
Acting Under Uncertainty
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Uncertainty

Causes for uncertainty: 
- action outcomes
- state observability

Utility theory provides a principled way to 
decide on outcomes based on:
- preferences
- belief (probabilities) on states / outcomes



Question

• Would you prefer: 
- A sure gain of $240
- A 25% of winning 1000$ and 75% of winning nothing



Question

• Would you prefer: 
- A sure gain of $240
- A 25% of winning 1000$ and 75% of winning nothing

U(A) = U(240)

U(B) = U(1000) ⇤ 0.25 + U(0) ⇤ 0.75
<latexit sha1_base64="4jz7zz4yzGLzwrOhzY+bt4VvaYs="></latexit>
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Linear Utility Function

• Would you prefer: 
- A sure gain of $240
- A 25% of winning 1000$ and 75% of winning nothing

U(A) = 240

U(B) = 1000 ⇤ 0.25 + 0 ⇤ 0.75
<latexit sha1_base64="pKZb5B2yuVuXCom6e5szHiI1rY4=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAotULJ9GJ1IdS6cVnBaQudUjJppg3NXEgyQil9Bze+ihsXirh14863cWY6iLcfAl/+cw7J+S2fM6kQ+tBSC4tLyyvp1cza+sbmVnZ7pyW9QBBqEI97omNhSTlzqaGY4rTjC4odi9O2Nb6M6u1bKiTz3Bs18WnPwUOX2YxgFVr9bMHIXxzBw3NYqiBomhkj34ivOkKogIqlKjyGEdSqsJ/NoSKKBf+CnkAOJGr2s+/mwCOBQ11FOJayqyNf9aZYKEY4nWXMQFIfkzEe0m6ILnao7E3jnWbwIHQG0PZEeFwFY/f7xBQ7Uk4cK+x0sBrJ37XI/K/WDZR92psy1w8Udcn8ITvgUHkwCggOmKBE8UkImAgW/hWSERaYqDDGTBzCWaSTr5X/QqtU1MvF8nUlV28kcaTBHtgHeaCDGqiDK9AEBiDgDjyAJ/Cs3WuP2ov2Om9NacnMLvgh7e0TXnmWcg==</latexit>
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Lottery

• Would you play the lottery: 
- A sure gain of $260
- A 25% of winning 1000$ and 75% of winning nothing

U(A) = U(260)

U(B) = U(1000) ⇤ 0.25 + U(0) ⇤ 0.75 = 250
<latexit sha1_base64="/t5TuhIrR8UgSFcRWYiperSlqMo="></latexit>
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Decision Tree

• Stochastic Outcome:

• Choice
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Question

• Would you prefer:
A: a sure gain of $240
B: a 25% of winning 1000$ and 75% of winning nothing



Question 2

• Would you prefer: 
C: A sure loss of $750
D: A 75% of losing 1000$ and 25% of losing nothing
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St Petersburgh Paradox
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Example

Costs 1000 units to reach a solar panel

Gains 1100 units from recharging



Example

Costs 1000 units to reach a solar panel

Gains 1100 units from recharging

broken panel: major repair 
needed 
(200 units)

good panel: minor repair 
needed (40 units)0.8
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Decision Tree
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Stay
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100-200 = -100

100-40 = 60
Choice

Chance

Chance: Expected Value

0.2 ⇤ (�100) + 0.8 ⇤ 60 = �20 + 48 = 28
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0.2 ⇤ (�100) + 0.8 ⇤ 60 = �20 + 48 = 28
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Decision Tree
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Chance: Expected Value

0.2 ⇤ (�100) + 0.8 ⇤ 60 = �20 + 48 = 28
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Decision Tree
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What if you are risk-averse?

0.2 ⇤ (�100) + 0.8 ⇤ 60 = �20 + 48 = 28
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Expected value of perfect information

What if the rover can deploy a drone to inspect that will 
cost C units

Costs 1000 units to reach a solar panel

Gains 1100 units from recharging

C units to inspect 



Expected Value of Perfect Information

How much would the agent pay for information of what 
type of solar panel it is? 
• C ties the expected value with no information 
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Expected Value of Perfect Information

How much would the agent pay for information of what 
type of solar panel it is? 
• C ties the expected value with no information 
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Expected Value of Perfect Information

How much would the agent pay for information of what 
type of solar panel it is? 
• C ties the expected value with no information 
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Go
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broken panel

100-200 = -100 - C
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0 - C

- C

60 - C
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Inspection?

