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Abstract— We introduce DreamControl, a novel method-
ology for learning autonomous whole-body humanoid skills.
DreamControl leverages the strengths of diffusion models and
Reinforcement Learning (RL): our core innovation is the use
of a diffusion prior trained on human motion data, which
subsequently guides an RL policy in simulation to complete
specific tasks of interest (e.g., opening a drawer or picking up
an object). We demonstrate that this human motion-informed
prior allows RL to discover solutions unattainable by direct
RL, and that diffusion models inherently promote natural-
looking motions, aiding in sim-to-real transfer. We validate
DreamControl’s effectiveness on a Unitree G1 robot across a
diverse set of challenging tasks involving simultaneous lower
and upper body control and object interaction.

Project website: https://genrobo.github.io/DreamControl/

I. INTRODUCTION

Significant advancements in humanoid robot control have
been made in recent years, particularly in locomotion and
motion tracking, leading to impressive demonstrations such
as robot dancing [1], [2] and kung-fu [3]. However, for
humanoid robots to transition from mere exhibitions to
universal assistants, they must be able to interact with their
environment by fully leveraging their humanoid form factor’s
mobility and extensive range of motion. This includes tasks
such as stooping to pick up objects, squatting for heavy
boxes, bracing to open drawers or doors, and precise pushing,
punching, or kicking of specific targets.

These tasks are sometimes referred to as whole-body
manipulation and loco-manipulation tasks, and continue to
pose substantial challenges for the humanoid robotics field.
Existing approaches to humanoid manipulation often sim-
plify the problem by fixing the lower body (e.g., [4]), training
upper and lower bodies separately with the lower body
reacting to the upper (e.g., [5]), or focusing exclusively on
computer graphics applications (e.g., [6], [7]).

A major challenge in whole-body loco-manipulation is that
of contending with multiple timescales. First, there is the
problem of dynamically maintaining stability and balance,
which requires short-horizon control and robustness at the
sub-second scale and is challenging due to high degrees
of freedom, underactuation, and a high center of mass.
Recent approaches address this part of the problem with
reinforcement learning (RL) and sim-to-real transfer.
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Fig. 1: Unitree G1 humanoid performing various skills trained via
DreamControl, including (1) opening a drawer, (2) bimanual pick
(of a box), (3) ordinary pick and (4) pressing an elevator button.

Concurrently, the robot needs to formulate a motion plan
for grasping distant objects, which is a long-horizon problem,
spanning up to tens of seconds. The long-horizon and high-
dimensional nature of bimanual manipulation leads to a
particularly challenging RL exploration problem, requiring
complex and precise coordination between both sets of
arms and hands. Directly applying RL in such scenarios
can therefore often fail or lead to unnatural behaviors that
generalize poorly to the real world [8].

Consequently, modern approaches often rely on real-
world data collection and imitation learning. Among these
approaches, diffusion policies [9] (and related flow matching
based approaches [10]) have shown promise in generating
long, consistent temporal data, offering a potential solution to
these challenges. Conceptually, diffusion-based approaches
are a natural fit for the multimodal nature of action dis-
tributions in manipulation and also scale well, allowing
for learning multiple tasks simultaneously. A complication,
however, is the limited availability of teleoperation data
for whole-body humanoid control, leading some groups to
propose using only upper-body teleoperation data. Whatever
the form, however, collecting large teleoperation data can be


https://genrobo.github.io/DreamControl/

labor-intensive and difficult to scale (Goldberg [11] refers to
this as the 100,000-year data gap in robotics).

We introduce DreamControl, a two-stage methodology
for learning autonomous whole-body skills that explicitly
addresses the above issues by leveraging the strengths of
both diffusion models and RL. Our key innovation is the use
of a diffusion prior over human motions, specifically utilizing
OmniControl [12], which takes text conditions (e.g., “open
the drawer”) and spatiotemporal guidance (e.g., enforcing a
wrist position at a specific time) as input. Subsequently, we
retarget motion samples from this prior to the robot form
factor of interest and train an RL policy in simulation to
follow these retargeted samples while simultaneously com-
pleting some task of interest (e.g., lifting a heavy box). We
demonstrate that both privileged and non-privileged versions
of this policy can be trained with minor modifications,
facilitating convenient deployment to real robots.

Our approach offers several benefits. First, instead of
relying on teleoperation data, it only depends on human data
for training the diffusion prior. Human motion data is far
more abundant (e.g. from motion capture and video sources),
and since it only informs the prior, we do not depend on
access to explicit reference trajectories during policy rollouts,
enabling fully autonomous task execution. We show that this
prior enables RL to discover solutions unattainable by direct
RL approaches. Additionally, our diffusion prior contributes
to bridging the sim-to-real gap by proposing natural-looking
(less robotic) motion plans that generally do not include
extreme motions.

We demonstrate the success of DreamControl on a Unitree
G1 robot across a variety of challenge tasks, including those
emphasizing simultaneous lower and upper body control
and object interaction, alongside ablations that validate our
design choices.

II. RELATED WORK

Our work is inspired by three main strands of research:
robot manipulation (with imitation learning as well as on-
policy RL), RL for legged robots (from locomotion and
teleoperation to full autonomy) as well as the character
animation and human motion modeling literatures.

A. Recent Advances in Manipulation

Modern deep learning approaches to robot manipulation
are commonly based on imitation learning [13]-[15]. Our
work draws particularly on those that leverage diffusion [16],
[17] or related flow matching [18] approaches to policy pa-
rameterization [9], [10], [19]-[23]. These approaches attempt
to emulate the success of LLMs because they scale well
given lots of data, but unlike text, robot data is not ubiqui-
tously available on the internet. Collecting robot trajectories
is costly, requiring expensive teleoperation rigs as well as
training and paying human teleoperators.

There are also on-policy RL approaches trained in simu-
lated environments that are more scalable [4], [24] — though
robust sim2real transfer is challenging. Most relevant to our
approach is the work of Lin et al [4] who demonstrate robust

bimanual manipulation skills on a humanoid robot, but do
not address whole body skills. Like [4] we use on-policy RL
(instead of behavior cloning with teleoperated trajectories)
— but our models are informed by a diffusion prior over
human motion, significantly reducing the need for reward
engineering.

B. RL controllers for legged robots

In recent years, deep RL has seen significantly increased
adoption in RL controllers for legged robots, starting with
robust legged locomotion policies for quadrupeds [25]—
[27] followed by bipedal form factors (including hu-
manoids) [28]-[34]. More recently authors have proposed
whole body motion tracking and teleoperation approaches
which allow a robot to track the motion of a human teleop-
erator [1], [2], [35]-[42] including advances in handling agile
and extreme motions (e.g. KungFuBot [3] and ASAP [43]).
See also [44] for a more complete overview of the field.

Finally, beyond tracking a provided human motion, lies the
challenge of enabling fully autonomous execution of specific
tasks, e.g. kicking, sitting, swinging a golf club (we will
sometimes refer to these as “skills”) [5], [43], [45]-[50].

Among these works, HumanPlus [48] and AMO [5]
demonstrate whole body autonomous task execution but
require teleoperated trajectories for IL. R2S2 [50] train a
limited set of “primitive” skills and focus primarily on
ensembling these primitives using IL and RL — whereas
our focus is on a recipe for training a library of such
primitive skills. Finally we note that BeyondMimic [49]
also leverages both guided diffusion and RL, but the way
that diffusion is used is mostly orthogonal to our work.
Guidance in their diffusion policy is “coarse” rather than
fine-grained compared to our work and does not account for
object interaction or long range planning.

C. Character Animation and Motion Models

There is also a similar literature on modeling the move-
ment of humanoids in physically realistic character animation
settings [8], [S1]-[58]. By having access to privileged sim-
ulation states and no sim-to-real distribution shifts, solving
problems in this simplified synthetic setting first has proven
useful as a stepping stone prior to crossing the sim-to-real
gap.

