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Footstep planning for legged robots

[MIT DRC (DARPA Robotics Challenge) Team]
[Deits and Tedrake ’14]
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Motion planning

Drone navigation in 3D environments

Manipulation with multiple robots/tasks

1
Marcucci, Petersen, von Wrangel, Tedrake “Motion planning around obstacles with convex optimization” (2022)
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State of the art in robot motion planning

Atlas motion planning [1,2]

Offline:

Library of template behaviors

Online:

Continuous blending of behaviors

Parametric convex optimization

1
Kuindersma “Recent progress on Atlas, the world’s most dynamic humanoid robot” (MIT Robotics Today 2020)

2
Deits “Making Atlas Dance, Run, and Jump” (6th Workshop on Legged Robots, ICRA 2022)

Pablo A. Parrilo Shortest Paths in Graphs of Convex Sets July 27, 2022 5 / 32

https://www.youtube.com/watch?v=EGABAx52GKI
https://www.youtube.com/watch?v=yagQG_b_hfs


State of the art in robot motion planning

Atlas motion planning [1,2]

Offline:

Library of template behaviors

Online:

Continuous blending of behaviors

Parametric convex optimization

The discrete sequence of behaviors is
hand-designed

The robot can’t react to structural changes in
the environment

1
Kuindersma “Recent progress on Atlas, the world’s most dynamic humanoid robot” (MIT Robotics Today 2020)

2
Deits “Making Atlas Dance, Run, and Jump” (6th Workshop on Legged Robots, ICRA 2022)
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Motivation

Interesting, challenging, and practically relevant problems

Both continuous and combinatorial features

Moderately high dimension (101 − 104 variables)

Typically, nontrivial dynamical constraints

Goal: An optimization-friendly abstraction to best capture their essence

(Goal 2: Significantly improve over the state of the art!)

Our proposal: Shortest paths in Graphs of Convex Sets (GCS)
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Big picture

Shortest-Path Problem (SPP)

s
t

SPP in Graphs of Convex Sets (GCS)

Xs
Xt

Very versatile problem formulation

Efficiently solvable in practice (although NP-hard)

Mixed-integer formulation with very tight convex relaxation
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GCS gracefully blends discrete and continuous

Why? Highlights interactions and feedback between:

Structure / Whole

High-level decisions

Discrete “combinatorial skeleton” of
trajectory/motion (e.g. obstacle
avoidance)

Details / Parts

Lower-level optimization considerations
(fuel, time, cost, etc)

Typically continuous and “nice”.

Useful guiding principle

“Easy” problems should remain easy.

Pablo A. Parrilo Shortest Paths in Graphs of Convex Sets July 27, 2022 8 / 32



GCS gracefully blends discrete and continuous

Why? Highlights interactions and feedback between:

Structure / Whole

High-level decisions

Discrete “combinatorial skeleton” of
trajectory/motion (e.g. obstacle
avoidance)

Details / Parts

Lower-level optimization considerations
(fuel, time, cost, etc)

Typically continuous and “nice”.

Useful guiding principle

“Easy” problems should remain easy.

Pablo A. Parrilo Shortest Paths in Graphs of Convex Sets July 27, 2022 8 / 32



SPP in a graph of convex sets

Directed Graph G = (V ,E )

For each vertex v ∈ V we have

Convex set Xv

Point xv ∈ Xv

Edge e = (u, v) ∈ E has convex “length”

ℓe : Xu × Xv → R≥0 ∪ {∞}
Can enforce convex constraints (xu, xv ) ∈ Xe

A path π is a

Sequence of distinct vertices (vk)
K
k=0

v0 = s and vK = t
(vk , vk+1) ∈ E

s
t

Shortest-path problem (GCS)

min
π∈Π

min
x∈X

∑

e∈Eπ

ℓe(xu, xv )

Joint optimization over paths AND vertex locations!
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Optimal control as an SPP

Constrained linear regulation

minimize
∑T−1

t=0
c(st , at)

subject to st+1 = Ast + Bat , ∀t
(st , at) ∈ D, ∀t
s0 = ŝ, sT = 0

D
s

a

Shortest-path problem

s

at = 0

s s

at = 1

s

at = 2

s

at = 3

s

at = 4

Edge lengths

c(st , at)

Edge constraints

st+1 = Ast + Bat
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Optimal control as an SPP
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Collision-free motion planning as an SPP

xs

xt Connect xs to xt via a collision-free polygonal line

Decompose free space in safe convex regions

Construct adjacency graph

Assign a line segment to each region

Segment ∈ region ⇔ start and end point ∈ region

Continuity enforced as an edge constraint

Extends to polynomials using Bézier curves

Takes into account the timing of the trajectory

Velocity constraints
Continuity of derivatives
Trajectory-duration constraints
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Complexity?