What if the rover can deploy a noisy drone to inspect that 
will cost 9 units

Costs 1000 units to reach a solar panel

Gains 1100 units from recharging

9 units to inspect 



Inspection?

What if the rover can deploy a drone to inspect that will 
cost 9 units

P (zt = pass|xt = good) = 0.9

P (zt = fail|xt = good) = 0.1

P (zt = pass|xt = broken) = 0.4

P (zt = fail|xt = broken) = 0.6
<latexit sha1_base64="B5uVhdqqR0VzqAqZNWjpM5UfEeI="></latexit>



Inspection?

What if the rover can deploy a drone to inspect that will 
cost 9 units

P (zt = pass|xt = good) = 0.9

P (zt = fail|xt = good) = 0.1

P (zt = pass|xt = broken) = 0.4

P (zt = fail|xt = broken) = 0.6
<latexit sha1_base64="B5uVhdqqR0VzqAqZNWjpM5UfEeI="></latexit>

P (pass) = P (pass|good)P (good) + P (pass|broken)(broken)
= 0.9 ⇤ 0.8 + 0.4 ⇤ 0.2 = 0.8

P (fail) = 0.2
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Inspection?

What if the rover can deploy a drone to inspect that will 
cost 9 units

P (zt = pass|xt = good) = 0.9

P (zt = fail|xt = good) = 0.1

P (zt = pass|xt = broken) = 0.4
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Inspection?

P (broken|pass) = P (pass|broken)P (broken)

P (pass)

=
0.4 ⇤ 0.2

0.8
= 0.1

P (broken|fail) = P (fail|broken)P (broken)

P (fail)

=
0.6 ⇤ 0.2

0.2
= 0.6
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P (zt = fail|xt = good) = 0.1

P (zt = pass|xt = broken) = 0.4

P (zt = fail|xt = broken) = 0.6
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Inspection?
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Inspection?
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Inspection?
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Inspection Tree

Worst case outcome for Inspect: -109, with prob. 0.1
Worst case outcome for Go: -100, with prob. 0.2

A risk-averse agent would probably choose to inspect 



Risk-Aware Planning

CSCI 545 Introduction to Robotics 
Instructor: Stefanos Nikolaidis

[Resources: ”An Efficient Motion Planning Algorithm for Stochastic Dynamic Systems 
with Constraints on Probability of Failure,” Ono and Williams] 



Problem

• Can we find the best path so that the total probability of 
collision is less than a threshold? (say 0.1%)



Racecar Example



Definitions

• Feasible Region: Rt
<latexit sha1_base64="37rz3EyTquodfFJguBwbaHVI/38=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF49xyQLJEHo6PUmTnoXuGiEM+QQvHhTx6hd582/sTAZR44OCx3tVVNXzYik02vanVVhYXFpeKa6W1tY3NrfK2ztNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR1dRvPXClRRTe4zjmbkAHofAFo2iku9se9soVu2pnIPPEyUkFctR75Y9uP2JJwENkkmrdcewY3ZQqFEzySambaB5TNqID3jE0pAHXbpqdOiEHRukTP1KmQiSZ+nMipYHW48AznQHFof7rTcX/vE6C/rmbijBOkIdstshPJMGITP8mfaE4Qzk2hDIlzK2EDamiDE06pSyEiylOv1+eJ82jqnNcPb45qdQu8ziKsAf7cAgOnEENrqEODWAwgEd4hhdLWk/Wq/U2ay1Y+cwu/IL1/gVQII30</latexit>



Definitions

• Feasible Region: 

• Dynamics: 

