supervised Fine-tuning

> ay is the explicit plan

6: 0 < argming )\ ep, (—log mo(z | x7)) o> Shift style from monolithic to interleaved

RL Post-Training (PPO)
7: repeat
Sample (x,-) ~ Dinterleave; rollout y ~ mo(- | x”)

: Ttmt < FORMATOK(y) > plan-first; valid interleaving; required sections
10: Face < UNITTESTPASSRATE(y)
11: Thelp < LLMJuDGEHELPFULNESS(x’, y)
12: rat < 1{unit_tests present in y}
13: g« Yrgme = 1} > gate downstream rewards on correct interleaved format
14: r(x’, V) < OmtTtmt + & - (aaccracc + OhelpThelp T autrut)
15: Compute advantages A with GAE using Vy; update 0, ¢ via PPO:
16: max ]E[clip(?, 1:|:e> A} - ,BDKL(EQ(- | X" | 7rre(- | x/))

old

17: until convergence
18: return iy

Algorithm 13 Inference Strategy 1: Best-of-N Plan

Require: Trained interleaved model mg; prompt p; temperature 7 > 1; number of plans N; LLM Autorater

R

Form plan-first instruction p” < SIpjan-first(p)
Generate candidate plans A « {a; ~ mg(a| p’; 7)}Y,
Score each plan s; < R(p, a;)

Select a* <— argmaxg.c 4 ;i

Roll out remainder conditioned on a*: y ~ (- | p’, a*)
return y

AN~
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Algorithm 14 Inference Strategy 2: Rewind & Repeat - Iterative Plan Rejection Sampling

Require: Trained interleaved model 7p; prompt p; maximum retries T; LLM Autorater R
I: P/ <« SIplan-ﬁrst(f’)Q H<o
2: fort=1to T do
3: ¢; < Augment(p’, H)
4: Propose plan a; ~ mp(a | ¢;)
5: d; < R(p, a;)
6: if d; = accept then
7 return y ~ 79(- | ¢, ar)
8 else
9: H <« Hu{a;}
10: Sample a random plan a, ~ Uniform(H)
11: return y ~ my(- | p’, a)
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D.2 Prompts, datasets, and implementation

D.2.1 Interleaved Reasoning System Instruction

Interleaved reasoning (system instruction)

You are a helpful assistant. You reason through problems step-by-step before providing an an-

swer. You conduct your reasoning within <think></think> and share partial answers that are

useful for the user within <answer></answer>. You continue this pattern of <think>...</think>
<answer>..</answer> <think>..</think> <answer>...</answer> until you reach the final an-
swer.

User: {insert prompt here}

Assistant:

D.2.2 LLM Plan Autorater

LLM plan autorater

You are an expert plan evaluator. Given a prompt and a single plan, your task is to determine if the
plan is good enough to proceed with.

Evaluation Criteria:

1. Completeness: Does the plan address all aspects of the prompt?

NS

. Feasibility: Is the plan realistic and implementable?

3. Clarity: Is the plan clear and well-structured?

o~

. Alignment: Does the plan align with the user’s intent?

Carefully evaluate the plan based on the criteria above. Consider whether this plan provides a solid
foundation for addressing the user’s request.

A plan is APPROVED (Decision: TRUE) if it:

1. Directly addresses the core question or request
2. Provides clear, actionable steps
3. Covers the essential aspects without being overly complex

4. Aligns with the user’s apparent intent
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A plan is REJECTED (Decision: FALSE) if it:

1. Misses key aspects of the request
2. Is too vague or abstract to act on
3. Contains unrealistic or impractical elements

4. Is incomplete or poorly structured

Respond with exactly one line in this format: Decision: TRUE or Decision: FALSE

Please proceed with the evaluation. Decision:

D.2.3 Dataset Details

Table D.1: SFT dataset details.

Dataset Size
BigCodeBench [343] 50
MBPP [11] (Concat-2) 50
MATH500 [188] (Concat-2) 50
Multiple Solutions 26

D.2.4 Training and Evaluation Datasets

SFT and RL Training Datasets. We use a combination of coding and mathematical reasoning

datasets to train our interleaved reasoning models.

1. BigCodeBench (BCB) [343] is a benchmark of 1,140 Python programming tasks that re-
quire diverse function calls from common libraries such as numpy and matplotlib. Each
task includes an average of 5.6 unit tests with 99% branch coverage. For training, we split
the dataset into train and test sets, and randomly sample 50 prompts from the training split
to generate synthetic interleaved responses. To better suit interleaved reasoning, we mod-
ify the original prompts to include not only code generation but also a brief solution outline

and associated unit tests.

218



Table D.2: RL dataset details.

Dataset Size
BigCodeBench [343] 500
MBPP [11] (Concat-2) 50
MATH500 [188] (Concat-2) 50
Multiple Solutions 26

2. Mostly Basic Python Programs (MBPP) [11] consists of 974 crowd-sourced Python prob-
lems designed to be solvable by entry-level programmers. Each problem includes a short
text description and three test cases. To promote multi-step reasoning, we sample multiple
problems and concatenate them into a single composite prompt that requires the model to
solve each sequentially.

3. MATH500 [188] contains 500 diverse math problems spanning topics such as probability,
algebra, trigonometry, and geometry. Similar to MBPP, we randomly combine multiple

problems into a single prompt to encourage multi-stage reasoning and plan refinement.

Evaluation Datasets. We evaluate the trained models across domains that require coding, math-

ematical reasoning, symbolic translation, and long-context comprehension.

« BigCodeBench (BCB) [343]: challenging Python coding prompts requiring composition
across multiple libraries.

« Mostly Basic Python Programs (MBPP) [11]: simple Python programming tasks solv-
able by entry-level programmers.

« MATH500 [188]: diverse mathematical reasoning problems across algebra, probability, and
geometry.

« BirdSQL [178]: cross-domain text-to-SQL benchmark with over 12k question-SQL pairs
across 95 databases.

« QuaLITY [232]: long-document multiple-choice QA benchmark designed to test reasoning

over extended contexts.
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D.2.5 Training Details

Table D.3: Shared training hyperparameters for Plantain RL experiments.

Parameter Value
Actor learning rate 1x107°
Critic learning rate 1x107°°
Train batch size per gpu 32
Validation batch size 256
PPO mini batch size 32
PPO micro batch size 16
Critic micro batch size 8

KL coefficient 0.001
KL loss type low variance KL
Max prompt length 3096 tokens
Max response length 2500 tokens
Sampling temperature 0.7
Number of samples per prompt 8
Stable training threshold (e) 0.05
Critic warmup steps 0
Evaluation frequency 50 steps
Tensor model parallel size 2

Experiments were conducted building on VERL [260], an efficient reinforcement learning
framework for post-training language models. We performed all experiments on 8 NVIDIA H100
GPUs with 80GB memory in a Google Cloud VM. We also used a consistent set of hyperparam-
eters to ensure fair comparison between methods. We evaluate and save every 50 steps during
training, and continue training from the last saved checkpoint if the training is interrupted (e.g.,

OOM).

D.2.6 Synthetic Interleaved Response Generation

We generate synthetic interleaved reasoning traces by iteratively prompting a larger model (Qwen3-

32B). For BigCodeBench, we modify the vanilla coding prompts, to also ask for a solution out-
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line and unit tests in addition to the code solution. We prompt the model to generate thought
and intermediate response traces in this order: thought — code outline — thought — code
solution — thought — unit tests. To prevent the base model from spending all its output
budget on thinking, we terminate the thought generate after N = 256 tokens, clean up the final
sentence, and append a </think> token to mark the end of a subthought. Then we reprompt the
model provided the previously generated thoughts as context to generate the next intermediate

response. We provide an example of this interleaved trace in Section D.3.1.
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D.3 Additional results and examples

D.3.1 Training dataset prompt examples

BCB-Outline-Code-Unit

Question:

Save the provided Pandas DataFrame “df” in a pickle file with the given name, read it back for
validation, and delete the intermediate file. The function should output with: loaded_df
(pd.DataFrame): The loaded DataFrame from the specified file. You should write self-contained

code starting with:

import pickle

import os

def task_func(df, file_name="save.pkl"):
# function implementation

pass

import unittest
from task_func import task_func
class Test(unittest.TestCase):
def test_case_1(self):
# Test case 1 description
result = task_func(...)
self.assertEqual (result,

expected_value)

222



MATH500 Concatenate 2

Question:

Solve the following problems:

1) Find all p which satisfy both the inequalities 0 > 54p — 144 and 0 > 12 — 20p. Express your
answer in interval notation, reducing any fractions in your answer.

2) A strictly increasing sequence of positive integers a;, az, as, ... has the property that for every
positive integer k, the subsequence ask_1, ask, azk+1 is geometric and the subsequence ask, asg+1,
ask+2 1s arithmetic. Suppose that a;3 = 2016. Find a;.

Answer:

<think> Okay, so I need to find all values of p that satisfy both inequalities: 0 > 54p — 144 and
0 > 12—20p. Hmm, let me start by solving each inequality separately and then find their intersection

.. </think>

<answers (%,% </answer>

<think> Okay, so I need to solve this problem about a strictly increasing sequence of positive in-
tegers. The sequence has some properties related to geometric and arithmetic subsequences. ...
</think>

<answer> 504 </answer>

MBPP Concatenate 2

Question:

Solve the following coding problems:

1) Write a function to reverse words in a given string.

2) Write a function that matches a string that has an a followed by zero or more b’s by using regex.
You should write self-contained code for each problem starting with: def task_func(args):
Answer:

<think> Okay, I need to write a function that reverses the words in a given string. Let me think
about how to approach this. So, the input is a string like "Hello world", and the output should be

"world Hello"... </think>
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<answer>

def task_func(s):

return ’ ’.join(reversed(s.split()))

</answer>

<think> Okay, I need to write a function that checks if a string has an ’a’ followed by zero or more
’b’s using regex. Let me think about how to approach this. First, I remember that regular expressions
use certain patterns. The problem says "a followed by zero or more b’s". So the ’a’ must be there,
and then after it, there can be any number of ’b’s, including none... </think>

<answer>

import re
def task_func(text):
patterns = ’abx?’
if re.search(patterns, text):
return (’Found a match!’)
else:

return (’Not matched!’)

</answer>

Multiple Code Solutions

Question:

Implement a function that performs basic string compression (e.g., ’aabcccccaaa’ becomes
’a2blc5a3’). Provide an iterative solution and one using itertools.

You should write self-contained code for each problem starting with: def task_func(args):
Answer:

<think> Okay, I need to write an iterative Python function for string compression. Let’s see. The
problem says that consecutive repeated characters should be replaced by the character followed by
the count. And if the compressed string isn’t shorter, return the original. First, I should think about

how to process the string. Since it’s iterative, I can’t use recursion... </think>
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<answer>

def task_func(s: str) -> str:
if not s:

return s

compressed = []
current_char = s[0]

count = 1

for char in s[1:]:

if char == current_char:
count += 1

else:
compressed. append (
current_char + str(count)
)
current_char = char

count = 1

# Append the last character
# and tts count
compressed. append (current_char

+ str(count))

compressed_str = ’’.join(compressed)
return compressed_str
if len(compressed_str) < len(s)

else s

</answer>
<think> Okay, I need to write a Python function called task_func that compresses a string using

itertools. The goal is to replace consecutive repeated characters with the character followed by
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the count. And if the compressed version isn’t shorter, return the original. First, I remember that
itertools has groupby, which groups consecutive elements ... </think>

<answer>

from itertools import groupby

def task_func(s: str) -> str:
compressed = ’’.join(char
+ str(len(list(group)))
for char, group in groupby(s))
return compressed
if len(compressed) < len(s)

else s

</answer>

D.3.2 Generated Plan and Answers

MATHS500

Question:
Convert the point (0, 3) in rectangular coordinates to polar coordinates. Enter your answer in the
form (r, 8), where r > 0and 0 < 6 < 27.

Plan:

1. Identify the rectangular coordinates (x, y) = (0, 3).
2. Use the formula r = \/x? + y? to calculate the radial distance r.

3. Determine the angle 6 using the relationship 6 = arctan (%), adjusting for the correct quad-

rant based on the signs of x and y.

4. For the point (0, 3), recognize that it lies on the positive y-axis, so 0 = 7.

5. Verify that 0 is within the required range 0 < 6 < 27.

6. Write the final polar coordinates in the form (r, 6).

Answer: (3, 3)
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BirdSQL

Database: debit_card_specializing

Table: customers

CustomerID
Segment

Currency

identification of the customer (integer)
client segment (text)

Currency (text)

Table: gasstations

GasStationID
ChainID
Country

Segment

Gas Station ID (integer)
Chain ID (integer)
No description (text)

chain segment (text)

Table: products

ProductID

Description

Product ID (integer)

Description (text)

Table: transactions_1k

TransactionID
Date

Time
CustomerID
CardID
GasStationID
ProductID
Amount

Price

Note: total price = Amount x Price

Transaction ID (integer)
Date (date)

Time (text)

Customer ID (integer)
Card ID (integer)

Gas Station ID (integer)
Product ID (integer)
Amount (integer)

Price (real)

Table: yearmonth
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CustomerID Customer ID (integer)
Date Date (text)

Consumption consumption (real)

Question: In 2012, who had the least consumption in LAM?

