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Two types of distribution shift:

So far: uncertainty quantification and propagation is essential for control.
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Uncertainty quantification when the data changes

A two-step procedure for uncertainty quantification:
1. collect calibration data:

<latexit sha1_base64="+FO1xWlv2H0wz4jWcC76atdrYHk=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgtlJKIVJcFBV1WsA9oYplMJu3QyYOZiRBC/sCNv+LGhSJu3brzb5y0WWjrgYEz59zLvfc4EaNCGsa3trS8srq2Xtoob25t7+zqe/tdEcYckw4OWcj7DhKE0YB0JJWM9CNOkO8w0nMml7nfeyBc0DC4k0lEbB+NAupRjKSShvpJcp9WzVpWt8ZuKEU9/05qmSWoDy0fyTFGLL3KhnrFaBhTwEViFqQCCrSH+pflhjj2SSAxQ0IMTCOSdoq4pJiRrGzFgkQIT9CIDBQNkE+EnU7vyeCxUlzohVy9QMKp+rsjRb4Qie+oynxFMe/l4n/eIJbehZ3SIIolCfBskBczKEOYhwNdygmWLFEEYU7VrhCPEUdYqgjLKgRz/uRF0j1tmM1G8/as0rou4iiBQ3AEqsAE56AFbkAbdAAGj+AZvII37Ul70d61j1npklb0HIA/0D5/ABlanCA=</latexit>

y(1), . . . , y(k) → D
2. estimate uncertainty set:

<latexit sha1_base64="cXptXNwO3JIhzbj10Lx9jzQ1thg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovQQimJSHVZ6EKXFewD2lgmk2k7dJIJMxMhhODGX3HjQhG3foU7/8ZJm4W2Hrhw5px7mXuPGzIqlWV9Gyura+sbm4Wt4vbO7t6+eXDYkTwSmLQxZ1z0XCQJowFpK6oY6YWCIN9lpOtOm5nffSBCUh7cqTgkjo/GAR1RjJSWhuZxsxzfJ2W7klYHE48rWc2e00paGZolq2bNAJeJnZMSyNEaml8Dj+PIJ4HCDEnZt61QOQkSimJG0uIgkiREeIrGpK9pgHwinWR2QgrPtOLBERe6AgVn6u+JBPlSxr6rO32kJnLRy8T/vH6kRldOQoMwUiTA849GEYOKwywP6FFBsGKxJggLqneFeIIEwkqnVtQh2IsnL5POec2u1+q3F6XGdR5HAZyAU1AGNrgEDXADWqANMHgEz+AVvBlPxovxbnzMW1eMfOYI/IHx+QMSZ5X7</latexit>

C(y(1), . . . , y(k))

This procedure breaks if the data distribution changes:

distribution shifts break control guarantees3. data at test time:                         for
<latexit sha1_base64="EnCyJB9TbgtRAAfE5Pl9wJh7tR4=">AAACGHicbVDLSgMxFM34tr6qLt0Ei1A3dUakuhQUdFnBqtAZh0x6a0MzD5I7YgnzGW78FTcuFHHbnX9jWrtQ64HA4Zx7k5MTZVJodN1PZ2p6ZnZufmGxtLS8srpWXt+40mmuODR5KlN1EzENUiTQRIESbjIFLI4kXEe9k6F/fQ9KizS5xH4GQczuEtERnKGVwvKej/CAo3uMgnZh+rem6u4WvhYx9WOGXc6kOS1Cg6CxKMJyxa25I9BJ4o1JhYzRCMsDv53yPIYEuWRatzw3w8AwhYJLKEp+riFjvMfuoGVpwmLQgRkFKuiOVdq0kyp7EqQj9eeGYbHW/Tiyk8Oo+q83FP/zWjl2jgIjkixHSPj3Q51cUkzpsCXaFgo4yr4ljCths1LeZYpxtF2WbAne3y9Pkqv9mlev1S8OKsdn4zoWyBbZJlXikUNyTM5JgzQJJ4/kmbySN+fJeXHenY/v0SlnvLNJfsEZfAHqCaGa</latexit>

y(0) → Dtest
<latexit sha1_base64="IoirNyLOgl2ZGUV94/wDyZ40QLw=">AAACHHicbVDLSgMxFM3Ud31VXboJFsFVmVGpLgUFXVawKnSGIZPetqGZzJjcEcswH+LGX3HjQhE3LgT/xvSx8HUhcHLOvTcnJ0qlMOi6n05panpmdm5+oby4tLyyWllbvzRJpjk0eSITfR0xA1IoaKJACdepBhZHEq6i/vFQv7oFbUSiLnCQQhCzrhIdwRlaKqzs+Qh3ONqTa2gXuR8z7HEm85PCV3BDv93DHMFgUYSVqltzR0X/Am8CqmRSjbDy7rcTnsWgkEtmTMtzUwxyplFwCUXZzwykjPdZF1oWKhaDCfKRqYJuW6ZNO4m2RyEdsd8nchYbM4gj2zm0an5rQ/I/rZVh5zDIhUozBMXHD3UySTGhw6RoW2jgKAcWMK6F9Up5j2nG0eZZtiF4v7/8F1zu1rx6rX6+Xz06ncQxTzbJFtkhHjkgR+SMNEiTcHJPHskzeXEenCfn1Xkbt5acycwG+VHOxxcQr6Pf</latexit>

D →= Dtest

uncontrollable 
(exogenous factors)

controllable 
(control-induced shift)



Safe Control in Dynamic Environments with Conformal Prediction



Compute control inputs so that the system avoids 
dynamic agents with a probability of at least          .                         

<latexit sha1_base64="a5IFsDKUkKHOl2QE1n+514rzKMU=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPBgx4r2A9oQ9lsNu3SzSbuToRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMM95giUx0O6CGS6F4AwVK3k41p3EgeSsY3kz91hPXRiTqAUcp92PaVyISjKKV2t55N+QSaa9UdivuDGSZeDkpQ456r/TVDROWxVwhk9SYjuem6I+pRsEknxS7meEpZUPa5x1LFY258cezeyfk1CohiRJtSyGZqb8nxjQ2ZhQHtjOmODCL3lT8z+tkGF37Y6HSDLli80VRJgkmZPo8CYXmDOXIEsq0sLcSNqCaMrQRFW0I3uLLy6R5UfEuK9X7arl2m8dRgGM4gTPw4ApqcAd1aAADCc/wCm/Oo/PivDsf89YVJ585gj9wPn8AcMWPnA==</latexit>

1� �

2

Renganathan et. al.(2022)

Potdar et. al.(2018)

Challenges:  
• Uncertain and interactive agents 

• Imperfect learning-enabled predictors

Can we use efficient statistical tools for learning-enabled predictors and safe control?

Existing work (references omitted):  
• “Vanilla” motion planner (e.g., graph/sampling-based) 

• Reactive control (e.g., navigation functions, DWA, CBF) 

• Predictive interactive and non-interactive methods 

   (e.g., deep RL, GP-based control)

ignores dynamic agents

no predictions, 
simple systems

no safety guarantees, or
simplifying assumptions

The safe control problem in dynamic environments

uncertainty quantification 
in control is challenging



Conformal Prediction



Uncertainty quantification under minimal assumptions: 

• Distribution-free 

• No assumptions on the predictor needed

Conformal prediction in a nutshell

Example2: 

1Vovk and Shafer, “A Tutorial on Conformal Prediction”, JMLR, 2008.
2Angelopoulos, “A Gentle Introduction to Conformal Prediction and Distribution-Free Uncertainty Quantification”, subm., 2021.

no assumptions needed
<latexit sha1_base64="Db+rMtf6uu7VrZRtN4JgmdzqUO4=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxCBSkz4mtZUNBlBfuAzlAyaaYNTTJDkhHaofgrblwo4tb/cOffmGlnodUDgcM593JPThAzqrTjfFmFhcWl5ZXiamltfWNzy97eaaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDK8yv/VApKKRuNejmPgc9QUNKUbaSF17r5Icj488RbnHkR5gxNLrSdcuO1VnCviXuDkpgxz1rv3p9SKccCI0ZkipjuvE2k+R1BQzMil5iSIxwkPUJx1DBeJE+ek0/QQeGqUHw0iaJzScqj83UsSVGvHATGYR1byXif95nUSHl35KRZxoIvDsUJgwqCOYVQF7VBKs2cgQhCU1WSEeIImwNoWVTAnu/Jf/kuZJ1T2vnt2dlms3eR1FsA8OQAW44ALUwC2ogwbAYAyewAt4tR6tZ+vNep+NFqx8Zxf8gvXxDRG6lQU=</latexit>

(u, z) ⇠ D

no assumptions needed

<latexit sha1_base64="01dtfNf23i7cFF8MajR1C2k1Y84=">AAAB9XicbVDJSgNBEK1xjXGLevQyGIR4CTPidhECHvQYwSyQGUNPp5M06e4ZelHikP/w4kERr/6LN//GTjIHTXxQ8Hiviqp6UcKo0p737SwsLi2vrObW8usbm1vbhZ3duoqNxKSGYxbLZoQUYVSQmqaakWYiCeIRI41ocDX2Gw9EKhqLOz1MSMhRT9AuxUhb6T7oI50+jS4DbkrmqF0oemVvAnee+BkpQoZqu/AVdGJsOBEaM6RUy/cSHaZIaooZGeUDo0iC8AD1SMtSgThRYTq5euQeWqXjdmNpS2h3ov6eSBFXasgj28mR7qtZbyz+57WM7l6EKRWJ0UTg6aKuYa6O3XEEbodKgjUbWoKwpPZWF/eRRFjboPI2BH/25XlSPy77Z+XT25Ni5TqLIwf7cAAl8OEcKnADVagBBgnP8ApvzqPz4rw7H9PWBSeb2YM/cD5/AEHvkmE=</latexit>

ẑ = µ(u)

Goal1,2: 
<latexit sha1_base64="tcKuBfoqPLZ5V3LNTXOz5RusD5M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI+BHPSYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Ma3O//YRK81g+mEmCfkSHkoecUWOlRq1fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqndZHHk4g3O4BA9uoAr3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZpUjNU=</latexit>