Rt
<latexit sha1_base64="37rz3EyTquodfFJguBwbaHVI/38=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF49xyQLJEHo6PUmTnoXuGiEM+QQvHhTx6hd582/sTAZR44OCx3tVVNXzYik02vanVVhYXFpeKa6W1tY3NrfK2ztNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR1dRvPXClRRTe4zjmbkAHofAFo2iku9se9soVu2pnIPPEyUkFctR75Y9uP2JJwENkkmrdcewY3ZQqFEzySambaB5TNqID3jE0pAHXbpqdOiEHRukTP1KmQiSZ+nMipYHW48AznQHFof7rTcX/vE6C/rmbijBOkIdstshPJMGITP8mfaE4Qzk2hDIlzK2EDamiDE06pSyEiylOv1+eJ82jqnNcPb45qdQu8ziKsAf7cAgOnEENrqEODWAwgEd4hhdLWk/Wq/U2ay1Y+cwu/IL1/gVQII30</latexit>

xt+1 = g(xt, ut, wt)
<latexit sha1_base64="4hU/nFd81By4Ji+x3s2meUWvzzU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahopTEio+FUHTjsoJ9QBvCZDpph04ezNxoSyi48VfcuFDErT/hzr8xaYuo9cC9HM65l5l7nFBwBYbxqWVmZufmF7KLuaXlldU1fX2jpoJIUlalgQhkwyGKCe6zKnAQrBFKRjxHsLrTu0z9+i2Tigf+DQxCZnmk43OXUwKJZOtbfTuGfXOIz3Gn0LfhAEdpu7Nhz9bzRtEYAU8Tc0LyaIKKrX+02gGNPOYDFUSppmmEYMVEAqeCDXOtSLGQ0B7psGZCfeIxZcWjG4Z4N1Ha2A1kUj7gkfpzIyaeUgPPSSY9Al3110vF/7xmBO6pFXM/jID5dPyQGwkMAU4DwW0uGQUxSAihkid/xbRLJKGQxJYbhXCW4vj75GlSOyyapWLp+ihfvpjEkUXbaAcVkIlOUBldoQqqIoru0SN6Ri/ag/akvWpv49GMNtnZRL+gvX8BWIOWLw==</latexit>



Definitions

• Feasible Region: 

• Dynamics: 

• Nominal states:

Rt
<latexit sha1_base64="37rz3EyTquodfFJguBwbaHVI/38=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF49xyQLJEHo6PUmTnoXuGiEM+QQvHhTx6hd582/sTAZR44OCx3tVVNXzYik02vanVVhYXFpeKa6W1tY3NrfK2ztNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR1dRvPXClRRTe4zjmbkAHofAFo2iku9se9soVu2pnIPPEyUkFctR75Y9uP2JJwENkkmrdcewY3ZQqFEzySambaB5TNqID3jE0pAHXbpqdOiEHRukTP1KmQiSZ+nMipYHW48AznQHFof7rTcX/vE6C/rmbijBOkIdstshPJMGITP8mfaE4Qzk2hDIlzK2EDamiDE06pSyEiylOv1+eJ82jqnNcPb45qdQu8ziKsAf7cAgOnEENrqEODWAwgEd4hhdLWk/Wq/U2ay1Y+cwu/IL1/gVQII30</latexit>

xt+1 = g(xt, ut, wt)
<latexit sha1_base64="4hU/nFd81By4Ji+x3s2meUWvzzU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahopTEio+FUHTjsoJ9QBvCZDpph04ezNxoSyi48VfcuFDErT/hzr8xaYuo9cC9HM65l5l7nFBwBYbxqWVmZufmF7KLuaXlldU1fX2jpoJIUlalgQhkwyGKCe6zKnAQrBFKRjxHsLrTu0z9+i2Tigf+DQxCZnmk43OXUwKJZOtbfTuGfXOIz3Gn0LfhAEdpu7Nhz9bzRtEYAU8Tc0LyaIKKrX+02gGNPOYDFUSppmmEYMVEAqeCDXOtSLGQ0B7psGZCfeIxZcWjG4Z4N1Ha2A1kUj7gkfpzIyaeUgPPSSY9Al3110vF/7xmBO6pFXM/jID5dPyQGwkMAU4DwW0uGQUxSAihkid/xbRLJKGQxJYbhXCW4vj75GlSOyyapWLp+ihfvpjEkUXbaAcVkIlOUBldoQqqIoru0SN6Ri/ag/akvWpv49GMNtnZRL+gvX8BWIOWLw==</latexit>

