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In the beginning… roboticists used hand-crafted controllers.
And they were (pretty) good!
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Why didn’t this solve robotics?

1. Onboarding new skills requires cleverness, a PhD.
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Well, programming new robots looked like this:

1. Idea 2. “Grad student descent” 3. Working robot

⏰😴 one PhD
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Why didn’t this solve robotics?

1. Onboarding new skills requires cleverness, a PhD.

2. Hand-designed controllers come with assumptions that fail.
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In some sense, our field had to learn the bitter lesson.
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The bitter lesson (robotics ed.)

The biggest lesson that can be read from 70 years of AI research 
is that general methods that leverage computation are 
ultimately the most effective, and by a large margin… 
 
Seeking an improvement that makes a difference in the shorter 
term, researchers seek to leverage their human knowledge of 
the domain, but the only thing that matters in the long run is 
the leveraging of computation… 

The two methods that seem to scale arbitrarily in this way are 
search and learning.

Rich Sutton 
“The Bitter Lesson,” 2019.
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Success story #1: Robot learning
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Success story #1: Robot learning
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Success story #1: Robot learning
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But - does learning solve everything?
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Success story #2: Search (aka “optimization”)
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Success story #2: Search (aka “optimization”)
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A spectrum of algorithms
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Why this class?

🛠 Learn reusable tools across 
many platforms/problems
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Why this class?

🛠 Learn reusable tools across 
many platforms/problems

📝 Build solid mathematical 
and programming foundations

<latexit sha1_base64="KIfQqALDbk4ibX4PnCKoZ1eauZ4="></latexit>

min
x

f(x)

s.t. g(x) → 0
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[ introductions 👋 ]
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“Preston” 
he / they

Non-robot stuff: 
• climbing 
• baking 
• volunteering

2016 2022 2024 2025



Teaching Assistant: Shengmiao ‘Samuel’ Jin 

I am a first-year Robotics PhD student in the 
Computer Science department co-advised by 
Professor Preston Culbertson and Professor 
Tapomayukh Bhattacharjee. His research interest 
lies in the intersection of Tactile Sensing, 
Dexterous and Contact-Rich Manipulation, and 
Uncertainty Quantification.  

Prior to Cornell, I obtained a B.S. in Electrical 
Engineering with Highest Honors from UIUC 

Office Hour: Thursday 5-7, Room TBD
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We’re the Praxis Lab

prax·is (noun) — theory in action 

Goal: Enable adaptive + robust control needed for dynamic motion.
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Some examples of how we use optimization

1. Robot planning 2. Robot safety

… and many more!
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Brainstorm: What is “good” drone racing?
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Brainstorm: What is “good” drone racing?

Want to minimize: 
- Time to complete course 
- Energy usage 
 
Cannot: 
- Crash (with gates/others) 
- Violate physics 
- Run out of battery
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Optimization: A general method for decision-making

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0
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Optimization: A general method for decision-making

“decision variable”

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0
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Optimization: A general method for decision-making

“decision variable”

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0

“objective function”
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Optimization: A general method for decision-making

“decision variable”

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0

“objective function”

“constraints”
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Some optimization terminology / notation

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0

<latexit sha1_base64="NYy2KVhVZtlMjEiZ9YCe0/epKQg=">AAACHnicbVC7TsMwFHXKq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2p7US2A1RR/oEVJr6GDbHC3+C0GWjLlSwfnXOvzr0nSCiRyrZ/jMra+sbmVnW7trO7t39Qbxz2ZJwKhLsoprEYBFBiSjjuKqIoHiQCQxZQ3A8m14Xef8RCkpjfq2mCfQZHnEQEQaWpnhew7Dkf1i27ac/KXAVOCSxQVmfYMCpeGKOUYa4QhVK6jp0oP4NCEURxXvNSiROIJnCEXQ05ZFj62Wzd3DzVTGhGsdCPK3PG/p3IIJNyygLdyaAay2WtIP/T3FRFV35GeJIqzNHcKEqpqWKzuN0MicBI0akGEAmidzXRGAqIlE6o5nH8hGLGIA8zT7u7jq9/bRJEmeXkC0dlAStSc5YzWgW986bTarZuL6z2XZlfFRyDE3AGHHAJ2uAGdEAXIPAAXsAreDPejQ/j0/iat1aMcuYILJTx/QvHcaJ8</latexit>x

<latexit sha1_base64="zksTJJQ06aGJTDjRAxuiXBIuUpg=">AAACIXicbVC7TsMwFHXKq5RXCyNLRIRUlipBqDBWYmEsiD5QElWO47RWbSeyHaCK8hWsMPE1bIgN8TO4bQbaciXLR+fcq3PvCRJKpLLtb6O0tr6xuVXeruzs7u0fVGuHXRmnAuEOimks+gGUmBKOO4ooivuJwJAFFPeC8fVU7z1iIUnM79UkwT6DQ04igqDS1ENU9wKWPedng6plN+xZmavAKYAFimoPakbJC2OUMswVolBK17ET5WdQKIIoziteKnEC0RgOsashhwxLP5ttnJunmgnNKBb6cWXO2L8TGWRSTligOxlUI7msTcn/NDdV0ZWfEZ6kCnM0N4pSaqrYnJ5vhkRgpOhEA4gE0buaaAQFREqHVPE4fkIxY5CHmafdXcfXvzYJosxy8oWjsoDlOjVnOaNV0D1vOM1G8/bCat0V+ZXBMTgBdeCAS9ACN6ANOgABBl7AK3gz3o0P49P4mreWjGLmCCyU8fMLdjijUQ==</latexit>

f(x)
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Some optimization terminology / notation