Plan:

1. Filter the yearmonth table for the year 2012 by checking if the ‘Date’ starts with *2012’.

2. Join the yearmonth table with the gasstations table using the GasStationID to retrieve
country information.

3. Filter the joined dataset to include only rows where Country is LAM.

4. Aggregate the Consumption values per customer using GROUP BY CustomerID.

5. Sort the results in ascending order of the total consumption.

6. Use LIMIT 1 to retrieve the customer with the least consumption.

Answer:

SELECT y.CustomerID, SUM(y.Consumption) AS total_consumption
FROM yearmonth y

JOIN gasstations g ON y.GasStationID = g.GasStationID

WHERE LEFT(y.Date, 4) = ’2012’ AND g.Country = ’LAM’

GROUP BY y.CustomerID

ORDER BY total_consumption ASC

LIMIT 1;

D.3.3 MATH500 Think-Answer v.s. Rewind-and-Repeat

MATH500 Problem 153 Rewind-and-Repeat

Question: The medians AD, BE, and CF of triangle ABC intersect at the centroid G. The line
through G that is parallel to BC intersects AB and AC at M and N, respectively. If the area of
triangle ABC is 144, then find the area of triangle ENG.

<think> ... </think>
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<answer>

1. Use coordinate geometry to assign coordinates to triangle ABC, simplifying calculations.

2. Determine the coordinates of the centroid G using the midpoint formula.

3. Find the equation of the line through G that is parallel to BC.

4. Calculate the coordinates of points M and N, where this line intersects AB and AC, respec-
tively.

5. Use the coordinates of points E, N, and G to compute the area of triangle ENG using the
shoelace formula or determinant method.

6. Relate the area of triangle ENG to the area of triangle ABC, which is given as 144, to find the

numerical value.

</answer>
<think> Okay, let’s start by assigning coordinates to triangle ABC. I'll place point A at (0, 0), B at

(2b,0), and C at (0, 2c). This makes AB and AC the axes, simplifying calculations. The centroid G

&E)

is the average of the coordinates, so G should be at ( Sk

Next, I need the equation of the line through G parallel to BC. The slope of BC is gf;g = —+. So the

line through G with this slope is y — £ = (—£)(x — %). Let me rearrange this equation.

(Intermediate reasoning steps omitted for brevity.)

MATH500 Problem 153 Rewind-and-Repeat (continued)

So triangle ENG has points E(0, ¢), N(0, %), and G(%, %). Let’s compute its area. Using the

shoelace formula:

Area = %|(xE(yN — y6) + xn(yc — yE) + x6(yE — y~))|. Plugging in:

_ — _ _ 4c. _2b _ 2
x=0,yp=CGaxn=0,y8 = 35X6 = 5.,Y6 = 5.

Calculating each term:

First term: 0 - % — %) = 0-(%) =0.

Second term: O - (% —¢)=0- (—%) =0.

Third term: (%) (e—P) = (%) (=8) = -2,

Do
[}
S
o

Taking absolute value and multiplying by 3: 1 - | — 22¢| =

229




So the area of ENG is %.

Now, relate this to the area of ABC. The area of ABC is 144. Since ABC is a right triangle with legs
2b and 2c, its area is (%) -2b-2c=2bc. So2bc =144 = bc = 72.

Therefore, the area of ENG is % = 8.

Wait, that seems straightforward. Let me check each step again. The coordinates assignment,
centroid calculation, line equation, points M and N, and area computation. All steps seem correct.
The key was setting up the coordinate system and using the shoelace formula. The answer should
be 8. </think>

<answer> 8 </answer>

MATH500 Problem 153 Think-Answer

Question: The medians AD, BE, and CF of triangle ABC intersect at the centroid G. The line
through G that is parallel to BC intersects AB and AC at M and N, respectively. If the area of
triangle ABC is 144, then find the area of triangle ENG.

<think> Okay, so I need to find the area of triangle ENG in triangle ABC, where the medians AD,
BE, and CF intersect at centroid G. There’s a line through G parallel to BC that intersects AB at M
and AC at N. The area of ABC is 144. Hmm, let me try to visualize this first.

First, let me recall some properties of centroids. The centroid divides each median into a ratio of 2:1,
with the longer part being closer to the vertex. So, for example, AG : GD =2 : 1,BG : GE=2: 1,
and CG : GF=2: 1.

Now, there’s a line through G parallel to BC. Since BC is the base of the triangle, this line is going
to be somewhere inside the triangle. It intersects AB at M and AC at N. So, MN is parallel to BC
and passes through G. I need to figure out where exactly M and N are located on AB and AC.

(Intermediate reasoning steps omitted for brevity.)

MATHS500 Problem 153 Think-Answer (continued)

Since MN is parallel to BC, triangle AMN is similar to triangle ABC by the Basic Proportionality

Theorem or Thales’ theorem. Wait, but MN isn’t necessarily a midline unless it’s halfway. However,
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since it passes through the centroid, which divides the medians in a 2:1 ratio, maybe I can find the
ratio of similarity.

Let me think. Let me consider coordinates. Maybe coordinate geometry can help here. Let me
assign coordinates to triangle ABC. Let me place point A at (0,0), B at (2b,0), and C at (2¢, 2d).
Wait, but maybe it’s better to use coordinates that make calculations easier. Since the centroid
divides the medians in 2:1, maybe choosing coordinates where the centroid is at (0,0)? Wait, but
maybe that complicates things. Alternatively, let me use standard coordinates.

Alternatively, let me take coordinates such that BC is horizontal for simplicity. Wait, but since MN
is parallel to BC, maybe it’s better to have BC horizontal. Let me try.

First, equation of AB: from A(a, b) to B(0,0). The parametric equations can be written as x =

a—a-t,y=>b—>b-t wheret ranges from 0 to 1. Wait, or maybe better to use a parameter s.

Alternatively, let me find the equation of AB. The slope of AB is % = %. So equation is y = (%)x.
Similarly, equation of AC: from A(a, b) to C(c,0). The slope is % = —Cf—a. Equationis y — b =

[- 2 1(x - a).

Now, the line y = b /3 intersects AB and AC. Let me find coordinates of M and N.

For point M on AB: y = (%)x = %. Therefore, x = (%) -(3) = 5. Therefore, coordinates of M are
(5. %)

Similarly, for point N on AC: Let me solve y = g with equation of AC.

Equation of AC: y = [—ﬁ](x —a)+b.

Sety =b/3:

t=-Elx-a)+b

Wait no. Wait no. Wait no. Wait no... </think=>
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Appendix E

DynaMITE-RL

E.1 ELBO derivation for DLCMDP

We will define a full trajectory t = {sy, ao, 11, $1, a1, ..., 'r_1, Sy} where H is the horizon. 7., is the
history of interactions up to a global timestep ¢, i.e. 7., = {so, g, I, S1, A1, -+ T1—1, St}

Let Z = {m°, ..., mX™'} be the collection of latent contexts in a trajectory where K is a random
variable representing the number of switches the latent variable will have until time H, i.e., K =
Yl d,. Additionally, we denote d; as the session termination prediction at timestep ¢ but dy_; =
1.

We divide a full trajectory into sessions and define a discrete random variable ¢; € {0, ..., H—1}
be a random variable denoting the last timestep of session i € {0, ..., K—1},i.e., t; = min{t’ € Z, :
Zf:o d, = i+ 1}, with t_; = —1 . We also denote the next session index i’ =i + 1.

An arbitrary session i’ can then be represented as, {S;+1, @11, Ttt1s Str2s - » St,~1> At 1> rtl_/}.

At any time-step ¢, we want to maximize the log-likelihood of the full dataset of trajectories,
D, collected following policy 7, e.g. E,[log pe(7)]. However, with the presence of latent variables,
whose samples cannot be observed in the training data, estimating the empirical log-likelihood is
generally intractable. Instead, we optimize for the evidence lower bound (ELBO) of this function
with a learned approximate posterior, gy.

We then define the posterior inference model, q4(Z,d.y | 7.,), which outputs the posterior
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distribution for the latent context and session termination predictions conditioned on the trajec-

tory history up until timestep t.

Below we provide the derivation for the variational lower bound of the log-likelihood function

log pe(7) for a single trajectory:

log po(7) = log po(7, Z,Q)
z.0

%(Z,Q | 7.4)
“tog [ pirz B S
po(r, Z,Q) }
%(ZaQ | 7.¢)
po(t | Z,Q) pe(Z,Q)
q4(Z,Q | 7.1)

> Egyzale. [10g po(7 | Z,Q) +log po(Z, Q) — log(gy(Z.Q | 7.1))]

=logEy,z.ar.)

= log ]ECIgﬁ(Z,QIT;t) [

= ]qus(Z,Q\r:t)[lOg po(t | Z,D)] — Dir(qs(Z. Q2 1 7.)) || po(Z, Q)

reconstruction regularization

= ELBO,(6, ¢)

We extend this to derive the lower bound for all trajectories in dataset D.

Eqyzolen [ 1og po(r | Z,9)] = Dia(gs(Z, Q2 | 7.0) || pa(Z, )

Er~D [ log PH(T)} = ET~D

Prior:

K-2

po(Z,Q) = po(m” | d:to)Pe(d:to)HPG(mi/ | m, dt,-+1:ti/)p0(dt,-+1:ti/)

i=0
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Variational Posterior:

K-2

q¢(Z’Q | Tft) = q¢(m0 | Tito’ dit())q(ﬁ(d:to)H q(ﬁ(mll | Tti+1iti/’mi’ dti+llti/)q¢(dti+1iti/)
i=—1
Reconstruction Term:

IOgPG(T | 25 Q) = logpe(SO’ ... FrH-1, SH | Z’ Q’ a:H—l)

K-2

= log [ | po(iCse r}iyn | 2,9 an0)
i=—1
K-2 ti’

= 10gH [pe(sti+l) H po(ser | s, ar, Z,dr) po(reva | sear, Z, dt)]
i=-1 t=tj+1

K—2 ty
= Z log po(sy+1) + Z log po(sii1, revn | st a1, Z, dt)]

i=—1 t=t;+1

Putting it all together:

log po(7) = Eqyzair.y [log po(r | Z,Q)] = Dii(ge(Z, Q| 7.)) || po(Z, )

reconstruction regularization
K-2 ti’
= ]quﬁ(z,QlT:t){Z log po(si1 | Z,d) + Z log po(sis1, Te41 | St a1, Z,dy) |}
i=—1 t=t;+1

- DKL(q(ﬁ(mO | T:tys d:to) ” p@(mo | dH)
K-2

! . i .

- Z DKL(C]qS(ml | Thtlity m', dt,~+1:tl./) ” Pe(ml | m', dt,-+1:ti/))
i=0
K-2

- Z DKL(qzﬁ(dt,-H:ti/) I p@(dt,-+1:ti/))

i=0

E.2 Pseudocode for DynaMITE-RL

Here we provide the pseudocode for training DynaMITE-RL and for rolling out the policy during

inference time.
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Algorithm 15 DynaMITE-RL

1: Input: env, ay, a,
2: Randomly initialize policy 7y (a | s, m), critic Q,(s, a, m) decoder pg(s’, ¥’ | s, a,m), encoder g4(m’ | -),
and replay buffer D = @
fori=1to N do
DJi] + COLLECT_TRAJECTORY (7, gy, env)
> Train VAE
Sample batches of trajectories from D
Compute ELBO with Eq. 7.4.2 and update 0, ¢
> Update actor and critic using PPO
IP < lﬁ - al/lvl//tjﬂ'
10: W — 0 —ayVeJo

Algorithm 16 COLLECT_TRAJECTORY
1: Input: 7y, q¢, env

2: (89, mg) ~ v // sample initial state and belief
3: k=0 // session index
4: fort=0to H—-1do
5: a; ~ Jrl/,(at | st,my) // get action
6 (St4+1, re+1) = env.step(ay) // env step
7 > Posterior update
8 if k == 0 then
9: M1, desr ~ (| 7241, di)
10: else
11: M1, diy ~ gy | T:r41, My_,» dp)
12: if session-terminate then
13: k+=1 // increment session index
14: (St+1, Mes1) ~ Vo // reset the state

E.3 Additional experimental results

In this section, we report additional experimental results that did not fit in the main text, includ-
ing per-episode performance over multiple rollouts and an ablation on the consistency weight
hyperparameter f.

Following Zintgraf et al. [345], we measure test-time performance of meta-trained policies
by evaluating per-episode return for 5 consecutive episodes, see Figure E.1. DynaMITE-RL and
all of the baselines are designed to maximize reward within a single rollout hence they generally

plateau after a single episode.
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Figure E.1: Average test-time performance on MuJoCo tasks and Scratchltch task, trained separately with
5 seeds for MuJoCo tasks and 3 for itching task. The meta-trained policies are rolled out for 5 episodes
to show how they adapt to the task. The returns averaged across the task with 95% confidence inter-
vals shaded. We demonstrate that in our DLCMDP setting, the baseline methods struggle to adapt to the
changing dynamics of the environment while our method learns the latent transitions and achieves good
performance across all domains.

The p hyperparameter is a weight term for the consistency objective in DynaMITE-RL, which
enforces an increase in information in subsequent timesteps. We run an ablation study over
different values of § for the Half-Cheetah-Vel environment in our DLCMDP setting and find that

in terms of final performance, our model is robust to the different value of .

Table E.1: Ablation study over different values of § in the HalfCheetah-Vel environment.