We are in particular influenced by statistical priors over
human motion — which have a rich history (see e.g. [59]-
[61]) and today leverage the recent advances in generative Al
(such as diffusion models and autogregressive transformers)
(6], [71, [12], [62], [63].

Among these papers, our work is most influenced by Omn-
iGrasp [8], CloSd [7] and TokensHSI [6], all of which explic-
itly handle object/scene interactions. Omnigrasp leverages a
prior over human motions (PULSE, [55]) taking the form of
a bottleneck VAE that directly predicts actions though has the
disadvantage of being somewhat more awkward to interpret
directly as a prior on human trajectories. CloSd generates
motion plans via diffusion and using an RL-trained policy to
execute in simulation. Our work goes further by leveraging



“Pick up an
{object}”

' '

Spatiotemporal p f(
Guidance

Tracking =
Rewards N
1

Motion Diffusion Model E
b

s AE
S SEO

l@ Retargeting

Trajectory

Saik %
o 3N %3 —
Trajectory J % [
-

]

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1 Human

1

1

1

1

1

1

1

1

1

1

1

1

1

1 1

1 1

1 1

1 1

1 1

1 1

\ 1
.

A. Reference Trajectory Generation

Task
Rewards  jg@

\

Perception
Model

{ 1
I 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
1 | !
I 1
I 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
I 1
I 1
\ 1

@ Goal position (x, y, z)

Real world ™~

5 vy, (6
i o8
2

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
Action i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Fig. 2: DreamControl Overview: (A) we first generate text and spatiotemporally guided human motion trajectories using diffusion; (B)
we train goal-conditioned RL policies to track these generated trajectories while completing some task of interest; (C) we deploy these
policies to a real humanoid, leveraging off-the-shelf vision models to determine spatial guidance inputs for the RL policy.

richer/fine-grained guidance which allows us to handle a
larger variety of tasks and addresses important simZ2real
aspects (such as removing explicit dependence on reference
trajectories from a motion model), enabling deployment on
a real robot.

III. THE DREAMCONTROLMETHODOLOGY FOR
CONSTRUCTING HUMANOID SKILLS

Our approach starts conceptually with standard teleoper-
ation RL pipelines for quadrupeds and bipeds / humanoids.
Typically such an RL policy (e.g., [35], [36] is trained with a
dense reward for accurately tracking keypoints from an input
trajectory (obtained e.g., via motion capture of a human)
along with other rewards (for stability, balance, smooth-
ness, etc). However for training a humanoid to perform
autonomous skills (such as picking up an object) an input
trajectory is not available at test time so we need to either let
RL learn the motion through exploration (which is very hard
without careful reward engineering), or we need to generate
this motion plan externally.

In DreamControl, we take this latter route of first gener-
ating motion plans externally through a pre-trained human
motion prior. These generated motion plans are then used
implicitly during RL training in the reward signal but not
explicitly used as goal conditions by the policy, (hence
putting the “Dream” in “DreamControl”). In addition to these
dense tracking rewards, we also use sparse and verifiable
task-specific rewards to explicitly promote task completion.
The overall pipeline is summarized in Fig.[2] We now discuss
the two stages of (1) trajectory generation from a human
motion prior and (2) RL in more detail. More details about
the exact parameters used for each task in these 2 stages are
in the Appendix.

A. Stage 1: Generating Reference Trajectory from a Human
Motion Prior

A key desiderata for our first stage is to leverage human
motion data instead of humanoid teleoperation data which is
expensive. Human motion data is widely available (either in
the form of motion capture datasets or implicitly in video
datasets) and thus allows us to learn high quality priors
and a multitude of tasks. By generating realistic human-like
motions we also hope for more seamless sim-to-real transfer
and also offer more natural interaction with humans.

Additionally, we would like to choose a model that has
favorable scaling properties with respect to data. We thus
use a diffusion transformer [9], [62], [64] which has been
shown to be successful in modeling human motion as well
as robot manipulation trajectories and is known to scale well
with large datasets while remaining well behaved in low data
regimes [65].

Among previous motion diffusion models, we build on
OmniControl [12] which can be flexibly conditioned on both
text and spatiotemporal guidance. OmniControl generates
trajectories following a given text command (e.g., “Pick up
the bottle”) while stipulating that a joint or a subset of joints
reach a prespecified spatial location at a prespecified time.
In this way, our trajectory generation stage is analogous to
image or video inpainting.

This form of spatiotemporal guidance allows us to con-
nect a generated trajectory to its environment (for example,
allowing us to specify where a humanoid should sit, how
high it should jump, or the location of the object to be
manipulated). Being able to control this interaction point
is critical, since in the RL simulator we can instantiate an
object at some location and then use trajectories that are
guaranteed to approach this object, significantly facilitating
the RL exploration problem. In DreamControl, we specifi-
cally design the form of spatiotemporal guidance for each



task. For instance, our pick task involves providing a spatial
target for the wrist. See the Appendix for more details on
guidance control implementations.

Post-retargeting and trajectory filtering: Since Omni-
control is trained on human trajectories (represented via
the SMPL parameterization [66]), we next retarget these
generated trajectories to the G1 form factor (in similar
fashion to [67]): by solving an optimization problem (using
the PyRoki [67] library) that minimizes the relative keypoint
positions, relative angles, and a scale factor that adjusts for
the difference in link lengths. Additional residuals, such as
feet contact costs, self-collision costs, and foot orientation
costs, are used to improve physical plausibility.

Finally, we apply a layer of post-processing to the gen-

erated G1 trajectories prior to passing on to RL. Some of
the generated trajectories are not dynamically feasible and
thus not fit to be used for tracking in Stage 2. We devise
task-specific filtering mechanisms based on some heuristics
as discussed in detail in the Appendix. We also apply task-
specific trajectory refinements to avoid unnecessary move-
ments, such as setting all left arm joints to a default value
in the Pick task, where only right arm is used. These are
also discussed in the Appendix.
Trajectory representation: After all post-filtering and
refinement, we have a set of reference trajectories, {a;} gen-
erated with the same task-specific text prompt with different
(Pk.i» tk,i) spatiotemporal “goals”, which mean that joint k
should be at position py ; at time ¢ ;. In addition to this,
we also define ¢4 as the time at which the task-specific goal
interaction occurs. For example, ¢, for the Pick task is the
time when the object is to be picked up, ¢4 for the Button
Press task is when the button is to be pressed, etc. This
t4 is crucial for synthesizing scenes for each given reference
trajectory, as we discuss later in Section [III-B

Each reference trajectory is represented as a sequence

of target frames, c; = [v 0, 4, A¢, ..y @ (L—1)A¢], Where
At = 0.05s is the time step and L = 196 is trajectory
length (hence each trajectory spans 9.8s). Each frame is
represented as oy = {prefroot orefroot qffv S;efleft, S;efright}
where ¢ € R27 are the reference joint angles, p™ € R?
is the position of the root, <" ¢ R?* is the orientation
of the root in quaternions, and s©™ef ™M ¢ 10 1} are
the left and right hand states with 0 denotmg open and 1
denoting closed. These are manually labeled for each task;
for example, for the pick-with-right-hand task, we ensure that
the right hand closes immediately after time ¢, and that the
left hand stays closed through the duration of the task. Refer
to the Appendix for more details.
Out-of-distribution tasks: We use OmniControl in this
paper in a “zero-shot” fashion in the sense that we use
the weights and hyperparameters as originally released by
authors, and retarget them to G1 after trajectory generation.
Since OmniControl is trained on HumanML3d [68], we find
that it is capable of handling a wide variety of tasks “out-
of-the-box”.