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0

<latexit sha1_base64="NYy2KVhVZtlMjEiZ9YCe0/epKQg=">AAACHnicbVC7TsMwFHXKq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2p7US2A1RR/oEVJr6GDbHC3+C0GWjLlSwfnXOvzr0nSCiRyrZ/jMra+sbmVnW7trO7t39Qbxz2ZJwKhLsoprEYBFBiSjjuKqIoHiQCQxZQ3A8m14Xef8RCkpjfq2mCfQZHnEQEQaWpnhew7Dkf1i27ac/KXAVOCSxQVmfYMCpeGKOUYa4QhVK6jp0oP4NCEURxXvNSiROIJnCEXQ05ZFj62Wzd3DzVTGhGsdCPK3PG/p3IIJNyygLdyaAay2WtIP/T3FRFV35GeJIqzNHcKEqpqWKzuN0MicBI0akGEAmidzXRGAqIlE6o5nH8hGLGIA8zT7u7jq9/bRJEmeXkC0dlAStSc5YzWgW986bTarZuL6z2XZlfFRyDE3AGHHAJ2uAGdEAXIPAAXsAreDPejQ/j0/iat1aMcuYILJTx/QvHcaJ8</latexit>x

<latexit sha1_base64="zksTJJQ06aGJTDjRAxuiXBIuUpg=">AAACIXicbVC7TsMwFHXKq5RXCyNLRIRUlipBqDBWYmEsiD5QElWO47RWbSeyHaCK8hWsMPE1bIgN8TO4bQbaciXLR+fcq3PvCRJKpLLtb6O0tr6xuVXeruzs7u0fVGuHXRmnAuEOimks+gGUmBKOO4ooivuJwJAFFPeC8fVU7z1iIUnM79UkwT6DQ04igqDS1ENU9wKWPedng6plN+xZmavAKYAFimoPakbJC2OUMswVolBK17ET5WdQKIIoziteKnEC0RgOsashhwxLP5ttnJunmgnNKBb6cWXO2L8TGWRSTligOxlUI7msTcn/NDdV0ZWfEZ6kCnM0N4pSaqrYnJ5vhkRgpOhEA4gE0buaaAQFREqHVPE4fkIxY5CHmafdXcfXvzYJosxy8oWjsoDlOjVnOaNV0D1vOM1G8/bCat0V+ZXBMTgBdeCAS9ACN6ANOgABBl7AK3gz3o0P49P4mreWjGLmCCyU8fMLdjijUQ==</latexit>

f(x)

“feasible set”

<latexit sha1_base64="LOb6yT3hrN4Rh7jf2OkLSAqroHk="></latexit>

{x | g(x) → 0}
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Some optimization terminology / notation

<latexit sha1_base64="2das2Rg7SFF5NlEpcKD1mFURGCE="></latexit>

min
x→Rn

f(x)

s.t. g(x) → 0

<latexit sha1_base64="NYy2KVhVZtlMjEiZ9YCe0/epKQg=">AAACHnicbVC7TsMwFHXKq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2p7US2A1RR/oEVJr6GDbHC3+C0GWjLlSwfnXOvzr0nSCiRyrZ/jMra+sbmVnW7trO7t39Qbxz2ZJwKhLsoprEYBFBiSjjuKqIoHiQCQxZQ3A8m14Xef8RCkpjfq2mCfQZHnEQEQaWpnhew7Dkf1i27ac/KXAVOCSxQVmfYMCpeGKOUYa4QhVK6jp0oP4NCEURxXvNSiROIJnCEXQ05ZFj62Wzd3DzVTGhGsdCPK3PG/p3IIJNyygLdyaAay2WtIP/T3FRFV35GeJIqzNHcKEqpqWKzuN0MicBI0akGEAmidzXRGAqIlE6o5nH8hGLGIA8zT7u7jq9/bRJEmeXkC0dlAStSc5YzWgW986bTarZuL6z2XZlfFRyDE3AGHHAJ2uAGdEAXIPAAXsAreDPejQ/j0/iat1aMcuYILJTx/QvHcaJ8</latexit>x

<latexit sha1_base64="zksTJJQ06aGJTDjRAxuiXBIuUpg=">AAACIXicbVC7TsMwFHXKq5RXCyNLRIRUlipBqDBWYmEsiD5QElWO47RWbSeyHaCK8hWsMPE1bIgN8TO4bQbaciXLR+fcq3PvCRJKpLLtb6O0tr6xuVXeruzs7u0fVGuHXRmnAuEOimks+gGUmBKOO4ooivuJwJAFFPeC8fVU7z1iIUnM79UkwT6DQ04igqDS1ENU9wKWPedng6plN+xZmavAKYAFimoPakbJC2OUMswVolBK17ET5WdQKIIoziteKnEC0RgOsashhwxLP5ttnJunmgnNKBb6cWXO2L8TGWRSTligOxlUI7msTcn/NDdV0ZWfEZ6kCnM0N4pSaqrYnJ5vhkRgpOhEA4gE0buaaAQFREqHVPE4fkIxY5CHmafdXcfXvzYJosxy8oWjsoDlOjVnOaNV0D1vOM1G8/bCat0V+ZXBMTgBdeCAS9ACN6ANOgABBl7AK3gz3o0P49P4mreWjGLmCCyU8fMLdjijUQ==</latexit>

f(x)

“feasible set”

<latexit sha1_base64="LOb6yT3hrN4Rh7jf2OkLSAqroHk="></latexit>

{x | g(x) → 0}

<latexit sha1_base64="UEJDamfuvx8YILLDOZF3Vc4B7/4=">AAACIHicbVDLSsNAFJ3UV62vVpdugkEQFyURqS4LblxWsQ9IYplMJu3gPMLMRC0hP+FWV36NO3GpX+P0sbCtF4Y5nHMv594TpZQo7brfVmlldW19o7xZ2dre2d2r1vY7SmQS4TYSVMheBBWmhOO2JpriXioxZBHF3ejhaqx3H7FURPA7PUpxyOCAk4QgqA3VCyKWPxf3p/2q49bdSdnLwJsBB8yq1a9ZpSAWKGOYa0ShUr7npjrModQEUVxUgkzhFKIHOMC+gRwyrMJ8snBhHxsmthMhzePanrB/J3LIlBqxyHQyqIdqURuT/2l+ppPLMCc8zTTmaGqUZNTWwh5fb8dEYqTpyACIJDG72mgIJUTaZFQJOH5CgjHI4zww7r4Xmt+YREnueMXcUXnECpOat5jRMuic1b1GvXFz7jRvZ/mVwSE4AifAAxegCa5BC7QBAhS8gFfwZr1bH9an9TVtLVmzmQMwV9bPL/98oxg=</latexit>

x→

“minimizer” / 
“optimal point”

<latexit sha1_base64="OrWcX1r+izlBwvwAUaSPfXoa3Fo="></latexit>

x→ = argmin
x

f(x)

s.t. g(x) → 0
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Core philosophy:

• Instead of specifying a decision rule (controller, estimator, …)  

• Articulate what you want (costs, constraints, parameters, …) 

• Let a (general) optimization algorithm find the best decision.