CFor a failure probability of                   , we want to obtain a prediction region      s.t.
<latexit sha1_base64="8wwzx7eITkB73FFnToba9keVZ4U=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBahgpREinoseNBjBfsBTSybzaZdutmE3YlSQv+HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ5yeCa7Dtb6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdX2imeCStYCDYN1EMRL5gnX80fXU7zwypXks72GcMC8iA8lDTgkY6cENmADiclm1z5zTfrli1+wZ8DJxclJBOZr98pcbxDSNmAQqiNY9x07Ay4gCTgWblNxUs4TQERmwnqGSREx72ezqCT4xSoDDWJmSgGfq74mMRFqPI990RgSGetGbiv95vRTCKy/jMkmBSTpfFKYCQ4ynEeCAK0ZBjA0hVHFzK6ZDoggFE1TJhOAsvrxM2uc156JWv6tXGjd5HEV0hI5RFTnoEjXQLWqiFqJIoWf0it6sJ+vFerc+5q0FK585RH9gff4A+6yRiw==</latexit>

� 2 (0, 1)
<latexit sha1_base64="PPZASM8nSyIk2SUwDDluaks+ZcM=">AAACC3icbVA9SwNBEN3zM8avqKXNYhBiYbgTv8pACi0jGBVyR9jbm8TFvb1jd06MR3ob/4qNhSK2/gE7/42bmEITHww83pthZl6YSmHQdb+cqemZ2bn5wkJxcWl5ZbW0tn5hkkxzaPJEJvoqZAakUNBEgRKuUg0sDiVchjf1gX95C9qIRJ1jL4UgZl0lOoIztFK7tOUj3GHe0EnYr9z7QtF6JdvZ8btAvV0/AomsXSq7VXcIOkm8ESmTERrt0qcfJTyLQSGXzJiW56YY5Eyj4BL6RT8zkDJ+w7rQslSxGEyQD3/p022rRLSTaFsK6VD9PZGz2JheHNrOmOG1GfcG4n9eK8POcZALlWYIiv8s6mSSYkIHwdBIaOAoe5YwroW9lfJrphlHG1/RhuCNvzxJLvaq3mH14Gy/XDsZxVEgm2SLVIhHjkiNnJIGaRJOHsgTeSGvzqPz7Lw57z+tU85oZoP8gfPxDUKEme0=</latexit>

Prob(z 2 C(u)) � 1� �

Assumption: Availability of i.i.d. calibration data
<latexit sha1_base64="WdsNNWT0t+5d8RuXpuVk7TB/BeM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovQgpREfG2EggtdVrAPaNIwmU7aoZNJmJkINWTlxl9x40IRt36DO//G6WOhrQcu93DOvczc48eMSmVZ30ZuYXFpeSW/Wlhb39jcMrd3GjJKBCZ1HLFItHwkCaOc1BVVjLRiQVDoM9L0B1cjv3lPhKQRv1PDmLgh6nEaUIyUljxz30lLSSct0XJ29DDpZSfzUnppZ52BZxatijUGnCf2lBTBFDXP/HK6EU5CwhVmSMq2bcXKTZFQFDOSFZxEkhjhAeqRtqYchUS66fiMDB5qpQuDSOjiCo7V3xspCqUchr6eDJHqy1lvJP7ntRMVXLgp5XGiCMeTh4KEQRXBUSawSwXBig01QVhQ/VeI+0ggrHRyBR2CPXvyPGkcV+yzyuntSbF6PY0jD/bAASgBG5yDKrgBNVAHGDyCZ/AK3own48V4Nz4mozljurML/sD4/AG+BJgP</latexit>

{(u(i), z(i))}ki=1

3



Conformal prediction in a nutshell

Let                                   be            i.i.d. random variables.                                                           
<latexit sha1_base64="907DLwtqaEgiF/rzNTmqFMA75R4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeCBz1WtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPYzOvV6p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ9RjYJJPil2U8MTykZ0wDuWKhpx42ezUyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF77mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTpFG0I3uLLy6R5UfEuK9X7arl2m8dRgGM4gTPw4ApqcAd1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz+tPo1t</latexit>

k + 1
<latexit sha1_base64="1jbqKRxeYKhOdgSgrZtZNxYVc0Y=">AAACB3icbVBNS8MwGE7n15xfVY+CFIewgYxWhnoceNDjFPcBWx1pmm5haVKSVBilNy/+FS8eFPHqX/DmvzHtdtDNB8L75Hnel+R9vIgSqWz72ygsLa+srhXXSxubW9s75u5eW/JYINxCnHLR9aDElDDcUkRR3I0EhqFHcccbX2Z+5wELSTi7U5MIuyEcMhIQBJWWBubh7X1SsavpSVYdXfsjnyuZX8fVdGCW7Zqdw1okzoyUwQzNgfnV9zmKQ8wUolDKnmNHyk2gUARRnJb6scQRRGM4xD1NGQyxdJN8j9Q61opvBVzow5SVq78nEhhKOQk93RlCNZLzXib+5/ViFVy4CWFRrDBD04eCmFqKW1kolk8ERopONIFIEP1XC42ggEjp6Eo6BGd+5UXSPq05Z7X6Tb3cuJrFUQQH4AhUgAPOQQNcgyZoAQQewTN4BW/Gk/FivBsf09aCMZvZB39gfP4AJMaXng==</latexit>

R(0), R(1), . . . , R(k)

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R

<latexit sha1_base64="LaQ+fXPvXwA+v0w5fTdlAzF6h60=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LAbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilh67bK7texZuDrBI/Jy7kqPfKX91+wrKYK2SSGtPxvRSDCdUomOTTUjczPKVsRAe8Y6miMTfBZH7plJxZpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlG18FEqDRDrthiUZRJggmZvU36QnOGcmwJZVrYWwkbUk0Z2nBKNgR/+eVV0qxW/MvKxX3Vrd3kcRThBE7hHHy4ghrcQR0awCCCZ3iFN2fkvDjvzseiteDkM8fwB87nDxhyjRQ=</latexit>

# <latexit sha1_base64="a5IFsDKUkKHOl2QE1n+514rzKMU=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPBgx4r2A9oQ9lsNu3SzSbuToRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMM95giUx0O6CGS6F4AwVK3k41p3EgeSsY3kz91hPXRiTqAUcp92PaVyISjKKV2t55N+QSaa9UdivuDGSZeDkpQ456r/TVDROWxVwhk9SYjuem6I+pRsEknxS7meEpZUPa5x1LFY258cezeyfk1CohiRJtSyGZqb8nxjQ2ZhQHtjOmODCL3lT8z+tkGF37Y6HSDLli80VRJgkmZPo8CYXmDOXIEsq0sLcSNqCaMrQRFW0I3uLLy6R5UfEuK9X7arl2m8dRgGM4gTPw4ApqcAd1aAADCc/wCm/Oo/PivDsf89YVJ585gj9wPn8AcMWPnA==</latexit>

1� �

QuantileQuantile  
lemma: It holds that                                                            

<latexit sha1_base64="USNywI6tGbJFaRmnk8nurrMusbY="></latexit>

Prob
�
R(0)  Quantile1��(R

(1), . . . , R(k),1)
�
� 1� �

test data calibration data

The                                      -th smallest nonconformity score
<latexit sha1_base64="bLE1JcuzdqMpXE2kujf03goACbs=">AAACGnicbVDLSgNBEJyN7/iKevQyGIQEMexKUBEEwYMeIxgNZEOYne0kQ2YfzPSKYcl3ePFXvHhQxJt48W+cTXLQaEFDUdU9011eLIVG2/6ycjOzc/MLi0v55ZXVtfXCxuaNjhLFoc4jGamGxzRIEUIdBUpoxApY4Em49frnmX97B0qLKLzGQQytgHVD0RGcoZHaBcdFuMfRO6kCf5jGJ6eu5CAkLfX3nHLJ2Xd9kMjK1FWZPGwXinbFHoH+Jc6EFMkEtXbhw/UjngQQIpdM66Zjx9hKmULBJQzzbqIhZrzPutA0NGQB6FY6WmlId43i006kTIVIR+rPiZQFWg8Cz3QGDHt62svE/7xmgp3jVirCOEEI+fijTiIpRjTLifpCAUc5MIRxJcyulPeYYhxNmnkTgjN98l9yc1BxDivVq2rx7GISxyLZJjukRBxyRM7IJamROuHkgTyRF/JqPVrP1pv1Pm7NWZOZLfIL1uc3/VegMg==</latexit>

p := d(k + 1)(1� �)e

nonconformity score (e.g., prediction error)

computationally efficient

• Example (regression): the nonconformity score                                       
<latexit sha1_base64="e5J8VAERDlBrJjR/ziEQfgwJh/s=">AAACCHicbZC7SgNBFIZn4y3G26qlhYNBSArDrnhDEAIWWkYxF0jWMDuZTYbMXpiLEDcpbXwVGwtFbH0EO9/GSXYLjf4w8PGfczhzfjdiVEjL+jIyM7Nz8wvZxdzS8srqmrm+UROh4phUcchC3nCRIIwGpCqpZKQRcYJ8l5G62z8f1+t3hAsaBjdyEBHHR92AehQjqa22uX19GxdocXR6NrxPaK/lq4JKuDhsm3mrZE0E/4KdQh6kqrTNz1YnxMongcQMCdG0rUg6MeKSYkZGuZYSJEK4j7qkqTFAPhFOPDlkBHe104FeyPULJJy4Pydi5Asx8F3d6SPZE9O1sflframkd+LENIiUJAFOFnmKQRnCcSqwQznBkg00IMyp/ivEPcQRljq7nA7Bnj75L9T2S/ZR6fDqIF++SOPIgi2wAwrABsegDC5BBVQBBg/gCbyAV+PReDbejPekNWOkM5vgl4yPb7l+mIw=</latexit>

R(i) := |z(i) � µ(u(i))|

<latexit sha1_base64="EHQ9U5DfCcIvEVxW10g8a5+CtXg="></latexit>

Prob(z 2 [µ(u)�Quantile1��, µ(u) + Quantile1��]) � 1� �
<latexit sha1_base64="K9BvkILz9byEQJzGPYhSxU4vgoc=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC0DFlpYRDAfkBxhb7OXLNnbPXbnlHjkl9hYKGLrT7Hz37hJrtDEBwOP92aYmRcmghvwvG+nsLK6tr5R3Cxtbe/slt29/aZRqaasQZVQuh0SwwSXrAEcBGsnmpE4FKwVjq6mfuuBacOVvIdxwoKYDCSPOCVgpZ5b7t6yCDQfDIForR57bsWrejPgZeLnpIJy1HvuV7evaBozCVQQYzq+l0CQEQ2cCjYpdVPDEkJHZMA6lkoSMxNks8Mn+NgqfRwpbUsCnqm/JzISGzOOQ9sZExiaRW8q/ud1Uogug4zLJAUm6XxRlAoMCk9TwH2uGQUxtoRQze2tmA6JJhRsViUbgr/48jJpnlb98+rZ3Vmldp3HUUSH6AidIB9doBq6QXXUQBSl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz88pZN/</latexit>→