However, we also explore a method handling certain
novel tasks that are not well represented by Omnicontrol

training distribution (e.g., pulling drawers) by using IK-based
optimization on a base trajectory of a person standing idle
(or bending down to pull a drawer below waist-level). More
details are described in the Appendix.

B. Stage 2: RL with Reference Trajectory

Once we have the reference trajectories from Stage 1, we
formulate the interactive task as an RL problem. In this
section, we describe a “privileged” variant with access to
internal simulator states and defer our discussion of how to
adapt this approach for real deployments to Section
Scene synthesis: First we need to synthesize a scene that
makes sense for each of the Stage 1 kinematic trajectories
to execute the interactive task — for example if we had
used guidance in Stage 1 to ask that the wrist be at point
p at time ¢, then during RL we instantiate the object-to-be-
manipulated near point p. More formally, given the time %,
at which the interaction happens in the generated trajectory
(e.g., the time at which the object is picked, button is pressed
etc.), we place the object of interest (pick object, button etc.)
at the following location:

o,world __ ¢b,world b,world
t = ttg + Rtg

o, (1

Ro,wor]d _ Rlz,world Rg,b’ (2)
9 g

where (t? world | pb. Wmld) is the pose of the robot body part
link in questlon in world frame (e.g., the right wrist link for
the pick-with-right-hand task) and (t*°, R®") is the offset
of the object w.r.t the robot body part link where the object
should be placed. All specific offsets and body part links used
in each task are listed in the Appendix. We randomize the
timestamp t4, target positions used to generate trajectories,
and thus py , and other characteristics of the object such as
mass and friction. We choose randomization hyperparameters
to demonstrate a wide range of settings for which we can
generate and use reference trajectories to solve tasks that can
be scaled with careful engineering. The exact randomization
hyperparameters of the environment are reported in the
Appendix.
Action space: Next we define our action and observa-
tion spaces. Our simulated robot is a 27-DoF Unitree Gl
equipped with two 7-DoF DEX 3-1 hands, one mounted on
each wrist (in real world experiments we use Inspire hands).
In this work we restrict hand control to discrete open/closed
configurations that are fixed per-task (see Appendix for task-
specific settings, e.g., extending the right index finger for
the open configuration during the button-press task). The
action space is therefore defined as a; € R29, where a; =
a®¥ gt oMY with oY € R27 denoting the target joint
angles for the G1 body, and @', a}*" € R controlling the
left and right hands, respectively. For the hand controls,
negative values correspond to an open hand and positive
values to a closed hand.
Observations: For each task, we include proprioception
information (joint angles ¢i°** € R?7, joint velocities ¢{°* €
R?7), root linear velocity v € R3, root angular velocity
wi*°t € R3, projected gravity in root frame g; € R3, previous



TABLE I: Reward terms for reference tracking and smooth policy enforcement.

Reward Term

Interpretation
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Penalizes deviation from reference joint angles
Penalizes deviation from reference keypoints (3D positions in world frame)
Penalizes deviation of robot root from reference root position
Penalizes deviation in orientation between robot and reference
Penalizes deviation of hand states from reference (o(x) =

1
14+e—% )

Penalizes high torques and accelerations

Penalizes high action rate changes

Penalizes foot sliding while in ground contact

Penalizes excessive foot-ground contacts (to discourage baby steps)
Encourages feet to remain parallel to the ground (discourages heel sliding)

action a;_1 € R??, and a target trajectory reference as input
observation, along with privileged task-specific observations
like relative pose of the object, mass, friction of the object
wherever relevant. At time ¢, the target trajectory refer-
ence observation consists of [y¢, Vi agobs, oy Vet (K —1) Atobs]
where K is the number of time steps into the future,
and At = 0.1s is a hyperparameter. 7; consists of
( q;ef7 q;e]: p;el, root’ plt‘el, key7 S;ef, left’ S;ef, rlght) where q{ef c R27
are the target joint angles, ¢i*f € R27 are the target joint
velocities, pfl‘mo‘ is the relative pose of the root reference
with respect to the robot’s base, p}™" * € R3*41 corresponds
to the relative position of the 41 keypoints on the robot with
respect to it’s root and s"H EM are the target reference
binary hand states. Note that ~; essentially contains the same
information as oy but is transformed into the robot’s frame
and some redundant information is added for ease of policy
learning inspired from [36], [40], [43]. Unlike these other
works, we include relative pose pi" ™ as input instead
of root reference velocities, and target reference keypoints
of reference with respect to robot’s root instead of target
trajectory’s root. This is because works like [40] do not aim
to precisely track the trajectory but instead train a deployable
policy that aims to follow velocity commands of root, and
thus tend to drift from global reference trajectory. In our
work, as we aim to precisely follow trajectories to accom-
plish interactive tasks, we exploit the privileged sim global
root position to obtain relative keypoints as observation.
However, it must be noted that it should be possible to
later train a non-privileged vision-based policy that exploits
scene information from vision to implicitly replace the global
position privileged information.

Rewards: In Table[l[] we summarize our reward terms (1) for
tracking the reference correctly, (2) to encourage maintaining
balance and enable smooth control.

We also add some (3) task-specific rewards to encourage
accomplishing the task with high success rates, such as the
reward for raising an object above a height for the pick task.
These are described for each task in the Appendix. The total
reward r; is obtained by:

ry = 21121wr1;7"t,i + Wtasksparse ESKSPATSE
where w,, for i € {1,2,...,10} (indexing over our 10 reward
terms) and w,wkspase are task-specific weights whose exact
values are given in the Appendix.

TABLE 1II: Success rates (%) in simulation over 1000 random
environments. (a) TaskOnly; (b) TaskOnly+; (c) TrackingOnly.
Bold denotes the best results.

Task / Method

—~
~
=

(b) (c) Ours

Pick 0 151 875 954
Bimanual Pick 0 31.0 100 100
Pick from Ground (Side Grasp) 0 0 99.4 100
Pick from Ground (Top Grasp) 0 0 100 100
Press Button 0 99.8 99.1 993
Open Drawer 0 24.5 100 100
Open Door 0 154 100 100
Precise Punch 0 100 994  99.7
Precise Kick 0 97.6  96.1 98.6
Jump 0 0 100 100
Sit 0 100 100 100

Training: We setup our environment and training in Isaa-
cLab [69] that uses IsaacSim simulation. All policies are
trained on an NVIDIA RTX A6000 with 48 GB vVRAM using
PPO [70]. For each task, we train for 2000 iterations with
8192 parallel environments. See Appendix for more details.

IV. EVALUATION
A. Tasks and Baselines

We evaluate on a library of 11 tasks: Pick, Bimanual
Pick, Pick from Ground (Side Grasp), Pick
from Ground (Top Grasp), Press Button, Open
Drawer, Open Door, Precise Punch, Precise
Kick, Jump, and Sit. For comparison, we report results
for our method (DreamControl), which combines tracking
with task-specific sparse rewards, and three baselines:

(a) TaskOnly: only task-specific (sparse) rewards,

(b) TaskOnly+: only task-specific rewards, both sparse and
engineered dense rewards inspired by [8], and

(c) TrackingOnly: only tracking rewards.

B. Simulation Results

Table |} reports success rates over 1000 random envi-
ronments, with each task success criteria defined in the
Appendix. Our results show that TaskOnly (a) achieves
0% success across all tasks, since relying solely on sparse
rewards provides no dense guidance to discover meaningful
motions. TaskOnly+ (b) improves performance by adding
engineered dense terms, enabling success on simpler tasks
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Fig. 3: Comparison of trajectories for the task of Jump. The top row
shows results from the TaskOnly+ baseline, while the bottom row
illustrates trajectories from the DreamControl. The yellow sphere
depicts the spatial control point used to guide the trajectories.

like Press Button and Precise Punch, but still fails
on tasks requiring coordinated whole-body motion. For ex-
ample, in Pick from Ground, the robot must crouch
in a balanced manner, and in Jump it must first lower its
body before springing upward; with only a pelvis-target
reward, the policy instead “settles for” merely stretching
its knees but is unable to discover how to perform a real
jump (see Fig. B). TrackingOnly (c) performs better overall,
but struggles with fine-grained interactive tasks such as
Pick. By combining both tracking and task-specific signals,
DreamControl achieves robust performance, outperforming
all baselines and achieving the best results on 9 of 11 tasks.