Fixing either π or x , problem is “easy”:

Fixed π (sequence): convex optimization
problem over xv
Fixed xv (locations): “standard” shortest
path problem

Unfortunately, NP-hard if we search for both

Bad news, but certainly expected...

xv0
xv1 xv2

xv3

Shortest-path problem (GCS)

min
π∈Π

min
x∈X

∑

e∈Eπ

ℓe(xu, xv )
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NP-Hardness: reduction from Hamiltonian-path problem

ℓe(xu, xv ) = ∥xv − xu∥22

s t

“Is there a path that visits each vertex?”

Hamiltonian-path problem

s

t

One of Karp’s 21 NP-complete problems

Reducible to our SPP in polynomial time

⇒ SPP/GCS is NP-hard
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(Some) Related work

Location/allocation problems (Cooper 1963)

Fermat-Weber, facility location, etc.

Computational geometry

Zookeeper problem, watchman problems, safari problems, art gallery problems, etc.
Typically only 2-3 dimensions, approximation algorithms.

Graph problems with neighborhoods

Variants of the TSP and the MSTP, sometimes with quite strong restrictions on the
neighborhoods (e.g., polygonal regions on the 2D plane). Very low dimensional, tackled using
mixed-integer nonconvex programming [1,2,3] – not competitive with our approach

1
Gentilini et al. “The travelling salesman problem with neighbourhoods: MINLP solution” (Optimization Methods and Software 2013)

2
Blanco et al. “Minimum spanning trees with neighborhoods: Mathematical programming formulations and solution methods” (Eur. Jour. of OR 2017)

3
Burdick et al. “From multi-target sensory coverage to complete sensory coverage” (ICRA 2021)
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Our solution approach

Xs
Xt

A compact mixed-integer convex program

With very tight convex relaxation
Quite often exact, otherwise do rounding or B&B

Construction of the mixed-integer program

1

Linear constraints enforce conservation of flow

2 Natural extension to graph of convex sets

Yields bilinear program (products between vertex positions xv and flows ye)

3 Set-based perspective convex relaxation of the bilinearities

Exact when ye ∈ {0, 1} for all edges e
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Step 1: Linear program of classical SPP

Convex hull of paths well understood (flow polytope)

Edge costs ce are nonnegative scalars

Path parameterized by the flows φe ∈ [0, 1]

s
t

Min-cost flow LP

minimize
∑

e∈E
ceφe

subject to φv ∈ Φv , ∀v ∈ V

φv is vector of flows incident with v

Φv is (local) flow polytope

Flows are nonnegative
Flow through a vertex is
conserved and at most one

e1

e2

e3
v

v = ( e1, e2, e3)
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Step 2: Bilinear program

Straightforward extension of the LP

minimize
∑

e=(u,v)∈E

ℓe(xu, xv )φe

subject to φv ∈ Φv , xv ∈ Xv , ∀v ∈ V

Introduce auxiliary variables ye and ze

minimize
∑

e∈E
ℓe

(
ye
φe

,
ze
φe

)
φe

subject to φv ∈ Φv , xv ∈ Xv , ∀v ∈ V

ye = φexu, ze = φexv , ∀e = (u, v) ∈ E

Convex objective (perspective function of ℓe)

Nonconvex constraints (bilinear)
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Step 2: Compacting the notation

Each edge has two “spatial” variables ye , ze (origin/destination)

Bilinear constraints ye = φexu and ze = φexv for all edges e = (u, v)

At each node, organize variables in matrices

Mv =
[
ze1 ze2 ye3

]
=

[
φe1xv φe2xv φe3xv

]
= xvφ

⊤
v

e1

e2

e3
v

v = ( e1, e2, e3)