<latexit sha1_base64="fMJPELdQTnN1eiUaNA7ot1Pqf6g="></latexit>

x(ω)
<latexit sha1_base64="Y6k4mETdVKjWH0/VlTgA3nA9rsM="></latexit>

f(x), g(x)

<latexit sha1_base64="SgUlUh3GvcfIrwbmNoGQaVsL32o="></latexit>

x→ = argmin f(x)

s.t. g(x) → 0



37

e.g., least-squares fitting
<latexit sha1_base64="9gFAPKOV8c1WmEQNarVBYjz+t8s="></latexit>

y = mx+ b
<latexit sha1_base64="TOwUfah5NmUMYycdPdVLNxvPeKw="></latexit>

min
m,b

n∑

i=1

(yi →mxi → b)2
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e.g., least-squares fitting
<latexit sha1_base64="9gFAPKOV8c1WmEQNarVBYjz+t8s="></latexit>

y = mx+ b
<latexit sha1_base64="TOwUfah5NmUMYycdPdVLNxvPeKw="></latexit>

min
m,b

n∑

i=1

(yi →mxi → b)2

<latexit sha1_base64="1UGRumSCWeTf2Gnd8NvKIZefjoY="></latexit>

min
ω

||y →Xω||22
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e.g., least-squares fitting
<latexit sha1_base64="9gFAPKOV8c1WmEQNarVBYjz+t8s="></latexit>

y = mx+ b
<latexit sha1_base64="TOwUfah5NmUMYycdPdVLNxvPeKw="></latexit>

min
m,b

n∑

i=1

(yi →mxi → b)2

<latexit sha1_base64="1UGRumSCWeTf2Gnd8NvKIZefjoY="></latexit>

min
ω

||y →Xω||22

<latexit sha1_base64="sCb7jqRM7ZbzIp0vbKfZQ+aQRDo="></latexit>

ω→ = (XTX)↑1XTy
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What’s so special about robotics problems?

1. Temporal Structure ⏰

states: 
controls:  

<latexit sha1_base64="IQOV1wifbvpDVm04gdkG2QDp3tc=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMx1MO67TSdWVmrwC2BDcrqDBuw4kcJzjgRGjOklOc6qQ5yJDXFjBQ1P1MkRfgBjYhnoECcqCCfLVxYp4aJrDiR5gltzdi/EzniSk14aDo50mO1rE3J/zQv0/FVkFORZpoIPDeKM2bpxJpeb0VUEqzZxACEJTW7WniMJMLaZFTzBXnCCedIRLlv3D03ML8xCePcdouFo/KQFyY1dzmjVdA7b7qtZuv2wm7flflVwTE4AWfABZegDW5AB3QBBgy8gFfwBt/hB/yEX/PWCixnjsBCwZ9ff5OjYw==</latexit>xt
<latexit sha1_base64="rlp9IKPG+A3sN7ig09s8GrUaLn0=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCUIFcZKLIwF0YeURJXjOK1V24lsB1RF+QlWmPgaNsQIX4PbZqAtV7J8dM69OveeMGVUacf5tiobm1vbO9Xd2t7+weFRvXHcU0kmMenihCVyECJFGBWkq6lmZJBKgnjISD+c3M70/hORiibiUU9TEnA0EjSmGGlDDfyQ51kx1MO67TSdecF14JbABmV1hg2r4kcJzjgRGjOklOc6qQ5yJDXFjBQ1P1MkRXiCRsQzUCBOVJDPFy7guWEiGCfSPKHhnP07kSOu1JSHppMjPVar2oz8T/MyHd8EORVpponAC6M4Y1AncHY9jKgkWLOpAQhLanaFeIwkwtpkVPMFecYJ50hEuW/cPTcwvzEJ49x2i6Wj8pAXJjV3NaN10Ltsuq1m6/7Kbj+U+VXBKTgDF8AF16AN7kAHdAEGDLyAV/BmvVsf1qf1tWitWOXMCVgq6+cXemujYA==</latexit>ut

2. Geometry 📐 3. Low compute 👾

<latexit sha1_base64="nhJyjIEyN7PbOu6xN84K+njL6Kc="></latexit>

xt+1 = f(xt,ut)
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Problems we’ll study in this class:
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1. Optimal Control / Trajectory Opt.

Known: initial state

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="D2vr1XENOngagvtH/VNA8KpEIuM=">AAACIHicbVDLSsNAFJ3UV62vVpdugkFwVRKR6rLgxpVUsA9IQplMJu3gPMLMRC0hP+FWV36NO3GpX+O0zcK2XhjmcO69nHNPlFKitOt+W5W19Y3Nrep2bWd3b/+g3jjsKZFJhLtIUCEHEVSYEo67mmiKB6nEkEUU96OH62m//4ilIoLf60mKQwZHnCQEQW2oQRCx/LkYusO64zbdWdmrwCuBA8rqDBtWJYgFyhjmGlGolO+5qQ5zKDVBFBe1IFM4hegBjrBvIIcMqzCfGS7sU8PEdiKkeVzbM/bvRg6ZUhMWmUkG9Vgt96bkfz0/08lVmBOeZhpzNBdKMmprYU+vt2MiMdJ0YgBEkhivNhpDCZE2GS2oRMzcwPETEoxBHueBceN7ofmNaJTkjlcUJjVvOaNV0Dtveq1m6+7Cad+W+VXBMTgBZ8ADl6ANbkAHdAECFLyAV/BmvVsf1qf1NR+tWOXOEVgo6+cXDoGjGw==</latexit>x0
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1. Optimal Control / Trajectory Opt.

