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Action Sequence
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‘'move knife to cucumber]
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slice cucumber]
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Task and
Motion Planning
(TAMP)

Survey Paper: Garrett, Caelan Reed, Rohan Chitnis, Rachel Holladay, Beomjoon Kim, Tom Silver, Leslie Pack Kaelbling, and Tomas Lozano-Pérez.
"Integrated task and motion planning." Annual review of control, robotics, and autonomous systems, 2021.




Kaelbling, Lozano-
Perez (2013)

Srivastava et al. (2014)

.
Dantam et al. (2016) Garrett, et al. (2020) Toussaint, et al. (2020)* Silver, et al. (2021)




Reasoning over Geometry



Is a motion collision-free?

Is that placement free?

Reasoning over Geometry

Is the grasp available?

Is an object reachable?
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Forces impact on Planning?

Modeling Force?

Planning sequences
of actions?

“Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. ICRA, 2021.
“Robust Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. IJRR, 2023.
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Opening a Childproof Bottle

- Push down on the cap

.
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Opening a Childproof Bottle

- Push down on the cap
- Twist the cap 6
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Fixturing

Strong Enough
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Friction: Limit Surface

Ellipsoidal Generalized
Approximation Friction Cone

S. Goyal, A. Ruina, and J. Papadopoulos, “Planar sliding with dry friction part 1. limit surface &
N. Xydas and I. Kao, “Modeling of contact mechanics and friction limit surfaces for soft fingers
Erdmann, Michael. "On a representation of friction in configuration space." IJRR, 1994.
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Ellipsoidal Generalized
Approximation Friction Cone

S. Goyal, A. Ruina, and J. Papadopoulos, “Planar sliding with dry friction part 1. limit surface &
N. Xydas and I. Kao, “Modeling of contact mechanics and friction limit surfaces for soft fingers
Erdmann, Michael. "On a representation of friction in configuration space." IJRR, 1994.
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Forces impact on Planning?
Constraint on Decision-Making

Modeling Force?

Forceful Kinematic Chain

“Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. ICRA, 2021.
“Robust Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. IJRR, 2023.




Planning sequences

of actions?
TAMP Framework

“Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. ICRA, 2021.
“Robust Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. IJRR, 2023.
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Find a sequence of actions and the parameters
of those actions, subject to constraints
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TAMP Framework: PDDLStream

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

[ Streams ]

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

sample_grasp(object)

[ Streams J

sample_force(object, ...)

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

sample_grasp(object)

[ Streams J

plan_impedance(arm, ...)

sample_force(object, ...)

plan—mOtiOn(arm/ start qgoal)

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

sample_grasp(object) check collision
free(path)
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check forceful kinematic
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“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

[ Streams ]4— Domain

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

[ Streams J<— Domain

Actions
Search ' Start State

Goal

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

I_’[ Streams J<— Domain

Guidance
for
Sampling Actions
L— Search <= Start State
Goal

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.



TAMP Framework: PDDLStream

I_’[ Streams J<— Domain

Guidance
for
Sampling

Actions
b— Search <e— StartState

1 Goal

Plan

“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.
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Forces impact on Planning?
Constraint on Decision-Making

Modeling Force?

Forceful Kinematic Chain

Planning sequences

of actions?
TAMP Framework

“Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. ICRA, 2021.
“Robust Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. IJRR, 2023.
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“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.
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free(path)
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plan_impedance(arm, ...)
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“PDDLStream: Integrating Symbolic Planners and Blackbox Samplers” C Garrett, T Lozano-Pérez, L Kaelbling. ICAPS, 2020.






[Tournassoud, Lozano- [Vina, Karayiannidis, [A. Holladay, Paolini, [Chen, Xu,
Pérez, Mazer 1987] Smith Kragic, 2016] Mason 2015] Agrawal 2022]

[Shi, Woodruff, [Hou, Jia, Johnson, [Cruciani, Hang, Smith,
Lynch 2015] [OpenAl 2020] Mason 2020] Kragic 2019]
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Motion Cone
the set of feasible motions that a rigid body can follow
under the action of a frictional push

“Mechanics and Planning of Manipulator Pushing Operations”. Matthew Mason. IJRR, 1986.
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“Mechanics and Planning of Manipulator Pushing Operations”. Matthew Mason. IJRR, 1986.
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Extended Motion Cone P
for broader set of
Planar Tasks 0|

“In-Hand Manipulation via Motion Cones” N Chavan Dafle, R Holladay, A Rodrigue‘z. RSS, 2018.
Best Student Paper Award.