<latexit sha1_base64="xjlz3fGFLqQ5BQyHiprSABXBqN4="></latexit>

Prob(|z → µ(u)| ↑ Quantile1→ω(R
(1), . . . , R(k),↓)) ↔ 1→ ω

test data calibration data
results in

• Simple, general, and efficient with the right nonconformity score1:

D

prediction region

41Tumu, Cleaveland, Mangharam, Pappas, and Lindemann, “Multi-Modal Conformal Prediction Regions by Optimizing Convex Shape Templates”, L4DC, 2024.



no distribution shift

Safe Control in Dynamic Environments
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Key features: 
•  Computationally lightweight 
•  Probabilistic safety guarantees 
•  Distribution shift 
•  Temporal logic constraints

Conformal 
 Prediction

Offline trajectory dataset

Online observations
Trajectory 
 predictor

Dynamics
<latexit sha1_base64="upxWI93JIBlYVDyWVAMFwJ9vFeo=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahopREinoRil48VrAf0Iaw2W7apZtN2J1IS8hf8eJBEa/+EW/+G7dtDlp9MPB4b4aZeX7MmQLb/jIKK6tr6xvFzdLW9s7unrlfbqsokYS2SMQj2fWxopwJ2gIGnHZjSXHoc9rxx7czv/NIpWKReIBpTN0QDwULGMGgJc8sT7wUTp3sOqhOPDhLPDjxzIpds+ew/hInJxWUo+mZn/1BRJKQCiAcK9Vz7BjcFEtghNOs1E8UjTEZ4yHtaSpwSJWbzm/PrGOtDKwgkroEWHP150SKQ6Wmoa87QwwjtezNxP+8XgLBlZsyESdABVksChJuQWTNgrAGTFICfKoJJpLpWy0ywhIT0HGVdAjO8st/Sfu85lzU6vf1SuMmj6OIDtERqiIHXaIGukNN1EIETdATekGvRmY8G2/G+6K1YOQzB+gXjI9v7BeTug==</latexit>

xt+1 = f(xt, ut)

Goal: Design a probabilistically safe controller.

Model Predictive Control
<latexit sha1_base64="WCEbTN0BAaTkrMMH5tTOngrE+P8=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcuMFHVZdOOygn1AZyiZzG0bzGSGJCOW0pUbf8WNC0Xc+g3u/BvTaRfaeuBeDufcS3JPkHCmtON8W7mFxaXllfxqYW19Y3PL3t5pqDiVFOo05rFsBUQBZwLqmmkOrUQCiQIOzeDuauw370EqFotbPUjAj0hPsC6jRBupY+/XZByUaOnheHDk9QA7WXdPvBC4Jh276JSdDHieuFNSRFPUOvaXF8Y0jUBoyolSbddJtD8kUjPKYVTwUgUJoXekB21DBYlA+cPsjBE+NEqIu7E0JTTO1N8bQxIpNYgCMxkR3Vez3lj8z2ununvhD5lIUg2CTh7qphzrGI8zwSGTQDUfGEKoZOavmPaJJFSb5AomBHf25HnSOC27Z+XKTaVYvZzGkUd76ACVkIvOURVdoxqqI4oe0TN6RW/Wk/VivVsfk9GcNd3ZRX9gff4ANEGXDw==</latexit>

Prob(c(x, y) � 0) � 1� �

safety constraint

<latexit sha1_base64="7pLyP9Ka1ScnBGW99eBvg7X8Mbk=">AAACJHicbVDLSgMxFM34tr6qLt0Ei1AXlhkRFdwILnRZwbZCp5RMetuGZjJDckcsw3yMG3/FjQsfuHDjt5hOu1DrCYHDOffe3JwglsKg6346M7Nz8wuLS8uFldW19Y3i5lbdRInmUOORjPRtwAxIoaCGAiXcxhpYGEhoBIOLkd+4A21EpG5wGEMrZD0luoIztFK7eOYj3GM+Jw0k44MszZW0qqMgKw99oSj1z8aH7vs9oN6B3wGJLGsXS27FzUGniTchJTJBtV188zsRT0JQyCUzpum5MbZSplFwCVnBTwzEdgfWg6alioVgWmm+XEb3rNKh3Ujbq5Dm6s+OlIXGDMPAVoYM++avNxL/85oJdk9bqVBxgqD4+KFuIilGdJQY7QgNHOXQEsa1sLtS3meacbS5FmwI3t8vT5P6YcU7rhxdH5XOLydxLJEdskvKxCMn5JxckSqpEU4eyBN5Ia/Oo/PsvDsf49IZZ9KzTX7B+foGfrykpQ==</latexit>

Prob(y 2 ) � 1� �

How good are these estimates?

Overview

learned, e.g., RNN

<latexit sha1_base64="sRgYdVRWMhHaCP7jyUfFNa7F94s=">AAACCHicbVDLSsNAFJ34rPUVdenCYBEqlJKIr2VBQZcV7AOaECaTaTt0JhNmJkIIXbrxV9y4UMStn+DOv3HSZqGtBy4czrmXe+8JYkqksu1vY2FxaXlltbRWXt/Y3No2d3bbkicC4RbilItuACWmJMItRRTF3VhgyAKKO8HoKvc7D1hIwqN7lcbYY3AQkT5BUGnJNw+qqW/XUt+pucOQK3nsSsJcBtUQQZpdj32zYtftCax54hSkAgo0ffPLDTlKGI4UolDKnmPHysugUARRPC67icQxRCM4wD1NI8iw9LLJI2PrSCuh1edCV6Ssifp7IoNMypQFujM/Uc56ufif10tU/9LLSBQnCkdouqifUEtxK0/FConASNFUE4gE0bdaaAgFREpnV9YhOLMvz5P2Sd05r5/dnVYaN0UcJbAPDkEVOOACNMAtaIIWQOARPINX8GY8GS/Gu/ExbV0wipk98AfG5w/HyZk/</latexit>

(y0, y1, . . .) ⇠ D

no distribution shift for now



• Define the nonconformity score 

    

   and apply conformal prediction
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prediction error

<latexit sha1_base64="KJESBlOVGeYvH9xIlIoM2384tK4="></latexit>

C = Quantile1��(R
(1), . . . , R(k),1)

Multi-step prediction regions: 

1Cleaveland, Lee, Pappas, and Lindemann, “Conformal Prediction for Time Series using Linear Complementarity Programming”, AAAI, 2024.

Example:

normalization constant (see reference1)

1.25 second ahead prediction error 1.8 second ahead prediction error

<latexit sha1_base64="opyL/3N+ZVIRmryw7OCFGw2Tg7Q="></latexit>

Prob(ky⌧ � ŷ⌧k  C/↵⌧ , 8⌧ 2 {t+ 1, . . . , T}) � 1� �

<latexit sha1_base64="Bpy9AOv47XdSTnD6n110VsmohNY="></latexit>

R(i) := max
ω→{t+1,...,T}

ωω→y(i)ω ↑ ŷ(i)ω →

Uncertainty representation in dynamic environments



2Stamouli, Lindemann, and Pappas, “Recursively Feasible Shrinking-Horizon MPC in Dynamic Environments with Conformal Prediction Guarantees”, L4DC, 2024.
3Yu, Zhao, Yin, and Lindemann, “STL Control Synthesis among Uncontrollable Agents with Conformal Prediction”, Automatica, 2026.

<latexit sha1_base64="IFlbfDIzyhFZYvCmgwkS3bueIrY="></latexit>

min
(ut,...,uT→1)

J(x, u)

s.t. xω+1 = f(xω , uω ), ω → {t, . . . , T ↑ 1}
inf

yω→Bω

c(xω , yω ) ↓ 0, ω → {t+ 1, . . . , t+H}

uω → U , xω+1 → X , ω → {t, . . . , T ↑ 1}

Uncertainty-aware predictive control

7

Model predictive control1:

If the MPC is recursively feasible2,3, we find a safe controller with a probability of at least           .                          
<latexit sha1_base64="a5IFsDKUkKHOl2QE1n+514rzKMU=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPBgx4r2A9oQ9lsNu3SzSbuToRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMM95giUx0O6CGS6F4AwVK3k41p3EgeSsY3kz91hPXRiTqAUcp92PaVyISjKKV2t55N+QSaa9UdivuDGSZeDkpQ456r/TVDROWxVwhk9SYjuem6I+pRsEknxS7meEpZUPa5x1LFY258cezeyfk1CohiRJtSyGZqb8nxjQ2ZhQHtjOmODCL3lT8z+tkGF37Y6HSDLli80VRJgkmZPo8CYXmDOXIEsq0sLcSNqCaMrQRFW0I3uLLy6R5UfEuK9X7arl2m8dRgGM4gTPw4ApqcAd1aAADCc/wCm/Oo/PivDsf89YVJ585gj9wPn8AcMWPnA==</latexit>

1� �

Toy example:

t=4 t=8 t=15
Animated:

robust safety constraint

<latexit sha1_base64="rK096yWsgK7H55auRMgEv4XK3Q0=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQQcKuBLUMpNDCIoJ5QHYJs5NJMmT2wcxdMSzpbfwVGwtFbP0BO//GyWYLTTwwcO4593LnHi8SXIFlfRu5ldW19Y38ZmFre2d3z9w/aKkwlpQ1aShC2fGIYoIHrAkcBOtEkhHfE6ztjeszv33PpOJhcAeTiLk+GQZ8wCkBLfXMIi0/9Bwg8akzIpBMpmlx4gwZvsH1tOiZJatipcDLxM5ICWVo9Mwvpx/S2GcBUEGU6tpWBG5CJHAq2LTgxIpFhI7JkHU1DYjPlJukt0zxsVb6eBBK/QLAqfp7IiG+UhPf050+gZFa9Gbif143hsGlm/AgioEFdL5oEAsMIZ4Fg/tcMgpiogmhkuu/YjoiklDQ8RV0CPbiycukdVaxzyvV22qpdpXFkUdHqIjKyEYXqIauUQM1EUWP6Bm9ojfjyXgx3o2PeWvOyGYO0R8Ynz8UE5p1</latexit>

c(x⌧ , ŷ⌧ ) � LC⌧

enforced via

1Lindemann, Cleaveland, Shim, and Pappas, “Safe Planning in Dynamic Environments using Conformal Prediction”, RA-L, 2023.