C. Human-ness Comparison

We also evaluate the human-ness (or naturalness) of tra-
jectories generated by our policies compared to TaskOnly+.
For tasks where TaskOnly+ achieves non-zero success, we
assess how natural the resulting motions appear. First, we
report Fréchet inception distance (FID; [71]) scores on the
HumanML3D dataset [68], using task-matched ground-truth
trajectories obtained via keyword filtering (see Appendix ).
As shown in Table [[l] DreamControl consistently achieves
lower FID values than TaskOnly+, indicating closer align-
ment with human motions. An exception occurs in the Pick
task, which we conjecture is due to a domain gap: human
demonstrations typically involve waist-level picking, whereas
the shorter G1 robot often performs shoulder-level picks,
making its trajectories less comparable to the human dataset.
However, other metrics suggest that our method DreamCon-
trolproduces more human-like motions consistently in all
tasks.

To further assess motion quality, we calculate average

absolute jerk (Table m second-to-last column), defined as

T S | B ...key,global ) _
Lt where 7 #° is the third derivative

of the global position of the k" keypoint, with N = 1000
trajectories, ' = 500 time-steps, and K = 41 keypoints.

TABLE III: Human-ness comparison of DreamControl (Ours) and
TaskOnly+. We report FID and jerk (m/s®), where lower is better,
and the average human preference. Bold denotes the best results.

Task Method FID | Jerk |  User Study 1
ok TaskOnly+ 0240 2112 15.0%
e Ours 0320 1475 85.0%
TaskOnly+ 1220 2357 17.25%
Press Button g 0375 1619 82.75%
brecise punen  TaskOnly+ 0417 - 2299 7.5%
recise Funceh gy 0.084 199.8 92.5%
P : Kick TaskOnly+  0.522  360.9 17.5%
recise Ric Ours 0.161 2525 82.5%
5 TaskOnly+ 1216 236.4 5.0%
ump Ours 0208  148.5 95.0%

Lower jerk indicates smoother motions, and our method
significantly outperforms TaskOnly+, producing more fluid,
human-like movements.

We also conduct a user study with 40 participants, in
which they are shown side-by-side videos of trajectories
from both methods (order randomized) and asked to select
which looked more human-like. As summarized in Table [Tl
(last column), participants overwhelmingly preferred Dream-
Control’s trajectories across all tasks, further confirming the
naturalness of our approach.

Finally, as shown in Fig. [3] the trajectory generated by
our approach (bottom row) is noticeably more natural and
human-like compared to the TaskOnly+ baseline (top row).
Our method exhibits a smooth jumping motion, where the
robot first bends and then lifts off the ground, while the
TaskOnly+ baseline lifts off but without bending, resulting
in a less human-like motion that also does not accomplish
the task.

D. Sim2Real Deployment

To demonstrate real-world effectiveness, we deploy poli-
cies for selected tasks on hardware after retraining with
observations modified in the following ways to remove
dependence on simulator-privileged information:

o Remove the trajectory reference observation (ref),
though references remain available via the rewards;

« Remove the linear velocity of the root;

« Remove privileged scene-physics information like ob-
ject mass, friction etc.;

o Add time encoding (¢, sin(27¢/T')), where T is the total
length of the episode.

We use the same rewards as in Stage 2, including motion
tracking terms, but transform the reference trajectory for
(z,y,yaw) of the root to avoid privileged inputs that are
unavailable for the critic. The resulting policy depends only
on the relative position of the object / goal, making it
deployable on the real robot.

Hardware setup: We use a Unitree G1 humanoid (27-DoF,
waist lock mode allowing only yaw movement) equipped
with Inspire dexterous hands (6-DoF each, controlled in
binary open / close mode). An onboard IMU provides root



orientation, gravity direction, and angular velocity. A Re-
alSense D435i depth camera, mounted on the neck, estimates
the 3D position of the object / goal relative to the pelvis.
Deployment: To estimate object positions, we leverage
an off-the-shelf open-vocabulary object detection model,
OWLv2 [72] for 2D localization, then lift to 3D using depth
and object-specific offsets (Fig. JJC)). Due to OWLv2’s
inference latency, we detect the object only in the first frame
and hold the estimate fixed thereafter. To mitigate errors
from this static estimate, we freeze the lower body during
interactive tasks (except bimanual pick) and add a penalty
on root velocities to ensure the base remains static. Note
that this limitation stems from perception bottlenecks rather
than our method; in principle, vision-based policies could
be trained via student-teacher distillation (e.g., [4]), which
we leave for future work. We provide details for sim2real
transfer in the Appendix.

We successfully deployed policies for: Pick (standing),
Bimanual Pick (with boxes of varying weights), Press
Button (standing), Open Drawer (at different positions),
Precise Punch (standing) and Squat (with varying
depths). Representative visualizations are shown in Fig. [I]
and more videos are available at Link.

V. DISCUSSION AND FUTURE WORK

In this work, we presented DreamControl, a novel recipe
for training autonomous humanoid skills that leverages
guided diffusion for long-horizon planning and reinforce-
ment learning for robust control, without requiring expensive
demonstration data. We validated our approach on several
challenging tasks, successfully transferring policies from
simulation to a real G1 humanoid robot.

While our current implementation does not yet compose
skills, support dexterous manipulation or complex object
geometries, the data-efficient nature of our method provides
a strong foundation for extensions along these lines. We
believe that scaling DreamControl to a broader repertoire
of tasks and more diverse robot morphologies is a promising
and immediate next step toward more capable and general-
purpose humanoid robots.
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APPENDIX

VI. ROBOT DETAILS

A. Joints

Our Unitree G1 Edu+ consists of 27 joints with their

names as mentioned in Table [Vl

TABLE IV: Joints of the Unitree G1 Edu+ grouped by body part.

Legs

left_hip_pitch_joint
left_hip_roll_joint
left_hip_yaw_joint
left_knee_joint
left_ankle_pitch_joint
left_ankle_roll_joint

right_hip_pitch_joint
right_hip_roll_joint
right_hip_yaw_joint
right_knee_joint
right_ankle_pitch_joint
right_ankle _roll_joint

Waist

waist_yaw_joint

(Left | Right) Arms

left_shoulder_pitch_joint
left_shoulder_roll_joint
left_shoulder_yaw_joint
left_elbow_joint
left_wrist_roll_joint
left_wrist_pitch_joint
left_wrist_yaw_joint

right_shoulder_pitch_joint
right_shoulder_roll_joint
right_shoulder_yaw _joint
right_elbow_joint
right_wrist_roll_joint
right_wrist_pitch_joint
right_wrist_yaw_joint

(Left | Right) Hands

left_hand_index_0_joint

left_hand_index_1 _joint

left_hand_middle_0_joint
left_hand_middle_1_joint
left_hand_thumb_0_joint
left_hand_thumb_1_joint
left_hand_thumb_2_joint

right_hand_index_0_joint

right_hand_index_1 _joint

right_hand_middle_0_joint
right_hand_middle_1_joint
right_hand_thumb_0_joint
right_hand_thumb_1_joint
right_hand_thumb_2_joint

TABLE V: Keypoints of the Unitree G1 Edu+ grouped by body

part.