B Episode Return

0.01 —69.5 £2.6
0.1 —70.2 £25
1 —68.5 +2.3
5 —69.4 3.0

E.4 Evaluation environments

In this section, we describe the details of the domains we used for our experiments. We provide

visualizations of each simulation environment in Figure 7.4.
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Gridworld Navigation with Alternating Goals

Following [345], we extend the 5 x 5 gridworld environment as shown in Figure 7.2. For each
episode, two goal locations are selected randomly. However, only one of the goal locations
provide a positive reward when the agent arrives at the location. The rewarding goal location

changes between sessions according to some transition dynamics. In our experiments, we sim-

0.2 0.3
ulate latent dynamics using a simple transition matrix: . Between each session, the

0.8 0.2

goal location has a 20% chance of remaining the same as the previous session and 80% chance of
switching to the other location. The agent receives a reward of -0.1 on non-goal cells and +1 at

the goal cell, e.g.

1 ifs, =g

ry =
—0.1 otherwise
where s, is the current state and g is the current rewarding goal cell. Similar to [345], we set
the maximum episode horizon to 60 and the Bernoulli probabilty for latent context switch to 0.25

such that in expectation each episode should have 4 sessions.

MuJoCo Continuous Control

For our study, we use the Brax [85] simulator, a physics engine for large scale rigid body simula-
tion written in JAX. We use JAX [2], a machine learning framework which has just-in-time (jit)
compilation that perform operations on GPU and TPU for faster training and can optimize the
execution significantly. We evaluate the capacity of our method to perform continuous control
tasks with high-dimensional observation spaces and action spaces.

Reacher is a two-joint robot arm task part of OpenAI's MuJoCo tasks [38]. The goal is to
move the robot’s end effector to a target 2D location. The goal locations change between each

session following a circular path defined by: [x, y] = [rcos(a i), rsin(a -i)] where i is the session
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index, @ ~ U'(0, 27) is the initial angle, and r ~ U(0.1, 0.2) is the circle’s radius. The observation
space is 11 dimensional consisting of information about the joint locations and angular velocity.
We remove the target location from the observation space. The action space is 2 dimension
representing the torques applied at the hinge joints. The reward at each timestep is based on the
distance from the reacher’s fingertip to the target: r, = —||s; — s,|l, — 0.05 - [|a,||; where s; is the

(%, y) location of the fingertip and s, for the target location.

Half-Cheetah builds off of the Half-Cheetah environment from OpenAl gym [38], a MuJoCo
locomotion task. In these tasks, the challenge is to move legged robots by applying torques to
their joints via actuators. The state space is 17-dimensional, position and velocity of each joint.
The initial state for each joint is randomized. The action space is a 6-dimensional continuous

space corresponding to the torque applied to each of the six joints.

Half-Cheetah Dir(ection): In this environment, the agent has to run either forward or back-
ward and this varies between session following a transition function. At the first session, the task

is decided with equal probability. The reward is dependent on the goal direction:

v + 0.5 ||a;l, if task = forward
ry =

—v;+ 0.5 ||a;]l, otherwise

where v, is the current velocity of the agent.

Half-Cheetah Vel(ocity): In this environment, the agent has to run forward at a target
velocity, which varies between sessions. The task reward is: r; = —[[v; — v, — 0.05 - [|a;||,, where
vs is the current velocity of the agent and v, is the target velocity. The second term penalizes
the agent for taking large actions. The target velocity varies between session according to: v, =

1.5 + 1.5sin(0.2 - i).

Half-Cheetah Wind + Vel: The agent is additionally subjected to wind forces which is
applied to the agent along the x-axis. Every time the agent takes a step, it drifts by the wind

vector. The force is changing between sessions according to: f,, = 10 + 10 sin(0.3 - i).
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Assistive Gym

Our assistive itch scratching task is adapted from Assistive Gym [78], similar to [275]. Assistive
Gym is a simulation environment for commercially available robots to perform 6 basic activities
of daily living (ADL) tasks - itch scratching, bed bathing, feeding, drinking, dressing, and arm
manipulation. We extend the itch scratching task in Assistive Gym.

The itch scratching task contains a human and a wheelchair-mounted 7-DOF Jaco robot arm.
The robot holds a small scratching tool which it uses to reach a randomly target scratching lo-
cation along the human’s right arm. The target location gradually changes along the right arm
according to a predefined function, x = 0.5+ sin(0.2-i) where x is then projected onto a 3D point
along the arm. Actions for each robot’s 7-DOF arm are represented as changes in joint positions,
R7. The observations include, the 3D position and orientation of the robot’s end effector, the 7D
joint positions of the robot’s arm, forces applied at the robot’s end effector, and 3D positions of
task relevant joints along the human body. Again, the target itch location is unobserved to the
agent.

The robot is rewarded for moving its end effector closer to the target and applying less than
10 N of force near the target. Assistive Gym considers a person’s preferences when receiving care
from a robot. For example, a person may prefer the robot to perform slow actions or apply less
force on certain regions of the body. Assistive Gym computes a human preference reward, ry(s),
based on how well the robot satisfies the human’s preferences at state s. The human preference
reward is combined with the robot’s task success reward rg(s) to form a dense reward at each
timestep, r(s) = rr(s) + ru(s).

The full human preference reward is defined as:

ru(s) = —a - w[Cy(s), C4(s), Chs(s), Cra(s), Cran(s), Ca((s), Cp(s)]

where « is a vector of activations in {0, 1} depicting which components of the preference are
used and o is a vector of weights for each preference category. C.(s) is the cost for deviating

from the human’s preference.
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C,(s) for high end effector velocities. C¢(s) for applying force away from the target location.
Cny(s) for applying high forces near the target (> 10 N). C¢4(s) for spilling food or water. Cfq,(s)
for food / water entering mouth at high velocities. C4(s) for fabric garments applying force to

the body. C,(s) for applying high pressure with large tools.

For our itch-scratching task, we set « = [1,1,1,0,0,0,0] and w = [0.25,0.01,0.05, 0, 0, 0, 0].

E.5 Implementation details and hyperparameters

In this section, we provide the hyperparameter values used for training each of the baselines and
DynaMITE-RL. We also provide more detailed explanation of the model architecture used for

each method.

Online RL

We used Proximal Policy Optimization (PPO) training. The details of important hyperparameters

use to produce the experimental results are presented in Table E.2.
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Table E.2: Training hyperparameters. Dashed entries means the same value is used across all environ-
ments.

Gridworld Reacher HalfCheetah Scratchltch

Max episode length 60 400 400 200
Bernoulli probability (p) for context switch 0.07 0.01 0.01 0.02
Number of parallel processes 16 2048 2048 32
Value loss coefficient 0.5 - - -
Entropy coefficient 0.01 0.05 0.05 0.1
Learning rate 3e-4 - - -
Discount factor (y) 0.99 - - -
GAE lambda (Agar) 0.95 - - -
Max grad norm 0.5 - - -
PPO clipping epsilon 0.2 - - -
Latent embedding dimension 5 16 16 16
Policy learning rate 3e-4 - - -
VAE learning rate 3e-4 - - -
State/action/reward FC embed size 8 32 32 32
Consistency loss weight () 0.5 - - -
Variational loss weight (1) 0.01 - - -

Table E.3: Hyperparameters for Transformer Encoder

Hyperparameter Value

Embedding dimension 128

Num layers 2
Num attention head 8
Activation GELU
Dropout 0.1

We also employ several PPO training tricks detailed in [120], specifically normalizing advan-
tage computation, using Adam epsilon le — 8, clipping the value loss, adding entropy bonus for
better exploration, and using separate MLP networks for policy and value functions.

We use the same hyperparameters as above for RL? and VariBAD if applicable. For RL?,

the state and reward are embedded through fully connected (FC) layers, concatenated, and then
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passed to a GRU. The output is fed through another FC layer and then the network outputs the
actions.

ContraBAR: Code based on the author’s original implementation: https://github.com/ec2604/ContraBAR
(MIT License). ContraBAR uses contrastive learning, specifically Contrastive Predictive Coding

(CPC) [228], to learn an information state representation of the history. They use CPC to discrim-

+

. and K negative observations {0}, }X, given the

inate between positive future observations o
latent context ¢;. The latent context is generated by encoding a sequence of observations through
an autoregressive model. They apply an InfoNCE loss to train the latent representation.
DynaMITE-RL: The VAE architecture consists of a recurrent encoder, which at each timestep
t takes as input the tuple (a,_;, 11, s;). The state, action, and reward are each passed through a
different linear layers followed by ReLU activations to produce separate embedding vectors. The
embedding outputs are concatenated, inputted through an MLP with 2 fully-connected layers
of size 64, and then passed to a GRU to produce the hidden state. Fully-connected linear output
layers generate the parameters of a Gaussian distribution: (u(z.,), (7 .,)) for the latent embedding
m. Another fully-connected layer produces the logit for the session termination. The reward and
state decoders are MLPs with 2 fully-connected layers of size 32 with ReLU activations. They are
trained my minimizing a Mean Squared Error loss against the ground truth rewards and states.
The policy and critic networks are MLPs with 2 fully-connected layers of size 128 with ReLU

activations. For the domains where the reward function is changing between sessions, we only

train the reward-decoder. For HalfCheetah Wind + Vel, we also train the transition decoder.

Offline RL

We use IQL [157] for offline RL training. IQL approximates the optimal value function through
temporal difference learning by using expectile regression. IQL has a separate policy extraction
step using advantage weighted regression (AWR) [235]. There are two main hyperparameters in
IQL: 7 € (0, 1), the expectile of a random variable, and f € [0, o), an inverse temperature term

for AWR. We use 7 = 0.9 and = 10.0 and following [157], we use a cosine schedule for the actor
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learning rate. For each task, we train an oracle goal-conditioned PPO agent for data collection.
The agent’s initial state is randomly initialized. We collect an offline dataset of 1M environment
transitions, roughly 2500 trajectories. We train IQL for 25000 offline gradient steps and report

the average episode return across 5 random seeds.

E.5.1 Compute Resources and Runtime

All experiments can be run on a single Nvidia RTX A6000 GPU. Implementation is written com-
pletely in JAX. The following are rough estimates of average run-time for DynaMITE-RL and
each baseline method for the online RL experiments with the HalfCheetah and Scratchltch en-
vironment. These numbers vary depending on the environment; JAX-based environments (e.g.
Reacher and HalfCheetah) are highly parallelized and the runtimes are orders of magnitude lower
than Scratchltch. We also run multiple experiments on the same device so runtimes may be over-

estimated.

« RL?: 4 hour, 16 hours

« VariBAD: 3 hours, 8 hours

« BORel: 3 hours, 8 hours

« SecBAD: 3 hours, 10 hours

« ContraBAR: 2.5 hours, 7 hours

« DynaMITE-RL: 3 hour, 8 hours
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Appendix F

Robometer

F.1 Dataset Details

This section provides a detailed breakdown of the datasets used to train Robometer, including ex-

pert demonstration datasets, paired human-robot datasets, mixed-expertise datasets, and human-

only datasets. We also describe the dataset filtering and task end-state adjustment procedures,

and list the individual evaluation datasets used to measure generalization.

Paper # Trajs.
RoboReward [172] 45k
RoboDopamine [271] 100k
VLAC [325] 300k
RBM-1M (ours) 1M

Table F.1: Comparison of known ap-
proximate trajectory counts across re-
cent general-purpose reward modeling

papers.

@® Expert Demo
Paired Human-Robot
Mixed Expertise

® Human Only

Figure F.1: Pie chart of RBM-1M dataset types. Full table
with individual dataset details in Table F.4.
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Table F.2: RBM-EVAL-1ID - In distribution evaluation datasets overview. # Trajs. is computed by aggregat-

ing all evaluation splits per dataset, counting unique annotated trajectories.

Dataset Embodiment # Trajs. Citation

OXE Eval Suite Franka, Google Robot, Jaco 2, 14,399 [59]
WidowX

RoboReward Test 12 mixed embodiments 9,063 [172]

RACER (Eval) Franka Panda (simulation) 7,227 [64]

Metaworld Eval Sawyer 151 [320]

LIBERO Failure Eval Franka Panda (simulation) 1,927 -

Total 13 unique robot embodiments 32,767 -

Table F.3: RBM-EVAL-00D - Out-of-distribution evaluation datasets overview. # Trajs. is computed by
aggregating all evaluation splits per dataset, counting unique annotated trajectories.

Dataset Embodiment # Trajs.
USC Franka Franka Panda 24
USC Koch Bimanual Kochv1.1 407
USC Trossen Trossen 27
USC xArm xArm 36
MIT Franka Franka Panda 152
UT SO101 Cluttered SO101 60
UT SO101 Clean (Top) S0101 30
UT SO101 Clean (Wrist) SO101 30
Total 5 unique robot embodiments 976
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Table F.4: RBM-1M Training datasets overview. # Trajs. is determined by counting every unique video-
language annotation (possibly across multiple views when available).