Known: initial state

Decisions: controls, future states  

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1

<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2
<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3

<latexit sha1_base64="pgX8/3NgBhWSPPVfsuB1HaV2TRI=">AAACIHicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXBjSupYB+QhDKZTNqhM5MwM1FKyE+41ZVf405c6tc4bbOwrReGOZx7L+fcE6aMKu0431ZlY3Nre6e6W9vbPzg8qjeOeyrJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk9tZv/9EpKKJeNTTlAQcjQSNKUbaUAM/5HlWDJ1h3XaazrzgOnBLYIOyOsOGVfGjBGecCI0ZUspznVQHOZKaYkaKmp8pkiI8QSPiGSgQJyrI54YLeG6YCMaJNE9oOGf/buSIKzXloZnkSI/Vam9G/tfzMh3fBDkVaaaJwAuhOGNQJ3B2PYyoJFizqQEIS2q8QjxGEmFtMlpSCbm5QZBnnHCORJT7xo3nBuY3omGc225RmNTc1YzWQe+y6baarYcru31f5lcFp+AMXAAXXIM2uAMd0AUYMPACXsGb9W59WJ/W12K0YpU7J2CprJ9fCVmjGA==</latexit>u0

<latexit sha1_base64="D2vr1XENOngagvtH/VNA8KpEIuM=">AAACIHicbVDLSsNAFJ3UV62vVpdugkFwVRKR6rLgxpVUsA9IQplMJu3gPMLMRC0hP+FWV36NO3GpX+O0zcK2XhjmcO69nHNPlFKitOt+W5W19Y3Nrep2bWd3b/+g3jjsKZFJhLtIUCEHEVSYEo67mmiKB6nEkEUU96OH62m//4ilIoLf60mKQwZHnCQEQW2oQRCx/LkYusO64zbdWdmrwCuBA8rqDBtWJYgFyhjmGlGolO+5qQ5zKDVBFBe1IFM4hegBjrBvIIcMqzCfGS7sU8PEdiKkeVzbM/bvRg6ZUhMWmUkG9Vgt96bkfz0/08lVmBOeZhpzNBdKMmprYU+vt2MiMdJ0YgBEkhivNhpDCZE2GS2oRMzcwPETEoxBHueBceN7ofmNaJTkjlcUJjVvOaNV0Dtveq1m6+7Cad+W+VXBMTgBZ8ADl6ANbkAHdAECFLyAV/BmvVsf1qf1NR+tWOXOEVgo6+cXDoGjGw==</latexit>x0
<latexit sha1_base64="QgNXt3E8u80VdFIiCuyX+va1l4Q="></latexit>u0:t→1,x1:t
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1. Optimal Control / Trajectory Opt.

Known: initial state

Decisions: controls, future states  

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1

<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2
<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3

<latexit sha1_base64="pgX8/3NgBhWSPPVfsuB1HaV2TRI=">AAACIHicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXBjSupYB+QhDKZTNqhM5MwM1FKyE+41ZVf405c6tc4bbOwrReGOZx7L+fcE6aMKu0431ZlY3Nre6e6W9vbPzg8qjeOeyrJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk9tZv/9EpKKJeNTTlAQcjQSNKUbaUAM/5HlWDJ1h3XaazrzgOnBLYIOyOsOGVfGjBGecCI0ZUspznVQHOZKaYkaKmp8pkiI8QSPiGSgQJyrI54YLeG6YCMaJNE9oOGf/buSIKzXloZnkSI/Vam9G/tfzMh3fBDkVaaaJwAuhOGNQJ3B2PYyoJFizqQEIS2q8QjxGEmFtMlpSCbm5QZBnnHCORJT7xo3nBuY3omGc225RmNTc1YzWQe+y6baarYcru31f5lcFp+AMXAAXXIM2uAMd0AUYMPACXsGb9W59WJ/W12K0YpU7J2CprJ9fCVmjGA==</latexit>u0

Costs: energy, time

Constraints: collisions, physics

<latexit sha1_base64="D2vr1XENOngagvtH/VNA8KpEIuM=">AAACIHicbVDLSsNAFJ3UV62vVpdugkFwVRKR6rLgxpVUsA9IQplMJu3gPMLMRC0hP+FWV36NO3GpX+O0zcK2XhjmcO69nHNPlFKitOt+W5W19Y3Nrep2bWd3b/+g3jjsKZFJhLtIUCEHEVSYEo67mmiKB6nEkEUU96OH62m//4ilIoLf60mKQwZHnCQEQW2oQRCx/LkYusO64zbdWdmrwCuBA8rqDBtWJYgFyhjmGlGolO+5qQ5zKDVBFBe1IFM4hegBjrBvIIcMqzCfGS7sU8PEdiKkeVzbM/bvRg6ZUhMWmUkG9Vgt96bkfz0/08lVmBOeZhpzNBdKMmprYU+vt2MiMdJ0YgBEkhivNhpDCZE2GS2oRMzcwPETEoxBHueBceN7ofmNaJTkjlcUJjVvOaNV0Dtveq1m6+7Cad+W+VXBMTgBZ8ADl6ANbkAHdAECFLyAV/BmvVsf1qf1NR+tWOXOEVgo6+cXDoGjGw==</latexit>x0
<latexit sha1_base64="QgNXt3E8u80VdFIiCuyX+va1l4Q="></latexit>u0:t→1,x1:t

<latexit sha1_base64="/8UDB1prEY1HjmbI9Ge3dSZPA38="></latexit>

J(x1:t,u0:t→1)
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2. State Estimation

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1
<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2

<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3
<latexit sha1_base64="H4hodQrQVl3d82dqJxB1c667cys="></latexit>

p(yt | xt)

Measurement model
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2. State Estimation

Known: controls, measurements

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1
<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2