<latexit sha1_base64="UhPGERHlsWwBezFteYYkRDNXCtI="></latexit>

B⌧ := {y s.t. ky � ŷ⌧k  C⌧}



Lindemann, Cleaveland, Shim, and Pappas, “Safe Planning in Dynamic Environments using Conformal Prediction”, RA-L, 2023. 8

Results: 

• 99.985 % correct one-step ahead predictions (at least 99.83 % expected)  

• 99/100 test runs without constraint violation (at most 5 expected) 

Case Study: CARLA

Comparison with Gaussian Process: 

• Largely undercovers



Safe Control in Interactive Environments

controllable distribution shift
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Interaction-induced distribution shifts
What if interaction between the control system and the dynamic agents changes the distribution?

Dynamics
<latexit sha1_base64="upxWI93JIBlYVDyWVAMFwJ9vFeo=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahopREinoRil48VrAf0Iaw2W7apZtN2J1IS8hf8eJBEa/+EW/+G7dtDlp9MPB4b4aZeX7MmQLb/jIKK6tr6xvFzdLW9s7unrlfbqsokYS2SMQj2fWxopwJ2gIGnHZjSXHoc9rxx7czv/NIpWKReIBpTN0QDwULGMGgJc8sT7wUTp3sOqhOPDhLPDjxzIpds+ew/hInJxWUo+mZn/1BRJKQCiAcK9Vz7BjcFEtghNOs1E8UjTEZ4yHtaSpwSJWbzm/PrGOtDKwgkroEWHP150SKQ6Wmoa87QwwjtezNxP+8XgLBlZsyESdABVksChJuQWTNgrAGTFICfKoJJpLpWy0ywhIT0HGVdAjO8st/Sfu85lzU6vf1SuMmj6OIDtERqiIHXaIGukNN1EIETdATekGvRmY8G2/G+6K1YOQzB+gXjI9v7BeTug==</latexit>

xt+1 = f(xt, ut)

<latexit sha1_base64="a6NEdE/Tx++ZrIEyCLjntLQ+53I=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWoUEpSfG2EggtdVrAPaEOYTCbt0MlMmJlISuivuHGhiFt/xJ1/47TNQlsPXDiccy/33uPHlEhl299GYW19Y3OruF3a2d3bPzAPyx3JE4FwG3HKRc+HElPCcFsRRXEvFhhGPsVdf3w787tPWEjC2aOaxNiN4JCRkCCotOSZ5fSmmnpOLfUatcEo4EqeeWbFrttzWKvEyUkF5Gh55tcg4CiJMFOIQin7jh0rN4NCEUTxtDRIJI4hGsMh7mvKYISlm81vn1qnWgmskAtdTFlz9fdEBiMpJ5GvOyOoRnLZm4n/ef1EhdduRlicKMzQYlGYUEtxaxaEFRCBkaITTSASRN9qoREUECkdV0mH4Cy/vEo6jbpzWb94OK807/I4iuAYnIAqcMAVaIJ70AJtgEAKnsEreDOmxovxbnwsWgtGPnME/sD4/AFOLpNb</latexit>

x = (x1, x2, . . .)

• Chicken-and-egg problem:

• Example: self-driving vehicles among pedestrians

Can we iteratively update our controller to break circularity?

a function of <latexit sha1_base64="rjMRlCNwMtQ3OG2/t+V+7MFeuj8=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU8kWre2t6MVjC/YD2qVk02wbm80uSVYspb/AiwdFvPqTvPlvzLYVVPTBwOO9GWbm+bHg2mD84WRWVtfWN7Kbua3tnd29/P5BS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Cr123dMaR7JGzOJmReSoeQBp8RYqXHfzxdwEVuUyyglbgW7llSrlVKpity5hXEBlqj38++9QUSTkElDBdG66+LYeFOiDKeCzXK9RLOY0DEZsq6lkoRMe9P5oTN0YpUBCiJlSxo0V79PTEmo9ST0bWdIzEj/9lLxL6+bmKDiTbmME8MkXSwKEoFMhNKv0YArRo2YWEKo4vZWREdEEWpsNjkbwten6H/SKhXdcvG8cVaoXS7jyMIRHMMpuHABNbiGOjSBAoMHeIJn59Z5dF6c10VrxlnOHMIPOG+fQM2NQw==</latexit>x

Distribution
<latexit sha1_base64="u+i83hmQL6mXl+cWnMybBAdgbrE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2VG6mNZUNBlBfuAdiyZNNOGZjJDklHL0P9w40IRt/6LO//GTDsLbT0QOJxzL/fkeBFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRXGktAGCXko2x5WlDNBG5ppTtuRpDjwOG15o8vUbz1QqVgo7vQ4om6AB4L5jGBtpPtugPWQYJ5cTcpPx71iya7YU6BF4mSkBBnqveJXtx+SOKBCE46V6jh2pN0ES80Ip5NCN1Y0wmSEB7RjqMABVW4yTT1BR0bpIz+U5gmNpurvjQQHSo0Dz0ymKdW8l4r/eZ1Y+xduwkQUayrI7JAfc6RDlFaA+kxSovnYEEwkM1kRGWKJiTZFFUwJzvyXF0nzpOKcVU5vq6XadVZHHg7gEMrgwDnU4Abq0AACEp7hFd6sR+vFerc+ZqM5K9vZhz+wPn8AJ2ySUA==</latexit>

D(x)

distribution shift

<latexit sha1_base64="4Mj3EeZlZc737Klp0qHbc87c7Lk=">AAACF3icbVC7SgNBFJ2NrxhfUUubxSAkzbIrvhohYKFlFPOAJITZyU0yZPbBzF1JWPYvbPwVGwtFbLXzb5xsUmjigYHDOefO3DluKLhC2/42MkvLK6tr2fXcxubW9k5+d6+mgkgyqLJABLLhUgWC+1BFjgIaoQTquQLq7vBq4tcfQCoe+Pc4DqHt0b7Pe5xR1FInb0WXrZAXWwgjTG+LXRFBEqdCXJHQte6gr6NJcVRKSp18wbbsFOYicWakQGaodPJfrW7AIg98ZIIq1XTsENsxlciZgCTXihSElA1pH5qa+tQD1Y7TTRLzSCtdsxdIfXw0U/X3REw9pcaeq5MexYGa9ybif14zwt5FO+Z+GCH4bPpQLxImBuakJLPLJTAUY00ok1zvarIBlZShrjKnS3Dmv7xIaseWc2ad3p4UytezOrLkgBySInHIOSmTG1IhVcLII3kmr+TNeDJejHfjYxrNGLOZffIHxucPNEuglQ==</latexit>

u = ω(Pred.Region(x))

no safety guarantees
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Trajectory 
 predictor

Controller 
<latexit sha1_base64="WCEbTN0BAaTkrMMH5tTOngrE+P8=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcuMFHVZdOOygn1AZyiZzG0bzGSGJCOW0pUbf8WNC0Xc+g3u/BvTaRfaeuBeDufcS3JPkHCmtON8W7mFxaXllfxqYW19Y3PL3t5pqDiVFOo05rFsBUQBZwLqmmkOrUQCiQIOzeDuauw370EqFotbPUjAj0hPsC6jRBupY+/XZByUaOnheHDk9QA7WXdPvBC4Jh276JSdDHieuFNSRFPUOvaXF8Y0jUBoyolSbddJtD8kUjPKYVTwUgUJoXekB21DBYlA+cPsjBE+NEqIu7E0JTTO1N8bQxIpNYgCMxkR3Vez3lj8z2ununvhD5lIUg2CTh7qphzrGI8zwSGTQDUfGEKoZOavmPaJJFSb5AomBHf25HnSOC27Z+XKTaVYvZzGkUd76ACVkIvOURVdoxqqI4oe0TN6RW/Wk/VivVsfk9GcNd3ZRX9gff4ANEGXDw==</latexit>

Prob(c(x, y) � 0) � 1� �

<latexit sha1_base64="2j1Y7G6byTekB8LsotvTgdRU4OM=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPTs78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx8+iZfu</latexit>

ω(C0)

<latexit sha1_base64="t//jYlvxR9BnF1C526EAJnTnrHk=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSx0ocsK9gFtCJPpTTt08mDmRiwh4K+4caGIW7/DnX/jtM1CWw9cOJxz79y5x08EV2jb38bS8srq2nppo7y5tb2za+7tt1ScSgZNFotYdnyqQPAImshRQCeRQENfQNsf1Sd++wGk4nF0j+ME3JAOIh5wRlFLnnnYQ3jE6TuZL1LIs7pn555Zsav2FNYicQpSIQUanvnV68csDSFCJqhSXcdO0M2oRM4E5OVeqiChbEQH0NU0oiEoN5uuza0TrfStIJa6IrSm6u+JjIZKjUNfd4YUh2rem4j/ed0Ug2s341GSIkRstihIhYWxNcnC6nMJDMVYE8ok13+12JBKylAnVtYhOPMnL5LWWdW5rF7cnVdqN0UcJXJEjskpccgVqZFb0iBNwkhGnskreTOejBfj3fiYtS4ZxcwB+QPj8wcMVJY2</latexit>

C0

Collect data under
<latexit sha1_base64="2j1Y7G6byTekB8LsotvTgdRU4OM=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPTs78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx8+iZfu</latexit>

ω(C0)

Iteratively breaking circularity
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Trajectory 
 predictor

Controller 
<latexit sha1_base64="WCEbTN0BAaTkrMMH5tTOngrE+P8=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcuMFHVZdOOygn1AZyiZzG0bzGSGJCOW0pUbf8WNC0Xc+g3u/BvTaRfaeuBeDufcS3JPkHCmtON8W7mFxaXllfxqYW19Y3PL3t5pqDiVFOo05rFsBUQBZwLqmmkOrUQCiQIOzeDuauw370EqFotbPUjAj0hPsC6jRBupY+/XZByUaOnheHDk9QA7WXdPvBC4Jh276JSdDHieuFNSRFPUOvaXF8Y0jUBoyolSbddJtD8kUjPKYVTwUgUJoXekB21DBYlA+cPsjBE+NEqIu7E0JTTO1N8bQxIpNYgCMxkR3Vez3lj8z2ununvhD5lIUg2CTh7qphzrGI8zwSGTQDUfGEKoZOavmPaJJFSb5AomBHf25HnSOC27Z+XKTaVYvZzGkUd76ACVkIvOURVdoxqqI4oe0TN6RW/Wk/VivVsfk9GcNd3ZRX9gff4ANEGXDw==</latexit>