Dataset Embodiment # Trajs. Citation
Expert Demonstration Datasets
OXE Mix 11 mixed embodiments 449,475 [59]
AGIBotWorld-Alpha Subset AgiBot G1 Bimanual Mobile 216,911 [60]
Manipulator
Galaxea Open World Galaxea R1 Lite Bimanual Mobile 108,118 [139]
Manipulator
RoboReward OXE Mix 13 mixed embodiments 45,072 [172]
MolmoACT Franka Panda 15,546 [170]
Humanoid Everyday Unitree G1 & H1 Bimanual 9,208 [337]
Humanoids
LIBERO Franka Panda (simulation) 1,709 [194]
MetaWorld (ReWiND) Sawyer (simulation) 100 [320, 329]
Paired Human—-Robot Datasets
MotIF Stretch Mobile Manipulator 83 [127]
RH-20T 4 embodiments 29,969 [81]
PH2D H1 (partly in MuJoCo simulation) 3,596 [238]
H2R XArm 2,254 [302]
Mixed Expertise Datasets
RoboArena Pairwise Comparisons  Franka Panda 12,379 [10]
SOAR Paired Success/Fail WidowX 16,812 [339]
FAILSafe Franka Panda (ManiSkill [273] 71,614 [192]
simulation)
RACER Failure Dataset Franka Panda (RLBench [135] 29,115 [64]
simulation)
AutoEval Failed Trajectories WidowX250 8,677 [340]
LIBERO Failure Dataset Franka Panda (simulation) 1,473 [194]
Fino-Net Paired Failure (Baxter) Baxter 229 [129]
Human-Only Datasets
Epic-Kitchens Human 37,030 [65]
Total 21 unique robot embodiments 1,059,370 -
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F.1.1 Individual RBM-1M Training Dataset Details

Here, we list dataset curation details for every source in RBM-1M.

Preference Only Data. Some data sources vary significantly in when the teleoperator marks
the end of the trajectory. As such, using these data sources for progress prediction and end-
state success prediction negatively affects prediction accuracy. To avoid this issue, progress-only
generalist robotic reward models would have to either manually label end states or simply forgo
using these data sources. However, due to Robometer’s trajectory comparison-based preference
prediction objective, we can still use these noisier datasets for preference prediction; we list which
sources are used only for preference in each subsection.

Image Resolution and Frame Downsampling. We first perform data pre-processing be-
fore using the data for training. For storage efficiency, we downsample all trajectories to a maxi-
mum of 32 frames. Furthermore, we downsize image resolution such that the shortest edge (either
height or width) of each image is 240 pixels. This procedure allows us to maintain the aspect ratio
while ensuring the dataset does not consume excessive storage space. In total, the dataset size is
around 6 TB.

Task End Thresholds. For predicting both progress and success (Section 8.3.3), it’s impor-
tant that the end-frame of the trajectory corresponds to the timestep at which the task is actually
finished. However, in most real-world datasets, this is not the case due to human teleoperator
delay or different notions of when tasks are finished. We address this issue by manually setting
this “task finished” threshold for each data source, which takes about 2 minutes per data source.

See Section F.1.2 for further details.

Expert Demonstration Datasets

We start with expert demonstration datasets, i.e., datasets that contain only successful trajectories
demonstrated by competent teleoperators. For all of these datasets, the progress target we use in

Section 8.3.3 is 1.0.
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Open-X Embodiment Mix We select a subset of datasets from the Open-X Embodiment (OXE)
Dataset [59]. This subset was chosen from those selected for reward learning from prior work [329].
The subset includes DROID [146], Fractal [40], BRIDGE-v2 [288], Language Table [205], BC-
Z [136], RoboSet [29], FurnitureBench [114], UT Austin Mutex [255], Berkeley Cable Routing [202],
CLVR Jaco Play [68], Berkeley RPT [241], Toto [338], CMU Franka Pick-Insert [252], Stanford
Hydra [22], Berkeley MVP [240], Berkeley Fanuc Manipulation [341], Mobile ALOHA [91], Im-
perial College Sawyer Wrist Cam, UCSD Kitchen [308], Austin BUDS [342], DLR Edan [239, 286],
UTokyo LSMO [231], and NYU Rot [105].

We use wrist camera and external camera viewpoints from DROID due to the wide-angle of
the DROID wrist cameras. For most other datasets, we only use external cameras unless wrist is
the only viewpoint available.

Some of these datasets have validation or test-set splits; we use these splits for RBM~EVAL-1ID.

For BC-Z and DLR Edan, we use these datasets only for preference prediction due to highly

varied trajectory termination times relative to when the task was actually completed.

AGIBot World The AgiBotWorld-Alpha dataset [60] consists of 100k+ long-horizon trajec-
tories on the AgiBot G1 bimanual mobile manipulator. We randomly select a 34,098 trajectory
subset of the 100k trajectories to form our dataset. Each long-horizon trajectory is annotated with
each shorter-horizon subskill that is required to accomplish the task. In total, this leads 216,911
long-horizon and short-horizon trajectories. These short and long horizon skills include higher-
level tasks such as “put all the oranges in the basket" and the lower-level skills for each “pick
orange" and “place orange." Although the dataset includes wrist cameras and multiple fisheye

camera angles, we only include the egocentric head camera in our dataset.

Galaxea Open-World The Galaxea Open-World Dataset [139] is a large-scale humanoid dataset
with 108,118 trajectories across 150 task categories. The dataset includes diverse tasks from pick-
and-place to whole-body manipulation on a Galaxea R1 Lite bimanual mobile manipulator. Due

to highly varied trajectory termination times relative to when the task was actually completed,
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we use this dataset only for preference prediction.

RoboReward OXE + Roboarena Mix In addition to our own OXE mix, we incorporate the 45k
trajectory OXE + Roboarena [10] training subset from RoboReward. This dataset is labeled us-
ing RoboReward’s VLM-based counterfactual instruction labeling technique to generate pseudo-
failure instructions for successful trajectories. This technique complements Robometer’s training
objectives — by directly incorporating all data into Robometer’s training mix and objectives. Final
rewards for each trajectory are discrete numbers ranging from 1 to 5. We normalize their rewards
to the range of [0, 1], making this data suitable for all of our prediction objectives. We refer read-
ers to Lee et al. [172] for further details. Similar to the OXE dataset mix, the DLR Edan and BC-Z
subsets of the RoboReward data is also only used for preference prediction due to highly varied

trajectory termination times relative to when the task was actually completed.

MolmoACT We use all external-view data from MolmoACT [170], collected on a Franka Panda
arm, excluding trajectories with corrupted videos. We do not use wrist-cam data from MolmoACT
because the camera angle is too narrow and often does not show the object being manipulated.
We selected this dataset because it includes a diverse set of trajectories collected in clutter with

good camera visibility.

Humanoid Everyday We use all data from [337], which contains Unitree G1 & H1 bimanual
humanoid data from an egocentric viewpoint. This data was selected for diversity as it includes

bimanual mobile data.

LIBERO LIBERO [194] provides a diverse set of simulated household manipulation tasks across
5 task suites. We use LIBERO-{10, Object, Spatial, Goall} for RBM-1M and LIBERO-90 for
evaluation in RBM-EVAL-ID. We follow OpenVLA’s [152] dataset re-generation scheme by re-
rendering at 256x256, removing no-ops, and removing demonstrations which are not successful

upon replay. We selected LIBERO for its use as a popular VLA benchmark and for the ease with
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which we can generate our own failed trajectories across a diverse set of tasks. Thus, we also
include a corresponding set of failed trajectories for all 5 task suites, constructed by replaying
demonstration trajectories with added Gaussian noise to each action, mimicking policy execution

error that results in failure.

Metaworld MetaWorld [320] is a multi-task simulated manipulation benchmark with a Sawyer
arm. We use the 20-task training split consisting of 5 demonstrations each from Zhang et al.
[329] for RBM-1M. Correspondingly, we use the 17-task evaluation dataset from Zhang et al. [329]
for RBM-EVAL-ID. MetaWorld was selected early on for basic testing and ensuring that we can
reproduce the results from ReWiND [329] in our own implementation of it. We kept it in RBM-1M

for visual feature diversity.

Paired Human-Robot Datasets

MotIF A human-robot paired dataset with a Stretch Mobile Manipulator containing tasks in-
volving motion-counting such as “stir 3 times” or shaking boba tea [127]. This dataset was se-

lected for these counting tasks to encourage learning to track repetitive motions.

RH-20T A paired human-robot dataset for tabletop manipulation spanning four robot embod-
iments including Flexiv, UR5, Franka Panda, and Kuka robots [81]. This dataset was selected
for its diversity in tasks and embodiments. The RH20T dataset consists of 7 configurations each
with its own robot, table and camera setup. For each configuration, we select 1-2 camera views
which both 1) capture the full scene and robot motion and 2) are consistent with the language
instruction in terms of spatial relationships, e.g., left, right, top, bottom, etc. We removed null
robot demonstrations without any arm movements, as well as demonstrations which seem to be

the concatenation of demonstrations for multiple tasks.

PH2D A human-robot, real and simulation dataset containing Unitree H1 trajectories collected

from an egocentric viewpoint [238]. This dataset was selected because it pairs simulation, real,
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and human trajectories; it contains many pouring tasks and many very detailed task descriptions.

H2R A human-robot paired dataset with a UFACTORY XARM robot [302]. It contains pick-
and-place and pushing tasks. We selected it because many tasks have multiple objects in the
scene (e.g., a lighter tray and a darker tray to place a cube on), helping the reward model learn to

better distinguish correctly manipulated objects.

Mixed Expertise Datasets

The data here contains paired successful and failed trajectories. We incorporate these mixed
expertise data to encourage Robometer to effectively reward failed trajectories, which can help

in a variety of domains (e.g., all downstream experiments in Section 8.4.3).

RoboArena Roboarena [10] data is from a set of human-performed evaluations of various gen-
eralist VLA policies on the DROID setup with a Franka Panda arm. Each evaluation has a partial
progress score € [0, 1] with the vast majority of evaluations being failures. We use these progress
scores solely to construct trajectory comparisons to predict over as trajectory termination times
are highly varied and can essentially undo progress made in the middle of the trajectory, for which
the human gave a partial progress score. We save videos from all available camera viewpoints,

including wrist camera.

SOAR SOAR [339] data comes from autonomous policy rollouts guided by a VLM on a Wid-
owX250 robot. Success/fail labels, generated by a VLM, are also provided. Due to automatic task
generation and success/fail labeling, the dataset labels are quite noisy, and many trajectories con-
tain tasks that are not possible in the scene, tasks that have already started from the first frame,
and incorrect success/fail classifications. Therefore, we use a pre-trained Qwen-3-VL-4B [14] to
filter out incorrectly labeled samples, including ones that were infeasible or unrelated to the task
description. We do this by using the first, middle, and last frame to establish a general flow of the

trajectory and ask the model to critique the positioning of relevant items. This is separated into a
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stage prompt that empirically improved filtering quality using a small, manually verified set and
ultimately filters out 45% of trajectories from the original dataset.

We save all filtered successful trajectories, and we also save all failed trajectories that have
the same language description as at least one successful trajectory. Because this data does not
contain progress labels and because trajectory end frames are highly variable with respect to
when the task was actually completed in successful trajectories, we use the entire dataset only

for generating trajectory comparisons for preference prediction.

FAILSafe FAILSafe [192] contains successful and failed trajectories from a Franka Panda col-
lected in the Maniskill simulator [273]. Each task has many example failures collected from both
wrist and external cameras. Tasks are also segmented into sub-tasks, e.g., reaching a cube —

grasping the cube — ...

RACER RACER contains paired failed and successful trajectories on a Franka Panda in the
RLBench simulator [64, 135]. This dataset was picked for its non-prehensile tasks, such as open-

ing/closing drawers and sweeping.

AutoEval AutoEval contains data from automatic policy evaluations collected on 2 different
WidowX250 setups [340]. While task diversity is limited, we used this dataset because it contains
diverse strategies coming from the evaluation of arbitrary policies.

This dataset is used only for preference prediction due to some noisy automatic success/fail

detection.

LIBERO We self-generated a failure dataset in LIBERO [194] by adding Gaussian noise to suc-
cessful demonstration trajectories to re-generate paired failure trajectories for every task. This

data is paired with the original success-only LIBERO dataset mentioned in Section F.1.1.

Fino-Net Fino-Net data contains egocentric, paired success/fail data from a Baxter robot [129].

The data consists mainly of pick-and-place tasks, but it was selected for its use of a unique robot
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not present in the other datasets.

Human only Datasets

Finally, we also include human-only data. Our final dataset contains just one dataset, Epic-
Kitchens, but early on we also experimented with EgoDex [118]. We found that training solely
on Epic-Kitchens helped predict rewards for robot data, but this was not the case with EgoDex,

perhaps due to Epic-Kitchen’s background scene diversity and clutter.

Epic-Kitchens We include a subset of data from Epic-Kitchens [65]. Due to some difficulties we
encountered in downloading the entire dataset, we picked a subset of Epic-Kitchens 100 uploaded
to HuggingFace Datasets.’

Furthermore, because language annotations and trajectory end times are quite noisy, we use

the Epic-Kitchens dataset only for preference prediction.

F.1.2 Dataset Filtering and Task End-State Adjustment

To determine task-finished thresholds for each dataset, we designed a lightweight UI to visualize
randomly sampled trajectories from each data source. With this visualizer, we sample 10 tra-
jectories from each data source and manually mark the frame at which we deem the task to be
complete. We define this threshold as the point at which the task description is satisfied. Then,
we use the 90th percentile of end-frame thresholds (i.e., when 90% of the visualized trajectories
are complete) as our threshold. Most teleoperators collecting data in RBM-1M define the trajectory
as complete when the robot has performed a partial or full reset to neutral. As such, our end-state
thresholds are typically set to around 80-95% of the trajectory length.

This process takes no more than 2 minutes per data source, and the thresholds are used to
appropriately adjust target progress and success thresholds for training, detailed further in Sec-

tion F.2.2.