<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3

<latexit sha1_base64="pgX8/3NgBhWSPPVfsuB1HaV2TRI=">AAACIHicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXBjSupYB+QhDKZTNqhM5MwM1FKyE+41ZVf405c6tc4bbOwrReGOZx7L+fcE6aMKu0431ZlY3Nre6e6W9vbPzg8qjeOeyrJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk9tZv/9EpKKJeNTTlAQcjQSNKUbaUAM/5HlWDJ1h3XaazrzgOnBLYIOyOsOGVfGjBGecCI0ZUspznVQHOZKaYkaKmp8pkiI8QSPiGSgQJyrI54YLeG6YCMaJNE9oOGf/buSIKzXloZnkSI/Vam9G/tfzMh3fBDkVaaaJwAuhOGNQJ3B2PYyoJFizqQEIS2q8QjxGEmFtMlpSCbm5QZBnnHCORJT7xo3nBuY3omGc225RmNTc1YzWQe+y6baarYcru31f5lcFp+AMXAAXXIM2uAMd0AUYMPACXsGb9W59WJ/W12K0YpU7J2CprJ9fCVmjGA==</latexit>u0
🖼

🖼

🖼

<latexit sha1_base64="TJoGyE6Ci5rm7P+JFm0XVBPlBCY=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YfURJXjOK1V24lsBxRF+QlWmPgaNsQIX4PbZqAtR7J8dM69uveeIGFUacf5hpWNza3tnepubW//4PCo3jjuqTiVmHRxzGI5CJAijArS1VQzMkgkQTxgpB9Mb2d+/4lIRWPxqLOE+ByNBY0oRtpIA48HeVaM3FHddprOHNY6cUtigxKdUQNWvDDGKSdCY4aUGrpOov0cSU0xI0XNSxVJEJ6iMRkaKhAnys/nCxfWuVFCK4qleUJbc/VvR464UhkPTCVHeqJWvZn4nzdMdXTj51QkqSYCLwZFKbN0bM2ut0IqCdYsMwRhSc2uFp4gibA2GdU8QZ5xzDkSYW6SKYaub34zJIhy2y2WjsoDXpjU3NWM1knvsum2mq37K7v9UOZXBafgDFwAF1yDNrgDHdAFGDDwAl7BG3yHH/ATfi1KK7DsOQFLgD+/DvejIQ==</latexit>y1

<latexit sha1_base64="wmgqDoVLHWQCKMjAaqso8L2rUtE=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCUIFcZKLIwF0YfURJXjOK1V24lsBxRF+QlWmPgaNsQIX4PbZqAtR7J8dM69uveeIGFUacf5tiobm1vbO9Xd2t7+weFRvXHcU3EqMenimMVyECBFGBWkq6lmZJBIgnjASD+Y3s78/hORisbiUWcJ8TkaCxpRjLSRBh4P8qwYXY7qttN05oDrxC2JDUp0Rg2r4oUxTjkRGjOk1NB1Eu3nSGqKGSlqXqpIgvAUjcnQUIE4UX4+X7iA50YJYRRL84SGc/VvR464UhkPTCVHeqJWvZn4nzdMdXTj51QkqSYCLwZFKYM6hrPrYUglwZplhiAsqdkV4gmSCGuTUc0T5BnHnCMR5iaZYuj65jdDgii33WLpqDzghUnNXc1onfQum26r2bq/stsPZX5VcArOwAVwwTVogzvQAV2AAQMv4BW8We/Wh/VpfS1KK1bZcwKWYP38AhCsoyI=</latexit>y2

<latexit sha1_base64="Bp/Xsf75skza9T8I54On2vGS3VI=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVCWACmMlFsaCaKnURJXjOK1V24lsBxRZ+QlWmPgaNsQIX4PbZqAtR7J8dM69uveeMKVEKtf9tipr6xubW9Xt2s7u3v5BvXHYk0kmEO6ihCaiH0KJKeG4q4iiuJ8KDFlI8WM4uZn6j09YSJLwB5WnOGBwxElMEFRG6vss1HkxvBjWHbfpzmCvEq8kDijRGTasih8lKGOYK0ShlAPPTVWgoVAEUVzU/EziFKIJHOGBoRwyLAM9W7iwT40S2XEizOPKnql/OzRkUuYsNJUMqrFc9qbif94gU/F1oAlPM4U5mg+KM2qrxJ5eb0dEYKRobghEgphdbTSGAiJlMqr5HD+jhDHII22SKQZeYH4zJIy14xULR+mQFSY1bzmjVdI7b3qtZuvu0mnfl/lVwTE4AWfAA1egDW5BB3QBAhS8gFfwZr1bH9an9TUvrVhlzxFYgPXzCxJhoyM=</latexit>y3

<latexit sha1_base64="6yIPVBQtP+Jvs/IdLdHapweQb9s="></latexit>u0:t,y0:t

<latexit sha1_base64="H4hodQrQVl3d82dqJxB1c667cys="></latexit>

p(yt | xt)

Measurement model
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2. State Estimation

Known: controls, measurements

Decisions: states 

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1
<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2

<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3

<latexit sha1_base64="pgX8/3NgBhWSPPVfsuB1HaV2TRI=">AAACIHicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXBjSupYB+QhDKZTNqhM5MwM1FKyE+41ZVf405c6tc4bbOwrReGOZx7L+fcE6aMKu0431ZlY3Nre6e6W9vbPzg8qjeOeyrJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk9tZv/9EpKKJeNTTlAQcjQSNKUbaUAM/5HlWDJ1h3XaazrzgOnBLYIOyOsOGVfGjBGecCI0ZUspznVQHOZKaYkaKmp8pkiI8QSPiGSgQJyrI54YLeG6YCMaJNE9oOGf/buSIKzXloZnkSI/Vam9G/tfzMh3fBDkVaaaJwAuhOGNQJ3B2PYyoJFizqQEIS2q8QjxGEmFtMlpSCbm5QZBnnHCORJT7xo3nBuY3omGc225RmNTc1YzWQe+y6baarYcru31f5lcFp+AMXAAXXIM2uAMd0AUYMPACXsGb9W59WJ/W12K0YpU7J2CprJ9fCVmjGA==</latexit>u0