Define Ωv =
{
(φ, x ,M) : φ ∈ Φv , x ∈ Xv , M = xφ⊤}

The bilinear program

minimize
∑

e∈E
ℓe

(
ye
φe

,
ze
φe

)
φe

subject to (φv , xv ,Mv ) ∈ Ωv , ∀v ∈ V
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Set-based convex relaxation of the bilinearities (I)
Goal: find (good) convex outer approximation Ω′ of

Ω =
{
(x , y ,M) : x ∈ X , y ∈ Y , M = xy⊤

}

Main lemma (lifting valid inequalities)

Assume a⊤y + b ≥ 0 for all y ∈ Y

All points (x , y ,M) ∈ Ω verify the constraint

Ma+ bx ∈ (a⊤y + b)X

Easy: x ∈ X ⇒ x(yTa+ b) ∈ (yTa+ b)X

Constraint is convex in (x , y ,M) !

Set-based relaxation, don’t care about description of X
(cf. Lovasz-Schrijver vs. RLT, also OOP-friendly)
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Set-based convex relaxation of the bilinearities (II)

Goal: Find (good) convex outer approximation Ω′ of

Ω =
{
(x , y ,M) : x ∈ X , y ∈ Y , M = xy⊤

}

For simplicity, let Y be polyhedral (e.g., flow polytope).

Main lemma (lifting valid inequalities)

Assume a⊤y + b ≥ 0 for all y ∈ Y

All points (x , y ,M) ∈ Ω verify

Ma+ bx ∈ (a⊤y + b)X

Apply lemma to each facet of Y to obtain Ω′ ⊇ Ω

(persistence) Ω′ = Ω when restricting y ∈ {0, 1}n

I

1
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Shortest path: standard vs GCS

Problem statement (Mixed Integer) Convex program

s
t

min
∑
e∈Eπ

ce

s.t. π ∈ Π

min
∑
e∈E

ceφe

s.t.
∑
e∈Iv

φe −
∑
e∈Ov

φe = δsv , ∀v ∈ V − {t}

φe ≥ 0, ∀e ∈ E φe ∈ {0, 1}

Xs
Xt

min
∑
e∈Eπ

ℓe(xu, xv )

s.t. π ∈ Π

xv ∈ Xv , ∀v ∈ π

min
∑
e∈E

ℓe(
ye
φe

,
ze
φe

)φe

s.t.
∑
e∈Iv

[
ze
φe

]
−

∑
e∈Ov

[
ye
φe

]
= δsv

[
xv
1

]
, ∀v ∈ V − {t}

ye ∈ φeXu, ze ∈ φeXv , ∀e = (u, v) ∈ E

φe ≥ 0, ∀e ∈ E φe ∈ {0, 1}
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Further comments

Convex relaxation

Applies to sets {(α, β,M) : α ∈ A, β ∈ B, M = xy⊤}
Very tight in practice

Exact when sets Xv are singletons

Compact: O((|V |+ |E |)dim(Xv )) variables and constraints

Typically, linear or second-order-cone programs
Strength 1

Size

Proposed

Convex hull

Edge by edge

What if (after solving) flows are not 0/1?

A. Rounding the solution of the convex relaxation

Flows φe ∈ [0, 1] are interpretable as probabilities
Automatically provides optimality bounds

B. Branch and bound

0.8

0.2
0.0

0.2

0.8

0.10.7

0.1

0.0

0.0

0.9
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12<latexit sha1_base64="Mjg+OmctD6l/hc6m3eMY9vJ++2g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB6/WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Lq3V9W6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+x2jPQ=</latexit>

15
<latexit sha1_base64="BDYbpnQyCbW+FwkVEtJRKA3lyOc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx6jmAckS5id9CZDZmeXmVkhLPkDLx4U8eofefNvnCR70MSChqKqm+6uIBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpwbvslStu1Z2BLBMvJxXIUe+Vv7r9mKURSsME1brjuYnxM6oMZwInpW6qMaFsRAfYsVTSCLWfzS6dkBOr9EkYK1vSkJn6eyKjkdbjKLCdETVDvehNxf+8TmrCaz/jMkkNSjZfFKaCmJhM3yZ9rpAZMbaEMsXtrYQNqaLM2HBKNgRv8eVl0jyreudV7/6iUrvJ4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/ECjPc=</latexit>