"https://huggingface.co/datasets/awsaf49/epic_kitchens_100
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F.1.3 Individual Evaluation Dataset Details

We summarize the number of trajectories in each of our in-distribution evaluation dataset in
Table F.2 and the out-of-distribution evaluation dataset in Table F.3 and describe them in detail

below.

USC Franka USC Franka is a dataset of mixed expertise trajectories collected between four
different tabletop tasks such as “fold towel” and “put the plate on the sink.” For each quality label,

we collected at least two trajectories each.

USC Trossen USC Trossen comprises of mixed expertise trajectories collected between five
different tabletop tasks using a bimanual Trossen. Some tasks are more articulated and dexterous
such as "unzip the pencil case" and "stir the pot". For each quality label, we collected at least two

trajectories each.

USC Koch Arms USC Koch Arms replicates the real-world data collected in ReWiND [329]
using bimanual Koch Arms. This dataset consists of 10 demos per-task over 20 tasks. We also

collect suboptimal and failure examples for each task.

MIT Franka MIT Franka is a dataset composed of diverse tasks, including pick and place (“pick
up the banana from X and place it on Y”) and dexterous tasks such as “fold the towel in half”, “pick
up the spatula and stir the beans in the pot”. We also include a task “pick up the mouse and place
it on X while avoiding Y” that requires semantic scene understanding. We collect trajectories of

different levels of expertise for each task.

UT SO-101 Univ3 SO-101 is a real-world dataset of manipulation trajectories collected using a
single-arm SO-101 robot. The dataset comprises two mixed-quality settings, each containing both
successful and failure trajectories. The first setting is a clean pick-and-place environment cen-

tered on a single household task, “put the bread in the oven.” This setting includes 30 successful

254



demonstrations and 45 failure trajectories. The second setting is a cluttered multitask environ-
ment consisting of three pick-and-place tasks, such as “put the red bowl on the blue plate.” For

each task in this setting, we collect 20 successful demonstrations and 15 failure trajectories.

F.2 Model Details

This section describes the Robometer architecture and training setup in detail, including model
hyperparameters, training objectives with associated loss weights, and the computational re-

sources used for training.

F.2.1 Model Architecture and Training Parameters

We summarize the training configuration for Robometer in Table F.5.

Table F.5: Training Configuration for Robometer

Parameter Value

Base Model Qwen/Qwen3-VL-4B-Instruct
Number of frames 8

Per-device batch size 16

Learning rate 2x107°

Weight decay 0.01

Total training steps 6500

Max sequence length 1024

LR scheduler Cosine

Warmup ratio 0.1

Min frames per trajectory 5

Progress loss type Discrete (C51 style)
Number of discrete bins 10

MLP head num hidden layers 1

MLP head dropout 0.1

MLP head hidden dim 2048
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Architecture We illustrate the overall architecture of Robometer in Figure F.2. Robometer in-
stantiates a causally masked vision-language model (VLM) backbone, QwWEN3-VL-4B-INSTRUCT,
a unified transformer that processes interleaved text and visual tokens using a single autoregres-
sive decoder. Natural language instructions are tokenized using Qwen’s SentencePiece-based

tokenizer.

Each video trajectory is first subsampled into a fixed number of frames. Each frame is inde-
pendently encoded by a ViT-style visual encoder and projected into a sequence of visual tokens.
A special (|video_start|) token marks the beginning of visual input, after which visual tokens are
appended sequentially and assigned unique positional indices in the unified token sequence. The
decoder jointly attends over language tokens, visual tokens, and special tokens using a single

causal attention mask, supporting unified multimodal reasoning.

To enable dense, frame-level reward estimation, a learned progress token (|prog_token|) is
inserted after each frame o} in the first trajectory. Under causal masking, the hidden state of

(|prog_token|) can attend only to the instruction and visual tokens from frames o;.,.

We introduce a dedicated separator token (|split_token|) to demarcate the boundary between
two video trajectories. The second trajectory o? is appended after (|split_token|) and processed
jointly with o' in the same causal sequence. A learned preference token (|pref_token|) is appended
at the end of the prompt; its hidden state aggregates information from the instruction and both

trajectories and is used to predict pairwise preference.

We attach lightweight MLP heads to the shared VLM backbone. Specifically, the progress,
preference, and success heads each consist of a two-layer MLP followed by LayerNorm, GELU
activation, and dropout, and a final linear projection that outputs a scalar logit. The progress
head is applied to the hidden states of the interleaved (|prog_token|) tokens to produce frame-
level progress logits, while the success head operates on the corresponding per-frame hidden
states to predict frame-level success logits. The preference head is applied to the hidden state of
(|pref_token|) to produce a single logit indicating whether the first trajectory is preferred over

the second.
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For preference supervision, we construct a single multimodal prompt that contains two tra-
jectories, serialized into a single causal sequence and separated by a split token. This is a more

detailed, expanded version of Equation (8.3.1).

Tok(l, 0#, 0®) — Tok(l) This is Trajectory A” (|video_start|) Tok(o?: )
(|split_token|) This is Trajectory B”

([video_start|y Tok(o? ;) (|pref_token|).

Prompt. Since we train the model on all 3 objectives (progress, success, preference) simulta-
neously, we always sample a preference prompt. Thus, we always condition the model on the

following natural-language prompt.

Robometer training prompt

Given these two trajectories for the task “{task}”, evaluate which one makes more progress towards
the task. Return A for the first trajectory and B for the second trajectory. Additionally, predict the
task progress at each frame of the first trajectory as a float between 0 and 1, where 0 corresponds to
the initial state and 1 corresponds to task completion. If the robot is not performing the specified task,

predict 0 progress.

Model and Training Params We list overall hyperparameters in Table F.5. We did not ex-
tensively sweep these hyperparameters—we followed best practices and parameters from prior
work [14, 15, 172]. For the preference, success, and progress prediction MLPs, we heuristically
select a hidden dimension of 2048, which is half the input size (Qwen’s hidden embedding size)

of 4096.

F.2.2 Training Objectives

Trajectory Cutoffs and Success Supervision In several teleoperated datasets, episode ter-
mination does not coincide with task completion. Operators typically complete the task and then
manually stop the recording after a short delay, resulting in trailing frames in which the robot

remains static or performs incidental motions unrelated to task execution. These frames do not
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reflect additional task progress and introduce noise when used for frame-level progress supervi-
sion. To mitigate this issue, we manually annotate a dataset-specific success cutoff corresponding
to the frame at which the task objective is first achieved and apply this cutoff uniformly to all
trajectories within the dataset (see Table F.6).

For frames occurring after the dataset-specific success cutoff, we assign target progress and
success labels of 1.0, reflecting that the task has already been completed. Success supervision is
applied selectively to avoid ambiguous or conflicting learning signals. Specifically, we predict
success only for frames whose target progress is either strictly below a minimum success thresh-
old 7y, corresponding to clearly pre-completion states, or exactly equal to 1.0, corresponding to
completed states. Frames with intermediate progress values near completion are excluded from
success supervision, as they often correspond to visually ambiguous transitional or stabilization

phases.

Progress Supervision in Preference Samples For preference samples, we apply progress
supervision only to the first trajectory (Trajectory A), reflecting the fact that progress prediction
is used at inference time for a single video. To avoid introducing noisy or ill-defined targets,
we compute progress loss for Trajectory A only when it corresponds to a successful trajectory.
When Trajectory A corresponds to a failed or suboptimal execution, we do not apply progress
supervision.

For datasets that provide continuous partial completion annotations, such as RoboArena, we
supervise progress on the final frame of Trajectory A using the ground-truth partial_success
value, even when the trajectory is suboptimal. This allows the model to learn calibrated progress

estimates from human-annotated partial completion labels.

Data Source and Strategy Sampling Detailing Section 8.3.4 further, we construct pairs of tra-
jectory comparisons for preference supervision (and also progress/success supervision with the

first trajectory input to the model) by first sampling a preference sampling strategy from different-
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Table F.6: Dataset-specific success cutoffs used to correct for delayed episode termination in teleoper-
ated data. Datasets not contained here use a default success cutoff of 1.0.

Dataset Success Cutoff

Open-X Embodiment (OXE)

Aloha Mobile 0.95
Austin BUDS 0.95
Berkeley Cable Routing 0.95
Berkeley FANUC Manipulation 0.98
Bridgev2 0.95
DLR EDAN Shared Control 0.95
CMU Pickup Insert 0.95
UCSD Kitchen 0.95
UT Austin Mutex 0.95
BC-Z 0.95
Berkeley MVP 1.00
Berkeley RPT 0.76
Fractal 1.00
Furniture Bench 1.00
DROID 0.95
Imperial College Sawyer Wrist Cam 0.90
Language Table 1.00
NYU ROT 0.70
RoboSet 0.85
Stanford HYDRA 1.00
Tokyo-U LSMO 1.00
TOTO 1.00
Other Datasets

MolmoAct Household 0.94
MolmoAct Tabletop 0.94
AgibotWorld 0.95
PH2D 0.95
RH20T (Human) 0.92
RH20T (Robot) 0.94
RoboArena 0.90
H2R 0.90
SOAR 0.95
AutoEval 0.94
Galaxea 0.80
FINO-Net 0.75
Humanoid Everyday 0.80
Motif 0.95
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task, rewind augmentation, or different-expertise. Conditioned on the selected strategy, we restrict

sampling to datasets from which the corresponding type of preference pair can be constructed.

« For different-expertise strategy, samples are constructed from mixed expertise datasets, such
as RACER or FINO-Net, where trajectories are labeled as successful, suboptimal, or failed.
We use these annotations to form preference pairs that rank trajectories by execution qual-
ity. In datasets such as RoboArena that additionally provide continuous partial_success
annotations, we sample two trajectories from the same task and assign the trajectory with
higher partial success as the preferred one.

« Rewind augmentation can be applied to trajectories from any dataset and does not require
additional annotations.

« For different-task pairing, we sample a trajectory that is successful for one task and pair
it with a trajectory executing a different task. When constructing different-task pairs, we
control whether both trajectories are drawn from the same data source or from different
sources. With probability pg.me, we sample different-task pairs from the same dataset to
discourage reliance on dataset-specific visual cues, while with probability 1 — p,me the tra-
jectories are drawn from different datasets to encourage robustness to domain shift. We set
Psame = 0.5, yielding an equal mix of same-source and cross-source different-task compar-

isons.

Preference Prediction Loss: Bradley-Terry vs BCE Our preference prediction loss in Equa-
tion (8.3.2) uses a binary cross-entropy loss coming from an MLP on top of the (|pref_token|)
embedding in Equation (8.3.1). Using this token with two input videos allows Robometer to si-
multaneously attend to both videos to predict this loss, resulting in one forward and backward
pass to train Robometer on preference prediction.

A common alternative in both reward modeling from pseudo-preferences [311] and general
RLHF reward function training on real human preferences [55] is to instead use the Bradley-Terry

loss [37, 55], where a single preference score is computed over an entire individual trajectory at
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a time, and then the loss is backpropagated across batch comparisons.

Ignoring computational efficiency differences, our main reason for not implementing the
Bradley-Terry loss into Robometer is that it does not leverage the pre-trained attention mech-
anism as effectively: our two-video formulation allows tokens from one trajectory to explic-
itly attend to tokens from the other, enabling direct cross-video comparison during preference
prediction. This strategy is common for comparative reasoning tasks in language reference
games [19, 214, 215]. In contrast, Bradley-Terry computes independent scalar scores per tra-
jectory and only couples them through the loss, which can make learning more sensitive to score
calibration across batches. We compare these objectives in Section F.4. As shown in Table F.7,
predicting a preference label from a dedicated (|pref_token|) given both videos (BCE) improves
reward alignment (from 0.862 to 0.948) and trajectory ranking over Bradley-Terry (from 0.325 to

0.655).

Table F.7: Bradley-Terry (BT) versus preference label from a dedicated (|pref_token|) (BCE) given
both videos in a single forward pass, evaluated on RBM-EVAL-00D.

Pref. Loss VOCr1 Kendall 71 Succ-Fail Diff. 1

BT 0.862 0.325 0.242
BCE 0.948 0.655 0.320

F.2.3 Computational Resources

We train Robometer using a per-GPU batch size of 16 across 4 GPUs, resulting in an effective batch
size of 64. All experiments are run on a server with jobs requesting 4 NVIDIA H200 GPUs and 32
CPU threads for 6.5k training steps, corresponding to approximately 2 days of wall-clock training

time. Unless otherwise specified, we use the same training configuration across all experiments.
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Figure F.2: Robometer model architecture. For a given task, our VLM based model takes in language
description and two trajectories 1 and 2 separated by split tokens. The vlm output for trajectory 1 is fed
into two MLP heads : progress - task completion percent and success - task completion probability. Finally
the full output is passed into a preference MLP to choose which trajectory best completes the provided
task.

F.3 Additional Reward Evaluation Results

We first list baseline implementation details for main paper baselines before discussing additional

reward evaluation results.

VLAC VLAC released 2 models built on the InternVL [51] VLM, with 2B and 8B parameters.
VLAC takes 2 frames as input and predicts the relative increase in progress between the first
and second frames; thus, its output range is [—1,1]. We directly perform inference using the
publicly available GitHub code and test both the 2B and 8B models—we found the 8B model to
perform slightly better on our evaluation results and thus use VLAC-8B as our baseline. The
pretrained VLAC checkpoints are obtained from the authors’ public release.” For relevant reward
comparisons, we normalize its outputs to make them directly comparable to those of all other

models that output only positive rewards.