Prob(c(x, y) � 0) � 1� �

<latexit sha1_base64="2j1Y7G6byTekB8LsotvTgdRU4OM=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPTs78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx8+iZfu</latexit>

ω(C0)

Collect data under
<latexit sha1_base64="2j1Y7G6byTekB8LsotvTgdRU4OM=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPTs78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx8+iZfu</latexit>

ω(C0)

Conformal 
 Prediction

<latexit sha1_base64="5dT7ap2MQyJ94NqPEr7xu4krFMI=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSx0ocsK9gFtCJPpTTt08mDmRiwh4K+4caGIW7/DnX/jtM1CWw9cOJxz79y5x08EV2jb38bS8srq2nppo7y5tb2za+7tt1ScSgZNFotYdnyqQPAImshRQCeRQENfQNsf1Sd++wGk4nF0j+ME3JAOIh5wRlFLnnnYQ3jE6TuZL1LIs7rn5J5Zsav2FNYicQpSIQUanvnV68csDSFCJqhSXcdO0M2oRM4E5OVeqiChbEQH0NU0oiEoN5uuza0TrfStIJa6IrSm6u+JjIZKjUNfd4YUh2rem4j/ed0Ug2s341GSIkRstihIhYWxNcnC6nMJDMVYE8ok13+12JBKylAnVtYhOPMnL5LWWdW5rF7cnVdqN0UcJXJEjskpccgVqZFb0iBNwkhGnskreTOejBfj3fiYtS4ZxcwB+QPj8wcN2ZY3</latexit>

C1

Iteratively breaking circularity
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Trajectory 
 predictor

Controller 
<latexit sha1_base64="WCEbTN0BAaTkrMMH5tTOngrE+P8=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcuMFHVZdOOygn1AZyiZzG0bzGSGJCOW0pUbf8WNC0Xc+g3u/BvTaRfaeuBeDufcS3JPkHCmtON8W7mFxaXllfxqYW19Y3PL3t5pqDiVFOo05rFsBUQBZwLqmmkOrUQCiQIOzeDuauw370EqFotbPUjAj0hPsC6jRBupY+/XZByUaOnheHDk9QA7WXdPvBC4Jh276JSdDHieuFNSRFPUOvaXF8Y0jUBoyolSbddJtD8kUjPKYVTwUgUJoXekB21DBYlA+cPsjBE+NEqIu7E0JTTO1N8bQxIpNYgCMxkR3Vez3lj8z2ununvhD5lIUg2CTh7qphzrGI8zwSGTQDUfGEKoZOavmPaJJFSb5AomBHf25HnSOC27Z+XKTaVYvZzGkUd76ACVkIvOURVdoxqqI4oe0TN6RW/Wk/VivVsfk9GcNd3ZRX9gff4ANEGXDw==</latexit>

Prob(c(x, y) � 0) � 1� �

Collect data under
<latexit sha1_base64="2j1Y7G6byTekB8LsotvTgdRU4OM=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPTs78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx8+iZfu</latexit>

ω(C0)

Conformal 
 Prediction

<latexit sha1_base64="5dT7ap2MQyJ94NqPEr7xu4krFMI=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSx0ocsK9gFtCJPpTTt08mDmRiwh4K+4caGIW7/DnX/jtM1CWw9cOJxz79y5x08EV2jb38bS8srq2nppo7y5tb2za+7tt1ScSgZNFotYdnyqQPAImshRQCeRQENfQNsf1Sd++wGk4nF0j+ME3JAOIh5wRlFLnnnYQ3jE6TuZL1LIs7rn5J5Zsav2FNYicQpSIQUanvnV68csDSFCJqhSXcdO0M2oRM4E5OVeqiChbEQH0NU0oiEoN5uuza0TrfStIJa6IrSm6u+JjIZKjUNfd4YUh2rem4j/ed0Ug2s341GSIkRstihIhYWxNcnC6nMJDMVYE8ok13+12JBKylAnVtYhOPMnL5LWWdW5rF7cnVdqN0UcJXJEjskpccgVqZFb0iBNwkhGnskreTOejBfj3fiYtS4ZxcwB+QPj8wcN2ZY3</latexit>

C1

<latexit sha1_base64="Q8iWwrb48U+fn0/p01I/FoxJ9M4=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPSc78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx9AD5fv</latexit>

ω(C1)

Iteratively breaking circularity
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Trajectory 
 predictor

Controller 
<latexit sha1_base64="WCEbTN0BAaTkrMMH5tTOngrE+P8=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcuMFHVZdOOygn1AZyiZzG0bzGSGJCOW0pUbf8WNC0Xc+g3u/BvTaRfaeuBeDufcS3JPkHCmtON8W7mFxaXllfxqYW19Y3PL3t5pqDiVFOo05rFsBUQBZwLqmmkOrUQCiQIOzeDuauw370EqFotbPUjAj0hPsC6jRBupY+/XZByUaOnheHDk9QA7WXdPvBC4Jh276JSdDHieuFNSRFPUOvaXF8Y0jUBoyolSbddJtD8kUjPKYVTwUgUJoXekB21DBYlA+cPsjBE+NEqIu7E0JTTO1N8bQxIpNYgCMxkR3Vez3lj8z2ununvhD5lIUg2CTh7qphzrGI8zwSGTQDUfGEKoZOavmPaJJFSb5AomBHf25HnSOC27Z+XKTaVYvZzGkUd76ACVkIvOURVdoxqqI4oe0TN6RW/Wk/VivVsfk9GcNd3ZRX9gff4ANEGXDw==</latexit>

Prob(c(x, y) � 0) � 1� �

Collect data under

Conformal 
 Prediction

<latexit sha1_base64="5dT7ap2MQyJ94NqPEr7xu4krFMI=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRLxtSx0ocsK9gFtCJPpTTt08mDmRiwh4K+4caGIW7/DnX/jtM1CWw9cOJxz79y5x08EV2jb38bS8srq2nppo7y5tb2za+7tt1ScSgZNFotYdnyqQPAImshRQCeRQENfQNsf1Sd++wGk4nF0j+ME3JAOIh5wRlFLnnnYQ3jE6TuZL1LIs7rn5J5Zsav2FNYicQpSIQUanvnV68csDSFCJqhSXcdO0M2oRM4E5OVeqiChbEQH0NU0oiEoN5uuza0TrfStIJa6IrSm6u+JjIZKjUNfd4YUh2rem4j/ed0Ug2s341GSIkRstihIhYWxNcnC6nMJDMVYE8ok13+12JBKylAnVtYhOPMnL5LWWdW5rF7cnVdqN0UcJXJEjskpccgVqZFb0iBNwkhGnskreTOejBfj3fiYtS4ZxcwB+QPj8wcN2ZY3</latexit>

C1

<latexit sha1_base64="Q8iWwrb48U+fn0/p01I/FoxJ9M4=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPSc78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx9AD5fv</latexit>

ω(C1)

<latexit sha1_base64="Q8iWwrb48U+fn0/p01I/FoxJ9M4=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPSc78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx9AD5fv</latexit>

ω(C1)

Iteratively breaking circularity
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Trajectory 
 predictor

Controller 
<latexit sha1_base64="WCEbTN0BAaTkrMMH5tTOngrE+P8=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcuMFHVZdOOygn1AZyiZzG0bzGSGJCOW0pUbf8WNC0Xc+g3u/BvTaRfaeuBeDufcS3JPkHCmtON8W7mFxaXllfxqYW19Y3PL3t5pqDiVFOo05rFsBUQBZwLqmmkOrUQCiQIOzeDuauw370EqFotbPUjAj0hPsC6jRBupY+/XZByUaOnheHDk9QA7WXdPvBC4Jh276JSdDHieuFNSRFPUOvaXF8Y0jUBoyolSbddJtD8kUjPKYVTwUgUJoXekB21DBYlA+cPsjBE+NEqIu7E0JTTO1N8bQxIpNYgCMxkR3Vez3lj8z2ununvhD5lIUg2CTh7qphzrGI8zwSGTQDUfGEKoZOavmPaJJFSb5AomBHf25HnSOC27Z+XKTaVYvZzGkUd76ACVkIvOURVdoxqqI4oe0TN6RW/Wk/VivVsfk9GcNd3ZRX9gff4ANEGXDw==</latexit>

Prob(c(x, y) � 0) � 1� �

Collect data under

Conformal 
 Prediction

<latexit sha1_base64="Q8iWwrb48U+fn0/p01I/FoxJ9M4=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPSc78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx9AD5fv</latexit>

ω(C1)

<latexit sha1_base64="Q8iWwrb48U+fn0/p01I/FoxJ9M4=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAYhXsKMuB0DOegxglkgGYaeTiVp0rPQXSOGYcCLv+LFgyJe/Qlv/o2d5aCJDwoe71V1dT0/FlyhbX8buaXlldW1/HphY3Nre8fc3WuoKJEM6iwSkWz5VIHgIdSRo4BWLIEGvoCmP6yO/eY9SMWj8A5HMbgB7Ye8xxlFLXnmQSfmpQ7CA07eSn2RQJZWPSc78cyiXbYnsBaJMyNFMkPNM7863YglAYTIBFWq7dgxuimVyJmArNBJFMSUDWkf2pqGNADlppO9mXWsla7Vi6SuEK2J+nsipYFSo8DXnQHFgZr3xuJ/XjvB3pWb8jBOEEI2XdRLhIWRNQ7E6nIJDMVIE8ok13+12IBKylDHVtAhOPMnL5LGadm5KJ/fnhUr17M48uSQHJESccglqZAbUiN1wsgjeSav5M14Ml6Md+Nj2pozZjP75A+Mzx9AD5fv</latexit>

ω(C1)

<latexit sha1_base64="tMdnV6CuhplLNWEt0MC1PjQ7mIo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCq5IUX8tCF7qsYB/QhjKZ3rZDJw9mbsQSAv6KGxeKuPU73Pk3TtMstPXAhcM5986de7xIcIW2/W0UVlbX1jeKm6Wt7Z3dPXP/oKXCWDJoslCEsuNRBYIH0ESOAjqRBOp7AtrepD7z2w8gFQ+De5xG4Pp0FPAhZxS11DePegiPmL2TeCKGNKn3q2nfLNsVO4O1TJyclEmORt/86g1CFvsQIBNUqa5jR+gmVCJnAtJSL1YQUTahI+hqGlAflJtka1PrVCsDaxhKXQFamfp7IqG+UlPf050+xbFa9Gbif143xuG1m/AgihECNl80jIWFoTXLwhpwCQzFVBPKJNd/tdiYSspQJ1bSITiLJy+TVrXiXFYu7s7LtZs8jiI5JifkjDjkitTILWmQJmEkIc/klbwZT8aL8W58zFsLRj5zSP7A+PwBD16WOA==</latexit>

C2

rinse and repeat, until convergence!

