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Motion Generation for Manipulation

Slides courtesy of
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Robots are increasingly deployed in new domains
Online Motion Planning in milli-seconds

. S
Palletizing (Dexterity) Food & Service Robotics (Dexai)

Visual Inspection (UR)
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Manipulator
Common manipulators contain serial chain of links connected with actuated joints
Joint-1 .
\ Joint-8 link
Link-2 AN
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Gripper
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Manipulator Control Trajectory Tracking
Motors actuated with Torque -> Current Minimum Jerk Commands are easier to Track

Joint-8

Posiion rad.

Position Encoder

Torque Feedback

Acceleration Peak near start

L+* and end of Trajectory

Velocty rad. 51

Gripper

Target Joint Command

(position, velocity,
acceleration)

Avoid Instantaneous jumps in
Acceleration by minimizing jerk

- Joints are controlled by sending torques
~  Zero Acceleration during motion

(changing current)

acceleration rad. 577

100

T= Kp(ed.— 9)'
— Wintnun required - Several Control laws exist to compute
+Kq(0q — 0) « torques to track target joint position,
velocity, and sometimes acceleration

Jerkrad. 572

+ Tgravity
tmproves precision —+ K;(clamped integral error) e o S sl ] \/
" 2. Robotics: Modeling, Planning and Control by Siciliano, P R R - —

d Oriolo

sigh-specd notions ot KM Oy
3. Robot Modeling and Control by Spong, Vidyasagar and
Hutchinson
Note: Theoretical ™),
but in real world manipulation settings M does not account for grasped abjects. Anvioia Srwioia
Manipulator Kinematics Manipulator Kinematics
Actuating joints will move Gripper to different Poses Actuating joints will move Gripper to different Poses
Actuating joint-1 Actuating joint-1
+ In 6+ dof arms, there are many joint configurations that can give the same gripper pose.
+ Analytical IK solutions exist for some kinematic structures.
Actuating joint-8 5 5 p
+ Numerical IK solutions are used in deployments.
.- ( \ 3
Forward Kinematics: Mapping Joint Configuration -> Link Poses is chaining together transformations Forward Kinematics: Mapping Joint Configuration -> Link Poses is chaining together transformations
Inverse Kinematics: Finding Joint Configuration that puts the robot’s gripper (links) at a Pose. Inverse Kinematics: Finding Joint Configuration that puts the robot's gripper (links) at a Pose.
Snvioia nvion

<A NVIDIA.



Grasping an Object

Connecting to RRT from Previous Lecture

Standard Pipeline

ple
< Solutions

RRT to reach 1 IK Solution

- Only 1 grasp is selected to find a path.

+ Many chances for failure in obstacle dense environments.

Grasping an Object

Alternative Approach with Numerical Optimization

Optimization Pipeline

Generate Grasps Collision-Free IK as init

Trajectory Optimization

- Only 1 grasp is selected to find a path

Controller

- Many chances for failure in obstacle dense environments.

- Better to use all grasps during motion planning -> Trajectory
Optimization with Goal Sets [11.

Grasping an Object

Alternative Approach with Numerical Optimization

Optimization Pipeline

Camarac NN |

Trajectory Optimization has issues:
+ Local Minima, Initial Collision-free path from RRT improves convergence.
+ Optimizing for Collision Avoidance from camera perception is computationally expensive.

- Only 1 grasp is selected to find a path.
- Many chances for failure in obstacle dense environments.

- Better to use all grasps during motion planning -> Trajectory
Optimization with Goal Sets [1].

(1113030, AD. R, N.0.and Sriniesa, 5:5. 2011, May. Manipulation planning wih goalsets using constrained trajectory
optimizatian. n 201 1 EEE International Confarence an Rabotics and Automatin (op. 4582-4588). I €.
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Motion Generation Problem

Start State

Goal Pose

5/7/25
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Graph Planner Trajectory Optimization
* Find Linear Sequence of Waypoints * Numerical Optimization over timesteps
* Smooth through Waypoints * Arbitrary Cost terms

cuRobo
*Parallel Optimization over many seeds
*Minimum-Jerk optimization

Approaches to Motion Generation

Graph Planner Trajectory Optimization
- Find Linear Sequence of Waypoints - Numerical Optimization over timesteps
- Stitch through smoothing - Minimum-Jerk optimization
« Shorter Paths take several seconds « Local solution, dependent on Initial Seed
- Hard to encode costs such as minimizing jerk - 3 seconds to plan

« Plans to Goal Configuration and not Goal Pose

15
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Revisiting our Problem How does cuRobo work?

Inverse Kinematics

Graph Planner Trajectory Optimization cuRobo

Problem

17 18

Inverse Kinematics
Given:

1. Start Robot State

2. Goal Pose for Gripper

Find:

Joint Configuration that maps to Goal Pose .

Trajectory
Optimization
Given:

1. Start Robot State

2. Goal Pose for Gripper
3. Seed from IK

Find:
Collision-Free Joint Trajectory

<A NVIDIA.
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. Collision Metrics for Optimization
Graph Planner to aid Extreme Problems Collision Cost = velocity x scale(signed distance)

20ms average graph planning time CHOMP: Ratliff et al. ICRA 2009

No Metrics

With Metrics

Graph Planner as Seed Trajectory Optimization from Graph Seed 1

3 .
Collision cost formulation improves success rate from 52% to 85% success in 1 attempt
. -

21

Table Under Pick Panda
Benchmark Dataset
2600 Problems: 800 MotionBenchmaker, 1800 Mpinets

MotionBenchmaker: Chamzas et al. RA-L 2022
Mpinets: Fishman et al. CoRL 2022
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Tabletop Task Oriented

Dresser Task Oriented Cubby Task-Oriented
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Path Length

cuRobo produces significantly shorter paths

Motion Time

CuRobo trajectories reach 25% sooner with 6x lower jerk
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cuRobo on a AGX ORIN generating motions online
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Rearrangement Planning

cuRobo

5/7/25

Collision Checking

Accelerated collision checking with Robot Geometry represented by spheres

Supported world representations: Cuboids, Meshes, Depth Images, SDF Voxel Grids

Putting all of this together

Reach Poses in the world!

Cameras

World Representation (g
]

!

o
Motion Generation  aass
r

34
Initializing cuRobo with a Learned Seeder
2.5x faster solutions
[Huang-Sundaraling: Murali-Goldberg-Fox: Under Review

35
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+ Try examples here: curobo.org
cuRobo: CUDA Accelerated Robot Library - Modular components for Kinematics, IK,
Trajectory Optimization, Model Predictive)
curobo.org Control.
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Approach cu Kernels Warp

CUDA Graph

PyTorch

Problem Inverse Kin. Trajectory Opt. Solution
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