Costs: likelihood

🖼

🖼

🖼

<latexit sha1_base64="TJoGyE6Ci5rm7P+JFm0XVBPlBCY=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YfURJXjOK1V24lsBxRF+QlWmPgaNsQIX4PbZqAtR7J8dM69uveeIGFUacf5hpWNza3tnepubW//4PCo3jjuqTiVmHRxzGI5CJAijArS1VQzMkgkQTxgpB9Mb2d+/4lIRWPxqLOE+ByNBY0oRtpIA48HeVaM3FHddprOHNY6cUtigxKdUQNWvDDGKSdCY4aUGrpOov0cSU0xI0XNSxVJEJ6iMRkaKhAnys/nCxfWuVFCK4qleUJbc/VvR464UhkPTCVHeqJWvZn4nzdMdXTj51QkqSYCLwZFKbN0bM2ut0IqCdYsMwRhSc2uFp4gibA2GdU8QZ5xzDkSYW6SKYaub34zJIhy2y2WjsoDXpjU3NWM1knvsum2mq37K7v9UOZXBafgDFwAF1yDNrgDHdAFGDDwAl7BG3yHH/ATfi1KK7DsOQFLgD+/DvejIQ==</latexit>y1

<latexit sha1_base64="wmgqDoVLHWQCKMjAaqso8L2rUtE=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCUIFcZKLIwF0YfURJXjOK1V24lsBxRF+QlWmPgaNsQIX4PbZqAtR7J8dM69uveeIGFUacf5tiobm1vbO9Xd2t7+weFRvXHcU3EqMenimMVyECBFGBWkq6lmZJBIgnjASD+Y3s78/hORisbiUWcJ8TkaCxpRjLSRBh4P8qwYXY7qttN05oDrxC2JDUp0Rg2r4oUxTjkRGjOk1NB1Eu3nSGqKGSlqXqpIgvAUjcnQUIE4UX4+X7iA50YJYRRL84SGc/VvR464UhkPTCVHeqJWvZn4nzdMdXTj51QkqSYCLwZFKYM6hrPrYUglwZplhiAsqdkV4gmSCGuTUc0T5BnHnCMR5iaZYuj65jdDgii33WLpqDzghUnNXc1onfQum26r2bq/stsPZX5VcArOwAVwwTVogzvQAV2AAQMv4BW8We/Wh/VpfS1KK1bZcwKWYP38AhCsoyI=</latexit>y2

<latexit sha1_base64="Bp/Xsf75skza9T8I54On2vGS3VI=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVCWACmMlFsaCaKnURJXjOK1V24lsBxRZ+QlWmPgaNsQIX4PbZqAtR7J8dM69uveeMKVEKtf9tipr6xubW9Xt2s7u3v5BvXHYk0kmEO6ihCaiH0KJKeG4q4iiuJ8KDFlI8WM4uZn6j09YSJLwB5WnOGBwxElMEFRG6vss1HkxvBjWHbfpzmCvEq8kDijRGTasih8lKGOYK0ShlAPPTVWgoVAEUVzU/EziFKIJHOGBoRwyLAM9W7iwT40S2XEizOPKnql/OzRkUuYsNJUMqrFc9qbif94gU/F1oAlPM4U5mg+KM2qrxJ5eb0dEYKRobghEgphdbTSGAiJlMqr5HD+jhDHII22SKQZeYH4zJIy14xULR+mQFSY1bzmjVdI7b3qtZuvu0mnfl/lVwTE4AWfAA1egDW5BB3QBAhS8gFfwZr1bH9an9TUvrVhlzxFYgPXzCxJhoyM=</latexit>y3

<latexit sha1_base64="o9p58hz43139SBOMZlYeBCExMgM="></latexit>

p(x0:t | u0:t,y0:t)

<latexit sha1_base64="Px3yoEV09+zgY/j9+Njacl8eaOk=">AAACJHicbVC7TsMwFHXKq5RXCyNLRITEVCUIFcRUiYWxIPqQmqhyXKe1ajuR7QCVld9ghYmvYUMMLHwLTpuBthzJ8tE59+ree8KEEqlc99sqra1vbG6Vtys7u3v7B9XaYUfGqUC4jWIai14IJaaE47YiiuJeIjBkIcXdcHKT+91HLCSJ+YOaJjhgcMRJRBBURvJ9FurnbKDda5UNqo5bd2ewV4lXEAcUaA1qVskfxihlmCtEoZR9z01UoKFQBFGcVfxU4gSiCRzhvqEcMiwDPVs6s0+NMrSjWJjHlT1T/3ZoyKScstBUMqjGctnLxf+8fqqiq0ATnqQKczQfFKXUVrGdJ2APicBI0akhEAlidrXRGAqIlMmp4nP8hGLGIB9qk07W9wLzmyFhpB0vWzhKhyxPzVvOaJV0zuteo964u3Ca90V+ZXAMTsAZ8MAlaIJb0AJtgEACXsAreLPerQ/r0/qal5asoucILMD6+QV/+aTt</latexit>x0:t

<latexit sha1_base64="6yIPVBQtP+Jvs/IdLdHapweQb9s="></latexit>u0:t,y0:t

<latexit sha1_base64="H4hodQrQVl3d82dqJxB1c667cys="></latexit>

p(yt | xt)

Measurement model
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3. System Identification

Known: states, controls

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1

<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2
<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3

<latexit sha1_base64="pgX8/3NgBhWSPPVfsuB1HaV2TRI=">AAACIHicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXBjSupYB+QhDKZTNqhM5MwM1FKyE+41ZVf405c6tc4bbOwrReGOZx7L+fcE6aMKu0431ZlY3Nre6e6W9vbPzg8qjeOeyrJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk9tZv/9EpKKJeNTTlAQcjQSNKUbaUAM/5HlWDJ1h3XaazrzgOnBLYIOyOsOGVfGjBGecCI0ZUspznVQHOZKaYkaKmp8pkiI8QSPiGSgQJyrI54YLeG6YCMaJNE9oOGf/buSIKzXloZnkSI/Vam9G/tfzMh3fBDkVaaaJwAuhOGNQJ3B2PYyoJFizqQEIS2q8QjxGEmFtMlpSCbm5QZBnnHCORJT7xo3nBuY3omGc225RmNTc1YzWQe+y6baarYcru31f5lcFp+AMXAAXXIM2uAMd0AUYMPACXsGb9W59WJ/W12K0YpU7J2CprJ9fCVmjGA==</latexit>u0