x̄t+1 = g(x̄t, ut, 0)
<latexit sha1_base64="17+1nnnPCRMnxH0NOqFJsmpU98w=">AAACDXicbVDLSgMxFM34rPVVdekmWIWKUmas+FgIRTcuK9gHtMOQSdM2NPMguSOWYX7Ajb/ixoUibt2782/MtFXUeuBeDufcS3KPGwquwDQ/jKnpmdm5+cxCdnFpeWU1t7ZeU0EkKavSQASy4RLFBPdZFTgI1gglI54rWN3tX6R+/YZJxQP/GgYhsz3S9XmHUwJacnLbLZfI+DZxYtizEnyGu4UvBfZxlDZz18nlzaI5BJ4k1pjk0RgVJ/feagc08pgPVBClmpYZgh0TCZwKlmRbkWIhoX3SZU1NfeIxZcfDaxK8o5U27gRSlw94qP7ciImn1MBz9aRHoKf+eqn4n9eMoHNix9wPI2A+HT3UiQSGAKfR4DaXjIIYaEKo5PqvmPaIJBR0gNlhCKcpjr5PniS1g6JVKpauDvPl83EcGbSJtlABWegYldElqqAqougOPaAn9GzcG4/Gi/E6Gp0yxjsb6BeMt09NUpqL</latexit>



Definitions

• Feasible Region: 

• Dynamics: 

• Nominal states:

• Probability of Failure:

Rt
<latexit sha1_base64="37rz3EyTquodfFJguBwbaHVI/38=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF49xyQLJEHo6PUmTnoXuGiEM+QQvHhTx6hd582/sTAZR44OCx3tVVNXzYik02vanVVhYXFpeKa6W1tY3NrfK2ztNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR1dRvPXClRRTe4zjmbkAHofAFo2iku9se9soVu2pnIPPEyUkFctR75Y9uP2JJwENkkmrdcewY3ZQqFEzySambaB5TNqID3jE0pAHXbpqdOiEHRukTP1KmQiSZ+nMipYHW48AznQHFof7rTcX/vE6C/rmbijBOkIdstshPJMGITP8mfaE4Qzk2hDIlzK2EDamiDE06pSyEiylOv1+eJ82jqnNcPb45qdQu8ziKsAf7cAgOnEENrqEODWAwgEd4hhdLWk/Wq/U2ay1Y+cwu/IL1/gVQII30</latexit>

xt+1 = g(xt, ut, wt)
<latexit sha1_base64="4hU/nFd81By4Ji+x3s2meUWvzzU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahopTEio+FUHTjsoJ9QBvCZDpph04ezNxoSyi48VfcuFDErT/hzr8xaYuo9cC9HM65l5l7nFBwBYbxqWVmZufmF7KLuaXlldU1fX2jpoJIUlalgQhkwyGKCe6zKnAQrBFKRjxHsLrTu0z9+i2Tigf+DQxCZnmk43OXUwKJZOtbfTuGfXOIz3Gn0LfhAEdpu7Nhz9bzRtEYAU8Tc0LyaIKKrX+02gGNPOYDFUSppmmEYMVEAqeCDXOtSLGQ0B7psGZCfeIxZcWjG4Z4N1Ha2A1kUj7gkfpzIyaeUgPPSSY9Al3110vF/7xmBO6pFXM/jID5dPyQGwkMAU4DwW0uGQUxSAihkid/xbRLJKGQxJYbhXCW4vj75GlSOyyapWLp+ihfvpjEkUXbaAcVkIlOUBldoQqqIoru0SN6Ri/ag/akvWpv49GMNtnZRL+gvX8BWIOWLw==</latexit>

