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Gecko grippers work best with stable positioning

Factors that improve performance of gecko grippers:

e Large contact area between gripper and target object
e Uniform distribution of stress across adhesives

e Lowrelative velocity between gripper and target object

The likelihood of these is increased when:

e Astrobee has accurate and stable positioning at its final goal state

e Astrobee stays within known safety zones, so gripper has no collisions or
accidental grasps
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Features of an ideal trajectory optimization

algorithm

Basic requirements:

e Operateover 6 DOF

e Runinreal-time

e |[ncorporate obstacle avoidance

e Respect keep-in and keep-out zones

Added requirements:

e Solve full non-convex optimization
e Have theoretical guarantees for optimality
e Establish “trust regions” for explainability and safety

Provided by existing
QP planner

Improvements due to
GuSTO/SCP

/
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GuSTO: Trajectory optimization for Astrobee

GuSTO (Guaranteed Sequential Trajectory
Optimization) via Sequential Convex Programming

Bonalli et al. ICRA, 2019

GuSTO was designed with Astrobee in mind

a Real-time optimization by convexifying problem
and using convex solvers

@ Theoretically proven guarantees on optimality
&% of final trajectory

Obstacles Enforce safety using trust regions and keep-out
\ ~ zones
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Mathematical formulation of the problem

b [/ 1wl d

dx(s) = ,u(s),x(s)) ds +o(s,xz(s)) dBs <+ Dynamics

Cost

2(0) = xo, E[g(x(ts)]= 0 <« Initial / Final Conditions

<« State Constraints

[1] Bonalli, Riccardo, et al. “Sequential convex programming for non-linear stochastic optimal control." ESAIM: Control, Optimisation and Calculus of 11
Variations 28 (2022): 64.
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GuSTO is based on SCP

Sequential Convex Programming (SCP)

Solve a sequence of convex problems that
stem from successive linearizations of a
non-convex problem

Benefits:

1) We can solve each convex subproblem efficiently
2) We can derive theoretical guarantees of convergence

12



Astrobee Technology Interchange Meeting. Nov 15-16, 2023.

Intuitive introduction to SCP

13
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Intuitive introduction to SCP
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Intuitive introduction to SCP

A few iterations later...
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Intuitive introduction to SCP

A few iterations later...
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GuSTO is SCP with additional features

Theoretical guarantee on convergence

> Under mild assumptions, SCP finds a local optimum for the original non-convex optimal
control problem (OCP), in the sense of the Pontryagin Maximum Principle (PMP).

Updating rule for trust regions and constraint satisfaction

> Asuitable choice of the maximal value of the trust region radius 2. may be crucial to

allow the method to correctly explore the space if the provided initialization is far from
any optimal strategy.

> |ncreasing the value of weights w eases the search for solutions satisfying state
constraints up to the € tolerance.

17
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Envisioned experiment

e Software only (no gecko gripper)

e FEvents:

o Within one section of the ISS

o Astrobee moves from (pre-determined) start to (pre-determined) ~
goal

o Virtual (pre-determined) obstacles in the path \
o Reset and repeat N times \

e Estimated 3 hours of crew time (including setup and “
teardown) - tentative "
e Full success: Astrobee goes from each start to each goal, ) ¢

without entering virtual obstacle zones

o Additional metrics: computation time, optimality of path 19
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Fits seamlessly into mobility subsystem

scp_planner
qp_planner e planner
trapezoidal_planner
*—’ Pl mapper
executive choreographer t
- <—> gnc

Image adapted from https://nasa.github.io/astrobee/html/mobility.html 20
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Additional potential experiment:
Warm-starting trajectory optimization using
machine learning

[2] Banerjee, et al., “Learning-based Warm-Starting for Fast Sequential Convex Programming and Trajectory Optimization,” in IEEE Aerospace 21
Conference, 2020.
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Additional potential experiment:
Warm-starting trajectory optimization using
machine learning

Initialize Final
(straight line) trajectory

iterations

[2] Banerjee, et al., “Learning-based Warm-Starting for Fast Sequential Convex Programming and Trajectory Optimization,” in IEEE Aerospace 22
Conference, 2020.
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Additional potential experiment:
Warm-starting trajectory optimization using
machine learning

Final

trajectory

Xinit
Xﬂnal

A iterations

Trajector
# J L] L] y
prediction
[2] Banerjee, et al., “Learning-based Warm-Starting for Fast Sequential Convex Programming and Trajectory Optimization,” in IEEE Aerospace 23
Conference, 2020.
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Additional potential experiment:
Warm-starting trajectory optimization using
machine learning

Final

trajectory

Xinit
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Trajectory
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[2] Banerjee, et al., “Learning-based Warm-Starting for Fast Sequential Convex Programming and Trajectory Optimization,” in IEEE Aerospace 24
Conference, 2020.
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Warm-starting accelerates convergence of
trajectory optimization

~ 3 Initial state e Fewer iterations required

B e due to theinitial trajectory
from the neural network =
Faster computation

e Retainlocal optimality and
feasibility guarantees from
SCP = No changein
optimality or safety

_,-"I;'inal staté
Lfinal 25
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Cold start (straight line initialization) takes 9 Iterations

10
=== Cold start GuSTO
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Given start and goal point, NN predicts a trajectory

10
=== Cold start GuSTO
==NN prediction
8 L
Linit
6 L
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Warm start (NN initialization) takes 2 iterations

10
=== Cold start GUSTO
—=NN prediction
8r Tinit == \Warm start GuSTO
6 L
y

28
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Warm starting decreases number of iterations by 57%

Median cold iterations = 14.0
Median warm iterations = 5.0

N
6)]
T

Averaged over 436 traj opt
problems

N
o

Number of iterations
> o

()

Cold Istart Warm start .
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Stages for Phase 2

Status

Internal
development

Development of GuSTO in C++

Addition of collision checking using Bullet

Development of test suite with Astrobee dynamics

30
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Astrobee trajectory optimization solutions
in an environment such as the ISS
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Continuous-time SCP formulation

min /0 ' u(s)? + h(z(s)) ds

ueU

(OCP) z(s) = b(x(s),u(s)

oh

uel
(COCP)js1 9

The dynamics are control-affine (mandatory)
Any state constraint is penalized within the cost
(mandatory)

The system is deterministic (not mandatory)
The final time is fixed and f°(s,u, z) = u”

(not mandatory)

$

s / " ()2 + h(za(s)) + o (@()) () — ma(s)) ds
0

Be careful: the linearization
makes sense only locally. Add
trust-region constraints:

(s) = b(zk(s),u(s)) + 7~ (k(s), uk(s))(z(s) — zx(s))

ox

2(0) =2, glan(t)) + o2 (aalty)) alty) — arlty) = 0

ty
/ lz(s) — zx(s)||? ds < Apyq
0

Apy1 €Ry, Ay —0
33
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GuSTO: Trajectory optimization for Astrobee
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Astrobee aboard the International Space Station
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