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Puppet Master
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First Example
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System Overview
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Dynamics – Forward Integration

ሶ𝑥 = 𝑓 𝑡, 𝑥 , 𝑥 𝑡0 = 𝑥0

𝑥𝑘+1 = 𝑥𝑘 + ℎ𝑓 𝑡𝑘+1, 𝑥𝑘+1 𝑥𝑘+1 = 𝑥𝑘 + ℎ𝑓 𝑡𝑘 , 𝑥𝑘

Implicit: Explicit:
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Dynamics – Forward Simulation

𝑊 𝒙𝑖 , 𝒑𝑖 = 𝑊𝑝𝑢𝑝𝑝𝑒𝑡 𝒙𝑖 +𝑊𝑠𝑡𝑟𝑖𝑛𝑔 𝒙𝑖 , 𝒑𝑖

ሷ𝒙𝑖 ≈
𝒙𝑖 − 2𝒙𝑖−1 + 𝒙𝑖−2

ℎ2

𝒙𝑖 𝒑𝑖 = argmin
𝒙𝒊

𝑈𝑖 𝒙𝑖 , 𝒑𝑖

𝑈𝑖 𝒙𝑖 , 𝒑𝑖 =
ℎ2

2
ሷ𝒙𝑖
𝑇𝑀 ሷ𝒙𝑖 +𝑊 𝒙𝑖 , 𝒑𝑖 + 𝒈𝑇𝑀𝒙𝑖where
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Dynamics – Forward Simulation

𝑊 𝒙𝑖 , 𝒑𝑖 = 𝑊𝑝𝑢𝑝𝑝𝑒𝑡 𝒙𝑖 +𝑊𝑠𝑡𝑟𝑖𝑛𝑔 𝒙𝑖 , 𝒑𝑖

𝑊𝑝𝑢𝑝𝑝𝑒𝑡 𝒙𝑖 =෍
(𝑗1,𝑗2)∈𝐿

𝑘𝑠 𝒙𝑖
𝑗1 − 𝒙𝑖

𝑗2 − 𝑙0
𝑗1,𝑗2

2

𝑊𝑠𝑡𝑟𝑖𝑛𝑔 𝒙𝑖 =෍
(𝑗1,𝑗2)∈𝑆

𝑘𝑠 𝜓 𝒙𝑖
𝑗1 − 𝒙𝑖

𝑗2 − 𝑠0
𝑗1,𝑗2

𝜓 𝑥 =

1

2
𝑥2 +

𝜖

2
𝑥 +

𝜖2

6
1

6𝜖
𝑥3 +

1

2
𝑥2 +

𝜖

2
𝑥 +

𝜖2

6

0

𝑥 > 0

otherwise

𝑥 > −𝜖
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Control – Sensitivity Analysis

Objective: 

𝑑𝑂

𝑑𝒑
=
𝜕𝑂

𝜕𝒙

𝑑𝒙

𝑑𝒑
+
𝜕𝑂

𝜕𝒑Gradient: 

∇𝒙𝒊 𝑈𝑖 𝒙𝑖 = ∇𝒙𝒊
ℎ2

2
ሷ𝒙𝑖
𝑇𝑀 ሷ𝒙𝑖 +𝑊 𝒙𝑖 , 𝒑𝑖 + 𝒈𝑇𝑀𝒙𝑖

𝑮 𝒙, 𝒑 = 𝟎
𝑑𝑮

𝑑𝒑
= 𝟎 =

𝜕𝑮

𝜕𝒙

𝑑𝒙

𝑑𝒑
+
𝜕𝑮

𝜕𝒑

𝑑𝒙

𝑑𝒑
= −

𝜕𝑮

𝜕𝒙

−1
𝜕𝑮

𝜕𝒑
≔ 𝑺

min
𝒑

𝑂 𝒙 𝒑 , 𝒑

= 𝑀 ሷ𝒙𝑖 + ∇𝒙𝒊 𝑊 𝒙𝑖 , 𝒑𝑖 +𝑀𝒈 = 𝑀 ሷ𝒙𝑖 − 𝑭 𝒙𝑖 , 𝒑𝑖 ≔ 𝑮

𝑂 𝒙 𝒑 , 𝒑 = 𝒙 − ෝ𝒙 2
2 + ሷ𝒑 2

2

𝒇 −𝒎𝒂 = 𝟎



|| 28.03.2019Simon Zimmermann 10

Second Order Sensitivity Analysis

𝑑2𝑂

𝑑𝒑2
Δ𝒑 = −

𝑑𝑂

𝑑𝒑

𝑑2𝑂

𝑑𝒑2
=

𝑑

𝑑𝒑

𝑑𝑂

𝑑𝒑
=

𝑑

𝑑𝒑

𝜕𝑂

𝜕𝒙
𝑺 +

𝜕𝑂

𝜕𝒑

Newton’s Method:

𝑑2𝑂

𝑑𝒑2
=
𝜕𝑂

𝜕𝒙
𝑺𝑇

𝜕

𝜕𝒙
𝑺 +

𝜕

𝜕𝒑
𝑺 + 𝑺𝑇

𝜕2𝑂

𝜕𝒙2
𝑺 + 2

𝜕𝑂

𝜕𝒙𝜕𝒑
+
𝜕2𝑂

𝜕𝒑2
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Joint Space

𝑑𝑂

𝑑𝒒
=
𝜕𝒑

𝜕𝒒

𝑇 𝑑𝑂

𝑑𝒑
+
𝜕𝑂

𝜕𝒒

min
𝒒

𝑂 𝒙 𝒑 𝒒 , 𝒑, 𝒒
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Preliminary Experiments – Pendulum
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Preliminary Experiments – Pendulum
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Preliminary Experiments – Double Pendulum
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Physical Puppet: Chinese Dragon
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Design Optimization
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Design Optimization
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Simulation Results
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Physical Results
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Thank you!