x̄t+1 = g(x̄t, ut, 0)
<latexit sha1_base64="17+1nnnPCRMnxH0NOqFJsmpU98w=">AAACDXicbVDLSgMxFM34rPVVdekmWIWKUmas+FgIRTcuK9gHtMOQSdM2NPMguSOWYX7Ajb/ixoUibt2782/MtFXUeuBeDufcS3KPGwquwDQ/jKnpmdm5+cxCdnFpeWU1t7ZeU0EkKavSQASy4RLFBPdZFTgI1gglI54rWN3tX6R+/YZJxQP/GgYhsz3S9XmHUwJacnLbLZfI+DZxYtizEnyGu4UvBfZxlDZz18nlzaI5BJ4k1pjk0RgVJ/feagc08pgPVBClmpYZgh0TCZwKlmRbkWIhoX3SZU1NfeIxZcfDaxK8o5U27gRSlw94qP7ciImn1MBz9aRHoKf+eqn4n9eMoHNix9wPI2A+HT3UiQSGAKfR4DaXjIIYaEKo5PqvmPaIJBR0gNlhCKcpjr5PniS1g6JVKpauDvPl83EcGbSJtlABWegYldElqqAqougOPaAn9GzcG4/Gi/E6Gp0yxjsb6BeMt09NUpqL</latexit>

Pfail = P [(x1 /2 R1) [ (x2 /2 R2) [ ... [ (xt /2 RT )]
<latexit sha1_base64="vekfgogaGsfpaG0u2nVyaTZIuqY="></latexit>



Definitions

• Feasible Region: 

• Dynamics: 

• Nominal states:

• Probability of Failure:

• Chance constraint  over mission:

• Objective function: 

Rt
<latexit sha1_base64="37rz3EyTquodfFJguBwbaHVI/38=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF49xyQLJEHo6PUmTnoXuGiEM+QQvHhTx6hd582/sTAZR44OCx3tVVNXzYik02vanVVhYXFpeKa6W1tY3NrfK2ztNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR1dRvPXClRRTe4zjmbkAHofAFo2iku9se9soVu2pnIPPEyUkFctR75Y9uP2JJwENkkmrdcewY3ZQqFEzySambaB5TNqID3jE0pAHXbpqdOiEHRukTP1KmQiSZ+nMipYHW48AznQHFof7rTcX/vE6C/rmbijBOkIdstshPJMGITP8mfaE4Qzk2hDIlzK2EDamiDE06pSyEiylOv1+eJ82jqnNcPb45qdQu8ziKsAf7cAgOnEENrqEODWAwgEd4hhdLWk/Wq/U2ay1Y+cwu/IL1/gVQII30</latexit>

xt+1 = g(xt, ut, wt)
<latexit sha1_base64="4hU/nFd81By4Ji+x3s2meUWvzzU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahopTEio+FUHTjsoJ9QBvCZDpph04ezNxoSyi48VfcuFDErT/hzr8xaYuo9cC9HM65l5l7nFBwBYbxqWVmZufmF7KLuaXlldU1fX2jpoJIUlalgQhkwyGKCe6zKnAQrBFKRjxHsLrTu0z9+i2Tigf+DQxCZnmk43OXUwKJZOtbfTuGfXOIz3Gn0LfhAEdpu7Nhz9bzRtEYAU8Tc0LyaIKKrX+02gGNPOYDFUSppmmEYMVEAqeCDXOtSLGQ0B7psGZCfeIxZcWjG4Z4N1Ha2A1kUj7gkfpzIyaeUgPPSSY9Al3110vF/7xmBO6pFXM/jID5dPyQGwkMAU4DwW0uGQUxSAihkid/xbRLJKGQxJYbhXCW4vj75GlSOyyapWLp+ihfvpjEkUXbaAcVkIlOUBldoQqqIoru0SN6Ri/ag/akvWpv49GMNtnZRL+gvX8BWIOWLw==</latexit>