Infeasible15 > UB = 7 9 > UB = 7

UB = 12
12 > UB = 7

UB = 7

µ0 = 0
<latexit sha1_base64="1jajQsoGZHJd2y103IwAfAL++ek=">AAAB8HicdVDLSgMxFM34rPVVdekmWISuSlLFtguh4MZlBfuQdiiZNNOGJpkhyQhl6Fe4caGIWz/HnX9jpq2gogcuHM65l3vvCWLBjUXow1tZXVvf2Mxt5bd3dvf2CweHbRMlmrIWjUSkuwExTHDFWpZbwbqxZkQGgnWCyVXmd+6ZNjxSt3YaM1+SkeIhp8Q66a4vkwGClxANCkVURghhjGFGcPUCOVKv1yq4BnFmORTBEs1B4b0/jGgimbJUEGN6GMXWT4m2nAo2y/cTw2JCJ2TEeo4qIpnx0/nBM3jqlCEMI+1KWThXv0+kRBozlYHrlMSOzW8vE//yeokNa37KVZxYpuhiUZgIaCOYfQ+HXDNqxdQRQjV3t0I6JppQ6zLKuxC+PoX/k3aljM/K+Oa82Cgt48iBY3ACSgCDKmiAa9AELUCBBA/gCTx72nv0XrzXReuKt5w5Aj/gvX0CazKPbQ==</latexit>

µ0 = 1
<latexit sha1_base64="sbn6J+VV61DpjGw1vn7wZYH8Lcc=">AAAB8XicdVDLSgMxFM20Pmp9VV26CZZCVyWpYNuFUHDjsoJ9YDuUTJq2oZnMkGSEMhQ3foKbLhR1694PceffmGkVVPTAhcM593LvPV4ouDYIvTup9Mrq2npmI7u5tb2zm9vbb+kgUpQ1aSAC1fGIZoJL1jTcCNYJFSO+J1jbm5wlfvuaKc0DeWmmIXN9MpJ8yCkxVrrq+VEfwVOIs/1cHpUQQhhjmBBcOUGW1GrVMq5CnFgW+Xq6cPM6v31q9HNvvUFAI59JQwXRuotRaNyYKMOpYLNsL9IsJHRCRqxrqSQ+0268uHgGC1YZwGGgbEkDF+r3iZj4Wk99z3b6xIz1by8R//K6kRlW3ZjLMDJM0uWiYSSgCWDyPhxwxagRU0sIVdzeCumYKEKNDSkJ4etT+D9plUv4uIQvbBpFsEQGHIIjUAQYVEAdnIMGaAIKJLgD9+DB0c7ceXSel60p53PmAPyA8/IBIu6S2Q==</latexit>

µ1 = 1
<latexit sha1_base64="AWOG942rKgi+/+7l5MbXzSeU/P8=">AAAB8HicdVDLSgMxFM20Pmp9VV26CZZCVyWpYNuFUHDjsoJ9SDuUTJq2ocnMkGSEMhQ3/oEbBUW69QP8EHf+jZlWQUUPXDiccy/33uOFgmuD0LuTSq+srq1nNrKbW9s7u7m9/ZYOIkVZkwYiUB2PaCa4z5qGG8E6oWJEeoK1vclZ4revmdI88C/NNGSuJCOfDzklxkpXPRn1MTyFuJ/LoxJCCGMME4IrJ8iSWq1axlWIE8siX08Xbl4fbueNfu6tNwhoJJlvqCBadzEKjRsTZTgVbJbtRZqFhE7IiHUt9Ylk2o0XB89gwSoDOAyULd/Ahfp9IiZS66n0bKckZqx/e4n4l9eNzLDqxtwPI8N8ulw0jAQ0AUy+hwOuGDViagmhittbIR0TRaixGWVtCF+fwv9Jq1zCxyV8YdMogiUy4BAcgSLAoALq4Bw0QBNQIMEdeARPjnLunWdnvmxNOZ8zB+AHnJcP7dCSxg==</latexit>