Robo-Dopamine trains a step-aware general process reward model (GRM) to estimate fine-
grained manipulation progress from multi-view observations by predicting discretized progress

“hops” between states and aggregating these signals into a dense reward. We use the authors’

2https://huggingface.co/InternRobotics/VLAC
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released inference code and GRM-3B checkpoint.’*

Robo-Dopamine relies on richer task-specific
context at inference time (e.g. such as multi-view and goal images), which may not be consistently

available across datasets or deployment settings.

GVL We compare against GVL, which queries a closed-source vision-language model to esti-
mate task progress directly from video frames. GVL does not involve model fine-tuning; instead,
progress is inferred solely through prompting at inference time. In our experiments, we use
GPT-5-mini,” which is the strongest-performing closed-source model reported in the RoboRe-
wardBench [172] benchmark. To discourage the model from exploiting trivial temporal cues and
to reduce correlations with frame index, GVL shuffles video frames during inference and prompts

the model to predict progress values that are subsequently reordered chronologically.

ReWiND We implement ReWiND [329], which operates on precomputed visual and language
embeddings rather than raw pixels. Each video frame is encoded using a frozen DINOv2 vi-
sion encoder [230], and task instructions are embedded using the frozen Sentence-Transformers
MiniLM-L6-v2 model (a11-MiniLM-L6-v2 [244]). The resulting visual and text embeddings are

linearly projected into a shared latent space and processed by a Transformer encoder.

To enable a direct architectural comparison with Robometer, we predict per-frame progress
and success directly from the hidden states corresponding to visual frame embeddings using
lightweight MLP heads, and train progress using a discrete bin formulation. In our ablation study
in Table 8.4, we further extend the ReWiND baseline with a preference objective by concatenating
two trajectories into a single sequence and predicting a binary preference label via a learned
preference token, and we scale up its original architecture (4 layers, 8 attention heads) to a hidden

dimension of 1024, 32 transformer layers, and 16 attention heads.

Shttps://github.com/FlagOpen/Robo-Dopamine
‘https://huggingface.co/tanhuajie2001/Robo-Dopamine-GRM-3B
SGPT-5-mini-2025-08-27 the latest version as of writing.
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RoboReward is trained to predict a discrete 1-5 progress target on OXE and RoboArena. Ro-
boReward is trained using trajectory-level supervision and does not model intermediate task
progress within a trajectory. As a result, the model is primarily designed to provide a sparse,
terminal reward. For fair evaluation and comparison with our dense reward formulation, we ob-
tain frame-level rewards from RoboReward by running inference independently on each frame
of a trajectory and treating the resulting predictions as per-frame rewards. We use the publicly

released RoboReward-8B pretrained checkpoint provided by the authors.®’

F.3.1 Preference Prediction

RL-VLM-F RL-VLM-F [294] predicts trajectory preferences by prompting a closed-source vision—
language model to compare the final frame of two trajectories conditioned on a task description.
In our experiments, we instantiate RL-VLM-F using the same OpenAl GPT-5-mini model as for

GVL. RL-VLM-F uses the following prompt for preference prediction.

RL-VLM-F preference prompt

Each frame comes from a robot trajectory. (Think causally and use image comparison to verify any

confusion between the base of the robot and the end effector.)

1. What is shown in the first image (Image A)?
2. What is shown in the second image (Image B)?

3. For this question, here is the Goal Text: GOAL_TEXT

Is the goal being better achieved in Image A or Image B?
Reply with a single line containing O if the goal is better achieved in Image A, or 1 if the goal is better

achieved in Image B. Reply -1 if there is no discernible difference or progress.

For RL-VLM-F, preferences are inferred using only the final frame of each trajectory, whereas
Robometer applies a learned preference head that directly compares full video sequences. Pref-

erence accuracy is computed as the fraction of pairwise comparisons in which the predicted

*https://huggingface.co/teetone/RoboReward-4B
"https://huggingface.co/teetone/RoboReward-8B
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ordering matches the ground truth. To evaluate preference quality, we construct trajectory pairs
from the RBM-EVAL-00D split along two axes: (i) differing task instructions and (ii) differing tra-
jectory quality labels. For each dataset, we randomly sample 500 pairwise trajectory comparisons
and evaluate predicted preferences against ground-truth ordering labels. As shown in Tables F.8
and F.9, Robometer consistently outperforms RL-VLM-F, improving average preference accuracy

by 27.0% on different-quality pairs and by 32.4% on different-task pairs.

Table F.8: RL-VLM-F vs Robometer. Different quality trajectory pairwise preference accuracy on 500
comparisons for each of the RBM-EVAL-00D datasets.

Dataset RL-VLM-F (%) Robometer (%)
USC Franka 52.1 75.0
USC Koch 54.4 79.4
USC Trossen 66.7 76.2
USC xArm 48.6 88.9
MIT Franka 54.4 85.4
UT SO-101 56.7 90.0
Average 55.5 82.5

Table F.9: RL-VLM-F vs Robometer. Different task trajectory pairwise preference accuracy on 500
comparisons for each of the RBM-EVAL-00D datasets.

Dataset RL-VLM-F (%) Robometer (%)
USC Franka 70.7 100.0
USC Koch 54.7 89.8
USC Trossen 64.0 99.0
USC xArm 73.3 98.2
MIT Franka 55.3 98.4
UT SO-101 72.7 100.0
Average 65.1 97.6
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Table F.10: Per-dataset model ablation results. Reward alignment, trajectory ranking, and final re-
ward difference between successful and failed trajectories on RBM~EVAL-00D

VvOCr 1 Kendall 7 1 Succ-Fail Diff. 1
Dataset Prog. Only +Preference Robometer Prog. Only +Preference Robometer Prog.Only +Preference Robometer
USC Franka 0.913 0.974 0.959 0.083 0.542 0.646 0.039 0.428 0.326
USC Koch Arm 0.933 0.932 0.950 0.231 0.357 0.471 0.081 0.142 0.191
USC Trossen 0.199 0.902 0.911 0.333 0.423 0.653 0.052 0.231 0.312
USC xArm 0.890 0.973 0.961 0.389 0.597 0.694 0.079 0.154 0.345
MIT Franka 0.936 0.942 0.954 0.183 0.458 0.601 0.063 0.223 0.310
UT sO101 0.964 0.899 0.952 0.533 0.667 0.867 0.134 0.244 0.438
Average 0.806 0.939 0.948 0.292 0.507 0.655 0.075 0.237 0.320

Table F.11: Per-dataset VOC reward alignment results. Pearson correlation results (VOC) across
individual datasets for RBM~EVAL-ID and RBM-EVAL-00D.

Baselines w/ RoboReward Training Data w/ our RBM-1M data
Split Dataset -8B -8B TOPReward -4B -8B Robometer Robometer
RACER (Val) 0.131 0.156 0.710 0.328 0.491 0.652 0.937 0.561 0.943
OXE (BC-Z Eval) 0.142 -0.150 0.749 0.605 0.643 0.809 0.683 0.442 0.922
OXE (Berkeley Cable Routing Eval) 0.075 -0.425 0.703 0.006 0.657 0.801 0.900 0.491 0.887
? OXE (Bridge V2 Eval) 0.143 -0.875 0.834 0.579 0.891 0.898 0.633 0.526 0.920
E OXE (Jaco Play Eval) 0.114 -0.151 0.849 0.568 0.793 0.785 0.861 0.550 0.872
z OXE (Toto Eval) 0.254 -0.416 0.688 0.735 0.886 0.939 0.947 0.340 0.930
2 OXE (Viola Eval) 0.264 0.479 0.685 0.499 0.915 0.896 0.967 -0.014 0.947
Metaworld (Eval) 0.134 0.211 0.682 0.492 0.746 0.779 0.737 0.630 0.900
Libero (90) 0.254 0.217 0.875 0.684 0.874 0.846 0.912 0.592 0.967
Average 0.168 0.089 0.753 0.499 0.766 0.823 0.842 0.458 0.921
USC Franka 0.102 0.356 0.814 0.775 0.909 0.909 0.959 0.772 0.959
a
5 USC Koch 0.176 0.074 0.787 0.682 0.866 0.916 0.969 0.585 0.950
1
= USC Trossen 0.542 0.256 0.509 0.656 0.781 0.726 0.925 0.226 0.911
=
= USC xArm 0.282 0.454 0.867 0.584 0.896 0.914 0.951 0.435 0.961
=
2 MIT Franka 0.268 0.601 0.669 0.422 0.896 0.899 0.868 0.531 0.954
UT SO101 0.203 0.511 0.811 0.630 0.926 0.930 0.888 0.497 0.952
Average 0.262 0.375 0.743 0.625 0.879 0.882 0.927 0.508 0.948

Table F.12: Per-dataset trajectory ranking results. Trajectory ranking results on individual
RBM-EVAL-00D datasets.

Baselines w/ RoboReward Training Data w/ our RBM-1M data
Dataset -2B -8B -8B TOPReward -4B -8B Robometer Robometer
USC Franka 0.250 0.292 0.271 0.479 0.375 0.625 0.625 0.583 -0.125 0.646
USC Koch -0.008 0.167 0.064 0.420 0.375 0.332 0.264 0.533 0.336 0.471
USC Trossen  0.292 -0.111 -0.417 0.236 0.049 0.333 0.389 0.646 0.028 0.653
USC xArm 0.056 0.167 0.139 0.361 0.333 0.528 0.347 0.403 -0.167 0.694
MIT Franka 0.306 -0.017 0.072 0.283 0.348 0.494 0.396 0.479 0.080 0.601
UT SO101 0.300 -0.033 0.167 0.567 0.400 0.700 0.767 0.667 -0.067 0.867
Average 0.199 0.077 0.049 0.391 0.313 0.502 0.465 0.552 0.014 0.655

266



F.4 Additional Ablations

Table F.13: Data sampling strategy ablation results. Reward alignment, trajectory ranking, and final
reward difference between successful and failure trajectories on RBM~EVAL-00D and LIBERO-90. Models
are trained without using RBM-EVAL-00D scenes; RBM-EVAL-00D and LIBERO-90 are held out for evalua-
tion.

vVOC r 1t Kendall 7 1 Succ-Fail Diff. 1
Model RBM-EVAL-00D LIBERO (90) RBM-EVAL-00D LIBERO (90) RBM-EVAL-00D LIBERO (90)
No Different Task 0.930 0.966 0.560 0.903 0.260 0.362
No Rewind 0.860 0.818 0.480 0.815 0.150 0.241
No Subopt 0.915 0.910 0.585 0.890 0.235 0.413
Ours 0.950 0.976 0.660 0.919 0.330 0.455

Table F.14: Loss weight ablation results. Hyperparameter sweep over preference/progress loss weights
(Apref> Aprog) on LIBERO-10 and LIBERO-90. Each model is trained on LIBERO-(10, Spatial, Object, Goal)
and LIBERO-90 is heldout for evaluation only.

Weights vVOC r 1 Kendall 7 1 Succ-Fail Diff. 1

(Apref> Aprog) LIBERO-10 LIBERO-90 LIBERO-10 LIBERO-90 LIBERO-10 LIBERO-90

(2, 1) 0.983 0.964 0.981 0.898 0.347 0.352
(1, 2) 0.986 0.946 0.982 0.875 0.423 0.367
1, 1) 0.994 0.976 0.986 0.919 0.483 0.455

F.4.1 Preference pair sampling ablations

As shown in Table F.13, we ablate our preference pair sampling strategies to isolate which parts of
the data construction are responsible for generalization. We evaluate on held-out RBM-EVAL-00D
and the out-of-distribution LIBERO-90 benchmark, neither of which is used for training. We
remove one strategy at a time from Section 8.3.4 to measure its contribution to held-out ranking
and reward separation.

Across both held-out benchmarks, removing any component hurts performance, with the
largest drop coming from disabling trajectory rewinding, which most strongly reduces success—

failure separation and degrades trajectory ranking. Different-task negatives primarily affect
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instruction grounding: dropping them yields a consistent (though smaller) degradation in OOD
ranking. Finally, suboptimal trajectory pairs help calibrate rewards across mixed-quality be-
havior; removing them reduces ranking quality and narrows the margin between successful and
failed trajectories. Overall, each preference construction contributes complementary signal, and

combining them yields the strongest held-out ranking and reward separation.

F.4.2 RBM-EVAL-00D Pre-Training Objective Ablations

As shown in Table F.10, incorporating trajectory-level preference supervision consistently im-
proves reward-model behavior compared to training on progress labels alone. On average, adding
preferences boosts reward alignment from 0.806 to 0.939 and improves trajectory ranking from
0.292 to 0.507, indicating that pairwise comparisons provide a strong signal for ordering failed,
suboptimal, and successful behaviors. Robometer achieves the best average Kendall score of 0.655
and the largest success—failure final reward difference (0.320), while maintaining high alignment
(0.948). Notably, Robometer yields consistent gains in across all OOD datasets, suggesting that
jointly leveraging dense progress targets with preference learning produces a reward function
that both tracks task completion and better discriminates overall trajectory quality in OOD set-
tings.

We report detailed evaluation results for each dataset in RBM-EVAL-00D in Table F.11 (reward

alignment) and Table F.12 (trajectory ranking).