Legs

left_hip_pitch_link
left_hip_roll_link
left_hip_yaw_link
left_knee_link
left_ankle_pitch_link
left_ankle_roll_link

right_hip_pitch_link
right_hip_roll_link
right_hip_yaw_link
right_knee_link
right_ankle_pitch_link
right_ankle _roll_link

Waist & Torso

pelvis pelvis_contour_link
waist_yaw_link waist_roll_link
torso_link waist_support_link
logo_link

Head & Sensors

head_link imu_link

d435_link mid360_link

Arms

left_shoulder_pitch_link
left_shoulder_roll_link
left_shoulder_yaw_link
left_elbow _link
left_wrist_roll_link
left_wrist_pitch_link
left_wrist_yaw_link
left_rubber_hand

right_shoulder_pitch_link
right_shoulder_roll_link
right_shoulder_yaw_link
right_elbow_link
right_wrist_roll_link
right_wrist_pitch_link
right_wrist_yaw_link
right_rubber_hand

VIII. KEYWORD-BASED FILTERING FOR FID

B. Keypoints

The 41 keypoints on the robot are named as detailed in
Table V1

C. PD control

We use PD controller to convert target joint angles to
torque, 7; as follows:-

7= kp( qgommands o qiobot) o kd q;ObOl

Where k, and k, are positional and derivative gains and

@s°m™mands are the joint commands. The kp, kg gains for each
joint are given in Table

VII. OPEN AND CLOSED STATES FOR EACH TASK

Each task has a specific set of joint angles for open and
closed hand states to facilitate task-specific function. For
instance, we want all fingers to open and closed in open and
closed states of hand respectively while for button pressing,
we only need the index finger open. For boxing, we keep
all fingers closed for both open and closed as we never need
to open them for the task. The exact finger joint angles for
open and closed hand states for each task are listed in Table

VI

We use the following keywords to filter out trajectories
that are used for FID calculation to evaluate human-ness of
keypoint trajectories followed by Ours against TaskOnly+:-

o Pick: All motions whose prompts contain “pick” key-
word in them

e Press Button: All motions whose prompts contain
“press” keyword and “button” keyword in them

e Precise Punch: All motions whose prompts contain
“punch” keyword in them

e Precise Kick: All motions whose prompts contain
“kick” keyword in them

e Jump: All motions whose prompts contain “jump”
keyword in them

IX. REFERENCE TRAJECTORY GENERATION

For each task, we have a text prompt, A*** and a spatial
control signal APl ¢ RL*S*3 where I, = 196 is the no of
time-step, S = 22 is the number of SMPL joints named as
follows:-



TABLE VI: Joint list (unrolled column-wise) with default angle,
Ky, and K all initialized to 0.

Joint name Default angle K, Kg
left_hip_pitch_joint -0.2 200 5
left_hip_roll_joint 0 150 5
left_hip_yaw_joint 0 150 5
left knee_joint 0.42 200 5
left_ankle_pitch_joint -0.23 20 2
left_ankle_roll_joint 0 20 2
right_hip_pitch_joint -0.2 200 5
right_hip_roll_joint 0 150 5
right_hip_yaw _joint 0 150 5
right_knee_joint 0.42 200 5
right_ankle_pitch_joint -0.23 20 2
right_ankle_roll_joint 0 20 2
waist_yaw_joint 0 200 5
left_shoulder_pitch_joint 0.35 40 10
left_shoulder_roll_joint 0.16 40 10
left_shoulder_yaw_joint 0 40 10
left_elbow_joint 0.87 40 10
left_wrist_roll_joint 0 40 10
left_wrist_pitch_joint 0 40 10
left_wrist_yaw_joint 0 40 10
left_hand_index_0_joint 0 5 1.25
left_hand_index_1_joint 0 5 1.25
left_hand_middle_0_joint 0 5 1.25
left_hand_-middle_1_joint 0 5 1.25
left_hand_thumb_0_joint 0 5 1.25
left_hand_thumb_1 _joint 0 5 1.25
left_hand-thumb_2_joint 0 5 1.25
right_shoulder_pitch_joint 0.35 40 10
right_shoulder_roll_joint -0.16 40 10
right_shoulder_yaw_joint 0 40 10
right_elbow _joint 0.87 40 10
right_wrist_roll_joint 0 40 10
right_wrist_pitch_joint 0 40 10
right_wrist_yaw_joint 0 40 10
right_hand_index_0_joint 0 5 1.25
right_hand_index_1_joint 0 5 1.25
right_hand_middle_0_joint 0 5 1.25
right_hand_middle_1_joint 0 5 1.25
right_hand_thumb_0_joint 0 5 1.25
right_hand_thumb_1_joint 0 5 1.25
right_hand_thumb_2_joint 0 5 1.25

TABLE VIII: Body joints grouped by body part.

Legs

left_hip right_hip
left_knee right_knee
left_ankle right_ankle
left_foot right_foot
Spine & Torso

pelvis spine_1
spine_2 spine_3
neck head
Arms

left_collar
left_shoulder
left_elbow
left_wrist

right_collar
right_shoulder
right_elbow
right_wrist

For a given spatial control signal point at a given time-step
and joint, it is considered functional only if the 3D spatial
point is not (0,0,0). Hence, we initiate all spatial control
points with (0,0, 0) and then fill out values of joints at time-
steps that we want to control.

TABLE VII: Open and Closed hand states for all tasks. Each
config state for a hand consists of a tuple of 7 joint angles
in the same order as in Table AOL: (0,0,0,0,0,0,0),
ACL: (—7/2,—7)2,—7/2,—7[2,0,7/3,7/2), AOR:

(0,0,0,0,0,0,0), ACR: (w/2,7/2,7/2,7/2,0,7/3,7/2),
BPR: (0,0,7/2,7/2,0,7/3,7/2), DOR: (0,7/2,0,7/2,0,0,0)
Left Hand Right Hand Group
Task Config Config set to
(Open — Close) (Open — Close)  default ¢
Pick ACL — ACL AOR — ACR  Gleftam
Precise Punch ACL — ACL ACR — ACR -
Precise Kick ACL — ACL ACR — ACR -
Press Button ACL — ACL PBR — PBR -
Jump ACL — ACL ACR — ACR -
Sit ACL — ACL ACR — ACR -
Bimanual Pick ACL — ACL ACR — ACR -
Pick from Ground oy Ao ACR — ACR  Grightam
(side grasp)
Pick from Ground ACL — ACL ACR — ACR Gleftarm
(top grasp)
Pick and Place ACL — ACL AOR — ACR -
Open Drawer ACL — ACL DOR — ACR -
Open Door ACL — ACL DOR — ACR -

A. Task-specific prompts

All task-specific prompt texts, A\'*' are listed in Table
The spatial control signals for each task are given as follows:-

1) Pick: For each reference trajectory:- We sam-
ple a target point, p®& = {p* € U(1.0,1.2),p¥ €
U(—0.4,0.4),p* = 1.1}. Target time-step is chosen to be,
ty = 50+ [50(p” —1.0) |. Then, we set spatial control signal
for wrist as follows:-
ATEhLWISt _ argetyy; {ty, -

(2

by + 20}
— (ptarget,x7 ptarget,y’ plarget,z + 0.2)
Vi € {t, + 20, ..., t; + 40}

right_wrist
A, ¢

We also set the target spatial points for elbow to encourage
generating trajectories where the object is grabbed from side
as follows:-

)\ilbow :(ptargel,x’ ptarget,y —0.26 COS(%)7ptarget,z —0.26 bln(%))

Vi€ {ty,....t, + 20}

2) Precise Punch: For each reference trajectory:- We
sample a target point, p®e' = {p® € U(1.2,1.5),p¥ €
U(—0.2,0.0),p* = U(1.0,1.5)}. Target time-step is chosen
to be, t’g = 30. Then, we set spatial control signal for wrist
as follows:-
ughtwrist Py € {t’g —10,...,