µ1 = 0
<latexit sha1_base64="8GlGMg282qohGFsxN0MkiIpofrI=">AAAB8HicdVDLSgMxFM20Pmp9VV26CZZCVyWpYNuFUHDjsoJ9SDuUTJq2ocnMkGSEMhQ3/oEbBUW69QP8EHf+jZlWQUUPXDiccy/33uOFgmuD0LuTSq+srq1nNrKbW9s7u7m9/ZYOIkVZkwYiUB2PaCa4z5qGG8E6oWJEeoK1vclZ4revmdI88C/NNGSuJCOfDzklxkpXPRn1MTyFqJ/LoxJCCGMME4IrJ8iSWq1axlWIE8siX08Xbl4fbueNfu6tNwhoJJlvqCBadzEKjRsTZTgVbJbtRZqFhE7IiHUt9Ylk2o0XB89gwSoDOAyULd/Ahfp9IiZS66n0bKckZqx/e4n4l9eNzLDqxtwPI8N8ulw0jAQ0AUy+hwOuGDViagmhittbIR0TRaixGWVtCF+fwv9Jq1zCxyV8YdMogiUy4BAcgSLAoALq4Bw0QBNQIMEdeARPjnLunWdnvmxNOZ8zB+AHnJcP7EySxQ==</latexit>

µ1 = 1
<latexit sha1_base64="AWOG942rKgi+/+7l5MbXzSeU/P8=">AAAB8HicdVDLSgMxFM20Pmp9VV26CZZCVyWpYNuFUHDjsoJ9SDuUTJq2ocnMkGSEMhQ3/oEbBUW69QP8EHf+jZlWQUUPXDiccy/33uOFgmuD0LuTSq+srq1nNrKbW9s7u7m9/ZYOIkVZkwYiUB2PaCa4z5qGG8E6oWJEeoK1vclZ4revmdI88C/NNGSuJCOfDzklxkpXPRn1MTyFuJ/LoxJCCGMME4IrJ8iSWq1axlWIE8siX08Xbl4fbueNfu6tNwhoJJlvqCBadzEKjRsTZTgVbJbtRZqFhE7IiHUt9Ylk2o0XB89gwSoDOAyULd/Ahfp9IiZS66n0bKckZqx/e4n4l9eNzLDqxtwPI8N8ulw0jAQ0AUy+hwOuGDViagmhittbIR0TRaixGWVtCF+fwv9Jq1zCxyV8YdMogiUy4BAcgSLAoALq4Bw0QBNQIMEdeARPjnLunWdnvmxNOZ8zB+AHnJcP7dCSxg==</latexit>

µ1 = 0
<latexit sha1_base64="8GlGMg282qohGFsxN0MkiIpofrI=">AAAB8HicdVDLSgMxFM20Pmp9VV26CZZCVyWpYNuFUHDjsoJ9SDuUTJq2ocnMkGSEMhQ3/oEbBUW69QP8EHf+jZlWQUUPXDiccy/33uOFgmuD0LuTSq+srq1nNrKbW9s7u7m9/ZYOIkVZkwYiUB2PaCa4z5qGG8E6oWJEeoK1vclZ4revmdI88C/NNGSuJCOfDzklxkpXPRn1MTyFqJ/LoxJCCGMME4IrJ8iSWq1axlWIE8siX08Xbl4fbueNfu6tNwhoJJlvqCBadzEKjRsTZTgVbJbtRZqFhE7IiHUt9Ylk2o0XB89gwSoDOAyULd/Ahfp9IiZS66n0bKckZqx/e4n4l9eNzLDqxtwPI8N8ulw0jAQ0AUy+hwOuGDViagmhittbIR0TRaixGWVtCF+fwv9Jq1zCxyV8YdMogiUy4BAcgSLAoALq4Bw0QBNQIMEdeARPjnLunWdnvmxNOZ8zB+AHnJcP7EySxQ==</latexit>

µ2 = 0
<latexit sha1_base64="Ca5p+1HR3Tl0i1cGEqTBFyifPFY=">AAAB8HicdVDLSgMxFM20Pmp9VV26CZZCVyWpYNuFUHDjsoJ9SDuUTJq2ocnMkGSEMhQ3/oEbBUW69QP8EHf+jZlWQUUPXDiccy/33uOFgmuD0LuTSq+srq1nNrKbW9s7u7m9/ZYOIkVZkwYiUB2PaCa4z5qGG8E6oWJEeoK1vclZ4revmdI88C/NNGSuJCOfDzklxkpXPRn1y/AUon4uj0oIIYwxTAiunCBLarVqGVchTiyLfD1duHl9uJ03+rm33iCgkWS+oYJo3cUoNG5MlOFUsFm2F2kWEjohI9a11CeSaTdeHDyDBasM4DBQtnwDF+r3iZhIrafSs52SmLH+7SXiX143MsOqG3M/jAzz6XLRMBLQBDD5Hg64YtSIqSWEKm5vhXRMFKHGZpS1IXx9Cv8nrXIJH5fwhU2jCJbIgENwBIoAgwqog3PQAE1AgQR34BE8Ocq5d56d+bI15XzOHIAfcF4+AO3UksY=</latexit>