x̄t+1 = g(x̄t, ut, 0)
<latexit sha1_base64="17+1nnnPCRMnxH0NOqFJsmpU98w=">AAACDXicbVDLSgMxFM34rPVVdekmWIWKUmas+FgIRTcuK9gHtMOQSdM2NPMguSOWYX7Ajb/ixoUibt2782/MtFXUeuBeDufcS3KPGwquwDQ/jKnpmdm5+cxCdnFpeWU1t7ZeU0EkKavSQASy4RLFBPdZFTgI1gglI54rWN3tX6R+/YZJxQP/GgYhsz3S9XmHUwJacnLbLZfI+DZxYtizEnyGu4UvBfZxlDZz18nlzaI5BJ4k1pjk0RgVJ/feagc08pgPVBClmpYZgh0TCZwKlmRbkWIhoX3SZU1NfeIxZcfDaxK8o5U27gRSlw94qP7ciImn1MBz9aRHoKf+eqn4n9eMoHNix9wPI2A+HT3UiQSGAKfR4DaXjIIYaEKo5PqvmPaIJBR0gNlhCKcpjr5PniS1g6JVKpauDvPl83EcGbSJtlABWegYldElqqAqougOPaAn9GzcG4/Gi/E6Gp0yxjsb6BeMt09NUpqL</latexit>

Pfail  �
<latexit sha1_base64="4F4wI8ZxbLyO6waNXMd/W3zcBSg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIrPnZFNy4r2Ac0IUwmN+3QycOZiVBD8VfcuFDErf/hzr8xSYOo9cCFwzn3cu89bsyZVIbxqc3NLywuLVdWqqtr6xub+tZ2R0aJoNCmEY9EzyUSOAuhrZji0IsFkMDl0HVHl7nfvQMhWRTeqHEMdkAGIfMZJSqTHH235aQ+YXyCLQ632PKAK+LoNaNuFMCzxCxJDZVoOfqH5UU0CSBUlBMp+6YRKzslQjHKYVK1EgkxoSMygH5GQxKAtNPi+gk+yBQP+5HIKlS4UH9OpCSQchy4WWdA1FD+9XLxP6+fKP/MTlkYJwpCOl3kJxyrCOdRYI8JoIqPM0KoYNmtmA6JIFRlgVWLEM5znHy/PEs6R3WzUW9cH9eaF2UcFbSH9tEhMtEpaqIr1EJtRNE9ekTP6EV70J60V+1t2jqnlTM76Be09y8wuJUx</latexit>

J = h(x̄1:T , ū1:T )
<latexit sha1_base64="kvBoD9dVOljLEou8BNYNzoH+8EA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVpCRWfIFQdCOuKvQFbQiT6aQdOnkwMxFLyNaNv+LGhSJu/QN3/o2TNIhaDwyce8693LnHCRkV0jA+tZnZufmFxcJScXlldW1d39hsiSDimDRxwALecZAgjPqkKalkpBNygjyHkbYzukz99i3hggZ+Q45DYnlo4FOXYiSVZOvw+nxY7jmIx3eJHZtnjWQ/q6K82rP1klExMsBpYuakBHLUbf2j1w9w5BFfYoaE6JpGKK0YcUkxI0mxFwkSIjxCA9JV1EceEVacXZLAXaX0oRtw9XwJM/XnRIw8Icaeozo9JIfir5eK/3ndSLonVkz9MJLEx5NFbsSgDGAaC+xTTrBkY0UQ5lT9FeIh4ghLFV4xC+E0xdH3ydOkdVAxq5XqzWGpdpHHUQDbYAeUgQmOQQ1cgTpoAgzuwSN4Bi/ag/akvWpvk9YZLZ/ZAr+gvX8Bg2CZuQ==</latexit>

Pfail = P [(x1 /2 R1) [ (x2 /2 R2) [ ... [ (xt /2 RT )]
<latexit sha1_base64="vekfgogaGsfpaG0u2nVyaTZIuqY="></latexit>



Constraint Decomposition

Pfail,1  �1

Pfail,2  �2
...