Iteratively breaking circularity



• Iterative controller updates: 

• Design goals: update the radius      such that:

<latexit sha1_base64="3Hi+gSuWVvbcelB1W50Wi7CzS2U="></latexit>

ω(Cj) := argmin
(u0,...,uT→1)

J(x, u)

s.t. xω+1 = f(xω , uω ),

inf
yω→Bj,ω

c(xω , yω ) → 0

11

Safe iterative control design

<latexit sha1_base64="YHEmcAJCq6zqVm9Wt7a6/0aIAKo="></latexit>

(1) Prob { c(xj , yj) → 0 } → 1↑ ω for all j,

(2) Jj+1 ↓ Jj ↑ εj for all j,

(3) Cj+1 ↔ Cj as j ↗ ↘

<latexit sha1_base64="YesrbtPLXjH9PbFJ6iwY3l4mLKU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI+BHPQY0TwgWcLspDcZMzu7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtZnfekKleSwfzDhBP6IDyUPOqLHSfa332CuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2Xvsly5q5SqN1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBFcWNsg==</latexit>

Cj

Can we use robust conformal prediction to update the radius       safely?
<latexit sha1_base64="YesrbtPLXjH9PbFJ6iwY3l4mLKU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI+BHPQY0TwgWcLspDcZMzu7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtZnfekKleSwfzDhBP6IDyUPOqLHSfa332CuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2Xvsly5q5SqN1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBFcWNsg==</latexit>

Cj

episodic safety
improved performance
convergence

episode
<latexit sha1_base64="vuQU0JWBB4kF8c0IHVuIVOMwIzo=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdVlwocsK9gFtKJPJbTt28mDmRlpCfsWNC0Xc+iPu/BunaRbaeuDC4Zx75849Xiy4Qtv+Nkpr6xubW+Xtys7u3v6BeVhtqyiRDFosEpHselSB4CG0kKOAbiyBBp6Ajje5mfudJ5CKR+EDzmJwAzoK+ZAziloamNU+whTzd1IJfpY+ZgOzZtftHNYqcQpSIwWaA/Or70csCSBEJqhSPceO0U2pRM4EZJV+oiCmbEJH0NM0pAEoN813ZtapVnxrGEldIVq5+nsipYFSs8DTnQHFsVr25uJ/Xi/B4bWb8jBOEEK2WDRMhIWRNQ/C8rkEhmKmCWWS679abEwlZajjqugQnOWTV0n7vO5c1i/uL2qN2yKOMjkmJ+SMOOSKNMgdaZIWYWRKnskreTMy48V4Nz4WrSWjmDkif2B8/gBB/5VC</latexit>

j

Controller-agnostic: any  
controller           could be used!

<latexit sha1_base64="aHl0MQtTYYA+PyNxzkjbOZVI+pY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYKILHCvYD2qVk02wbm83GJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zMCyRn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0nitAmiXmsOgHWlDNBm4YZTjtSURwFnLaDcX3mt5+o0iwW92YiqR/hoWAhI9hYqdOTrFzvP5z3iyW34s6BVomXkRJkaPSLX71BTJKICkM41rrrudL4KVaGEU6nhV6iqcRkjIe0a6nAEdV+Or93is6sMkBhrGwJg+bq74kUR1pPosB2RtiM9LI3E//zuokJr/2UCZkYKshiUZhwZGI0ex4NmKLE8IklmChmb0VkhBUmxkZUsCF4yy+vktZFxbusVO+qpdpNFkceTuAUyuDBFdTgFhrQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwAl6Y9o</latexit>

ω(Cj)

trajectories under controller
<latexit sha1_base64="LrniaiEgipRZoVsqTfu/fuMdhwc=">AAAB73icdVDLSsNAFJ3UV62vqks3g0Wom5CkT3eFLnRZwT6gDWUynbRjJ5M4MxFK6E+4caGIW3/HnX/jpK2gogcuHM65l3vv8SJGpbKsDyOztr6xuZXdzu3s7u0f5A+POjKMBSZtHLJQ9DwkCaOctBVVjPQiQVDgMdL1ps3U794TIWnIb9QsIm6Axpz6FCOlpd4gosXm8PZ8mC9Y5kW96lQcaJmWVXNK1ZQ4tbJTgrZWUhTACq1h/n0wCnEcEK4wQ1L2bStSboKEopiReW4QSxIhPEVj0teUo4BIN1ncO4dnWhlBPxS6uIIL9ftEggIpZ4GnOwOkJvK3l4p/ef1Y+XU3oTyKFeF4uciPGVQhTJ+HIyoIVmymCcKC6lshniCBsNIR5XQIX5/C/0nHMe2qWbkuFxqXqziy4AScgiKwQQ00wBVogTbAgIEH8ASejTvj0XgxXpetGWM1cwx+wHj7BIm+j68=</latexit>

ω(Cj)

iterative safety constraint

<latexit sha1_base64="BAYs0yCdSTmuKrL8yi7Y5pV34tI="></latexit>

Bj,ω := {y s.t. →y ↑ ŷω→ ↓ Cj}



Robust conformal prediction for non i.i.d. data

12

Let                                   be            i.i.d. random variables.                                                           
<latexit sha1_base64="907DLwtqaEgiF/rzNTmqFMA75R4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeCBz1WtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVI44T7kd0oEQoGEUrPYzOvV6p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ9RjYJJPil2U8MTykZ0wDuWKhpx42ezUyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF77mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTpFG0I3uLLy6R5UfEuK9X7arl2m8dRgGM4gTPw4ApqcAd1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz+tPo1t</latexit>

k + 1
<latexit sha1_base64="1jbqKRxeYKhOdgSgrZtZNxYVc0Y=">AAACB3icbVBNS8MwGE7n15xfVY+CFIewgYxWhnoceNDjFPcBWx1pmm5haVKSVBilNy/+FS8eFPHqX/DmvzHtdtDNB8L75Hnel+R9vIgSqWz72ygsLa+srhXXSxubW9s75u5eW/JYINxCnHLR9aDElDDcUkRR3I0EhqFHcccbX2Z+5wELSTi7U5MIuyEcMhIQBJWWBubh7X1SsavpSVYdXfsjnyuZX8fVdGCW7Zqdw1okzoyUwQzNgfnV9zmKQ8wUolDKnmNHyk2gUARRnJb6scQRRGM4xD1NGQyxdJN8j9Q61opvBVzow5SVq78nEhhKOQk93RlCNZLzXib+5/ViFVy4CWFRrDBD04eCmFqKW1kolk8ERopONIFIEP1XC42ggEjp6Eo6BGd+5UXSPq05Z7X6Tb3cuJrFUQQH4AhUgAPOQQNcgyZoAQQewTN4BW/Gk/FivBsf09aCMZvZB39gfP4AJMaXng==</latexit>

R(0), R(1), . . . , R(k) It holds that                                                            
<latexit sha1_base64="USNywI6tGbJFaRmnk8nurrMusbY="></latexit>

Prob
�
R(0)  Quantile1��(R

(1), . . . , R(k),1)
�
� 1� �

What if the data is dependent or not identically distributed?

Conformal prediction in the non i.i.d. case:
• Adversarially robust conformal prediction 

• Distributionally robust conformal prediction 

• Adaptive conformal prediction 

• Weighted conformal prediction 

• …

Today!

summary in
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Safe control with robust conformal prediction

• Our approach2: iterative robustification

2Mirzaeedodangeh, Shekhtman, Matni, Lindemann, “Safe Planning in Interactive Environments via Iterative Policy Updates and Adversarially Robust Conformal Prediction”, L4DC, 2026.

1Gendler, Weng, Daniel, Romano, “Adversarially Robust Conformal Prediction”, ICLR, 2022.

• Adversarial conformal prediction1: Let  for all trajectories .sup
Δ

R(y + Δ) ≤ R(y) + M y

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  q

Robustify: 
        compute  M

Update control: 
  π(q + M)

start conservative yet safe

robustify

calibrate

It holds that                                                                              with
<latexit sha1_base64="UEynb97iIBXTOks2Nlbc7wtZxQA="></latexit>

q := Quantile1→ω(R(y(1), . . . , R(y(k))
<latexit sha1_base64="nkoXi2vlxHoRNFqaBoPPmQ75viM="></latexit>

Prob
(
R(y(0) +!) → q +M, ↑!

)
↓ 1↔ ω
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

Update control: 
  π(Cj+1)

• Collect new calibration data 
<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)

Cj+1 ≥ qj + Mj+1
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

Update control: 
  π(Cj+1)

• Collect new calibration data 
<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)

Cj+1 ≥ qj + Mj+1
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

Update control: 
  π(Cj+1)

• Collect new calibration data  

• Apply conformal prediction

<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)

<latexit sha1_base64="ruiebTJNba6xG3LM4KdYLOWpjmM="></latexit>

R(i)
j := max

ω→{1,...,T}
→y(i)j,ω ↑ ŷ(i)ω →

nonconformity score

Cj+1 ≥ qj + Mj+1

<latexit sha1_base64="qtc+tOL0gLUpRqGfPpySSNWnprc="></latexit>

qj = Quantile1→ω(R
(1)
j , . . . , R(k)

j ,→)
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

Update control: 
  π(Cj+1)

• Collect new calibration data  

• Apply conformal prediction

<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)
<latexit sha1_base64="qtc+tOL0gLUpRqGfPpySSNWnprc="></latexit>

qj = Quantile1→ω(R
(1)
j , . . . , R(k)

j ,→)

<latexit sha1_base64="ruiebTJNba6xG3LM4KdYLOWpjmM="></latexit>

R(i)
j := max

ω→{1,...,T}
→y(i)j,ω ↑ ŷ(i)ω →

nonconformity score

Cj+1 ≥ qj + Mj+1
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

Update control: 
  π(Cj+1)

• Collect new calibration data  

• Apply conformal prediction 

• Observe that  

<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)