<latexit sha1_base64="LfP4u4BiuyKvTEAx07C30GxDb6M="></latexit>x0:t,u0:t→1

<latexit sha1_base64="Ibe8SpCE3/AG9BayTjZSSy1Rv1E="></latexit>

x̂2

<latexit sha1_base64="Q3k5AeXZqZKkwt75oQOVnwgmMGA="></latexit>

x̂3

<latexit sha1_base64="0vabxEmREKSoJTUsTBJ02VSKcZE="></latexit>

f(x1,u1; ω̂)
Dynamics model
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3. System Identification

Known: states, controls

Decisions: dynamics parameters

<latexit sha1_base64="934NDjSamjOK0skI5KuNl2mVI8o=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUIFcZKLIwF0YeURJXjOK2F7US2A1RRfoIVJr6GDTHC1+C2GWjLlSwfnXOvzr0nTBlV2nG+YWVtfWNzq7pd29nd2z+oNw57KskkJl2csEQOQqQIo4J0NdWMDFJJEA8Z6YcP11O9/0ikoom415OUBByNBI0pRtpQAz/k+XMxdIZ122k6s7JWgVsCG5TVGTZgxY8SnHEiNGZIKc91Uh3kSGqKGSlqfqZIivADGhHPQIE4UUE+W7iwTg0TWXEizRPamrF/J3LElZrw0HRypMdqWZuS/2lepuOrIKcizTQReG4UZ8zSiTW93oqoJFiziQEIS2p2tfAYSYS1yajmC/KEE86RiHLfuHtuYH5jEsa57RYLR+UhL0xq7nJGq6B33nRbzdbthd2+K/OrgmNwAs6ACy5BG9yADugCDBh4Aa/gDb7DD/gJv+atFVjOHIGFgj+/C3+jHw==</latexit>x0

<latexit sha1_base64="J8+cLvIFgTBvSFO41H6Mu2QchtQ=">AAACIHicbVC7TsMwFHXKq5RXCyNLRITEVMUIFcZKLEyoSPQhJVHlOE5rYTuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCVNGlXbdb6uytr6xuVXdru3s7u0f1BuHPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDh+tpv/9IpKKJuNeTlAQcjQSNKUbaUAM/5PlzMYTDuuM23VnZqwCWwAFldYYNq+JHCc44ERozpJQH3VQHOZKaYkaKmp8pkiL8gEbEM1AgTlSQzwwX9qlhIjtOpHlC2zP270aOuFITHppJjvRYLfem5H89L9PxVZBTkWaaCDwXijNm68SeXm9HVBKs2cQAhCU1Xm08RhJhbTJaUAm5uUGQJ5xwjkSU+8aNBwPzG9Ewzh1YFCY1uJzRKuidN2Gr2bq7cNq3ZX5VcAxOwBmA4BK0wQ3ogC7AgIEX8ArerHfrw/q0vuajFavcOQILZf38AhA2oxw=</latexit>x1

<latexit sha1_base64="24j+IuLsT45HsoHSKFkZAokPq4I=">AAACIHicbVC7TsMwFLXLq5RXCyNLRITEVCUVKoyVWJhQkehDaqLKcZzWqu1EtgNUUX6CFSa+hg0xwtfgthloy5UsH517r865J0gYVdpxvmFpY3Nre6e8W9nbPzg8qtaOuypOJSYdHLNY9gOkCKOCdDTVjPQTSRAPGOkFk5tZv/dIpKKxeNDThPgcjQSNKEbaUH0v4NlzPmwMq7ZTd+ZlrQO3ADYoqj2swZIXxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiAwMF4kT52dxwbp0bJrSiWJontDVn/25kiCs15YGZ5EiP1WpvRv7XG6Q6uvYzKpJUE4EXQlHKLB1bs+utkEqCNZsagLCkxquFx0girE1GSyoBNzcI8oRjzpEIM8+4Gbi++Y1oEGW2m+cmNXc1o3XQbdTdZr15f2m37or8yuAUnIEL4IIr0AK3oA06AAMGXsAreIPv8AN+wq/FaAkWOydgqeDPLxHrox0=</latexit>x2
<latexit sha1_base64="k7Ekioldup4r6+Nlscts3kKXtUk=">AAACIHicbVC7TsMwFHXKq5RXCyOLRYTEVCWACmMlFiZUJPqQmqhyHKe1ajuR7QBVlJ9ghYmvYUOM8DW4bQbaciXLR+feq3PuCRJGlXacb6u0tr6xuVXeruzs7u0fVGuHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8c20330kUtFYPOhJQnyOhoJGFCNtqJ4X8Ow5H1wMqrZTd2YFV4FbABsU1RrUrJIXxjjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfQMF4kT52cxwDk8NE8IoluYJDWfs340McaUmPDCTHOmRWu5Nyf96/VRH135GRZJqIvBcKEoZ1DGcXg9DKgnWbGIAwpIarxCPkERYm4wWVAJubhDkCcecIxFmnnHTd33zG9Egymw3z01q7nJGq6BzXncb9cb9pd28K/Irg2NwAs6AC65AE9yCFmgDDBh4Aa/gzXq3PqxP62s+WrKKnSOwUNbPLxOgox4=</latexit>x3