?

ty +10}

3) Precise Kick: For each reference trajectory:- We
sample a target point, pt = {p* € U(1.0,1.2),p¥ =
0.0,p* = U(0.5,1.0)}. Target time-step is chosen to be,
t; = 30. Then, we set spatial control signal for right foot as



TABLE IX:

Text prompts for each task in simulation

Task

Prompts

Pick

Precise Punch

Precise Kick

Press Button

Jump

Sit

Bimanual Pick

Pick from Ground (Side Grasp)
Pick from. Ground (Top Grasp)

Pick and Place

“a person walks to cup, grabs the cup from side and lifts up”

“a person performs a single boxing punch with his right hand”

“a person stands and kicks with his right leg”

“a person walks towards elevator, presses elevator button”

“a person jumps forward”

“a person walks towards a chair, sits down”

“a person raises the toolbox with both hands”

“a person raises the toolbox with the use of one hand”

“a person walks forward, bends down to pick something up off the ground”
“a person picks the cup and puts it on another table”

TABLE X: Text prompts and slow-down factor for each task deployed on real robot

Task Prompts Slow down factor
Pick “a person stands in place, grabs the cup from side and lifts up” 2.5
Precise Punch  “a person performs a single boxing punch with his right hand” 1.5
Press Button “a person stands in place, presses elevator button” 1.5
Bimanual Pick “a person raises the toolbox with both hands” 1

Squat “a person squats in place and stands up” 1

follows:-

right_f W
N0t — plareetysy ¢ [/ 13, .., t) + 10}

4) Press Button: For each reference trajectory:- We
sample a target point, p?& = {p* € U(1.4,1.8),p¥ =
U(-0.4,0.4),p* = U(1.1,1.2)}. Target time-step is chosen
to be, t;, = 70+ [50(p® —1.4)]. Then, we set spatial control
signal for right foot as follows:-

right_wrist __target\ s+ /
Py = p™"EWVi € {ty, ...,

/
) + 20}

ight_wrist : : 2 .
Ar_lg WIS — ptdrget,x _ Olz’ptdrget,y’pldrget,z fOI' 7 = t; + 40

K3

5) Jump: We sample a trajectory with target point,
preet = {p® = 1.0,p¥ = 0.0, p* = 1.9}. Target time-step is
chosen to be #/ = 50. We set the spatial control signal for
pelvis as: APV = plareet for j — A

6) Sit: We sample a trajectory with target point, p'*&t =
{p® = 1.3,p¥ = 0.8,p* = 0.58}. Target time-step is chosen
to be t;, = 100. We set the spatial control signal for pelvis
as: AP = plareet for j = ¢/

7) Bimanual Pick: We use target point, p%&!
{p* =0.7,p¥ = 0.0,p* = 0.65}. Target time-step is chosen
to be tg = 98. We set the spatial control signal for left wrist
as follows:-

Agefl,wrist _ {plarget,x’ ptarget,y + 035’ ptarget,z +0.25

0.25¢
- Wi € {0, .t}
g
)\!L_eft,wrist — {ptarget,x7 ptarget,y + 0.1 5’ ptarget,z —0.25
0256, . ., ,
+ 7 JVi e {ty, ..., t; + 98}

Spatial control signal for right wrist is as follows:-

/\fight,wrist _ { plarget,x’ ptarget,y _ 0357 ptarget,z +0.25

(3

0.25i
— =W {0, .1}
- . tg
)\?ght,wnsl — { ptarget,x’ ptarget,y —0.15, ptarget,z —0.25
0.25i
+ i € (st + 98)
g

8) Pick from Ground (Side Grasp): We use tar-
get point, p?et = {p* = 0.5,p¥ = 0.5,p* = 0.1}. Target
time-step is t; = 98. We set the spatial control signal for the
left wrist as follows:-

)\ieft,wrisl _ {ptarget,x’ plarget,y’ ptarget,z 405 — Ot/52}
g
Vi€ {0, ...ty }
- 0.5¢
)\Le’rt,wnst _ {ptarget,x’ ptarget,y’ ptarget,z — 0.5+ - }
g

Vi€ {t,,....t, + 98}

9) Pick from Ground (Top Grasp): We use tar-
get point, pet = {p* = 1.0,p¥ = 0.0,p* = 0.2}. Target
time-step is t’g = 50. We set the spatial control signal for the
right wrist as follows:-

right_wrist __ ¢ target,x , targety , target,z .yl
by = {prEet, preety, pHrEte for i =t

10) Pick and Place: We use 2 target points, p'@et! =
{p® = 1.2,p¥ = —0.15,p* = 0.6} and pet? = {p” =
1.2,p¥ = —0.6,p* = 0.6}. Target time-steps are ty; = 80



and ¢/ g2 = 160. We set the spatial control signal for the right
wrist as follows:-

)\ri ght_wrist

__ qtarget,] Y ]
i =p fori=tg,

right_wrist __ target,2 Y )
A =p for i =1

i

11) Open Drawer: For drawer opening, the number of
trajectories in HumanML dataset are very limited (only 18
with both “drawer” and “open” keywords in text description),
due to which the generated motion was very off when
prompted with drawer opening and only giving sparse spatial
control signal for wrist at the drawer. To address this,
we prompt DreamControl to generate 2 trajectories and no
spatial control signal, one with prompt “stand still” and one
with prompt “squat and stay in squat position”. We use the
generated motion as initialization and solve for the following
optimization problem with gradient descent from the current
state. The target points are sampled as p*& = {p® €
4(0.3,0.35),p¥ € U(—-0.2,—0.1),p* € U(0.4,0.8)} and
t, = 40 if p? >07andt’ —501fp < 0.7.

We define target trajectory, TVt for wrist as follows if
p* > 0.7:-

Wrist

Ti — {(ptarget,)() —0. 25+( target,y _|_0 25) * —

) | ©
0.7+ (p™&* — 0.7) = quad(40)}
where quad(z) = 1 — (z — 1)%,Vi € {0,1...40}
FITSL . fpfareetx plargety ptergelz Vv e (41 49,70}

lerlqt { target,x _ 02(148 70) 7ptarget,y,ptargel,z}
Vi € {71,72...110}
T’LerSl { target,x 0. 2 target,y target,z}Vi c {1117 112196}

and for p* < 0.7 where w; is the wrist position in the
original re-targeted trajectory.

= Vi € {0,1, ..., 50}
. i
7 = O i) g 0
wsp) * 40 swig + (P —wig) * quad(4o)}
where quad(z) =1 — (z —1)%,Vi € {0,1, ..., 40}
T;T;E) {ptargetx ptarget targetz}VZ c {41 49 70}
Tmlgb _ {ptarget,x N 02(45 70), target,y’ptarget,z}
Vi€ {71,72,...,110}
Txlg{) — {pta.rget,x _ 0.27ptarget,y,ptargel,z}

Vi € {111,112, ..., 146}

With this target trajectory, we run gradient descent to
optimize only the joint angles ¢'*' with the following loss
in order to align the wrist to the target trajectory:-

L = Eézé,—l(p\;vnst ’LUi)Q

fkwrlst( ref root grefroot ref,*)
) 4q

where pwrlsl

ref,]+1 ref] /\lr 6
4; a ref,*

12) Open Door: We generate trajectories for door open-
ing in a similar way to drawer opening with the only changes
in the target trajectory as follows for p&z > (.7:-

L 0.25 + (pUTERtY 4 0.25) « 410

0.7 + (P2 — 0.7) quad(ﬁ)}
where quad(z) =1 — (x — 1)%,Vi € {0, 1...40}
WISl fplargelx plarsety prsebivy ¢ (4] 42,70}
Tt — (e — Rsin(a;) — hcos(a;),c¥ + Rcos(a;)
— hsin(a;), pet*}
Vi € {71,72...110} where ¢* = p“&* 4 h,