<latexit sha1_base64="ruiebTJNba6xG3LM4KdYLOWpjmM="></latexit>

R(i)
j := max

ω→{1,...,T}
→y(i)j,ω ↑ ŷ(i)ω →

nonconformity score

Lipschitz constant of dynamics

<latexit sha1_base64="XZmPHfFO775VaFUgNT7UeVv++rg="></latexit>

R(i)
j+1 →R(i)

j ↑ Ly↓ω(Cj+1)→ ω(Cj)↓→ =: Mj+1

Cj+1 ≥ qj + Mj+1

<latexit sha1_base64="qtc+tOL0gLUpRqGfPpySSNWnprc="></latexit>

qj = Quantile1→ω(R
(1)
j , . . . , R(k)

j ,→)

Adversarially conformal prediction guarantees that
<latexit sha1_base64="0wzOMPPnOw+QIdWxfruk8lbI9zk=">AAACGHicbVDJSgNBEO1xN25Rj14ag6AE44y4HQUPehGimChkwtDTqSSd9Cx214hhyGd48Ve8eFDEa27+jZ3loNEHBa/fq6Krnh9LodG2v6yJyanpmdm5+czC4tLySnZ1rayjRHEo8UhG6s5nGqQIoYQCJdzFCljgS7j122d9//YBlBZReIOdGKoBa4SiLjhDI3nZPRfhEdOiivzu9rWXtvJO15VA771W/nL43HEbQJ1dtwYSmZfN2QV7APqXOCOSIyMUvWzPrUU8CSBELpnWFceOsZoyhYJL6GbcREPMeJs1oGJoyALQ1XRwWJduGaVG65EyFSIdqD8nUhZo3Ql80xkwbOpxry/+51USrJ9UUxHGCULIhx/VE0kxov2UaE0o4Cg7hjCuhNmV8iZTjKPJMmNCcMZP/kvK+wXnqHB4dZA7PR/FMUc2yCbZJg45JqfkghRJiXDyRF7IG3m3nq1X68P6HLZOWKOZdfILVu8bCbOfJA==</latexit>

Prob(Rj+1 → qj +Mj+1) ↑ 1↓ ω
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

Update control: 
  π(Cj+1)

• Collect new calibration data  

• Apply conformal prediction 

• Observe that  

<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)

<latexit sha1_base64="ruiebTJNba6xG3LM4KdYLOWpjmM="></latexit>

R(i)
j := max

ω→{1,...,T}
→y(i)j,ω ↑ ŷ(i)ω →

nonconformity score

Lipschitz constant of dynamics

<latexit sha1_base64="XZmPHfFO775VaFUgNT7UeVv++rg="></latexit>

R(i)
j+1 →R(i)

j ↑ Ly↓ω(Cj+1)→ ω(Cj)↓→ =: Mj+1

Cj+1 ≥ qj + Mj+1

<latexit sha1_base64="qtc+tOL0gLUpRqGfPpySSNWnprc="></latexit>

qj = Quantile1→ω(R
(1)
j , . . . , R(k)

j ,→)

Adversarially conformal prediction guarantees that
<latexit sha1_base64="0wzOMPPnOw+QIdWxfruk8lbI9zk=">AAACGHicbVDJSgNBEO1xN25Rj14ag6AE44y4HQUPehGimChkwtDTqSSd9Cx214hhyGd48Ve8eFDEa27+jZ3loNEHBa/fq6Krnh9LodG2v6yJyanpmdm5+czC4tLySnZ1rayjRHEo8UhG6s5nGqQIoYQCJdzFCljgS7j122d9//YBlBZReIOdGKoBa4SiLjhDI3nZPRfhEdOiivzu9rWXtvJO15VA771W/nL43HEbQJ1dtwYSmZfN2QV7APqXOCOSIyMUvWzPrUU8CSBELpnWFceOsZoyhYJL6GbcREPMeJs1oGJoyALQ1XRwWJduGaVG65EyFSIdqD8nUhZo3Ql80xkwbOpxry/+51USrJ9UUxHGCULIhx/VE0kxov2UaE0o4Cg7hjCuhNmV8iZTjKPJMmNCcMZP/kvK+wXnqHB4dZA7PR/FMUc2yCbZJg45JqfkghRJiXDyRF7IG3m3nq1X68P6HLZOWKOZdfILVu8bCbOfJA==</latexit>

Prob(Rj+1 → qj +Mj+1) ↑ 1↓ ω
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Algorithm for controller updates

Initialize: 
safe controller

Deploy: 
collect data

Calibrate: 
        compute  qj

Robustify: 
       compute  Mj+1

π(Cj+1)

• Collect new calibration data  

• Apply conformal prediction 

• Observe that  

• This motivates the rule

<latexit sha1_base64="aLhkHdlWQNSnbTNLHLQw6W+Hl+s=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgtlJKIr2VBQZcV7AOaGiaTSTvtTBJmJmIJ+Q43/oobF4q4Ezf+jdPHQlsPXDiccy/33uPFjEplWd/GwuLS8spqbi2/vrG5tW3u7DZklAhM6jhikWh5SBJGQ1JXVDHSigVB3GOk6Q0uRn7znghJo/BWDWPS4agb0oBipLTkmvbQ7d+lRbuUlZ2eHylZhhNlUMqgIymHDkeqhxFLL7Pig9svuWbBqlhjwHliT0kBTFFzzU/Hj3DCSagwQ1K2bStWnRQJRTEjWd5JJIkRHqAuaWsaIk5kJx2/lsFDrfgwiISuUMGx+nsiRVzKIfd05+hOOeuNxP+8dqKC805KwzhRJMSTRUHCoIrgKCfoU0GwYkNNEBZU3wpxDwmElU4zr0OwZ1+eJ42jin1aObk5LlSvpnHkwD44AEVggzNQBdegBuoAg0fwDF7Bm/FkvBjvxsekdcGYzuyBPzC+fgB63p/x</latexit>

y(1)j , . . . , y(k)j → D(xj)

<latexit sha1_base64="ruiebTJNba6xG3LM4KdYLOWpjmM="></latexit>

R(i)
j := max

ω→{1,...,T}
→y(i)j,ω ↑ ŷ(i)ω →

nonconformity score

Lipschitz constant of dynamics

1. Solve via numerical solver (e.g., bisection) 
2. Solve via

<latexit sha1_base64="XZmPHfFO775VaFUgNT7UeVv++rg="></latexit>

R(i)
j+1 →R(i)

j ↑ Ly↓ω(Cj+1)→ ω(Cj)↓→ =: Mj+1

The policy                guarantees episodic safety.
<latexit sha1_base64="tJYBodLDle2jC3O78LjNEI7UxEQ=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQEcKu+DoGctBjBPOA7BJmJ5NkzOzsMDMrhCW/4cWDIl79GW/+jZNkD5pY0FBUddPdFUrOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpOFKENEvNYtUOsKWeCNgwznLalojgKOW2Fo9rUbz1RpVksHsxY0iDCA8H6jGBjJd+XrFzrpo9n3uS0Wyy5FXcGtEy8jJQgQ71b/PJ7MUkiKgzhWOuO50oTpFgZRjidFPxEU4nJCA9ox1KBI6qDdHbzBJ1YpYf6sbIlDJqpvydSHGk9jkLbGWEz1IveVPzP6ySmfxOkTMjEUEHmi/oJRyZG0wBQjylKDB9bgoli9lZEhlhhYmxMBRuCt/jyMmmeV7yryuX9Ral6m8WRhyM4hjJ4cA1VuIM6NICAhGd4hTcncV6cd+dj3ppzsplD+APn8wfLGJDn</latexit>

ω(Cj+1)

Cj+1 ≥ qj + Mj+1

<latexit sha1_base64="qtc+tOL0gLUpRqGfPpySSNWnprc="></latexit>

qj = Quantile1→ω(R
(1)
j , . . . , R(k)

j ,→)

Adversarially conformal prediction guarantees that
<latexit sha1_base64="0wzOMPPnOw+QIdWxfruk8lbI9zk=">AAACGHicbVDJSgNBEO1xN25Rj14ag6AE44y4HQUPehGimChkwtDTqSSd9Cx214hhyGd48Ve8eFDEa27+jZ3loNEHBa/fq6Krnh9LodG2v6yJyanpmdm5+czC4tLySnZ1rayjRHEo8UhG6s5nGqQIoYQCJdzFCljgS7j122d9//YBlBZReIOdGKoBa4SiLjhDI3nZPRfhEdOiivzu9rWXtvJO15VA771W/nL43HEbQJ1dtwYSmZfN2QV7APqXOCOSIyMUvWzPrUU8CSBELpnWFceOsZoyhYJL6GbcREPMeJs1oGJoyALQ1XRwWJduGaVG65EyFSIdqD8nUhZo3Ql80xkwbOpxry/+51USrJ9UUxHGCULIhx/VE0kxov2UaE0o4Cg7hjCuhNmV8iZTjKPJMmNCcMZP/kvK+wXnqHB4dZA7PR/FMUc2yCbZJg45JqfkghRJiXDyRF7IG3m3nq1X68P6HLZOWKOZdfILVu8bCbOfJA==</latexit>

Prob(Rj+1 → qj +Mj+1) ↑ 1↓ ω

<latexit sha1_base64="Cwun1wdNvYaN/G6MKH0jrMFi3ME=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIQqHMiK9loQvdCBXsA9phyKSZNm3mYZIRytiFv+LGhSJu/Q13/o1pOwttPXDh5Jx7yb3HizmTyrK+jYXFpeWV1dxafn1jc2vb3NmtyygRhNZIxCPR9LCknIW0ppjitBkLigOP04Y3qIz9xgMVkkXhnRrG1AlwN2Q+I1hpyTX3K27aL9qjdpeie7dfvJk+XbNglawJ0DyxM1KADFXX/Gp3IpIENFSEYylbthUrJ8VCMcLpKN9OJI0xGeAubWka4oBKJ53sP0JHWukgPxK6QoUm6u+JFAdSDgNPdwZY9eSsNxb/81qJ8i+dlIVxomhIph/5CUcqQuMwUIcJShQfaoKJYHpXRHpYYKJ0ZHkdgj178jypn5Ts89LZ7WmhfJXFkYMDOIRjsOECynANVagBgUd4hld4M56MF+Pd+Ji2LhjZzB78gfH5A1XylQ0=</latexit>

Cj+1 → qj +Mj+1

<latexit sha1_base64="/4bRKJLzyNa5jkrVCzq17t3tenk="></latexit>

Cj+1 → qj + LωLy|Cj+1 ↑ Cj |
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Academic example: car-pedestrian collision avoidance
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convergence conditions 
presented in reference1