Pfail,T  �T
TX

t=1

�t  �
<latexit sha1_base64="jJVYymUanCKdhyAnQH6OBjTaHMk="></latexit>



Safety Margin

P (xt /2 Rt)  �1 ! x̄t 2 (Rt �Mt)
<latexit sha1_base64="Ok6a7iB0hq0M9Z8WZMQPQArPqBs="></latexit>



Iterative Risk Allocation Algorithm

Lower Stage Optimization:

Convert chance constraints                     
to safety margin constraints

Find path that minimizes  

�1, ...., �T
<latexit sha1_base64="dOBgV0TNc2WutCmWyUjnJsvr5Bk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJSQWPGxK7pxWaEPoQ1hMpm0QyeTMDMRSqkbf8WNC0Xc+hfu/BsnaRC1Hrhw5px7mXuPnzAqlW1/GqWFxaXllfJqZW19Y3PL3N7pyDgVmLRxzGJx6yNJGOWkrahi5DYRBEU+I11/dJX53TsiJI15S40T4kZowGlIMVJa8sy9fkCYQp5Tg5ZGDRbvlmdWbcvOAeeJU5AqKND0zI9+EOM0IlxhhqTsOXai3AkSimJGppV+KkmC8AgNSE9TjiIi3Ul+wRQeaiWAYSx0cQVz9efEBEVSjiNfd0ZIDeVfLxP/83qpCs/dCeVJqgjHs4/ClEEVwywOGFBBsGJjTRAWVO8K8RAJhJUOrZKHcJHh9PvkedI5tpy6Vb85qTYuizjKYB8cgCPggDPQANegCdoAg3vwCJ7Bi/FgPBmvxtustWQUM7vgF4z3L5XIlTE=</latexit>

J = h(x̄1:T , ū1:T )
<latexit sha1_base64="kvBoD9dVOljLEou8BNYNzoH+8EA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVpCRWfIFQdCOuKvQFbQiT6aQdOnkwMxFLyNaNv+LGhSJu/QN3/o2TNIhaDwyce8693LnHCRkV0jA+tZnZufmFxcJScXlldW1d39hsiSDimDRxwALecZAgjPqkKalkpBNygjyHkbYzukz99i3hggZ+Q45DYnlo4FOXYiSVZOvw+nxY7jmIx3eJHZtnjWQ/q6K82rP1klExMsBpYuakBHLUbf2j1w9w5BFfYoaE6JpGKK0YcUkxI0mxFwkSIjxCA9JV1EceEVacXZLAXaX0oRtw9XwJM/XnRIw8Icaeozo9JIfir5eK/3ndSLonVkz9MJLEx5NFbsSgDGAaC+xTTrBkY0UQ5lT9FeIh4ghLFV4xC+E0xdH3ydOkdVAxq5XqzWGpdpHHUQDbYAeUgQmOQQ1cgTpoAgzuwSN4Bi/ag/akvWpvk9YZLZ/ZAr+gvX8Bg2CZuQ==</latexit>



Iterative Risk Allocation Algorithm

Upper Stage Optimization:

Get the timesteps  that optimal path 
“touches” feasible regions 

Update                    so that you 
increase probability of collision for 
these timesteps and decrease for the 
rest  

�1, ...., �T
<latexit sha1_base64="dOBgV0TNc2WutCmWyUjnJsvr5Bk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJSQWPGxK7pxWaEPoQ1hMpm0QyeTMDMRSqkbf8WNC0Xc+hfu/BsnaRC1Hrhw5px7mXuPnzAqlW1/GqWFxaXllfJqZW19Y3PL3N7pyDgVmLRxzGJx6yNJGOWkrahi5DYRBEU+I11/dJX53TsiJI15S40T4kZowGlIMVJa8sy9fkCYQp5Tg5ZGDRbvlmdWbcvOAeeJU5AqKND0zI9+EOM0IlxhhqTsOXai3AkSimJGppV+KkmC8AgNSE9TjiIi3Ul+wRQeaiWAYSx0cQVz9efEBEVSjiNfd0ZIDeVfLxP/83qpCs/dCeVJqgjHs4/ClEEVwywOGFBBsGJjTRAWVO8K8RAJhJUOrZKHcJHh9PvkedI5tpy6Vb85qTYuizjKYB8cgCPggDPQANegCdoAg3vwCJ7Bi/FgPBmvxtustWQUM7vgF4z3L5XIlTE=</latexit>



Racecar Example