7_Zyvrisl _ {(ptarget,X) "

TVISU— fpangetx () 9 plarsety paretzivg  £111 112,196}

and for p™&et? < (.7 :-

st — Vi € {0, 1, ..., 50}
Wris! x arget,x x ? arge
50 = {wsy + (P —wgp) %awé’o + (plEey
— wy) * 40 ;w5 + (preet? — wgg) * quad(40)}
where quad(z) =1 — (z —1)2,Vi € {0,1,...,40}

TS = {piEey, pEety pliEtly € {41,42...70}
r;'f;gg = {c¢® — Rsin(a;) — hcos(a;),c” + Rcos(a;)
_ hsin(ai)7ptargel,z}

Vi € {71,72...110} where ¢* = p&* 4 b,

target,x  targety

TXSE?E) — {ptarget,x —0.2, ptarget,y7 ptarget,z}
Vi e {111,112, ..., 146}

B. Trajectory filtering

As DreamControl does not consider scene elements to
avoid collision with like the platform on which the target
object is kept, some of the generated trajectories turn out to
be infeasible to be used for reference trajectory in stage 2.
Also, some of the generated trajectories empirically turned
out to be very dynamically infeasible in practice to be tracked
by RL in stage 2. Hence, we filter out trajectories based on
some heuristics like reject a trajectory if it collides with the
scene environment, reject if it bends it’s waist too much etc.



TABLE XI: # of filtered trajectories and constants used for filtering

Task #Trajs before ~ #Trajs after  Biorso  Bpelvis
Pick 100 67 w/4 0.6
Precise Punch 100 100 w/4 0.6
Precise Kick 100 66 /2 0.5
Press Button 100 96 /3 0.5

in the trajectory. Specifically, these are the conditions used
to filter out trajectories:-

o Reject if torso angle with z axis is larger than (3'"°
i.e. reject if arccos(axis™**) > B°° where axisP™°
is the = axis of the torso. This is to reject reference
trajectories where the robot bends too much or turns
around which is undesired for tasks in question

o Reject if pelvis height is below a certain threshold
(BPVs  This is to reject reference trajectories where
robot squats too much for tasks it is not needed to.

o Reject if any part of the body collides with the scene

The specific thresholds, 5°*° and BPMS for tasks that
we do filtering and number of filtered trajectories from
total sampled are given in Table [XI| For all other tasks
except Open Drawer and Open Door, only 1 trajectory
is manually selected for training which can be easily scaled
up with careful engineering for their automated filtering. For
Open Drawer and door tasks, as trajectories are obtained
by optimization of right arm, it does not need filtering. It
must be noted that these heuristic-based filtering is only
required because diffusion-generated trajectories are unfit
for tracking. This maybe mainly because diffusion model
sees out-of-distribution samples during annealing. With more
data, the need for filtering out samples maybe eliminated.

C. Trajectory refinement

The trajectories obtained after re-targeting and filtering
do not start from a same pose. This is a characteristic of
DreamControl that it only restricts the p'e 1° X pref 1oty apq
6y to start from origin at ¢ = 0 but the generated motion
could start from any pose at ¢ = 0. However, for RL training
in stage 2, we need reference trajectories to start from a fixed
pose and point. Hence, in each generated reference trajectory,
we prepend a trajectory that starts from a fixed default joint
pose at fixed pose of the root and interpolates to the start joint
pose and root pose of the generated trajectory. Specifically,
we append N'™' = 20 frames at the beginning of each motion
of which for the first 10 frames the trajectory remains static
and next 10 frames to interpolate to g, to obtain refined
reference trajectory, " consisting of 216 frames.

Further, we refine motions by disabling movement of the
non-functional arm based on the task to avoid it’s unneces-
sary movement in the reference trajectory. Specifically, we
set the joint angles of the left arm and right arm group joints
denoted as Gfta™ and Griehtam ag in Table to their
default values along all time steps. The default joint angles.
The default values are given in Table The specific group
that was refined to set to default joint angles for each task

is given in Table The tasks not included in table do not
have this refinement applied.

1) Special case for Pick task: Last, specifically for
Pick task, we observed that as our robot is shorter (1.32m)
than the SMPL model used to train generative model on
(1.74m), most motions in the dataset are of the human
picking object from platform which is located near or below
it’s waist while for the shorter robot, the platform is more
close to it’s shoulder above it’s waist. Hence, most generated
motion when the target point is higher for go through the
platform. Hence, specifically for the Pick task, we add an
additional refinement layer before passing them for filtering
to minimally modify the reference trajectory to avoid colli-
sion of right hand with the platform. Specifically, we solve
the following optimization problem through gradient descent
with joint angle variables initialized from the reference
trajectory:-

. ight hand,* ight hand,*
¢ = argminSi—qar, -vag| ([P = ppE
right hand right hand
— |Ip — D1 [[2)]

s.t. d(p;ight hand) -0

where d(.) is a function that maps 3D points to their
closest distance from the free space. The rationale for
choosing relative distance difference from reference as the
objective is to preserve the smoothness of the motion in the
generated trajectory but just modify the trajectory minimally
to avoid collision of right hand with the platform. That is if
the reference trajectory was to slow down while approach-
ing the object as humans do, that slowing down will still
be preserved in the trajectory after modifying it to avoid
collision. If after making this refinement, if some other body
part like feet in the reference trajectory makes collision with
the platform, that trajectory is rejected.

D. Sim2Real

For sim2real trajectory generation and refinement, we
follow a similar design to their corresponding sim tasks with
some changes in prompt and trajectory refinements that we
will discuss in this section. There are 5 tasks that we put
on hardware robot. Specific prompts used for them are listed
in Table [X] The generated trajectories are also slowed down
by a certain factor as also reported in Table This is to
ensure safety of the motion and executed and minimize the
sim-real gap by making the motion slower. It was empirically
observed that with the same speed, due to some sim-to-real
gap, the executed trajectories exhibited less success rates for
precise tasks like pick where the object got pushed a little bit
and thus failed to be grasped as the position is not updated
in the current design. This slowing down was not required
for Squat and Bimanual Pick tasks. In addition to the
standard refinements as made in the sim versions of these
tasks (except Squat), the specific spatial control points and
refinements for each task are as follows:-

|2



1) Pick: For each reference trajectory:- We sample
a target point, p™e = {p® € U(0.25,0.35),p¥ €

U(—0.3,0.0),p* = 1.1}. Target time-step is chosen to be,
t; = 30. Then, we set spatial control signal for wrist as
follows:-

NS — plarety e (4! Lt + 20}

)\;ight,wrist _ ( ptarget,x’ ptarget,y7 ptarget,z + 02)

Vi € {t; + 20, ...,t; + 40}

We also set the target spatial points for elbow to encourage
generating trajectories where the object is grabbed from side
as follows:-

1b
)\7 ow

target,x  target,y

=(p )
Vi€ {ty, ...,

—0.26 COS(%)7ptargel,z _
t, 420}

T
2 <] —
0 65111(4 )

Of the generated trajectories, we refine them to avoid
collision with the platform, plus we also add an additional
cost to bring the trajectories close to their corresponding goal
points for which the trajectories were generated.

. ht hand,* ight hand,*
¢ = argminSoac, .o (I = P
H right hand rlght hand” )|
+ M || right wrist )\?ght wrist,’ ||
st d( right hand) 0
Where M, = 1 for t € {0,t,,t, + 1,..,t; +

40} and O otherwise. This is to mask for timesteps where the
goal is specified. Idea is to minimally modify the trajectories
such that they follow the corresponding goal. This refinement
was required to ensure smooth policies. We also set the lower
body (groups G'*t!e¢ and Grightlee) to fixed default joint
angles and adjust the root height such that the feet touches
the ground. This is to enforce that the motion is stand still.