F.4.3 Training loss weight ablations

Table F.14 sweeps the relative weighting between the preference and progress losses. We find
that the best performance is achieved when the two objectives are weighted uniformly, with
(Aprefs Aprog) = (1, 1) outperforming settings that upweight either preference or progress on LIBERO-

90 across alignment, ranking, and success—failure separation.
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F.5 Policy Learning Experiment Details

F.5.1 RL with Ablated Reward Models

Experiment Setup. For each ablated reward model described in Section 8.4.2, we train an RL
policy from scratch using SAC [102]. We evaluate performance on two tasks from the LIBERO-90
suite: Task 28 (close the top drawer) and Task 33 (close the microwave). Both reward estimation
and RL training use only the external camera view. The policy observations consist of a DINO-
v2-small [230]-featurized external image concatenated with proprioceptive state inputs. During
training, we perform 25 evaluation episodes every 5000 training steps and report the average
success rate + standard deviation. For each reward model, we train 5 random seeds. The SAC

hyperparameters are provided in Table F.15.

Table F.15: RL with Ablated Reward Models. SAC hyperparameters.

Hyperparameter Value
Batch size 128
Target update rate ¢ 0.005
Discount factor y 0.99
Target update interval 1
Number of critics 5
Critics sampled per update 2
Pooled critic features True
Actor updates per train step 1
Critic updates per actor update 1
Actor learning rate 1x107°
Critic learning rate 1x107°
Entropy coeff learning rate 3x107*
Target entropy 0
Learning starts 5000 steps
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F.5.2 Automatic Online RL

Environment setup. We setup a DROID [146]-style Franka Panda environment on a cluttered
tabletop as depicted in Figure 8.6. Following DROID, we have a Robotiq gripper, an exterior Zed

camera mounted to the left of the robot arm, and a Zed wrist camera.

« Single Stage: The task is to put the bowl onto the table, where the difficulty lies in the
bowl starting in a tall dish rack which physically blocks the robot gripper if it approaches
the bowl from too low of an angle. The clutter also makes it difficult for 7z, to perform this
task with high success rates zero-shot (20% initial success rate), making it well-suited for
dense reward RL. The task instruction given to 7, is “put the bowl on the table.

« Multi-Stage: The first task is to put the corn in the pot, and the second is to then put the
lid on the corn, emulating a “steam corn” task. The pot being in the dish rack confuses 7,
so the base policy tends to either miss putting the corn in the pot or collide with the dish
rack and get stuck. The exact instructions for 7, are “put the corn in the pot located in the

dish rack” and “put the lid on the pot located in the dish rack.

RL algorithm. We train an RL policy from scratch with Diffusion Steering (DSRL) [287] to steer
a frozen 7, policy pre-trained on the DROID [146] dataset. The DSRL policy trains an SAC [102]-
style algorithm that operates over the noise space of the m, flow matching head. Specifically, the

inputs to the RL policy are:

DINO-v2-small [230]-featurized wrist image (384-dim)
« 1y VLM hidden embedding (2048-dim)
« Proprioceptive joint and gripper positions (8-dim)
« For multi-stage only: the index of the current stage the policy is in (1-dim), concatenated
with the proprioception.
The output is an action chunk of length 8, where each action is of dimension 32 (7;’s flow
matching head noise dimension) and the action bounds are [—2.0, 2.0] for single-stage and [—1.5, 1.5]

for multi-stage. The original DSRL paper proposed an MLP policy that outputs a single output
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noise action, which is copied 10 times (7,-DROID has a default action length of 10). Unlike the
original DSRL paper, we parameterize the policy with a transformer backbone so that it can out-
put a unique noise embedding for each action in the 8-length action chunk—we found this action
chunked version to perform more meaningful exploration and thus learn quicker. We copy the
first 2 noise actions of the action chunk to fill the remaining 2 noise timesteps for 7,-DROID, but
we only execute 8 actions out of 10.

Similarly, the Q function takes as input an 8-length action chunk but otherwise follows a
standard Q-function formulation. The network architectures follow the same one used in the
Offline RL experiments, whose details are in Table F.21. SAC algorithm hyperparameters are

detailed below.

Table F.16: Automatic Online RL. DSRL SAC hyperparameters.

Hyperparameter Value
Batch size 64
Target update rate 7 0.005
Discount factor y 0.995
Target update interval 1
Number of critics 4
Critics sampled per update 2
Pooled critic features True

Actor updates per train step

Critic updates per actor update

10 (single), 12 (multi)
4 (single), 2 (multi)

Actor learning rate 5x107°
Critic learning rate 1x107*
Entropy coeff learning rate 1x107*
Target entropy 0
Learning starts 1200 steps

Training steps

10000 steps

We run RL for 10000 environment steps, corresponding to about 40 minutes of total real-
world experiment time. We train after each episode rather than after each step, and we design an
asynchronous reward relabeling pipeline that relabels rewards in the replay buffer using reward

models after they’ve been added, to prevent reward-related latency.
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Success Detection. Success detection and episode termination come from the reward models.
With Robometer, we use the model’s success prediction probability and threshold it so that if
the last timestep’s success detection probability is > 0.6, the episode is marked as a success and
terminated. With RoboReward, we use its discrete reward predictions where we mark the episode
as successful if it predicts 5/5 reward. If no success is detected by 240 timesteps, the episode

terminates and resets.

For the multi-stage experiment, we run for 200 timesteps per stage. If the first stage (corn in
pot) fails after 200 timesteps, we reset. If the reward model detects success (as in single-stage)
in the first stage, we advance to the second stage, where the episode timeout is reset back to 200
timesteps. If there’s a failure in the second stage, we still reset the entire scene back to before
the first stage was completed. Each stage advance simply updates the language instruction for r,

and the task index for the DSRL policy/Q function.

Environment Reward. For the single-stage setup, the base reward for the task is —1/0,
where —1 is given at every step except success, where 0 is given. This base reward is added to
the reward predictions € [0, 1], thus bounding the per-step reward to be [—1, 1], where the only

possible positive reward signal comes at the end of a successful trajectory.

In the multi-stage setup, the base reward when the policy is in the first stage is —2 at each
timestep, added to the reward predictions from the reward model. When the policy enters the
second stage, the base reward is —1/0 just like in the single-stage setup. This simple reward
design always encourages the policy to advance to the next stage, even under possibly suboptimal

rewards.

Results. Our single-stage results in Figure 8.6 show a 55% improvement in performance of
Robometer over RoboReward after 10k online RL steps. A key failure mode of RoboReward is its
tendency to predict high rewards even when the robot is executing the wrong task. In cluttered
environments, RoboReward frequently assigns a maximum reward (5/5) when the robot manip-

ulates objects that are not the target bowl. This leads to a large number of false positives, as
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quantified in Table F.17.

Table F.17: Automatic Online RL reward relabeling. True positives (TP) and false positives (FP) for
reward predictions during online RL.

Method True Positives False Positives
RoboReward 6 45
Robometer 18 0

Finally, in our multi-stage results in Figure 8.6, RoboReward does not improve the 7, policy
at all. This failure to improve stems from how the 7, policy tends to fail the first subtask, putting
the corn in the pot, by dropping it near but not in the pot. RoboReward often falsely assigns a 5/5
score to these failed states, allowing the policy to move onto the next stage. As a result, during
evaluation, the RoboReward-trained DSRL policy often drops the corn into various parts of the
dish rack rather than into the pot. Robometer, on the other hand, rarely assigns these states as

successful, enabling the policy to learn more.

F.5.3 Out of Distribution Failure Detection

For out-of-distribution failure detection, we evaluate our model on MIT Franka dataset. For quan-
titative analysis in Table F.18 and Figure F.3, we mark a trajectory as success if success probability

is higher than or equal to 0.5, and failure otherwise.

Baselines. In addition to RoboReward-4B, VLAC, and GPT-5-mini, we compare against an
uncertainty-based baseline, following [98, 122]. Token-Uncertainty baseline estimates predictive
uncertainty by computing entropy over generated language tokens. We compute token uncer-

tainty on evaluation trajectories using the 7,-FAST DROID policy [236].

Discussion. Figure F.3 visualizes out-of-distribution failure detection using an asymmetric 3x2
confusion matrix: ground-truth labels include failure, suboptimal, and success, while predictions

are binary (failure vs. success). This view separates two practically distinct error types: (i) missed
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Figure F.3: Failure Detection OOD confusion matrices with ternary ground truth and binary predic-
tion. Rows indicate ground-truth execution outcomes (failure, suboptimal, success), while columns indicate
binary predictions (predicted failure vs. predicted success). Suboptimal trajectories correspond to executions
that make partial progress but do not complete the task. Suboptimal trajectories are treated as failures in
our quantitative evaluation, as emphasized with the horizontal orange divider in the above confusion ma-
trices. Color intensity reflects the number of trajectories.

failures/suboptimal executions (mass in the right column for the top two rows), and (ii) false
alarms on successful executions (mass in the left column for the bottom row). Across methods,
Robometer allocates more mass to correctly flagging both failure and suboptimal trajectories as
failures, while maintaining relatively few false alarms on success trajectories, consistent with its
higher average F1 in Table 8.5. In contrast, GPT-5-mini concentrates mass in the predicted success
column for failure and suboptimal rows, indicating a conservative bias that avoids false positives
but misses many non-success outcomes, whereas RoboReward-4B is intermediate with improved

failure sensitivity but still more confusion between suboptimal and success than Robometer.

Table F.18: Failure detection performance. We report true positive rate (TPR; correctly detecting
failures), true negative rate (TNR; correctly identifying successful executions), and F1 score.

Task Token-Unc. VLAC GPT-5-mini -4B Robometer
as

TPR TNR F1 TPR TNR Fi1 TPR TNR | F1 TPR TNR Fi1 TPR TNR @ F1

move banana 0.00 1.00 053 0.89 035 045 031 1.00 048 100 062 091 1.00 0.75 0.94
move mouse  0.00 1.00 = 0.50 1.00 0.00 000 080 1.00 089 080 0.75 | 080 1.00 0.75 @ 0.91
pour pebble 0.00 1.00 032 088 000 [ 0.00 014 1.00 025 057 100 073 071 1.00  0.83

fold towel 0.00 1.00 ' 058 095 010 016 0.15 1.00 027 031 067 | 040 054 056 @ 0.58
pull tissue 0.00 1.00 043 100 0.00 [ 0.00 000 1.00 000 055 0.00 | 057 073 050  0.76
put spoon 0.00 1.00 ' 022 100 000 | 0.00 0.14 1.00 025 057 100 '0.73 057 1.00  0.73
stir pot 0.00 1.00 ' 047 0954 000 [0.00 009 1.00 0.17 091 1.00 1 0.95 0.82 1.00 @ 0.90
Average 0.00 1.00 048 095 0.10 | 0.16 020 1.00 033 0.69 063 074 077 0.70  0.81
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Failure detection with progress monitoring. Table F.18 compares our model against base-
lines on three evaluation metrics: true positive rate (TPR; correctly detecting failures), true nega-
tive rate (TNR; correctly identifying successful executions), and F1 score. Robometer consistently
outperforms baselines, resulting in higher average F1 score. Token-Uncertainty and GPT-5-mini
baselines attain perfect TNR but extremely low TPR, indicating a strong bias toward predicting
success and missing failures. VLAC exhibits the opposite behavior: it frequently flags trajectories
as failures, achieving high true positive rates but low true negative rates due to many false pos-
itives on successful executions, which results in lower F1 scores. RoboReward-4B lies between
these extremes, with improved failure sensitivity over GPT-5-mini but more confusion between

suboptimal and success trajectories than Robometer.

We provide qualitative examples of failure detection using progress monitoring across dif-
ferent failure categories in Figures F.4-F.6. Specifically, we compute the Pearson correlation be-
tween progress values and time over a sliding window, and flag a failure at the first timestep
where this correlation becomes lower than a threshold. This captures both irreversible failures,
where rewards sharply decrease after an error (e.g., object drops), and insufficient-progress fail-
ures, where rewards stagnate or regress over time. If no such failure is detected or if our model
predicts success, the trajectory is classified as successful. Our failure evaluation dataset include
both irreversible failures (e.g., object drops or spills) and insufficient-progress failures, where the
robot stalls, oscillates, or terminates execution before completing the task. We additionally high-
light semantic failures, where the robot executes a physically plausible behavior that violates the
task instruction. All qualitative examples use window size of 5 besides Figure F.4 (c) which uses

window size of 9. We use correlation threshold of -0.5 in all examples.

Across all cases, our reward model identifies failures by detecting regressions or stagnation in
predicted task progress. For irreversible failures (see Figure F.4), the predicted progress increases
initially but drops sharply after the terminal event (e.g., dropping or spilling), leading to early
failure detection. In semantic failures (see Figure F.5), progress remains consistently low despite

smooth execution, reflecting instruction-level mismatch. For insufficient-progress failures (see
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Figure F.6), the progress signal plateaus or oscillates without converging to success, allowing the

model to flag failure even in the absence of abrupt terminal events.

Task: Pick up the spoon and place it inside the cup
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(a) Dropped object during placement.

Task: Pour the pebbles from the cup onto the plate
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(b) Spilled contents during pouring.

Figure F.4: Irreversible failures. Terminal events such as drops or spills cause a sharp regression in
predicted task progress, which our model reliably flags as failures shortly after the event.