<latexit sha1_base64="pgX8/3NgBhWSPPVfsuB1HaV2TRI=">AAACIHicbVDLSsNAFJ3UV62vVpduBoPgqiQi1WXBjSupYB+QhDKZTNqhM5MwM1FKyE+41ZVf405c6tc4bbOwrReGOZx7L+fcE6aMKu0431ZlY3Nre6e6W9vbPzg8qjeOeyrJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk9tZv/9EpKKJeNTTlAQcjQSNKUbaUAM/5HlWDJ1h3XaazrzgOnBLYIOyOsOGVfGjBGecCI0ZUspznVQHOZKaYkaKmp8pkiI8QSPiGSgQJyrI54YLeG6YCMaJNE9oOGf/buSIKzXloZnkSI/Vam9G/tfzMh3fBDkVaaaJwAuhOGNQJ3B2PYyoJFizqQEIS2q8QjxGEmFtMlpSCbm5QZBnnHCORJT7xo3nBuY3omGc225RmNTc1YzWQe+y6baarYcru31f5lcFp+AMXAAXXIM2uAMd0AUYMPACXsGb9W59WJ/W12K0YpU7J2CprJ9fCVmjGA==</latexit>u0

Costs: reconstruction error

<latexit sha1_base64="LfP4u4BiuyKvTEAx07C30GxDb6M="></latexit>x0:t,u0:t→1

<latexit sha1_base64="e8sNbz+BMFS2Xss9Zzj24eaNpLQ="></latexit>∑t→1
i=0||xi+1 → f(xi,ui;ω)||

<latexit sha1_base64="l5OB0xIXeIDI2K3dWoSbkZoJQQI=">AAACI3icbVA9SwNBEN2LXzF+a2lzGASrcKegdgo2VhLBmMDdEfY2c2ZxP47dOSUc+Rm2Wvlr7NTGwv/iJrFQ44NlH29meDMvzQW3GAQfXmVmdm5+obpYW1peWV1b39i8trowDFpMC206KbUguIIWchTQyQ1QmQpop7dno3r7DozlWl3hIIdE0hvFM84oOimKU1nG2Aekw+56PWgEY/jTJPwm9ZO3gzGa3Q2vEvc0KyQoZIJaG4VBjklJDXImYFiLCws5Zbf0BiJHFZVgk3K889DfdUrPz7RxT6E/Vn9OlFRaO5Cp65QU+/ZvbST+V4sKzI6Tkqu8QFBsYpQVwkftjwLwe9wAQzFwhDLD3a4+61NDGbqYarGCe6alpKpXxs49ChP3O5M0K+vh8NdRZSpHqYV/M5om1/uN8LBxeBnWTy/IBFWyTXbIHgnJETkl56RJWoQRTR7II3nynr0X79V7n7RWvO+ZLfIL3ucXbMCm5Q==</latexit>

ω

<latexit sha1_base64="k1oSg2k7+MchjZqZGttPTMHQL+k="></latexit>

x̂1

<latexit sha1_base64="Ibe8SpCE3/AG9BayTjZSSy1Rv1E="></latexit>

x̂2

<latexit sha1_base64="Q3k5AeXZqZKkwt75oQOVnwgmMGA="></latexit>

x̂3

<latexit sha1_base64="0vabxEmREKSoJTUsTBJ02VSKcZE="></latexit>

f(x1,u1; ω̂)
Dynamics model
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Optimization provides a unified computational 
approach to all of these problems!
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[ logistics 🔧 ]
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Logistics
Lectures: Interactive, emphasis on math/applications 

Assignments: [4 assignments * 12.5% each = 50%] 
    Mixed written/Python, emphasis on applications 

Project: [Proposal 5% + Milestone 10% + Report/Video 30% = 45%] 
    Open-ended, apply tools from class to an interesting problem. Groups of ≤ 3. Be creative! 

Participation: [Intro 1% + Mid-semester 1% + In-class questions 3% = 5%] 
    Class surveys, lecture activities.  

Bonus: [up to 5%] 
    0.5% per instructor-endorsed answer on Ed.
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Resources
Course Website: https://cs.cornell.edu/courses/cs5757/2026sp 
    Ground truth - all resources posted here, including HW 

Ed Discussion: https://edstem.org/us/courses/94233/discussion 
    Easiest place for Q/A - both on technical / logistical questions. 

Gradescope: https://www.gradescope.com/courses/1218746 
    For homework submission and grading. 

Canvas: https://canvas.cornell.edu/courses/86534 
  Homework solutions and final grade post.

https://cs.cornell.edu/courses/cs5757/2026sp
https://edstem.org/us/courses/94233/discussion
https://www.gradescope.com/courses/1218746
https://canvas.cornell.edu/courses/86534
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Course structure

1. Robotics fundamentals🤖

2. Numerical methods📝

3. Optimal control

🚀

4. State estimation

📸

5. Robustness

🎲
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Course materials

Numerical Optimization 
Nocedal and Wright

Underactuated Robotics 
Tedrake

State Est. for Robotics 
Barfoot
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Expectations

• This class will be fun but hard! A strong math background (especially in 
linear algebra, vector calculus) is needed to do well.  

• Assignments are programming-heavy! Need comfort with Python and / 
or scientific computing (numpy, Julia, MATLAB, etc). 

• We released an ungraded pre-test (HW0) on the course website. 
If you feel uncomfortable with any material here, you’ll likely need to self-
study to catch up. 
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Late days

• Assignments will be due on Gradescope at 11:59pm on their due date 
(Thursdays). 

• Students have six late days they can use across assignments, with a max 
of three days for each assignment. 

• Extensions beyond these late days will only be given in extenuating 
circumstances (e.g., documented illness).
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Generative AI

“You may use generative AI tools (ChatGPT, Copilot, and so on) in this 
course but should treat them as you would a human collaborator. This 
means that their use should be clearly disclosed (assignments will require 
a statement on AI usage), and that copying solutions exactly from them 
is not acceptable.  

We do not recommend the use of IDEs with integrated AI tools (e.g., Cursor) 
for this class, and will treat the use of agentic workflows (i.e., automatic file 
creation and editing) as a form of copying code.”



59

First assignment: Course survey

Quick intro survey! Getting to know you and your backgrounds. 
Worth 1% of participation.

https://forms.gle/RuZFsygFoXRXZoKQ8
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Questions?