<latexit sha1_base64="q8BG2hr3A7eTV6D4vRq6fmgjM+c="></latexit>

Prob
(
max

ω
→ŷj,ω ↑ yj→ ↓ Cj

)
↔ 1↑ ω

<latexit sha1_base64="DxbQcjICeJZ2Qv7F+gfn7M6yVEg=">AAACEXicbVDLSgNBEJyNrxhfqx69DAYhgoZd8XUMeNBjBKNCNiyzk04yyeyDmV5JWPILXvwVLx4U8erNm3/jJOag0YJuiqpuZrqCRAqNjvNp5WZm5+YX8ouFpeWV1TV7feNax6niUOOxjNVtwDRIEUENBUq4TRSwMJBwE/TORv7NHSgt4ugKBwk0QtaOREtwhkby7ZKH0MesquJgWOKlvt/dG/jdXa8N1Bl3d99rgkTm20Wn7IxB/xJ3Qopkgqpvf3jNmKchRMgl07ruOgk2MqZQcAnDgpdqSBjvsTbUDY1YCLqRjS8a0h2jNGkrVqYipGP150bGQq0HYWAmQ4YdPe2NxP+8eoqt00YmoiRFiPj3Q61UUozpKB7aFAo4yoEhjCth/kp5hynG0YRYMCG40yf/JdcHZfe4fHR5WKycT+LIky2yTUrEJSekQi5IldQIJ/fkkTyTF+vBerJerbfv0Zw12dkkv2C9fwGAW5wu</latexit>

Prob(c(xj , yj) → 0) → 1↑ ω

1Mirzaeedodangeh, Shekhtman, Matni, Lindemann, “Safe Planning in Interactive Environments via Iterative Policy Updates and Adversarially Robust Conformal Prediction”, L4DC, 2026.



• We use Quadswarm1 with five uncontrollable dynamic RL agents 

• Ego drone deploys            filtered through a tracking CBF 

• Metrics: 

• Agent 2:
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Quadswarm drone simulator

1Huang et al., “QuadSwarm: A Modular Multi-Quadrotor Simulator for Deep Reinforcement Learning with Direct Thrust Control”, ICRA (Workshop), 2023.

<latexit sha1_base64="aHl0MQtTYYA+PyNxzkjbOZVI+pY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYKILHCvYD2qVk02wbm83GJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zMCyRn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0nitAmiXmsOgHWlDNBm4YZTjtSURwFnLaDcX3mt5+o0iwW92YiqR/hoWAhI9hYqdOTrFzvP5z3iyW34s6BVomXkRJkaPSLX71BTJKICkM41rrrudL4KVaGEU6nhV6iqcRkjIe0a6nAEdV+Or93is6sMkBhrGwJg+bq74kUR1pPosB2RtiM9LI3E//zuokJr/2UCZkYKshiUZhwZGI0ex4NmKLE8IklmChmb0VkhBUmxkZUsCF4yy+vktZFxbusVO+qpdpNFkceTuAUyuDBFdTgFhrQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwAl6Y9o</latexit>

ω(Cj)

<latexit sha1_base64="DxbQcjICeJZ2Qv7F+gfn7M6yVEg=">AAACEXicbVDLSgNBEJyNrxhfqx69DAYhgoZd8XUMeNBjBKNCNiyzk04yyeyDmV5JWPILXvwVLx4U8erNm3/jJOag0YJuiqpuZrqCRAqNjvNp5WZm5+YX8ouFpeWV1TV7feNax6niUOOxjNVtwDRIEUENBUq4TRSwMJBwE/TORv7NHSgt4ugKBwk0QtaOREtwhkby7ZKH0MesquJgWOKlvt/dG/jdXa8N1Bl3d99rgkTm20Wn7IxB/xJ3Qopkgqpvf3jNmKchRMgl07ruOgk2MqZQcAnDgpdqSBjvsTbUDY1YCLqRjS8a0h2jNGkrVqYipGP150bGQq0HYWAmQ4YdPe2NxP+8eoqt00YmoiRFiPj3Q61UUozpKB7aFAo4yoEhjCth/kp5hynG0YRYMCG40yf/JdcHZfe4fHR5WKycT+LIky2yTUrEJSekQi5IldQIJ/fkkTyTF+vBerJerbfv0Zw12dkkv2C9fwGAW5wu</latexit>

Prob(c(xj , yj) → 0) → 1↑ ω
<latexit sha1_base64="q8BG2hr3A7eTV6D4vRq6fmgjM+c="></latexit>
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Safe Control in Changing Environments

uncontrollable distribution shift



2Aolaritei, Wang, Zhu, Jordan, and Marzouk, “Conformal Prediction under Levy-Prokhorov Distribution Shift”, NeurIPS, 2025.

1Cauchois, Gupta, Ali, and Duchi, “Robust validation: Confident predictions even when distributions shift”, JASA, 2024.

• Robust conformal prediction1,2:Let  and  as well as R(1), . . . , R(k) ∼ ℛ R(0) ∼ ℛ0 Df(ℛ0, ℛ) ≤ ϵ

• Idea: perform control design with robust conformal prediction regions!

17

Uncontrollable distribution shifts

Assumption: design and deployment conditions are -closeϵ

It holds that Prob(R(0) ≤ C̃) ≥ 1 − δ with C̃ := Quantile1−δ̃(ϵ)(R
(1), . . . , R(k)) .

(solution of convex optimization problem) 
adjusted confidence level

<latexit sha1_base64="AGOxJoOfQUoYD6YLy7dX6QV/NCM=">AAACGXicbVA9SwNBEN3zM8avqKXNYRBiE+4kqIVFwELLCOYDciHs7U2SJXt7x+6cGI78DRv/io2FIpZa+W/cJFdo4oOBx3szuzPPjwXX6Djf1tLyyuraem4jv7m1vbNb2Ntv6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x9eTfzmPSjNI3mHoxg6Ie1L3uOMopG6BcdDeMDpO6mCYJx6yEUAqReAQDoueRBrLiJ5cpkp3ULRKTtT2IvEzUiRZKh1C59eELEkBIlMUK3brhNjJ6UKORMwznuJhpiyIe1D21BJQ9CddLrR2D42SmD3ImVKoj1Vf0+kNNR6FPqmM6Q40PPeRPzPayfYu+ikXMYJgmSzj3qJsDGyJzHZAVfAUIwMoUxxs6vNBlRRhibMvAnBnT95kTROy+5ZuXJbKVavszhy5JAckRJxyTmpkhtSI3XCyCN5Jq/kzXqyXqx362PWumRlMwfkD6yvH+Rmohk=</latexit>

�̃(✏) < � Increased data requirements

• Design and deployment conditions may be different

Examples: changing environments data from simulators

no safety guarantees



1Rahaman, Deshmukh, Hota, and Lindemann, “When Environments Shift: Safe Planning with Generative Priors and Robust Conformal Prediction”, L4DC, 2026. 18

Safe control with generative priors
• Example1 (wrong-lane drivers):

• Result (summary):

• We use conditional diffusion models to generate calibration data
<latexit sha1_base64="NWF8uKOqiU00sO2d2KSHPicOp5E=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VooZREfC0LIrqsYluhiWUymbZDJ5kwMxFKyHe48VfcuFDEnbjxb5y0WWjrgQuHc+7l3nu8iFGpLOvbKCwsLi2vFFdLa+sbm1vm9k5b8lhg0sKccXHnIUkYDUlLUcXIXSQICjxGOt7oPPM7D0RIysNbNY6IG6BBSPsUI6Wlnmnf3CcVu5pWnACpIUYsuUirNWfocyVrMDNHM2bPLFt1awI4T+yclEGOZs/8dHyO44CECjMkZde2IuUmSCiKGUlLTixJhPAIDUhX0xAFRLrJ5LUUHmjFh30udIUKTtTfEwkKpBwHnu7MbpSzXib+53Vj1T9zExpGsSIhni7qxwwqDrOcoE8FwYqNNUFYUH0rxEMkEFY6zZIOwZ59eZ60D+v2Sf34+qjcuMzjKII9sA8qwAanoAGuQBO0AAaP4Bm8gjfjyXgx3o2PaWvByGd2wR8YXz8PEp+w</latexit>

R(1)(E), . . . , R(k)(E)∼ ℛ
observable parameter (here averaged velocity)

<latexit sha1_base64="q8BG2hr3A7eTV6D4vRq6fmgjM+c="></latexit>

Prob
(
max

ω
→ŷj,ω ↑ yj→ ↓ Cj

)
↔ 1↑ ω

only synthetic data  
(no robust CP)

only a static dataset

<latexit sha1_base64="DxbQcjICeJZ2Qv7F+gfn7M6yVEg=">AAACEXicbVDLSgNBEJyNrxhfqx69DAYhgoZd8XUMeNBjBKNCNiyzk04yyeyDmV5JWPILXvwVLx4U8erNm3/jJOag0YJuiqpuZrqCRAqNjvNp5WZm5+YX8ouFpeWV1TV7feNax6niUOOxjNVtwDRIEUENBUq4TRSwMJBwE/TORv7NHSgt4ugKBwk0QtaOREtwhkby7ZKH0MesquJgWOKlvt/dG/jdXa8N1Bl3d99rgkTm20Wn7IxB/xJ3Qopkgqpvf3jNmKchRMgl07ruOgk2MqZQcAnDgpdqSBjvsTbUDY1YCLqRjS8a0h2jNGkrVqYipGP150bGQq0HYWAmQ4YdPe2NxP+8eoqt00YmoiRFiPj3Q61UUozpKB7aFAo4yoEhjCth/kp5hynG0YRYMCG40yf/JdcHZfe4fHR5WKycT+LIky2yTUrEJSekQi5IldQIJ/fkkTyTF+vBerJerbfv0Zw12dkkv2C9fwGAW5wu</latexit>

Prob(c(xj , yj) → 0) → 1↑ ω

our method w. different ways of 
estimating distribution shift



updated coverage level
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Adaptive control when the distribution shifts
• What if distributions shift “too much”? desired coverage level

empirical coverage

learning rate

adaptive CP 
from online 
datastream

• We can design an MPC using adaptive conformal prediction regions

If the MPC is recursively feasible, we find an on average safe controller, i.e.,                       
<latexit sha1_base64="VtxbBOKyLeY0zUklOAQrs6k8Hnw="></latexit>

1

T

T�1X

t=0

Prob(c(xt+1, yt+1) � 0) � 1� � � �0 + �

T�

• Example: Drone avoiding a flying frisbee

Dixit, Lindemann, Wei, Cleaveland, Pappas, and Burdick, “Adaptive Conformal Prediction for Motion Planning among Dynamic Agents”, L4DC, 2023.
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