F.5.4 Data Filtering & Retrieval

Procedure and discussion. We have 50 trajectories in our play dataset, where each trajec-
tory consists of five tasks executed in random order: uncap the red pen, open the bottle, open
the red drawer, stir the pot, and unzip the pencil case, collected using the Trossen Stationary Al
bimanual setup. The dataset includes three camera views: one top-down view and one wrist-

mounted camera for each end effector. Example images from all camera views are shown in
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Task: Pick up the banana from the blue plate and place it on the green plate
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(a) Wrong object grasped despite correct motion pattern.

‘Task: Pour the pebbles from the cup onto the plate
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(b) Instruction-inconsistent action (placing the cup instead of pouring).

Figure F.5: Semantic failures. The robot executes smooth and physically plausible trajectories but vio-
lates the task instruction, resulting in persistently low predicted progress and failure detection without an
abrupt terminal event.

Figure F.6: Insufficient-progress failures. Although the robot continues to move, predicted progress
stagnates or oscillates without converging to success, enabling detection of failures caused by stalling or
premature termination. Execution stalls with plateaued progress in this example.
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Figure F.7. Following prior work [117, 212], we first segment each trajectory into subtrajecto-
ries based on end-effector velocities and changes in gripper states. In practice, we found that
explicitly incorporating gripper state changes produces cleaner segmentation of different tasks.
After segmentation, the play dataset yields a total of 615 subtrajectories. If subtrajectories were
uniformly distributed across tasks, this would correspond to 123 relevant segments per task; to
ensure conservative evaluation, we retrieve 100 subtrajectories per task.

We compare our method against three baselines: RoboReward, pre-trained SigLIP [326], a
vision-language model trained with contrastive image-language supervision, and a retrieval-
specific baseline, STRAP [212]. We chose to include STRAP as it is one of the few viable ap-
proaches for zero-shot data filtering and retrieval; alternative methods either require policy roll-
outs [5], larger amounts of task-specific data [297], or training additional task-specific retrieval

modules [73, 113, 191, 332].

Top - Down Left Wrist Right Wrist

Figure F.7: Data filtering & retrieval scene configuration from all cameras.

Given a task language instruction, we perform retrieval using different reward models as fol-
lows. For RoboReward and Robometer-Prog, we first compute per-timestep reward predictions
for each subtrajectory conditioned on the instruction. We then calculate the value-order correla-
tion of each subtrajectory using the predicted rewards and select the top 100 subtrajectories with
the highest VOC scores. When using the preference-based variant of our method (Robometer-
Pref), we construct pairwise comparisons between all subtrajectories, aggregate the results into
a win matrix, and rank subtrajectories according to estimated pairwise preferences. The top 100-

ranked subtrajectories are then selected. For SigLIP, we compute the average vision-language
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similarity between each subtrajectory and the instruction and select the top 100 subtrajectories
with the highest average similarity scores. We use wrist-camera images for retrieval in all meth-

ods, as they yield the highest-quality retrievals for all methods.

For 7,5 policy fine-tuning via LoRA [183, 199], we directly use the retrieved 100 subtrajec-
tories together with the corresponding task instruction. During fine-tuning, we include obser-
vations from all camera views, as well as states and actions. Results reported in Figure 8.8(b)
use a strict success metric: a trial is counted as successful only if the robot fully completes the
task. This criterion partially explains the low success rates observed for the baselines. Qualita-
tive inspection of learned behaviors reveals clear differences between retrieval methods. Policies
trained on SigLIP-retrieved data often learn to approach task-relevant objects (e.g., reaching the
drawer) but fail to complete the task. In contrast, policies trained on RoboReward-retrieved data
frequently exhibit random or unstable behaviors, consistent with a higher proportion of unrelated

subtrajectories in the retrieved set.

Additional experiments. We additionally evaluate retrieval quality in a controlled setting
where ground-truth trajectory labels are available. Instead of using the play dataset, we consider
the Trossen subset of RBM-EVAL-00D, which contains six tasks with known numbers of success-
ful, suboptimal, and failed trajectories. We perform retrieval for two representative tasks—open
the red drawer and unzip the pencil case—each of which contains three successful, two suboptimal,
and two failure trajectories. Using the same retrieval procedures described above, we retrieve five
trajectories per task and assess their quality. Results are shown in Table F.19. Robometer con-
sistently retrieves higher-quality trajectories, while baselines either fail to retrieve task-relevant
trajectories or select failure cases. These results highlight Robometer’s ability to both distinguish

between tasks and differentiate levels of execution quality.
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Table F.19: Trajectory retrieval analysis. Top-5 retrieval quality summary per task. Counts indicate
how many of the top-5 retrieved trajectories are labeled as success (Succ), suboptimal (Subopt), failure
(Fail), or unrelated (Unrel).

Task Method #Succ #Subopt #Fail #Unrel
SigLIP 2 2 1 0
RoboReward 2 1 2 0

Open the red drawer STRAP 2 2 1 0
Robometer—Prog 3 2 0 0
Robometer—Pref 3 2 0 0
SigLIP
RoboReward

Unzip the pencil case STRAP
Robometer-Prog

N W DD O N
NN O =
_ O =N DN
S O O W O

Robometer—Pref

F.5.5 Combining Noisy and Expert Trajectories via Offline RL

Procedure and data collection. We study how different reward formulations affect down-
stream policy learning when training on a mixture of expert and noisy trajectories using offline
reinforcement learning. Specifically, we compare three reward settings: (i) a sparse terminal re-

ward, (ii) rewards predicted by RoboReward, and (iii) rewards predicted by Robometer.

We evaluate offline RL on the SO-101 robot platform under two settings across two manipu-
lation tasks: Put the bread in the oven and Put the red bowl on the blue plate. Setting 1 is a clean
single-task setting that evaluates Put the bread in the oven; setting 2 is a cluttered multi-task

setting that evaluates Put the red bowl on the blue plate. We visualize these settings in Figure 8.7.

For each task, we collect a mixed-expertise offline dataset containing both expert demon-
strations and failed executions. In Setting 1, we collect 30 successful trajectories and 45 failed
trajectories for Put the bread in the oven. In Setting 2, we collect 20 successful trajectories and
15 failed trajectories each for 3 separate tasks: Put the marker in the pen cup, and Put the red cup
on the purple coaster, and the evaluation task Put the red bowl on the blue plate. With offline RL,

transitions from other tasks, whether the data is suboptimal or expert, should be useful for the
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Put the red bowl on the blue plate task as they share a similar cluttered scene.
Observations include images from both an external camera and a wrist-mounted camera, as
well as proprioceptive states. During offline RL training, we use images from both camera views,

while reward estimation is performed using the external camera view only.

Offline RL setup. We follow an offline RL training setup similar to ReWiND [329]. For all
methods, we train policies using Implicit Q-Learning (IQL) [158] with identical actor, critic, and

value network architectures, optimization hyperparameters, and datasets.

IQL objectives. IQLlearns a value function V,(s), an ensemble of action-value functions {Qy,(s, @)},
and a policy 74(a | s) from an offline dataset D = {(s, a, r, s")}. Each critic is trained by minimiz-
ing the temporal-difference loss £,(6;) = Ep [(Qgi(s, a)—(r+ yV]/,(s’)))Z]. The value network is
trained via expectile regression toward the critic ensemble using L (¢) = Ep [pr(min,- Qo,(s,a) — V¢(s))] ,
where p,(u) = |t — I(u < 0)|u®. The policy is learned via advantage-weighted regression with
objective L,(¢) = Ep [exp(A(s, a)/p)log my(a | s)], where the advantage is defined as A(s, a) =
min; Qy,(s, a) — Vy(s) and f is the advantage temperature.

To account for differences in reward sparsity and temporal structure, we sweep the discount
factor y € {0.9,0.95, 0.99} for each reward setting. All other IQL hyperparameters and actor—critic
architecture details are held fixed across methods and summarized in Tables F.20 and F.21. For

each method, we select the best-performing checkpoint based on validation performance.

Reward specification. RoboReward provides a sparse, trajectory-level progress signal. To en-
able its use in IQL, we convert RoboReward outputs into a per-frame dense reward by querying
the model on partial trajectory prefixes o,., and assigning the resulting prediction as the reward
at timestep t. In contrast, our reward model directly produces dense, temporally aligned rewards
over video sequences, which we use without additional post-processing. Aside from this dif-
ference in reward construction, all other aspects of offline RL training are kept identical across

methods.
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Table F.20: SO-101 offline RL experiment. Hyperparameters used for Implicit Q-Learning (IQL) in

offline policy training,.

Hyperparameter Value
Batch size 256
Target update rate 7 0.005

Discount factor y

{0.9,0.95,0.99}

Target update interval 1
Advantage temperature 2
Expectile 0.7
Advantage clipping 100.0
Policy extraction method AWR [235]
Number of critics 5
Critics sampled per update 2
Pooled critic features True
Updates per train step 1
Actor learning rate 3x107*
Critic learning rate 3x107*
Value network learning rate 3x 1074
Weight decay 0.0

F.6 Low-rank Fine-tuning Robometer-4B

RoboFAC dataset. We fine-tune and evaluate on RoboFAC, a video-based dataset designed for
robotic failure analysis and correction. RoboFAC spans 16 tasks across 53 scenes and provides
78K video QA pairs annotated over 10,722 trajectories. The dataset contains both failures and
successes: 9,440 failure trajectories and 1,282 successful trajectories. Failures are collected in
both simulation and the real world, with 8,960 simulated failures and 480 real-world failures;

additionally, the dataset includes 1,160 simulated successes and 122 real-world successes.

LoRA fine-tuning Robometer-4B. We keep our pre-trained Robometer-4B reward model
backbone fixed and train LLM LoRA adapters (76M parameters) while also fine-tuning the MLP
prediction heads (progress, preference, and success). We train for 500 steps with a batch size of 8

on a single NVIDIA RTX A6000 for approximately 8 hours of wall clock time.

Baselines. To isolate the benefit of initializing from our pre-trained Robometer-4B check-
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Table F.21: SO-101 offline RL model architectures. Transformer-based actor and critic architectures
used for offline IQL training. Both networks share a lightweight Transformer encoder, followed by task-
specific MLP heads.

Component Actor Critic

Transformer Encoder

Model dimension (dpyodel) 256 256
Number of heads 8 8
Encoder layers 6 6
Transformer dropout 0.0 0.0
Transformer activation GELU GELU
Layer normalization False True
Pooling strategy - First token

Feature Processing MLP

Hidden dimensions [512,512] [768, 512]
Activation ReLU ReLU
Dropout 0.0 0.0
Output Head

Output hidden dims None None
Action squashing Tanh -
Deterministic policy False -
Log-std init 0 -
Log-std range [—20, 2] -
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point versus starting from scratch, we include two Qwen3-VL baselines fine-tuned on the same
dataset. First, we perform LoRA fine-tuning starting from Qwen/Qwen3-VL-4B-Instruct and
train the prediction heads from random initialization. We also fully fine-tune all parameters of

Qwen/Qwen3-VL-4B-Instruct), again training the prediction heads from random initialization.

Results. Table 8.3 reports offline reward evaluation on RoboFAC. In the zero-shot setting,
Robometer-4B already achieves strong correlation with ground-truth progress (VOC r=0.652,
Kendall 7=0.436), indicating meaningful transfer without any RoboFAC supervision. After adap-
tation, Robometer-4B provides a substantially better initialization than training the base VLM
from scratch. Full fine-tuning from our checkpoint reaches VOC r=0.884 and Kendall 7=0.802,
outperforming the strongest from-scratch baseline by +21.6% in VOC and nearly an order of
magnitude in Kendall 7. Notably, LoRA on Robometer-4B attains essentially the same perfor-
mance, indicating that the gains primarily come from our pre-trained initialization rather than

full-parameter adaptation.

F.7 Robometer with Model-Based RL

Setup. For this proof-of-concept experiment,

: : Put the ice cream
we integrate Robometer into a model-based al-

in the pink plate
gorithm by using it to rank candidate trajecto- 1
ries sampled from the world model. E 0.70
We adopt the DreamZero [316] world %
model checkpoint trained on DROID to use in % -

an identical DROID setup to the online RL ex-

B DreamZero B w/ Robometer
periments, albeit with a different task.
Figure F.8: Model-Based RL with Robometer inte-

Given 3 camera observations, proprio- grated into DreamZero [316]. In this cluttered scene,

Robometer improves DreamZero’s performance from
ceptive states, and a language instruction, 20% success rate to 70%.

DreamZero simultaneously generates candidate future observation sequences (multiple video
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frames spanning 1.6 seconds) with associated action chunks of length 24.

We compare DreamZero with and without Robometer ranking candidate trajectories. DreamZero
without Robometer directly generates a single candidate future observation sequence from which
we extract the action chunk. With Robometer, we generate 6 candidate observation sequences at
each inference step, rank them with the progress output from Robometer, and then execute the
action sequence extracted from the highest-ranked generated observation sequence.

In total, generating a single action chunk of length 24, including the world model forward pass
for the 6 candidate observation sequences, takes approximately 28 seconds on 1 H200, resulting in
a single trajectory taking around 3 minutes to execute including robot execution time. The vast
majority of this inference time is from the world model; Robometer’s forward pass only takes
around 0.6-1 seconds.

Results. We evaluate on a “put the ice cream in the pink plate” task in an extremely cluttered
scene with many possible receptacle plates of different colors. DreamZero typically places the ice
cream cone in the wrong plate, while integrating Robometer corrects for this mistake. Overall,
results in Figure F.8 demonstrate a 3.5x improvement in success rate evaluated over 10 trials with

Robometer.
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