2) Precise Punch: For each reference trajectory:- We
sample a target point, p™& = {p® € U(0.6,0.65),p¥ €
U(-0.2,0.1),p* = U(1.15,1.4)}. Target time-step is chosen
to be, t’g = 30. Then, we set spatial control signal for wrist
as follows:-

right_wrist __targety/: /
A =pUEVi € {ty, ...,

)\ri ght_wrist __
i =

ty + 20}
(ptarget,x’ ptarget,y’ plarget,z 4 02)
Vi € {t, + 20, ..., t; + 40}

Of the generated trajectories, we refine them to bring the
trajectories close to their corresponding goal points for which
the trajectories were generated.

‘ . d,* . d,*
qref’* = argmin¥_ {At,...,(L— 1)At}|(Hpnght ha p?%hlt han l|2
H right hand nght hdnd” )|
+ M || right wrist )\rlg,ht wrist,’ ||

s.t. d( right hand) 0

Where M; = 1 for t € {0,¢,} and O otherwise. This is
to mask for timesteps where the goal is specified. Idea is to
minimally modify the trajectories such that they follow the
corresponding goal. This refinement was required to ensure
smooth policies. We also set the lower body (groups G'°ft e
and Gmehtleg) to fixed default joint angles and adjust the
root height such that the feet touches the ground. This is
to enforce that the motion is stand still.

3) Bimanual Pick: We follow the exact same spatial
control points as the sim to generate the trajectory. We
additionally refine to dismiss any feet slipping by using IK
to adjust Gt 18 and Grieht oot to bring left and right foot to
their positions at pift °t and p “ght foot " Other than this, we
set the roll and yaw of root to O for symmetry.

4) Open Drawer: We follow the exact same procedure
as the open drawer trajectories for sim.

5) Squat: For each trajectory, we sample a trajectory
with target point, p¢ = {p* = —0.15,p¥ = 0.0,p* =
U(0.4,0.6)}. Target time-step is chosen to be t; = 100.
We set the spatial control signal for pelvis as: )\Pelv“ =
p™et for i = t;. We additionally refine to dismiss any feet
slipping by usmg IK to adjust G'*t !¢ and Gright foot o bring
left and right foot to their positions at pleft ot and ph™ .
Other than this, we set the roll and yaw of root to 0 for
symmetry.

X. RL TRAINING
A. Model architecture

We use a simple fully-connected MLP to represent both
our policy (or actor) and critic for each task. The network
architecture for the actor and critic has the following hidden
layers: (512,256, 256). Also, we use the same observations
for policy and critic as opposed to asymmetric actor-critic
setup in [73].

B. Environment parameters

We randomize the object/target location (by sampling
different trajectories in some tasks), object mass, friction of
surface/object. All of these variations for each task are listed
in Table

C. Task-specific sparse rewards

We add task-specific sparse rewards that are chosen to be
indicative of whether the task is successful as well. These
rewards are listed in Table For each task, we have
a body part link, b that maybe used in the definition of
the sparse rewards and the time ¢, when the interaction is
supposed to happen.



TABLE XII: Environment randomization parameters for each task

Task Friction Mass of object
Pick Uu0.7,1)  U0.1,1)
Precise Punch u.7,1) -
Precise Kick uo.7,1) -

Press Button uo.7,1) -

Jump uo.7,1) -

sit u.7,1) -
Bimanual Pick Uu(.7,1) U(0.1,5)
Pick from Ground (Side Grasp) U(0.7,1) 1(0.1,1)
Pick from Ground (Top Grasp) U(0.7,1)  4(0.1,0.5)
Pick and Place U(0.7,1) U(0.1,0.5)
Open Drawer uo.7,1) -

Open Door uo.7,1) -

TABLE XIII: Task-specific sparse rewards for each task

Task

Body part link, b

sparse
Sparse reward, 7’tp

Description

Pick

Precise Punch

Precise Kick

Press Button

Jump

Sit

Bimanual Pick

Pick from Ground (Side Grasp)
Pick from Ground (Top Grasp)
Pick and Place

Open Drawer

Open Door

right_wrist_yaw_link
right_wrist_yaw_link
right_ankle_roll_link
right_wrist_yaw_link
pelvis

pelvis
right_wrist_yaw_link, left_wrist_yaw_link
left_wrist_yaw_link
right_wrist_yaw_link
right_wrist_yaw_link
right_wrist_yaw_link

right_wrist_yaw_link

1 h‘zbjecl > pthres 1t2tb

Lj1pb — oot < e Le> 1, —0.1Le <y, +0.1
1”p€)_pgoul la<dires Le>t,—0.11e<t,40.1
lnpg,pgmlh <ares Le>t,—0.11e<t, 40,1
L pb — psoat | < s li>t,—0.11t<t,+0.1
Lyipl—peos <aes L2ty
1h§“j°°’>h!hfe‘1t2‘b

lh(;bjccn>h[hm Li>4,

1
1

RPICCt s, pythres Li>t,
I pgbjcd — peoal || < thres 1t2ib
1a<2mwer S qthres 1>,

la‘znm>am.e.~ li>¢,

RS — 0,95, hSP is height of object
dres = 0.05

dhres = 0.1
des = 0.05
dhres = 0.1
dhres = 0.05

Ribres — 0.7, hS s height of object
plhres — .2, h‘t’bjeCl is height of object
Rires — .3, K9P is height of object

dres = 0.1, pg! is position of the goal

a,‘ti"‘“”““ is drawer open amount, a™* = 0.05

u‘é""’ is door open amount, a™* = 0.05

D. Task-specific dense rewards for TaskOnly+

We also add a task-specific dense reward to encourage
pre-grasp/pre-approach pose for the object/goal respectively.
This task-specific reward is adapted from [8] and is defined

as follows:-
,rgense ref,b

= [IP}_ A Py,

|2 = [Ipt —

ref,b
[l2-

The specific body parts used in each task are listed in

Table XTI

E. Reward weights for each task
The rewards weights for each task are listed in Table [XTV}



TABLE XIV: Reward weights for all tasks

Task Tracking Smoothness Wy mkspase W asese
Wry Wrqy Wr3 Wry Wry Wrg Wrr Wrg Wrg Wrig
Pick 02 -005 -02 -02 03 -1.5¢7  -5¢3 01 -05 -1 0.1 100
Precise Punch 02 -005 -02 -02 03 -1.5¢7  -5¢3 01 -05 -1 1 100
Precise Kick 02 01 -02 02 03 -15¢7 -5¢3 01 -0.15 '(1) §°§ left, 100
-0.3 for right
Press Button 02 -005 02 -02 03 -15¢7 -5¢? 01 05 -1 1 100
Jump 02 01 02 -02 03 -15¢7 -5¢? 01 0 -1 1 100
Sit 02 -005 -02 -02 03 -1.5¢7  -5¢3 0.1 -05 -1 1 100
Bimanual Pick 02 -005 -02 -02 03 -15¢7 -5¢3 01 0 -1 0.1 100
Pick from Ground (Side Grasp) -02 -0.05 -02 -02 03 -1.5¢7  -5¢3 01 -05 -1 0.1 100
Pick from Ground (Top Grasp) 02 -005 -02 -02 03 -15¢7 -5¢3 01 -015 -1 0.1 100
Pick and Place 02 -005 -02 -02 03 -1.5¢7  -5¢3 01 -05 -1 0.1 100
Open Drawer 02 -005 -02 -02 03 -1.5¢7  -5¢3 01 0 -1 0.1 100
Open Door 02 -005 -02 -02 03 -1.5¢7  -5¢3 01 0 -1 0.1 100
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