µ2 = 1
<latexit sha1_base64="YbSSXGYY5mPV9ZLazY4VAaHXzy8=">AAAB8HicdVDLSgMxFM20Pmp9VV26CZZCV2VSwbYLoeDGZQX7kHYomTRtQ5PMkGSEMhQ3/oEbBUW69QP8EHf+jZlWQUUPXDiccy/33uOHnGnjuu9OKr2yurae2chubm3v7Ob29ls6iBShTRLwQHV8rClnkjYNM5x2QkWx8Dlt+5OzxG9fU6VZIC/NNKSewCPJhoxgY6Wrnoj6ZXgKUT+Xd0uu6yKEYEJQ5cS1pFarllEVosSyyNfThZvXh9t5o5976w0CEgkqDeFY6y5yQ+PFWBlGOJ1le5GmISYTPKJdSyUWVHvx4uAZLFhlAIeBsiUNXKjfJ2IstJ4K33YKbMb6t5eIf3ndyAyrXsxkGBkqyXLRMOLQBDD5Hg6YosTwqSWYKGZvhWSMFSbGZpS1IXx9Cv8nrXIJHZfQhU2jCJbIgENwBIoAgQqog3PQAE1AgAB34BE8Ocq5d56d+bI15XzOHIAfcF4+AO9Yksc=</latexit>
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Mature software implementation in Drake

Implemented in robotics software
Drake (TRI), C++/Python

Off-the-shelf solvers
(Gurobi/MOSEK/SCS/CSDP/
SNOPT/IPOPT/NLOPT)

Customized solvers/algorithms
(experimental)

Give it a try: pip install drake
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Optimal control of a hybrid system

[Moehle and Boyd ’15], [Marcucci and Tedrake ’19]

Cost relaxation
Cost MICP = 7%

Branch-and-bound time 218s
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Optimal control of a hybrid system

Shortest-path formulation

Cost relaxation
Cost MICP = 80%

Branch-and-bound time 1.3s
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Motion planning in a maze

Easy to find a path via discrete graph search

If we have differential costs and constraints?

Local optimization: hopeless
Sampling based: inefficient and non-differentiable
Prev. mixed-integer: (# cells)2 ≈ 6 · 106 binaries

Graphs of convex sets

Minimum distance

Minimum time

With velocity limits and acceleration penalty

Convex relaxation is exact in both cases!

Only O(# cells) flow variables
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Quadrotor flying around obstacles

Exact decomposition of free space in convex sets

Planning in (x , y , z) + differential flatness

Penalties on length, velocity, acceleration, and duration
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var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton1'){ocgs[i].state=false;}}




Convex relaxation + randomized rounding
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Comparison with Probabilistic RoadMap (PRM)

PRM PRM with shortcuts Graph of Convex Sets (GCS)

Convex relaxation + rounding

[Amice et al., ’22] for the decomposition of configuration space
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var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton2'){ocgs[i].state=false;}}



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton3'){ocgs[i].state=false;}}



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton4'){ocgs[i].state=false;}}




Planning in 14 dimensions

Collision-free motion planning in 14 dimensions using convex optimization

PRM hardly scales beyond 7/8 dimensions
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var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton5'){ocgs[i].state=false;}}




Preliminary hardware results

Motion generated via a single convex optimization!
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var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton6'){ocgs[i].state=false;}}




Wrapping up

Shortest-path problem in graphs of convex sets

Exciting new optimization framework, flexible and powerful

Efficiently solvable in practice

Tight convex relaxation + rounding
Strong mixed-integer convex formulation + branch and bound

Current and future directions

Customized ADMM solver on GPU (eventually a standalone toolbox)

Alternative algorithmic approaches? Scale to huge graphs?

Other combinatorial problems in graphs of convex sets (TSP, MSTP)

Extensions/applications: underactuated dynamics, temporal logic, stochastics, SLAM...

Your new algorithms?
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Thanks for your attention!

Questions?
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