“Planar In-Hand Manipulation via Motion Cones” N Chavan-Dafle, R Holladay, A Rodriguez. IJRR, 2020
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for broader set of

Planar Tasks N[

Applied Motion Cones
for Planning In-Hand
Manipulation

“In-Hand Manipulation via Motion Cones” N Chavan Dafle, R Holladay, A Rodrigue.z. RSS, 2018.
Best Student Paper Award.
“Planar In-Hand Manipulation via Motion Cones” N Chavan-Dafle, R Holladay, A Rodriguez. IJRR, 2020
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“In-Hand Manipulation via Motion Cones” N Chavan Dafle, R Holladay, A Rodrigue‘z. RSS, 2018.

Best Student Paper Award.
“Planar In-Hand Manipulation via Motion Cones” N Chavan-Dafle, R Holladay, A Rodriguez. IJRR, 2020
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Balancing Constraints and Robustness?



Robust to Variations in the Physical Parameters




Robust to Variations in the Physical Parameters




Robust to Variations in the Physical Parameters
via Cost-Sensitive Planning

cost(action) = -log(Pr[success(action)])



Robust to Variations in the Physical Parameters
via Cost-Sensitive Planning

cost(action) = -log(Pr[success(action)])

cost(plan) = X cost(action)



Robust to Variations in the Physical Parameters
via Cost-Sensitive Planning

cost(action) = -log(Pr[success(action)])

5

C,.... > cost(plan) = I cost(action)



Enable Reasoning Over Robust Choices
in the Context of Competing Constraints

“Robust Planning for Multi-stage Forceful Manipulation” R Holladay, T Lozano-Pérez, A Rodriguez. IJRR, 2023.
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Action Space

move (qS’ qg/ )
place (obj, py,
pushtwist (obj, w,

regrasp (obj, g, 9y



Special Thanks to Xiaolin Fang
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Action Space
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place (obj, Py, - .)

pushtwist (obj, w,
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Dead End: a state from which reaching
the goal 1s impossible

lain Little, Sylvie Thiebaux. "Probabilistic planning vs. replanning." ICAPS Workshop on IPC: Past, Present and Future. 2007.
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dnp move (obj, p., P,, ..):

[s.t. no action leads to a dead end}

\/
Generate Execute

Action =—» First =—> Look
Sequence Action
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Inevitable —
Collision N Cc
States S

[Fraichard, Asama 2004, Bautin,
Martinez-Gomez, Fraichard, 2010]

Exploding Blocksworld

Dead-Endsin (..
Classical el Ll
Planning

irretrievably destroying object it was ploced on
Costs: Goal, may become unreachable.
Notes: Must plan ohead to avoid deod end
Problem: 11 blocks

Policy: Use "sacrificial” blocks to preserve stack

.

[Lipovetzky et al., 2016,
Kolobov et al., 2010]

controllably Edsixzta,(),b,())
safe states

Hamilton
Jacobi
Reachability

EAsix,,t,a,(),b,(")
dsixyta,(),b,()) |targetsetG,
(unsafe)
% backwards reachable set G(t)

state space R"

[Bansal et al 2017,
Borquez et al 2024]

Dead-Ends
in Markov

A VBV 1J Decision

Processes
(MDPs)

[Kolobov et al., 2011 Kolobov et al.,
2012, Teichteil-Konigsbuch 2012]
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uiding Uncertainty Accounting
for Risk and Dynamics
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and Stably Supported
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Collision-Free Reachable
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* Obiject is Collision-Free
and Stably Supported

* Action in Robot’s
Collision-Free Reachable
Workspace
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Results

Environment  Algorithm
S TO DE
GUARD
Corner
Baseline
SlipperySlope GUARD
Baseline
GlassWall GUARD

Baseline




Environment  Algorithm Results
S TO DE
GUARD 10 O 0
Corner
Baseline 7 1 9
SlipperySlope GUARD 7 3 0
Baseline 8 2 0
GlassWall GUARD ) 1 0
Baseline 1 7 9




Environment  Algorithm Results Time
S TO DE | Offline (SE) Online (SE)
GUARD 10 O 0 22.5 (0.32) 19.3 (4.9)
Corner
Baseline 7 1 2 3.01 (0.03) 6.77 (3.1)
SlipperySlope GUARD 7 3 0 48.3 (0.36) 21.3 (7.8)
Baseline 8 2 0 6.9 (0.03) 11.9 (7.6)
sVl GUARD | 9 1 0 | 133(1.70)  69.9 (16)
Baseline 1 7 2 14.9 (0.12) 39.9 (4.8)
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Characterize
briefly-dynamic
manipulation as
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Propose GUARD
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Accomplish Long-Horizon Manipulation Tasks

https://people.csail.mit.edu/rholladay/ I I I [ l-
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Thanks to all my group member ecially Jing-Jin Song

» Thanks to my friends and family

Thank you Sunny
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“Damn the torpedoes,
full speed ahead!”

- Admiral David Farragut,
Battle of Mobile Bay (1864)
[apocryphal]
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Driving a Screw




